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Chapter 10
Clinical Studies of Bone Marrow-Derived 
Stem Cell Therapy in Stroke Patients

Francisco Moniche, Irene Escudero, Elena Zapata, Fernando Mancha, 
Ángela Vega-Salvatierra, Blanca Pardo, and Joan Montaner

Abstract Stroke is the leading cause of long-term disability in adults and the third 
cause of mortality worldwide. In the very acute phase of stroke, thrombolytics and 
endovascular thrombectomy can reduce stroke disability; however, only a small 
minority of patients receive these treatments. Once the neurological deficits are 
established, there are few options for recovery. In recent years, extensive cell ther-
apy preclinical research has demonstrated a neurorestorative effect after cerebral 
ischemia. In cerebral ischemia animal models, bone marrow-derived stem cells 
improve neurological outcomes even in the long term, increasing brain plasticity 
and enhancing recovery mainly due to secretion of growth factors and cytokines.

In the bone marrow, different types of cells have been used for cell therapy in 
stroke. The first type of cells used for stroke and the most extensive studied in pre-
clinical research are mesenchymal stem cells (MSCs). In recent years some other 
cells have been studied for stroke therapy with promising results, such as bone mar-
row mononuclear cells (BM-MNCs), hematopoietic stem cells (HSCs), and multi-
potent adult progenitor cells (MAPCs). Several phase I and II clinical trials have 
been published to date with these stem cells, which have already demonstrated the 
feasibility and safety of this therapy in the stroke setting. An increasing number of 
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clinical trials, mainly with bone marrow MSCs and BM-MNCs, are ongoing to 
further assess the best dose, route, and timing of this therapy and to elucidate the 
efficacy cell therapy in stroke.

Keywords Patients • Bone marrow-derived stem cells • Therapy • Stroke

10.1  Introduction

The World Health Organization (WHO) defined stroke as a “rapidly developing 
clinical signs of focal (or global) disturbance of cerebral function, with symptoms 
lasting 24 h or longer or leading to death, with no apparent cause other than of vas-
cular origin” [1].

Annually, 15 million people worldwide suffer a stroke and, in the United States 
alone, a person dies every 3 min due to stroke. In high-income countries, stroke is 
the third most common cause of death, only after coronary heart disease and cancer. 
Stroke is also the main cause of acquired adult disability [2]. Of those who survive 
a stroke, five million people annually are left permanently disabled, placing a bur-
den on family and society. Only 41 % are independent 6 months after a stroke.

The ischemic stroke represents 80–85 % of strokes and the incidence is 150–200 
patients/100,000 per year [3]. Stroke prevalence is about 2 % of the population of 
>20  years; however, it increases to up to 6–7 % in older adults (>65  years). 
Projections show that by 2030, an additional 3.4 million people in the United States 
aged ≥18 years will have had a stroke, a 20.5 % increase in prevalence from 2012 
[4]. In the EU, the cost attributed to stroke was €64.1 billion in 2010, mainly due to 
the high costs of long-term special care and rehabilitation [5]. Moreover, the socio-
economic burden of stroke is expected to increase due to aging of the population 
and the rise in diabetes and obesity, which are reaching an epidemic level.

The currently available therapies of acute stroke target rapid vessel recanaliza-
tion, since, without restoration of cerebral blood flow, hypoperfused cerebral tissue 
in the penumbral region progresses to cellular death that ultimately expands the 
necrotic core lesion. Nowadays, thrombolytics (i.e., tissue plasminogen activator or 
tPA) and endovascular thrombectomy are the main therapies for restoring normal 
perfusion in acute ischemic stroke. However, tPA has important limitations, with a 
narrow therapeutic window of 4.5 h, which means that less than 5–10 % of ischemic 
stroke patients receive this treatment. Moreover, recanalization rates after the 
administration of tPA are low and prevent disability in only 55 patients per 1000 
people treated, without reducing mortality [6]. Recently, endovascular thrombec-
tomy has demonstrated efficacy in several clinical trials in those patients with a 
large vessel occlusion [7]. Although the treatment approach of acute ischemic stroke 
is rapidly evolving [8], recanalization therapies are only administered to a minority 
of acute stroke patients.
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Another approach to improve outcomes in stroke is the administration of neu-
roprotective drugs. Neuroprotective treatment aims to reduce the damage of 
stroke, but as most of the injury occurs in the first 24–48 h, these therapies must 
be administrated soon after stroke onset, and to date, no drug has been demon-
strated to ameliorate the disability or mortality after stroke [9, 10].

