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Abstract

Autologous umbilical cord blood (UCB) is a possible, but unproven, treatment for acute neonatal
brain damage. Mesenchymal stem cells (MSC), which are present in UCB, are likely to be the
treating cell type. UCB are effective in the treatment of neonatal rodent hypoxic-ischemic injury
(HI) and other types of brain injury when the cells are delivered acutely. Other types of adult stem
cells (ASC) are similarly effective. Even so, several negative studies have been reported. The most
likely mechanisms of action are participation in blood vessel regeneration, improvement of
survival of intrinsic cells, perhaps via neurotrophic factors, or suppression of the release of
inflammatory cells from the spleen. In the latter case the splenic inflammatory cells released at the
time of injury are thought to have an adverse effect on brain injury. The timing of the
administration of the UCB with respect to the time of the injury appears to be the most important
issue: the earlier the better. The risks of autologous administration of UCB are minimal. Current
clinical trials with UCB are in progress but there are no peer-reviewed reports as yet. A
multicentered trial with specific inclusion criteria is needed.

The efficacy of umbilical cord blood (UCB) cell transplantation for the treatment of human
neonatal brain damage is unproven. However, there are several lines of animal
experimentation, mainly in rodents, that suggest it might be effective. We will review the
existing scientific basis for their potential utility. In particular we will examine the potential
for the use of autologous UCB.

What Types of Cells Does UCB Contain?

UCB is widely used for the purpose of hematopoietic stem cell replacement therapies. This
function is mainly related to its high content of CD34+ cells. For the treatment of brain
injury, however, the presence of mesenchymal stem cells (MSCs) appears to be critical. The
putative benefit of MSCs was initially predicated on their potential to differentiate into
multiple cell lineages and particularly into nerve cell precursors. For example UCB-derived
MSCs were shown to develop into neurospheres which were then induced to develop into
oligodendrocyte progenitor cells (1). The expression of surface markers on these cells was
consistent with an oligodendrocyte phenotype. CD34 (=) UCB cells stain for MSC markers
CD29, CD73 and CD105 (2). These cells used in this study (2) could be induced to
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differentiate into at least three lineage cell types, adipocytes, osteoblasts and chondrocytes.
The distinct phenotype of cell markers describing MSCs is not completely agreed upon, but
the CD34+ fraction apparently does not contain MSCs (2). Furthermore, as the experimental
evidence presented indicates, if there is indeed any benefit, it does not appear to be related to
the engraftment or differentiation of the transplanted cells.

Experimental Studies with UCB in Hypoxic-lschemic Injury

Several studies have reported benefit with UCB treatment of experimental acute neonatal
rodent HI (3 -5). The model usually employed is a variation on the Rice-Vannuci model
with unilateral carotid ligation at 7 days of age immediately followed by a period of 8%
hypoxia. Neuroprotection was afforded by intraperitoneal transplantation (3, 5) or
intracerebral administration (4). The time lapse between injury and transplantation was brief
in the studies, 3 hours (3), one day (5), or three days in the experiment using intracerebral
administration (4). One of these studies (5) found migration but not differentiation of the
cells in injured brain. With the intracerebral administration (4), the authors noted
differentiation of the transplanted cells into astrocytes but not neurons.

Intravenous treatment with UCB was facilitated by the use of mannitol to enhance blood-
brain barrier permeability (6). In this study the cells were administered seven days after the
injury. The authors found very few UCB cells in the brain tissue. The overall conclusion of
these reports, all using an acute treatment protocol, was that the benefit was mediated by
trophic factors rather than cell replacement.

While stem cells administration has not been reported with the rabbit model described by
Tan and co-workers (7, 8), the model provides some potential advantages over the rodent
model for future stem cell experiments. The pre-born rabbits are subjected to in utero
hypoxia, which results hypertonic motor disability, a finding generally not detectable in
rodent models. In terms of cerebral palsy as a chronic disability, however, the model has not
been studied over the long term.

