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          13.1   Introduction 

 In recent years, several studies have investigated the potential neuroprotective and 
restorative role of stem cells from different sources in animal models of brain isch-
emia (Mendez-Otero et al.  2007 ; Bliss et al.  2010 ;    Hess and Hill  2011  ) . Although 
the mechanisms of action are still unclear, most of these studies demonstrated that 
stem cell administration ameliorates the functional loss observed after ischemia, 
making stem cell transplantation an attractive approach to restore brain function 
after stroke in humans. 

 To date, only a few clinical studies evaluated stem cell transplantation in stroke 
patients. In most of these, stem cells were administered by intravenous (IV) route 
(Bang et al.  2005 ; Lee et al.  2010 ; Honmou et al.  2011 ; Savitz et al.  2011  )  or ste-
reotactic surgery (Kondziolka et al.  2000 ;  2005 ; Savitz et al.  2005 ; Suarez-
Monteagudo et al.  2009  ) , and stem cells from different sources were used in different 
times after the stroke which makes comparisons among them dif fi cult. 

 The aim of this chapter is to review the pilot trials of stem cells administered via 
intra-arterial (IA) route in patients with ischemic stroke and to discuss the advan-
tages and shortcomings of this approach.  
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    13.2   Advantages of the Intra-arterial Route 

 There are scarce data from preclinical and pilot trials in humans to support one route 
of administration over the others, for example, IA administration over IV route or 
direct implant (stereotactic surgery) in ischemic stroke. Moreover, the extrapolation 
of data acquired from the experience with other therapeutic modalities (e.g., throm-
bolysis) is complex and cannot directly be translated to cell therapies. 

 Over the past 10 years, the safety and exequibility of IA cell delivery has been 
investigated in patients with cardiac and peripheral vascular disease, and in most of 
them no signi fi cant adverse events attributed to the cell infusion were reported (Misra 
et al.  2012  ) . The most important theoretical advantage of the IA route is the larger 
amount of stem cells in the ischemic and peri-ischemic area after direct injection in 
the affected artery rather than in the peripheral vein. Studies of thrombolytic therapy 
for ischemic stroke suggest that IA thrombolysis may be more effective than IV to 
recanalize large vessels, due to the higher amount of the thrombolytic drug in direct 
contact with the thrombus when the IA route is used (Mattle et al.  2008  ) . However, 
when it refers to the delivery and homing of stem cells, the issue is disputable. In 
animal models, while Kamiya et al.  (  2008  )  reported that IA delivery led to a greater 
brain homing and functional progress in comparison to IV infusion in a model of 
transient ischemia, Vasconcelos-dos-Santos and collaborators  (  2012  )  found that 
both the IA and IV injections promoted comparable functional improvement with 
low and similar brain homing in a model of permanent ischemia. Moreover, different 
groups suggested that the effect of cell therapy in stroke may not be directly related 
to the presence of cells in the brain, since it was possible to observe functional recov-
ery without the presence of cells in the cerebral parenchyma (Borlongan et al.  2004  )  
or with very few cells present, as shown in studies using different types of cells after 
IA or IV administration (Bacigaluppi et al.  2009 ; Brenneman et al.  2010 ; Gao et al. 
 2001  ) . To explain these results, it was suggested that the injected cells independent 
of the route could produce and release trophic factors such as brain-derived neu-
rotrophic factor (BDNF), nerve growth factor (NGF), and vascular endothelial 
growth factor (VEGF). These factors could cross the blood–brain barrier and pro-
mote the bene fi cial effects observed in these animals (Borlongan et al.  2004  ) . 

 In addition, it has been postulated that the trapping of the cells in the lung after 
IV injection (“the lung barrier”) could represent a disadvantage of the IV over IA 
therapy since the number of cells reaching the brain would be decreased in this 
case. IA administration bypasses the  fi lter of the peripheral organs including the 
lungs and directs most of the injected cells into the ischemic tissue. The increase 
in cell trapping in the lungs after IV injections was actually demonstrated in stud-
ies in animal models, which showed a greater uptake in the lungs when this route 
was compared with IA (Schrepfer et al.  2007  ) . However, it is important to note 
that different cell types might behave differently in respect to the lungs. For exam-
ple, a study in normal rats using different cell types found that bone marrow 
mononuclear cells (BMMCs) passage was 30-fold greater when compared to mes-
enchymal stem cells (MSCs) and the differences in cell trapping were attributed to 
the smaller size of the BMMCs when compared to the MSCs and to differences in 
the adhesion capabilities of both cell types (Fischer et al.  2009  ) . On the other 
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hand, while pulmonary activity may be seen as a negative factor because cells 
reach the arterial circulation in smaller proportions, it should be noted that studies 
in an animal model of myocardial infarction have shown that MSC trapped in the 
lung secreted tumor necrosis factor-inducible gene 6 protein (TSG6), which 
decreased myocardial damage and increased myocardial function (Lee et al. 
 2009  ) . It remains to be investigated whether this passage through the lungs as well 
as other organs such as the spleen could be instructive to the injected cells or not 
and whether this passage could result in changes in the functional capabilities of 
the injected cells.  