In recent years, many studies have shown that once the stroke is established, 
profound neurorestorative processes are induced in brain tissue in response to focal 
cerebral ischemia [11]. Although these processes are insufficient to restore neuro-
logical function, neurorestorative treatments with pharmacological or cell-based 
therapies could stimulate and amplify these endogenous mechanisms in stroke 
patients. This approach has the major advantage of a wider therapeutic window, as 
neurorestorative therapies can be instituted during the recovery phase of the stroke, 
and promotes the remodeling of brain tissue. This makes the treatment available to 
a much larger number of stroke patients.

Also, neurorestorative treatments target not only the ischemic and “penumbra” 
tissue (hypoperfused tissue) but also viable brain tissue with normal perfusion stim-
ulating neuronal plasticity and neurological recovery [11]. However, until now, neu-
rorestorative drugs targeting single steps in the cascade of cerebral ischemia have 
failed to improve neurological deficits, probably related to stroke complexity, with 
necrosis, apoptosis, inflammation, and remodeling occurring as a continuum.

Stem cell therapy, such as transplantation of bone marrow stem cells, represents 
one of the most exciting fields in regenerative medicine and has emerged as an 
attractive approach for the treatment of stroke. These stem cells are believed to exert 
multiple therapeutic actions. They might target simultaneously several processes by 
releasing different factors inducing neuroprotection and brain remodeling and mod-
ulating the post-ischemic inflammatory response [12–15]. Extensive basic research 
has been done during the last two decades in cell therapy and stroke animal models, 
but we are still in the first steps in the clinical research with stroke patients.

The potential of cell-based therapy relies on several key properties: (1) their 
capacity to differentiate into several cell lineages, (2) their immunomodulatory 
properties, (3) their ex vivo expansion potential, (4) their ability to secrete factors to 
regulate biological functions such as proliferation and differentiation over a broad 
target of cells, and (5) their ability to home to damaged tissues.

10.2  Bone Marrow Cell Therapy and Clinical Trials

To date, there are many different cells being investigated for stroke, both in preclini-
cal studies and in clinical trials such as embryonic stem cells, neural stem cells, 
adipose-derived stem cells, induced pluripotent stem cells (iPS), and stem cells 
obtained from bone marrow, umbilical cord, and amniotic or placental tissue. 
However, in this chapter, we will focus on bone marrow cell therapy as most of 
preclinical and clinical studies have used bone marrow stem cells [16, 17].
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There are several advantages of using bone marrow stem cells as a cell therapy 
for stroke. First, the efficacy and reproducible benefits of these cells have been dem-
onstrated in several laboratories and in different animal stroke models. Second, 
bone marrow stem cells are adult cells and therefore do not have ethical problems, 
unlike fetal and embryonic cells. Third, it has been proven reliable to use bone mar-
row stem cells in different time periods of stroke, even in the acute stroke phase. 
Finally, although some studies have been done with allogenic cells, bone marrow 
stem cells allow autologous administration avoiding the possibility of rejection.

In the bone marrow, different types of cells have been used for cell therapy in 
stroke. The first type of cells used for stroke and the most extensive studied in pre-
clinical research are mesenchymal stem cells (MSCs). In recent years, some other 
cells have been studied for stroke therapy with promising results, such as bone mar-
row mononuclear cells (BM-MNCs), hematopoietic stem cells (HSCs), and multi-
potent adult progenitor cells (MAPCs).

10.2.1  Mesenchymal Stem Cells

Mesenchymal stem cells (MSCs or marrow stromal cells) are one of the first types 
of cells that have been studied for ischemic stroke. MSCs have a considerable thera-
peutic potential that has generated markedly increasing interest in a wide variety of 
biomedical disciplines. Extensive preclinical studies with MSCs have made this 
therapy a very promising cell-based approach for stroke.

