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Introduction: Stroke is a leading cause of death and disability worldwide. The disease is
caused by reduced blood flow into the brain resulting in the sudden death of neurons. Limited
spontaneous recovery might occur after stroke or brain injury, stem cell-based therapies have
been used to promote these processes as there are no drugs currently on the market to
promote brain recovery or neurogenesis. Adult stem cells (ASCs) have shown the ability of
differentiation and regeneration and are well studied in literature. ASCs have also demon-
strated safety in clinical application and, therefore, are currently being investigated as
a promising alternative intervention for the treatment of stroke.

Methods: Eleven studies have been systematically selected and reviewed to determine if
autologous adult stem cells are effective in the treatment of stroke. Collectively, 368 patients
were enrolled across the 11 trials, out of which 195 received stem cell transplantation and 173
served as control. Using data collected from the clinical outcomes, a broad comparison and
a meta-analysis were conducted by comparing studies that followed a similar study design.
Results: Improvement in patients’ clinical outcomes was observed. However, the overall
results showed no clinical significance in patients transplanted with stem cells than the
control population.

Conclusion: Most of the trials were early phase studies that focused on safety rather than
efficacy. Stem cells have demonstrated breakthrough results in the field of regenerative
medicine. Therefore, study design could be improved in the future by enrolling a larger
patient population and focusing more on localized delivery rather than intravenous trans-
plantation. Trials should also introduce a more standardized method of analyzing and
reporting clinical outcomes to achieve a better comparable outcome and possibly recognize
the full potential that these cells have to offer.

Keywords: adult stem cells, autologous, neurogenesis, inflammation, clinical application,
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Introduction
Stroke is the second leading cause of death worldwide and one of the leading causes of
disability." The blockade or the rupture of a blood vessel to the brain leads to either
ischemic or hemorrhagic stroke, respectively.>” The extent and the location of the
damaged brain tissue may be associated with irreversible cognitive impairment or
decline in speech, comprehension, memory, and partial or total physical paralysis.*
Four chronological phases, namely hyperacute, acute, subacute, and chronic,
describe the stroke’s cellular manifestations.” The hyperacute phase is immediate
and associated with glutamate-mediated excitotoxicity and a progressive neuronal
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death that can last a few hours.® The glutamate, a potent
excitatory neurotransmitter, is also an inducer of neurode-
generation following stroke.” The acute phase, which
could last over a week after the stroke, is associated with
the delayed and progressive neuronal death and the infil-
tration of immune cells.” The following subacute phase
can extend up to three months after the stroke and is
mainly associated with reduced inflammation and
increased plasticity of neurons, astrocytes, microglia, and
endothelial cells, allowing spontaneous recovery.® In the
chronic phase that follows, the plasticity of cells is reduced
and only permits rehabilitation-induced recovery.’

The immediate treatments differ for ischemic and
hemorrhagic strokes. Immediate intervention is required
to restore the blood flow to the brain following an
ischemic stroke. Thrombolytic agents, such as activase
(Alteplase), a recombinant tissue plasminogen activator
(tPA), are commonly given intravenously to dissolve the
blood clots. Other more invasive approaches, such as
a thrombectomy, use stents or catheters to remove the
blood clot.” Antiplatelet agents like Aspirin, anticoagu-
lants, blood pressure medicines, or statins are generally
given to reduce the risk of recurrence. Some ischemic
strokes are caused by the narrowing of the carotid artery
due to the accumulation of fatty plaques; a carotid endar-
terectomy is performed to correct the constriction.

The treatment of a hemorrhagic stroke requires
a different approach. An emergency craniotomy is usually
performed to remove the blood accumulating in the brain
and repair the damaged blood vessels. Accumulation of
cerebrospinal fluid in brain ventricles (hydrocephalus) is
also a frequent complication following a hemorrhagic
fluid.
Medications to lower blood pressure are given before

stroke, which requires surgery to drain the
surgery and to prevent further seizures.'

These immediate treatments are critical to minimize the
long-term consequence of the stroke but do not address the
post-stroke symptoms caused by neurodegeneration. New
therapeutic approaches adapted to the physiology of each
phase of the stroke are currently developed. A promising
therapy has been the use of stem cells."' In this review,
different clinical trials involving the use of various stem
cells for the treatment of stroke are presented and compared

using a meta-analysis of the published results.