    13.3   Limitations 

 The major disadvantage of the IA administration is the fact that it is an invasive 
procedure with a small, but non-negligible, risk of complications. A retrospective 
study reviewing cerebral angiographies in nearly 20,000 patients indicated that the 
risk of complications due to the procedure is approximately 2 % and that the risk of 
a new stroke is approximately 0.14 % (Kaufmann et al.  2007  ) . In addition to the 
intrinsic risks of a cerebral angiography, it is possible that the injection of cells may 
increase the risk of ischemia due to the occlusion of microvessels or capillaries. 
A preclinical study using MSCs found that despite the bene fi ts of IA delivery of 
stem cells to the ischemic brain, there was a clear risk of vascular occlusion and also 
an increase in mortality compared to non-transplanted animals (Walczak et al. 
 2008  ) . In fact, in one pilot trial of IA administration of BMMCs in acute stroke that 
included seven patients, the only complication was an embolic stroke in one patient 
during the angiographic procedure but before the administration of the cells (de 
Freitas et al.  2006  ) . The patient did not receive the BMMCs and presented neuro-
logical deterioration. The fact that no other patient in the pilot clinical trials pre-
sented new ischemic lesions on diffusion-weighted (DWI) magnetic resonance 
imaging (MRI) after injection of the cells argues that the complication is linked to 
the procedure, not to the cells per se.    Another shortcoming is the requirement of the 
patency of the intracranial and extracranial circulation (e.g., signi fi cant stenosis or 
occlusion was an exclusion criterion of all the pilot studies). In our view, the occlu-
sion of an intracranial artery but with reasonable collateral supply should not be 
considered a de fi nitive contraindication to IA administration, since in these cases 
even with more proximal injections, cells would still be able to reach the damaged 
area through collateral circulation. Finally, another disadvantage of the IA route is 
the contact of the cells with the contrast used in the arteriography since results from 
our group have shown that the viability of the cells decreases in the presence of the 
contrast (unpublished results).  

    13.4   Pilot Clinical Trials 

 At the time of writing this chapter, only  fi ve trials of stem cell administration for 
ischemic stroke using IA delivery were reported in the literature (de Freitas et al. 
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 2006 ; Battistella et al.  2011 ; Friedrich et al.  2012 ; Moniche et al.  2012 ; Banerjee 
et al.  2012  ) , two of them in abstract form (de Freitas et al.  2006 ; Banerjee et al. 
 2012  )  (Table  13.1 ).  

 In 2006, our group reported in the International Stroke Conference the results of 
a small pilot trial designed to evaluate the safety and feasibility of IA transplantation 
of autologous BMMCs in patients with acute middle cerebral artery (MCA) isch-
emia (de Freitas et al.  2006  ) . Inclusion criteria were age between 18 and 80, a score 
between 4 and 20 in the National Institutes of Health Stroke Scale (NIHSS), and 
administration of the cells within 7 days of stroke onset. Seven patients (two women) 
with a mean age of 49 years (range from 38 to 58) and mean NIHSS of 9.5 were 
included in the trial. Bone marrow cells were aspirated (50 ml) from the posterior 
iliac crest under local anesthesia, and BMMCs were isolated by density gradient on 
Ficoll-Paque Plus, resuspended in saline with 5 % human serum albumin and imme-
diately injected (30 × 10 6  cells in 10 ml) in the MCA under continuous transcranial 
Doppler and electroencephalographic monitoring. The infusion was done at the rate 
of approximately 1 ml/min. Patients underwent anticoagulation with intravenous 
heparin to obtain an activated clotting time of two to three times baseline. Differently 
from cardiac studies that performed intracoronary administration of the cells, a bal-
loon catheter was not used to occlude the target MCA and increase cell delivery 
because of the risk of arterial dissection. One patient exhibited neurological deterio-
ration (recurrent embolization) during arteriography, did not receive the cells, and 
was excluded from further analysis. The six patients treated exhibited an uneventful 
subsequent clinical course, with no new lesions appearing in sequential DWI MRI 
exams (D7, D60, and D120) and no sign of embolization or epileptic activity. Mean 
NIHSS scores varied from 9.5 (entry) to 4.5 (D60) and 3 (D120). The corresponding 
modi fi ed Rankin Scale (mRS) and Barthel Index (BI) scores were 3.5, 2, and 2 and 
52.5, 92.5, and 52.5, respectively. 