MSCs are multipotent adult stem cells defined as those cells which have three 
characteristics: (a) must be plastic adherent when maintained in standard culture 
conditions; (b) must express CD105, CD73, and CD90 and lack expression of 
CD45, CD34, CD14, or CD11b, CD79alpha, or CD19 and HLA-DR surface mole-
cules; and (c) must at least differentiate to osteoblasts, adipocytes, and chondro-
blasts in  vitro [18]. The lack of expression of HLA-DR (class II major 
histocompatibility complex) gives them an immunoprivileged status, and also their 
relative ease of isolation from bone marrow makes these cells a good candidate for 
cell therapy in different illness such as stroke.

The safety of MSCs has been analyzed in a recent meta-analysis of clinical trials 
with more than 1000 patients in different clinical conditions that included ischemic 
stroke, Crohn’s disease, myocardial infarction, cardiomyopathy, and graft versus 
host disease. An excellent safety profile of MSCs was demonstrated, as there was no 
association between MSC treatment and acute infusional toxicity, organ system 
complications, infection, death, or malignancy [19]. However, larger controlled 
clinical trials are required before defining a definitive safety profile of MSCs.

Regarding efficacy outcomes, MSCs have demonstrated efficacy in clinical trials 
in other conditions such as graft versus host disease and are under study in autoim-
mune diseases (i.e., Crohn’s disease, multiple sclerosis, and type 1 diabetes) and 
different models of ischemia (i.e., stroke, ischemic cardiac diseases, and limb isch-
emia) [20–22].
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In animal stroke models, injection of MSCs resulted in very large and favorable 
effects on neurological outcomes. In a recent meta-analysis of preclinical studies, 
MSCs improved consistently multiple outcome measures with very large effect 
sizes. These data are robust across species studied, administration route, dose, and 
presence of comorbidities [23]. Furthermore, MSCs attenuated tissue damage and 
migrated into the ischemic boundary zone accompanied by reduced neuronal apop-
tosis and enhanced neoangiogenesis and synaptogenesis [24, 25].

The first clinical trial published with bone marrow stem cells in stroke patients 
was done by Bang et al. which used autologous MSCs [26] (Table 10.1). In this 
placebo-controlled phase I/II trial of 30 patients with chronic stroke, 5 patients were 
treated with MSCs and 25 were controls. Those patients in the treated group received 
two doses of IV autologous mesenchymal stromal cells at 4–5 weeks and 7–9 weeks 
from the onset of symptoms. This method was reportedly safe and feasible in the 
short term. In 2010 Lee et al. published the long-term follow-up, with 52 patients 
finally included (16  in MSC group and 36  in control group). No MSC-related 
adverse events were reported, with significant improved neurologic recovery in 
those patients receiving cellular therapy compared to controls (the proportion of 
patients with modified Rankin scale score 0–3 increased in the MSC group, 
p = 0.046) [27].

Other pilot trials have been published using MSCs in stroke. Honmou et  al. 
reported IV MSCs transplantation in 12 patients with chronic ischemic stroke [28]. 
No adverse events were described from transplantation, and interestingly, a reduc-
tion of more than 20 % of infarction volume was observed in magnetic resonance 
imaging at 1 week after cell injection.

In another trial, Bhasin et al. published a trial including 40 chronic stroke patients 
[29]. Of these, 14 patients received intravenous BM-MNCs, 6 patients received intra-
venous MSCs, and 20 were control patients. During follow-up, stem cell transplanta-
tion was reported to be safe, and there was a significant improvement at 6 months in 
the Barthel index when the whole stem cell group was compared to the control group, 
although there was no difference in Rankin scale or Fugl-Meyer scale.

In spite of these previous experiences with MSCs, there are several disadvan-
tages of using MSCs in stroke patients (Table 10.2):

 1. MSCs require several weeks of cell culture to obtain sufficient quantity of cells 
for transplantation, not allowing the autologous injection of MSCs in the acute- 
subacute phase of stroke.

 2. The large size of cells (13–19 μm) could also lead to pulmonary entrapment 
when administered by intravenous injection or even to microvascular occlusions 
and new cerebral infarctions in the intra-arterial (IA) route [30].