Search Criteria
To narrow down the relevant literature, a search strategy
focused on original literature and reporting the clinical

application of stem cells in stroke was established. An
NCBI PubMed word search for “stroke”, “stem cells”,
and “adult stem cells” yielded 146 clinical studies between
2010 and 2021. Finally, 11 studies, using autologous adult
stem cells in the treatment of stroke, were considered.
A PRISMA flow diagram detailing an overview of the
study selection procedure and the inclusion and exclusion
of papers is included in Appendix I. The inclusion criteria
comprise the injection of autologous adult stem cells at
any stroke stages (hyperacute, acute, sub-acute, chronic),
and clinical trials whose results have been published in the
last 11 years. The exclusion criteria include studies pub-
lished more than 11 years ago, studies not published in
English, all preclinical studies, other diseases related to
stroke (ex. cardiovascular diseases), embryonic or induced
pluripotent stem cells, allogeneic stem cells, and other cell
therapies. Two independent researchers reviewed and fil-
tered the 146 studies by reading the titles and abstracts. All
three authors approved the final selected studies.

Classification of Stem Cells Used to
Treat Stroke

Stem cells are undifferentiated and unspecialized cells
characterized by their ability to self-renew and their poten-
tial to differentiate into specialized cell types.'? Ischemic
stroke causes severe damage to the brain cells by destroy-
ing the heterogeneous cell population and neuronal con-
nections along with vascular systems. The regenerative
potential of several types of stem cells like embryonic
stem cells, neural stem cells, adult stem cells (mesenchy-
mal stem cells), and induced pluripotent stem cells have
been assessed for treating stroke.

Adult stem cells exhibit multipotency and the ability to
self-renew and differentiate into specialized cell types. They
have been widely used in clinical trials and a safe option thus
far in treating various diseases.'>'*!'* The plasticity of these
cells allow their differentiation across tissue lineages when
exposed to defined cell culture conditions.'” There are multi-
ple easily accessible sources of adult stem cells, mainly the
bone marrow, blood, and adipose tissue. In clinical settings,
both autologous and HLA-matched allogeneic cells have
been transplanted and are deemed to be safe.

Adult stem cells can secrete a variety of bioactive
substances into the injured brain following a stroke in
the form of paracrine signals.'®'® The paracrine signals
include growth factors, trophic factors, and extracellular

vesicles, which may be associated with enhanced
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neurogenesis, angiogenesis, and synaptogenesis (Figure 1).
Also, mesenchymal stem cells (MSCs) are thought to
contribute to the resolution of the stroke by attenuating
inflammation,'® reducing scar thickness, enhancing autop-
hagy, normalizing microenvironmental and metabolic pro-
files and possibly replacing damaged cells.?

A few routes of administration have been used to
deliver the stem cells to the patients. The most common
is through intravenous injection. Intra-arterial delivery is
also performed; but this mode can be extremely painful to
patients compared to an intravenous transfusion. The third
approach is via stereotactic injections. This is an invasive
surgery that involves injecting the cells directly into the
site of affected in the brain.

Autologous Adult Stem Cells Used in

Clinical Trials in the Treatment of Stroke
Mesenchymal Stem Cells (MSCs)

Also known as mesenchymal stromal cells or medicinal
signaling cells, MSCs can be derived from different sources
including bone marrow, peripheral blood, lungs, heart, ske-
letal muscle, adipose tissue, dental pulp, dermis, umbilical
cord, placenta, amniotic fluid membrane and many more.?!

Route of
administration:

Intravenous

Adult Stem Cells

Intra-arterial

Stereotactic injections

0 <>
Paracrinz y

signalsa

MSCs are characterized by positive cell surface markers,
including Stro-1, CD19, CD44, CD90, CD105, CD106,
CD146, and CD166. The cells are also CD14, CD34, and
CD45 negative.”*? The cells are thought to provide a niche
to stem cells in normal tissue and releases paracrine factors
that promote neurogenesis (Figure 2).'*?*** During the
acute and subacute stage of stroke, MSCs may inhibit
inflammation, thus, reducing the incidence of debilitating
damage and symptoms that may occur post-stroke.