 To evaluate the feasibility of monitoring the cells implanted into the brain, in one 
of the patients, approximately 1 % of the 3.0 × 10 7  BMMCs delivered into the left 
MCA were labeled with 150 MBq (4 mCi) Technetium-99 m (Tc-99 m) by incuba-
tion with hexamethylpropylene amine oxime (HMPAO) (Correa et al.  2007  ) . 
Tomographic views of the brain, obtained 8 h after BMMC-labeled cell delivery, 
revealed intense accumulation of the cells in the ipsilateral hemisphere. A whole-
body scan was done and showed left brain, liver, and spleen uptake. The results 
suggested that brain SPECT imaging with labeled cells could be a viable noninva-
sive method for studying the fate of transplanted cells in vivo. 

 To address the feasibility of the IA administration of BMMCs after the  fi rst few 
days of ischemic stroke (nonacute stroke phase), Battistella et al.  (  2011  )  design a 
pilot trial with similar characteristics and inclusion criteria of the previous study but 
including patients up to 90 days after the stroke onset (NCT00473057). Another 
difference from the previous trial was that in all patients approximately 10 % of the 
BMMCs were labeled with Tc-99 m and scintigraphies were carried out 2 and 24 h 
after the procedure to analyze cellular homing and biodistribution. Six male patients, 
with a mean age of 69 years (range from 24 to 65 years), received between 1.25 × 10 8  
and 5 × 10 8  BMMCs via IA administration from 59 to 82 (mean 69) days after MCA 
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infarcts, with a mean NIHSS of 9 (range from 4 to 13) at the time of cell infusion. 
No signs of worsening in the neurological condition were observed immediately 
after the procedure or during the follow-up period. At the 180-day follow-up evalu-
ation, all patients had improved their scores in comparison with the values before 
transplantation. For example, the NIHSS scores improved (range from −1 to −8 
points) during follow-up in all patients. Two patients suffered generalized seizures 
after the end of follow-up (around 200 days after the BMMC infusion); one was 
successfully treated with phenytoin, and the other was treated with a combination of 
oxcarbazepine and lamotrigine. Whole-body scans obtained 2 h after transplanta-
tion of labeled BMMCs showed uptake in the brains of all patients, which ranged 
from 0.6 to 5.1 % when compared to the activity in the whole body. Quanti fi cation 
of cell uptake in SPECT images indicated preferential uptake on the side of the 
lesion in all patients. Nevertheless, these differences were widely variable, ranging 
from 58 to 98 % of total brain uptake. The remaining cell uptake was distributed 
mainly to the liver, lungs, spleen, and kidneys in all patients. Due to the short half-
life of Technetium, uptake could only be visualized in the brains of two patients 
24 h after injection, while in all patients uptake was seen in the liver, lungs, spleen, 
kidneys, and bladder (Barbosa da Fonseca et al.  2009 ;  2010  ) . 

 A clinical trial with the largest number of patients was recently published. 
Friedrich et al.  (  2012  )  administered the BMMCs IA in 20 patients with more severe 
MCA infarctions and at an earlier time point than the previous trials (mean time 
from stroke onset to treatment 6 ± 1.8 days). The mean age was 63 years (range from 
30 to 78), 14 were males, and the right hemisphere was the affected side in 12 
patients. The mean baseline NIHSS score was 17 ± 5.6 (median 15.5, range from 9 
to 28). The mean cell count in the infused solution was 22.08 × 10 7  cells (range from 
5.1 to 10 7 –60 × 10 7 ). None of the patients met the primary end point focused on 
safety: clinically signi fi cant procedural complications (de fi ned as a decline of  ³ 4 
points in the NIHSS score or death), symptomatic intracranial hemorrhage, new 
ischemic lesions on computed tomography (CT) and/or DWI MRI at day 7 post 
procedure, clinical seizures and/or epileptic discharges on serial electroencephalo-
gram (EEG) at any time during the hospitalization, and development of intracranial 
neoplasia in the long-term follow-up. Eight patients (40 %) showed a good clinical 
outcome, de fi ned previously as a mRS  £  2 at 90 days. 