To date, there is no published data of allogenic transplantation of bone marrow 
MSCs or with a different route than intravenous but a very recent interim report of 
an open-label single-arm study of surgical transplantation of modified bone marrow- 
derived mesenchymal stem cells [31]. In this interim analysis of 16 patients that 
have completed 12 months of follow-up, authors describe significant improvement 
in NIHSS (National Institute of Health Stroke Scale) (mean decrease 2.00 [95 % 
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confidence interval, −2.7 to −1.3; P < 0.001]) and Fugl-Meyer scale (mean increase 
19.20 [95 % confidence interval, 11.4–27.0; P < 0.001]). Patients included had a 
chronic ischemic stroke (mean 22 months from stroke onset) and received a stereo-
tactic injection of allogenic MSCs (SB623 cells) in the peri-infarct area. Serious 
adverse events were unrelated or unlikely to be related to cell treatment. Postsurgery 
headache was the most common adverse event that was probably or definitely 
related to the procedure, experienced by 77.8 % of patients, and subdural hematoma 
and epileptic seizure were detected in two patients (11 %).

Although the immunoprivileged status of MSCs makes a rejection of allogenic 
transplantation very unlikely, its safety has to be proven in stroke patients. However, 
previous reports of allogenic use of MSCs in other conditions described no acute 
infusional toxicity [19]. Regarding the route, the probably main reason for the 
absence of MSC clinical trials using intra-arterial route is due to the potential of 
arterial embolism that has been described with animal stroke models, even in mam-
malians. Lu et al. [30] described an intra-arterial MSC transplantation in a canine 
stroke model with the development of new infarctions 24 h after transplantation in 
16 % of dogs, probably due to impeded cerebral blood flow [32].

Due to the large and favorable effects in preclinical studies and in spite of the 
disadvantages described, MSCs are still one of the best candidates for cell therapy 
in stroke patients, and several clinical trials are currently ongoing.

10.2.2  Hematopoietic Stem Cells

Other bone marrow stem cells that have been investigated in animal stroke models 
are hematopoietic stem cells (HSCs). These cells express CD34 (CD34+ cell) and 
can be also found in peripheral blood and umbilical cord blood. Preclinical studies 
of CD34+ cells have shown significant benefits in animal stroke models, with 

Table 10.2 Comparative of bone marrow mononuclear cells and bone marrow mesenchymal cells

Type of cell Advantages Disadvantages

BM-MNCs Consistent beneficial effect and an 
excellent safety profile in animal 
models

Not allow allogenic transplantation 
without immunosuppressive  
drugs

Excellent safety profile in pilot clinical 
trials in stroke

Variability in the number of cells 
obtained after bone marrow harvest

Prepared for administration within hours
No tumor formation

BM-MSCs Very large and favorable effects in 
stroke models

Require cell culture  
(several weeks)

Immunoprivileged status, allow 
allogenic transplantation

No allow autologous administration in 
acute stroke patients

Excellent safety profile in other clinical 
conditions and pilot stroke trials

Large size of cells that could lead to 
microvascular occlusions or pulmonary 
entrapmentNo tumor formation

F. Moniche et al.
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evidence of functional improvement as well as reduced infarct volume [33]. In a 
preclinical study, intravenous CD34+ cell transplantation resulted in increased per-
ilesional angiogenesis and subsequent neurogenesis in mice at 48 h post-stroke [34]. 
There are also other evidences of neurogenesis and angiogenesis induced by CD34+ 
cells in subacute stroke, with cells transplanted expressing neuronal, glial, and vas-
cular endothelial cell markers [35]. There are some preliminary clinical trials dem-
onstrating the safety of autologous CD34+ peripheral blood stem cells [36, 37]. 
Bone marrow hematopoietic stem cells have only been used in a pilot open-label 
clinical trial of five stroke patients [38]. CD34+ cells were collected from the bone 
marrow of the subjects before being delivered by catheter angiography into the ipsi-
lateral middle cerebral artery within 7 days from stroke onset. No safety issues were 
described and all patients show improvement of neurological deficit during follow-
 up, although no comparison was done with a control group. Authors found a nonsig-
nificant reduction in the mean lesion volume from inclusion to day 180, with no new 
lesions in MRI (edema, hemorrhage, or tumor). To date, very few clinical trials are 
currently ongoing testing bone marrow CD34+ cells in stroke patients.