Bone Marrow-Derived Mononuclear Cells
(BM-MNCQC)

Derived from the bone marrow, mononuclear cells contain
several types of stem cells, including mesenchymal stem
cells and hematopoietic progenitor cells that give rise to
hematopoietic stem cells and various other differentiated
cells. They can produce and secrete multiple growth fac-
tors and cytokines. They are also attracted to the lesion or
damage site where they can accelerate angiogenesis and
promote repair endogenously through the proliferation of
the hosts’ neural stem cells. Mononuclear cells have also
demonstrated the ability to decrease neurodegeneration,
modulate inflammation, and prevent apoptosis in animal

models.?>?°

Different Adult
Stem Cells

“growth
factors.

Figure | Schematic depicting the clinical application of different cells in stroke patients. The cells were delivered in one of three ways, intravenously, intra-arterially, or via
stereotactic injections. Once administered, the cells play a role in providing paracrine signals and growth factors to facilitate angiogenesis and cell regeneration,
immunomodulatory effects that serve to protect the neurons from further damage caused by inflammation, and finally, trans-differentiation of stem cells. Data from
Dabrowska S, Andrzejewska A, Lukomska B, Janowski M.'® Created with BioRender.com.
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Figure 2 Schematic describing the role of mesenchymal stem cells in stroke. The cells release different growth factors, signals, and cytokines that serve to facilitate various
functions. Through the release of cytokines, they can modulate inflammation and block apoptosis. The growth factors aid in promoting angiogenesis and neurogenesis. Data
from Maleki M, Ghanbarvand F, Behvarz MR, Ejtemaei M, Ghadirkhomi E.Z Created with BioRender.com.

Peripheral Blood Stem Cells (PBSC)

Blood stem cells are a small number of bone marrow stem
cells that have been mobilized into the blood by hemato-
poietic growth factors, which regulate the differentiation
and proliferation of cells. They are increasingly used in
cell therapies, most recently for the regeneration of non-
hematopoietic tissue, including neurons. Recombinant
human granulocyte colony-stimulating factor (G-CSF)
has been used as a stimulator of hematopoiesis, which in
turn amplifies the yield of peripheral blood stem cells.?’

Clinical Trial Assessments

The literature review considered 11 clinical trials that
satisfied the inclusion criteria. A total of 368 patients
were enrolled including 179 patients treated with various

types of adult stem cells. The clinical trial number 7
contained a historical control of 59 patients included in
the data analysis (Figure 3). The analysis was done on the
published clinical and functional outcomes of various tests
such as mRS, and mBI. The analysis compared the
patients’ clinical outcomes post stem cell therapy to the
baseline clinical results. The variance in the patient popu-
lation should be noted.

Meta-analyses were conducted using modified Rankin
scale (mRS) and Barthel Index (BI) scores. In the clinical
trials, mRS and BI scores are commonly used scales to
assess functional outcome in stroke patients. The BI score
was developed to measures the patient’s performance in 10
activities of daily life from self-care to mobility. An mRS
score follows a similar outcome but measures the patients’
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independence in daily tasks rather than performance.
OpenMeta[Analyst], an open-source meta-analysis soft-
ware, was used to produce random-effects meta-analyses
and create the forest plots. The number of patients, mean,
and standard deviation (SD) of the scores were calculated
to determine the study weights and create the forest plots.

Comparison of Patient Outcome

Between Clinical Trials

All 11 clinical trials were compared based on their clinical
and functional outcomes (Table 1; Figure 4). The data
shows that stem cell therapy is relatively safe and viable
in the treatment of stroke, indicating an improvement in
patients’ overall health. However, when compared to the
control, the improvement is not significant as patients in
the control group also exhibited an improved clinical and
functional outcome. Across trials that assigned a control
group, the patients either received a placebo, or alternative
form of treatment including physiotherapy. Variance in
functional and clinical tests used to assess patients, and
the number of patients enrolled in each trial results in
a discrepancy in reporting. Most of the trials failed to
report whether the patients suffered from an acute, sub-
acute or chronic stroke which also affects the results of the
treatments, with acute and subacute being the optimal
periods to receive treatment due to cell plasticity and
inhibiting unwarranted inflammation.** The deaths in
both the treatment and control population were attributed
to the progression of the disease and are likely not the
result of the treatment. Albeit, it has been noted down as
they had occurred during the follow-up period.