 Also recently, the results of another trial were published (Moniche et al.  2012  ) . 
This trial enrolled 10 patients with severe (NIHSS  ³ 8) MCA infarction to receive 
BMMCs transplantation (NCT00761982). The  fi rst 10 consecutive patients included 
were considered the active group, and 10 patients were included in the control 
group. Although no bone marrow aspiration or sham injection was performed in the 
control group, neurologists who evaluated the patients at 1, 3, and 6 months were 
unaware of the treatment allocation. Mean NIHSS was comparable between the two 
groups (15.6 in BMMC group versus 15.0 in the control group,  p  = 0.82), and trans-
plantation was done at 6.4 (±1.3) days after stroke onset. There were no serious 
adverse events during the BMMC transplantation procedure. During follow-up, two 
BMMC-treated patients had an isolated partial seizure at 3 months. There were no 
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seizures in the control group. Neurological disability at 6 months was not signi fi cantly 
different in the two groups, but there was a trend toward a better outcome when 
higher numbers of CD34+ cells were injected. 

 Banerjee et al.  (  2012  )  reported in the European Stroke Conference the partial 
results of their study (NCT00535197). The aim of the investigators is to enroll 10 
patients with complete MCA infarctions, isolate and harvest CD34+ by immunose-
lection, and inject them into the MCA within 7 days of the event.    Up to the presenta-
tion,  fi ve patients had been enrolled with no serious treatment-related adverse 
events, and all presented improvement in their clinical scores and reduction in lesion 
volume up to 6 months follow-up.  

    13.5   Comparison Between Intravenous and Intra-arterial 
Administration in Humans 

 The small number of patients and diverse characteristics (e.g., inclusion criteria, 
type and number of cells injected, time of administration) prevent direct comparison 
of IA and IV stem cell studies. Recently, Rosado-de-Castro et al.  (  2012  )  compared 
safety end points and biodistribution of cells in patients with subacute ischemic 
stroke treated in the same hospital, using the same cell type and similar inclusion 
criteria but different routes. After bone marrow harvesting, approximately 2 × 10 7  
BMMNCs were labeled with 99mTc and delivered via IA or IV together with the 
unlabeled cells. Scintigraphies were carried out at 2 h and 24 h after cell transplanta-
tion. Seven patients were included in the IA group (six of these were already 
described above in the study of Battistella et al.  2011  )  and  fi ve in the IV group, 
between 19 and 89 days after stroke. Cell homing in the brain compared to the 
whole body was low and similar between both routes at 2 h and 24 h. However, 
when the homing in the ischemic hemisphere was compared with the uptake in the 
contralateral hemisphere, there was a slightly greater relative uptake of 99mTc-
BMMNCs at 2 h in the IA group (68.1 ± 14.6 in the IA group versus 53.4 ± 3.8 in the 
IV group,  p  = 0.023). The quanti fi cation of whole-body images indicated that the IA 
route led to greater uptake in the liver and spleen and lower uptake in the lungs at 
2 h when compared to the IV route. All patients had neurological improvement, 
with a decrease in the NIHSS ranging from 1 to 10 points during the follow-up 
period. Two patients of the IA group and 5 patients of the IV group had seizures that 
were controlled with antiepileptic medication.  

   Conclusions 
 IA delivery of stem cells is a promising therapy for patients with cerebral infarcts. 
Pilot studies in stroke patients suggest that it is safe. Whether homing of stem 
cells in the affected brain region is larger with IA than with IV therapy is debat-
able. Limited data from a human study suggest a slightly greater homing of cells 
in the hemisphere ipsilateral to the ischemia when the cells are delivered IA. 
However, whether this result translates into greater clinical bene fi ts is unclear 
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since there are data indicating that functional recovery may occur even in the 
absence of stem cells in the brain. Moreover, the passage of the cells in periph-
eral organs may confer them protective properties. Larger, randomized phase III 
studies are necessary to establish the ef fi cacy of this approach and the best 
 delivery route.      
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