10.2.3  Bone Marrow Mononuclear Cells (BM-MNCs)

BM-MNCs are one of the most studied types of cells for use as stroke therapy. 
BM-MNCs are composed of a mixture of myeloid, lymphoid, erythroid, and stem 
cell populations, which includes HSCs, MSCs, and endothelial progenitor cells. The 
main advantage over other types of cell therapy is that autologous transplantation is 
feasible, even in the acute phase of stroke, as they are isolated from bone marrow 
and prepared for administration within hours. As MSCs, BM-MNCs have been 
extensively studied in animal models demonstrating a consistent beneficial effect 
and an excellent safety profile. Several biological effects such as attenuation of 
neuronal death, modulating microglia, reducing pro-inflammatory responses, 
increasing neoangiogenesis, and promoting proliferation of endogenous neural 
stem cells have been invoked [12, 39, 40]. However, few clinical studies have 
assessed the safety and efficacy of BM-MNC transplantation in stroke patients.

The first trial published with BM-MNCs was an open-label trial with five stroke 
patients treated with intraparenchymal route by Suarez-Monteagudo et  al. [41]. 
Patients included had a chronic stroke from 1 to 10 years from onset and authors 
describe an excellent tolerance of procedure and with no important adverse events 
derived from surgery or transplant. After this study, only Li et al. have published a 
clinical trial using intraparenchymal route, although not including ischemic stroke 
but intracerebral hemorrhage (ICH) [42]. In this study, autologous BM-MNCs were 
injected to the perihemorrhage area in the base ganglia through an intracranial 
drainage tube 6 days after ICH. Surgical drainage of ICH was performed in every 
patient within the first day from ICH onset, and after 5 days those patients who 
consent to be treated with BM-MNCs were included in the study group (n = 60), and 
those who rejected cell therapy were the control group (n = 40). Both groups had 
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similar baseline characteristics and similar NIHSS (National Institute of Health 
Stroke Scale) after surgery, but authors describe a significant improvement in 
Barthel and NIHSS scores in the study group 6  months after inclusion 
(57.39 ± 23.51 in study group vs 46.90 ± 20.29 in control group, P < 0.01 in Barthel 
scale and 10.09 ± 8.86 vs 14.35 ± 10.14, P < 0.01 in NIHSS).

Since the trial published by Suarez-Monteagudo et al. in 2009, several clinical 
trials have been published with BM-MNCs. Most of them used less invasive routes 
as intravenous or intra-arterial injection.

A Brazilian trial published by Battistella et al. included six patients treated with 
intra-arterial BM-MNCs with a time window of 2–3 months from stroke onset [43]. 
There was no worsening immediately after the procedure or during follow-up 
period. At the 180-day follow-up evaluation, there was a slight improvement in 
NIHSS (range −1 to −8 points). Although BM-MNC transplantation was safe in 
these patients, there is less evidence from the animal studies to suggest that 
BM-MNCs could be effective in this time window. The same group later published 
another trial, including 20 patients with moderate to severe middle cerebral artery 
(MCA) ischemic stroke in a time window of 3–7 days [44], showing no procedure- 
related adverse events, with 40 % of good clinical outcomes at 6 months.

In 2013, this group (Rosado de Castro et  al.) compared IV vs. IA routes in 
BM-MNC transplantation in 12 stroke patients, demonstrating that with the IV 
route more cells were trapped in lungs after injection than IA injection. However, 
they found similar rates of brain homing between both routes [45]. Remarkably, 
all of the intravenous patients suffered seizures during the follow-up period. 
Authors hypothesize that the infused cells could modify excitability in the perile-
sional regions, generating seizures, which should be evaluated further in future 
clinical trials.

In another trial evaluating the test, feasibility, and safety of autologous BM-MNC 
infusion in patients with acute ischemic stroke, Savitz et  al. [46] included ten 
patients with a time window of 24–72 h after stroke onset treated with intravenous 
BM-MNCs. This methodology is supported by a preclinical study in which rats with 
middle cerebral artery occlusion performed better on neurologic tests with IV 
mononuclear cells infused up to 72 h, compared with 1 week from stroke onset. 
There were no study-related severe adverse events. However, of the ten patients 
included, two of them required hemicraniectomy due to malignant middle cerebral 
artery infarction after transplantation. In the efficacy analysis, there was a trend 
toward better outcomes in BM-MNC patients when compared to 79 historical con-
trols who met the NIHSS inclusion criteria.