A meta-analysis was conducted using modified Rankin
scale (mRS) and Barthel Index (BI) scores. The results of
the mRS scores were analyzed (Figure 5A; Table 2). In
terms of study weights, CT6 is the highest (40.07%) as
shown in Table 2. The combined results of the mRS
functional test from CTI1, CT5, CT6, and CT11 show
a non-significant statistical heterogeneity in the studies
(p-value 0.113). In conjunction, BI scores were analyzed
and a meta-analysis was conducted using four comparable
trials (Figure 5B; Table 3). In terms of study weights, CT3
is the highest (32.384%) as shown in Table 3. The com-
bined results of BI scores from CT5, CT3, CT10, and
CT11 show a statistical heterogeneity in the results of the
studies (p-value 0.004) thus, precision of results is uncer-
tain. More comparable studies are needed to have a better
outcome. Therefore, standardized testing in trails should
be considered in future trials.

Discussion

Across all trials, patients injected with the MSCs, and
other cell types did not trigger a degradation of the patient
conditions demonstrating the safety of the procedures.
However, the efficacy of the use of adult stem cells is
less clear when compared to patients in the control group.
This discrepancy could, however, exhibit improvement in
patients receiving the treatment compared to the baseline
clinical outcomes. However, when therapy results are
compared to the patients in the control population that
either received a placebo, physiotherapy, or prescribed
medication, the efficacy of the use of adult stem cells is
less clear.

11 Trials
N= 368

Treatment

N= 195

Control | j Not enrolled
N=173 N= 59 |

= E & &

ALD401

N=29

Figure 3 Schematic representing an overview of the total number of patients enrolled in all |1 clinical trials and the number of patients administered with each type of adult

stem cell.

Abbreviations: MSC, mesenchymal stem cells; PBSC, peripheral blood stem cells; MNC, mononuclear stem cells; ADSVF, adipose derived stromal vascular fraction;

ALD401, aldehyde dehydrogenase-bright stem cells.
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Table | Overview of Selected Clinical Trials

Trial Reference Route of Cell Type Number of Cells Follow-Up Assessment Number of Patients Major Outcomes
Code Delivery Injected (Frequency) Period
Total | Treatment | Control
CTI [28] Intravenous MSC 5x107 (two doses) 5 years MRI, NIHSS, mRS 52 16 36 Improvement in mRS score in treatment arm.
CT2 [29] Intravenous MSC 0.6x108 to 1.6x108 (one | year MRI, NIHSS, mRS 12 12 - Reduction in lesion volume indicating improvement.
dose)
CT3 [30] Intra-arterial BMMNC 1.2x10° to 2.79%10° (One 6 months FLAIR, MRI, NIHSS, 5 5 - Improvement in mRS and NIHSS scores.
dose) mRS Reduction in lesion volume indicating improvement.
CT4 [31] Intravenous MSC (20) and 5x10” to 6x10” (one dose) 6 months MRI, MRC, 40 40 - Improvement in the Bl score in treatment arm.
MNC (20) Ashworth, FM, mBI
CTS [32] Intravenous BMMNC ~2.8x108 (one dose) 20 months BI, NIHSS, mRS 119 59 60 Safe but no beneficial effects.
CTé [33] Stereotactic PBSC 3x10° to 8x10° (one dose) | year MRI, NIHSS, ESS, 30 15 15 Functional and clinical improvement in the treatment
EMS, mRS, FNA arm.
CT7 [34] Intravenous BMMNC 1.9x108 to 2.9%10° (one 6 months Bl, FLAIR, MRI, 12 12 59* Better clinical outcome at the higher dose.
dose) NIHSS, mRS
CT8 [35] Intra-arterial BMMNC Max 5% 108 (one dose) | year Bl, CT, MRI, NIHSS, 20 10 10 Improvement observed in clinical and functional
mRS scores in treatment arm
CT9 [36] Intraventricular ADSVF 4.05x10° to 6.2x107/cc 3 years MRI | | - Considered to be safe. Patient remained stable
throughout the follow up period.
CTIO [37] Intracarotid ALDA401 Not mentioned | year MRI, BI, NIHSS, CT, 46 29 17 No difference in mRS scores between treatment and
mRS control arm.
No significant clinical or functional differences.
CTII [38] Intravenous MsC Up to 3x10°® (two doses) 2 years Bl, fMRI, NIHSS, mRS 31 16 15 Motor skill improvement in the treatment group.