Our group performed a pilot single-blind (outcomes assessor) phase I/II con-
trolled clinical trial in patients with subacute MCA ischemic stroke [47]. The aim 
was to assess the safety, feasibility, and clinical effects of autologous intra-arterial 
BM-MNC transplantation. Twenty patients (ten cases and ten controls) with severe 
ischemic stroke in the middle cerebral artery territory within 5–9 days from stroke 
onset were included. The primary outcome was safety and feasibility of the proce-
dure. Secondary outcomes were the improvement in neurological function assessed 
by modified Rankin scale, Barthel index, and NIHSS.
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All were severely disabled at inclusion (mean NIHSS score of 15.6 in BM-MNC 
group vs. 15.0  in control group, p = 0.82). BM-MNC transplantation was done at 
6.4 ± 1.3 days after stroke onset. A mean 1.59 × 108 BM-MNCs (±1.21 × 108) were 
intra-arterially injected. Rate of infusion through microcatheter was 0.5–1 mL/min, 
as rates of up to 2 mL/min do not seem to produce cell damage nor the use of hepa-
rin or iodine contrast [48].

There were no adverse events related to BM-MNC transplantation. No signifi-
cant hemodynamic or respiratory changes occurred during the bone marrow harvest 
or the intra-arterial BM-MNC injection. DWI-MRI did not show new ischemic 
lesions in the active group after transplantation. During follow-up, two BM-MNC- 
treated patients had an isolated partial seizure. No deaths or stroke recurrence were 
observed during the follow-up period, and the 6-month MRI also showed no tumor 
formation in either group. There were no significant differences in neurological 
function compared to the control group. At 6 months, a greater nonsignificant pro-
portion of BM-MNC-treated patients had an mRankin (modified Rankin) ≤2 (20 %) 
than the control group (0 %) (p = 0.47). No differences were found in the Barthel 
index (p = 0.80) or in NIHSS scores compared to the control group (p = 0.43).

Prasad et al. also reported a trial with 11 stroke patients within 7–30 days from 
stroke onset [49]. Patients received IV BM-MNC transplantation and were followed 
up for a year, with no detection of tumor formation or other adverse events related 
to cell therapy.

The same group published in 2014 the biggest trial to date with BM-MNCs using 
intravenous route, including 120 patients in a phase II trial [50]. Fifty-eight patients 
were treated with BM-MNCs and 60 patients were controls. Patients with subacute 
ischemic stroke between 7 and 30 days were included in the study. A randomization 
was done in a 1:1 ratio and a single intravenous infusion of autologous BM-MNCs 
was performed in experimental group with a mean of 280.75 million BM-MNCs at 
median of 18.5 days after stroke onset. During follow-up, 8.4 % patients died and 
Kaplan-Meier survival curve showed no differences between both groups. Adverse 
events and serious adverse events were also comparable between the two arms.

In the efficacy analysis, there were no significant differences between BM-MNC 
arm and control arm in the Barthel index score (63.1 versus 63.6; p = 0.92), modified 
Rankin scale shift analysis (p = 0.53) or score >3 (47.5 % versus 49.2 %; p = 0.85), 
NIHSS score (6.3 versus 7.0; p = 0.53), or change in infarct volume (−11.1 versus 
−7.36; P = 0.63) at day 180. Authors concluded that with the methods and timing 
used, the intravenous injection of BM-MNCs is safe, but there is no beneficial effect 
on stroke outcome.

Several other trials are ongoing testing different time windows, doses, and routes, 
which will give more light about the possible efficacy of BM-MNCs in stroke.