Abbreviations: ADSVF, adipose-derived stromal vascular fraction; ALD-401, aldehyde dehydrogenase 401; Bl, Barthel Index; BM-MNC, bone marrow-derived mononuclear cells; CT, computed tomography; EMS, emergency medical
service; FLAIR, fluid attenuated inversion recovery; fMRI, functional magnetic resonance imaging; MRI, magnetic resonance imaging; MSCs, mesenchymal stem cells; mRS, modified Rankin Scale; NIHSS, National Institute of Health Stroke
Scale; PBSC, peripheral blood stem cells.
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Figure 4 Overview of clinical outcomes of the || clinical trials (N=368). (A) The chart shows the percentages of patients who have either improved, remained stable,
deteriorated, or deceased. Some clinical trials are without a control arm. (B) The plot shows the overall percentage of patients that have improved after receiving either the
stem cell treatment versus the standard of care. (C) The plot shows the overall percentage of patients that have remained stable and showed no clinical or functional
improvement in the follow up period. (D) The plot shows the overall percentage of the patients whose condition has deteriorated in the follow up period.

Although multiple adult stem cell types have been
used, mesenchymal stem cells have been widely used in
many clinical trials. Albeit there is a consensus that the
therapeutic and clinical outcomes of mesenchymal stem
cell treatments are not yet significantly effective compared
to the control treatment. Some trials have shown patient
improvements, such as CT6 and CTS8, where the investi-
gators used PBSCs or BMMNSC, respectively. Although
subjectively, the cells appear to be therapeutic, objectively,
there are many limitations to the study designs included in
this review. Not all the trials enrolled a control arm for
a better comparison as some were only testing safety

rather than efficacy. Therefore, we cannot conclude
whether autologous adult stem cells are an effective ther-
apeutic stroke treatment. Only autologous cells were
included in this review as they are non-immunogenic.
Another factor to consider is the evident discrepancy
in the number of patients enrolled in each trial. The
trials included in this review are in Phase I and II trials,
which primarily focus on safety rather than efficacy.
Intravenous injection was the most used method of cell
delivery due to its convenience and safety. However, it
is commonly considered that this approach is not the
most effective way of delivery, as the majority of the
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Figure 5 Meta-analysis conducted using three comparable trials. (A) Meta-analysis
conducted using four comparable trials (CTI, CT5, CT6, CT11) for the mRS test.

(B) Meta-analysis conducted using four comparable trials (CT3, CT5, CTI0, and
CT11) for the BI test.

transplanted cells get absorbed by non-targeted organs,
and the remaining cells find difficulty passing the blood-
brain barrier. Due to this dilemma, the most obvious
approach would be to inject the cells directly into the
brain. However, a stereotactic procedure is invasive and
will require general anesthesia, which may compromise
patients’ health, especially ones suffering from acute
ischemic stroke.”” Thus, an intra-arterial delivery
seems feasible to accomplish the task as it is less inva-
sive and might be more effective than an intravenous
treatment such as the cases observed in CT3 and CTS.
In CTI11, the patients demonstrated a visible fmRI
recovery as well as recovery of motor function in
patients that have received a stem cell treatment.
However, the analysis and test scores show no signifi-
cance between the treatment group and the control
group.

Only a few studies were comparable using a similar
evaluation approach. Considering these factors, better study
designs enrolling a higher number of patients in randomized
clinical trial against the standard of care are needed.
Moreover, a better grouping of the patients based on the
type and stage of stroke may provide more relevant informa-
tion for the safety and efficacy of adult stem cells for the

recovery and prevention of recurrence of stroke patients.

Table 2 Clinical Outcomes of mRS Test
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Note: Forest plot values of comparable studies.

Abbreviations

ADSVF, Adipose-derived stromal vascular fraction; ASCs,
Adult stem cells; ALD-401, Aldehyde dehydrogenase 401;
BI, Barthel Index; BM-MNC, Bone marrow-derived mono-
nuclear cells; FLAIR, Fluid attenuated inversion recovery;
fMRI, Functional magnetic resonance imaging; G-CSF,
Granulocyte colony-stimulating factor; MRI, Magnetic reso-
nance imaging; MSCs, Mesenchymal stem cells; mRS, mod-
ified Rankin Scale; NIHSS, National Institute of Health
Stroke Scale; PBSC, Peripheral blood stem cells; SD,
Standard deviation; tPA, tissue plasminogen activator.
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