One of the disadvantages of BM-MNCs is that the mixture of cells (i.e., myeloid, 
erythroid, lymphoid, and stem cell populations) makes not possible to perform an 
allogenic BM-MNC transplantation without immunosuppressive drugs due to rejec-
tion. Another issue is the variability in the number of cells obtained after a bone 
marrow harvest, with a variability in final dose of cells injected when a standardized 
volume of bone marrow is harvested. In our previous trial, a volume of 50 mL of 
bone marrow leads to doses as different as 0 · 33 and 4 · 96 × 106/kg.
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On the other hand, the presence of different populations of cells within the mono-
nuclear fraction of bone marrow could be an advantage and seems to be beneficial, 
as not only stem cells contribute to improved outcomes after stroke [51]. In a recent 
paper, Yang et al. showed that, in a mouse stroke model, both myeloid cells and stem 
cell populations are important cell types that reduce inflammation and subsequent 
infarct maturation. The stem cell subpopulation within BM-MNCs is critical for the 
therapeutic effect in post-stroke recovery. However, myeloid cells (granulocytes and 
monocytes) seem to modify also pro-inflammatory cytokines and regulate the 
microglia decreasing the neurotoxic effect and improving neuron survival rates 
leading to improve stroke outcomes [52].

10.2.4  Human Multipotent Adult Progenitor Cells (MAPCs®)

Recently, multipotent adult progenitor cells (MAPCs), a subpopulation of stem cells 
isolated from bone marrow, have been described and characterized. Human MAPCs 
are multipotent stem cells that have been shown to differentiate into various meso-
dermal cell types, with a remarkable proliferative capacity in culture. In particular, 
their vascular potential in vitro and in vivo has been demonstrated which make them 
an attractive candidate for novel cell-based treatment of ischemic diseases. Moreover 
MAPCs are also immunoprivileged. In a recent preclinical study comparing MSC 
and MAPC, the latter compared favorably with hMSC and provides a greater ben-
eficial effect as indicated by the increase in angiogenesis, SVZ cell proliferation, 
and decreased inflammatory response providing an attractive new source of allo-
genic source of cells for stroke [53]. With data not yet published, Hess et  al. 
(Table 10.1) have communicated the safety and feasibility of intravenous MAPC 
therapy in acute stroke patients.

10.3  Timing, Route, and Dose of Bone Marrow  
Stem Cell Transplantation

10.3.1  Time Window

The optimal time window for stem cell therapy is not well known. In the stroke rat 
model, this time window seems to be wide, even up to 1 month after cerebral infarc-
tion, but only rats receiving bone marrow stem cells 7 days after MCA occlusion 
exhibit decreased ischemic lesion volume [54]. However, some groups have demon-
strated that an earlier transplantation results in better neurological recovery, espe-
cially when MSC or BM-MNC injection is performed during the first week after 
stroke or even in the first 72 h [55, 56]. Therefore, it is plausible that an earlier 
treatment could produce a greater effect on inflammation, apoptosis, and remodel-
ing after stroke. In line with this preclinical evidence, our group described that when 
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BM-MNCs are administered intra-arterially in subacute MCA stroke patients, they 
seem to induce changes in serum levels of cytokines and growth factors (i.e., 
GM-CSF, PDGF-BB, and MMP-2) even 3 months after transplantation, which seem 
to be associated with better functional outcomes in stroke patients [57].

On the other hand, stem cell transplantation in the acute stroke phase (i.e., within 
72 h) could be challenging, as these patients are usually neurologically unstable and 
prone to deteriorate. Also, this short window needs extensive logistical efforts to 
perform an autologous bone marrow cell injection in a hospitalized stroke patient. 
An allogenic transplantation would probably be more feasible in this setting 
although the usual complications of patients in this early stage of stroke could make 
more difficult to evaluate safety issues of transplantation.

Although there is no much evidence from preclinical studies to perform a clinical 
trial with stem cells in the chronic phase of stroke, several trials are treating patients 
with MSCs or BM-MNCs and stable deficit from chronic strokes [31, 41].

10.3.2  Route of Delivery

Based on animal models of stroke, it is not clear which route of delivery is prefer-
able. Although intravenous (IV) stem cell delivery is increasingly used in clinical 
trials, IV injection leads to an initial random dispersion of cells throughout the body, 
and recent data suggest that the majority of the stem cells administered are trapped 
in filter organs such as the lungs, liver, and spleen, with a therapeutically question-
able number of cells reaching the ischemic brain [58]. In contrast, intra-arterial cell 
delivery provides the opportunity to target the entire ischemic lesion enabling expo-
sure of cells to chemoattractant signals (originating from the lesion). Other routes 
are being tested such as the intrathecal route [59] or the report of Steinberg et al. 
[31] using intraparenchymal route with exciting preliminary results, but with some 
serious adverse events (i.e., subdural hematoma and pneumocephalus).

However, similar to prior animal experiments, clinical trials with IV or IA injec-
tion of bone marrow stem cells also have found cells sequestered in the spleen, lung, 
liver, and kidney [55, 60]. This fact raises the question of whether cells need brain 
homing to produce the beneficial effects or the cytokine and growth factor secretion 
is enough to improve stroke outcomes. Although paracrine mechanisms are now the 
leading hypotheses to explain how cell therapies may enhance stroke recovery [16], 
it seems critical to expose cells to the ischemic environment to stimulate growth 
factor production [61].

10.3.3  Cell Dose

A wide range of number of cells has been used for transplantation in animal stroke 
models and in clinical trials. While in preclinical studies there is strong evidence 
that a higher dose of cells increases the probability of a good neurological outcome 
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[23, 55], the optimal number of cells to be transplanted for ischemic stroke is 
unknown. This raises the question of whether a higher dose of stem cells would 
produce a greater effect in recovery in stroke patients, but to date clinical data 
regarding dose is scarce.

Our group [47] found that although no significant correlation between the func-
tional status and the amount of transplanted BM-MNCs was detected, there was a 
trend toward a better outcome when higher numbers of CD34+ cells were injected. 
In the three follow-up evaluations, a trend to positive correlation with Barthel index 
and negative correlations with mRankin scale and NIHSS was found, especially in 
the Barthel index at 1 month after transplantation (r = 0.57, p = 0.09). These data 
may support the hypothesis that a higher number of cells could lead to better 
outcomes.

Taguchi et al. [62] evaluated in a clinical trial two different doses of BM-MNCs 
administered intravenously in stroke patients after 7–10  days of stroke onset 
(250 × 106 and 340 × 106 cells in the lower and higher dose groups, respectively), and 
although it was a phase I/IIa clinical trial not designed to test efficacy, authors 
described a trend toward improved neurological outcomes in those patients receiv-
ing the higher dose of bone marrow cells.

On the other side, Prasad et  al. [50] published a phase II trial including 120 
stroke patients with 58 of them being treated with intravenous injection of 
BM-MNCs, showing no relationship between cell dose and outcomes.

Also, in a meta-analysis of cell-based therapies for treating stroke patients [63], 
authors found that stem cell therapy was more effective with higher dose of cells 
and also when intra-arterial route was used.

In a recent pooling data of two different clinical trials with BM-MNCs [64], a 
higher dose of autologous BM-MNC was related to better outcome in stroke 
patients. In this paper, 22 patients were analyzed and intra-arterial route was used in 
77.3 % and intravenous in 22.7 % of patients. A higher number of cells injected were 
associated with better outcomes at 6 months (p = 0.015). Also, a strong negative cor-
relation was found between cell dose and disability when intravenous patients were 
excluded from analysis (r = −0.63, p = 0.006), pointing to the hypothesis that the 
combination of higher number of cells and intra-arterial route could be a key factor 
to improve neurological outcomes in stroke patients. This pooling data showed that 
the optimal threshold of transplanted cells is probably around 310 × 106 BM-MNCs 
in order to obtain good functional outcome with high probability among treated 
stroke patients. However, further clinical data is needed and dose-finding clinical 
trials are ongoing in ischemic stroke patients [31, 65].

10.4  Conclusions

As no effective neuroprotective or neurorestorative drug has demonstrated efficacy 
for ischemic stroke, new therapeutic strategies such as cell therapies to enhance 
neurological recovery after stroke are urgently needed.
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Data from preclinical and clinical studies with stem cells in stroke strengthens 
the notion that stem cells could increase brain plasticity and improve stroke recov-
ery. Extensive preclinical studies have demonstrated large and favorable effects of 
different types of bone marrow stem cells in stroke.

Several phase I and II clinical trials have been published to date with bone mar-
row stem cells that have already demonstrated the feasibility and safety of this ther-
apy in the stroke setting. An increasing number of clinical trials, mainly with bone 
marrow MSCs and BM-MNCs, are ongoing to further assess the best dose, route, 
and timing of this therapy and to elucidate the efficacy of cell therapy in stroke.
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