Positive Experimental Studies with UCB in Other Types of Acute Brain

Injury

Numerous studies have employed UCB in other types of acute brain injury. Most of these
reports deal with their effect in experimental stroke in adult rats. Chen et al (9) reported that
i.v. administration of human UCB lessened the behavioral deficit after stroke in rats. Greater
benefit was observed with administration 24 hours after the injury as opposed to seven days
after the injury. These authors observed that the UCB survived and migrated in the affected
brain. Similarly, Willing et al (10) found UCB to be beneficial in experimental rat stroke,
with i.v. treatment 24 hours after the stroke more effective than direct striatal delivery. The
response to i.v. administration may be dose-related, as shown in rats treated 24 hours after
stroke (11). Benefit is reported even when the UCB were not found in the brains of treated
animals (12). However, there were increased levels of neurotrophic factors in brains of
treated animals. In this study the cells were administered at the same time as the vessel
occlusion to produce the stroke. Newcomb et al demonstrated efficacy of i.v UCB 48 hours
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after embolic stroke (13). Another study showed a reduction of infarct volume in dogs
subjected to cerebral infarction when the cells were administered one day after the stroke via
intra-arterial injection (14).

UCB have also been employed as an experimental treatment in other types of brain injury.
UCB given i.v. 24 hours after the injury lessened neurologic deficit in rats with hemorrhagic
brain injury (15). Likewise, UCB administration via i.v. 24 hours after traumatic brain injury
reduced neurological deficits (16).

The general themes of these experiments are: 1) early administration is the most efficacious,
and 2) i.v. delivery is at least as effective as direct injection into the brain.

Experimental Studies Reporting Lack of Benefit with UCB Treatment

While negative studies are rarely reported, it is worth noting that there are several negative
studies reported with UCB treatment. DePaula et al (17) found no benefit with UCB in
neonatal rat hypoxic-ischemic injury. In this study, the animals were treated 24 hours after
HI injury via i.v. injection. Very few of the transplanted cells were found in brain. Similarly,
Makinen et al (18) found no benefit of UCB in stroke. These studies were in adult rats
subjected to transient middle cerebral artery occlusion, and the UCB were injected i.v. 24
hours after the injury. Once again, very few cells were found in the brain. Similarly, others
(18, 19) failed to find any benefit with i.v. injection of UCB after stroke in rats. The cells
were administered one, two, three, or seven days after the injury (19). Minimal numbers of
cells were found in the brain. Riegeisberger et al (20) using UCB in a hypertensive rat model
of permanent stroke, failed to produce any lessening of stroke volume using UCB i.v. 24
hours after the injury.

Experimental Studies with Other Adult Stem Cells

While there are relatively few experimental studies utilizing UCB as a treatment for any
type of acute brain injury, there are numerous such studies with other types of adult stem
cells. We recently reviewed these studies dealing with various aspects of brain injury (19),
and concluded that these experimental studies demonstrate benefit when the cells are
delivered soon after the injury. The route of administration may be either i.v. or
intracerebral. The mechanism of benefit is not replacement of cells, as very few transplanted
cells are found at the site of injury.

We employed multipotent adult progenitor cells (MAPCSs) in experiments with acute
neonatal rat HI (22). These cells have the potential to differentiate into mesoderm,
neuroectoderm, and endoderm (23). The improvement we observed was obtained by both
i.v. and intracerebral transplantation up to seven days after the injury (22).

What are the Potential Mechanisms of Action?

The mechanism of action of any UCB benefit in acute hypoxic-ischemic injury is unknown.
We reviewed the possible mechanisms for the of benefit adult stem cells (21) in hypoxic-
ischemic injury, which would likely also apply to UCB. The main ideas are 1) replacement
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of damaged central nervous system cells, 2) blood vessel regeneration, 3) inducement of
greater survival of intrinsic cells by non-cellular factors, and 4) action on the spleen to
reduce release of inflammatory cells (Figure). While only a small portion of the literature
about mechanisms specifically relates to UCB, the work with other types of adult stem cells
should also apply to this area.

In regard to cells replacement by the transplanted cells, small numbers of transplanted cells
are sometimes reported to survive, but even fewer demonstrate transformation to neural cell
types, and the numbers of cells undergoing this process is likely too small to support
functional improvement (22,24,25).

Blood vessel regeneration may occur by the stem cells promoting adhesion of CXCR4-
positive cells onto vascular endothelium (26), recruitment of endothelial progenitor cells
(27), and in the formation of periendothelial vascular cells (28). Borlongan et al. (29)
showed in an animal model of stroke that crude bone marrow-derived stem cells may form
endothelial cells. Using the HI neonatal rat model Rosenkranz et al (30) demonstrated that
the chemokine SDF-1/CXCL 12 system contributed to the homing of UCB cells to the site
of the injury. SDF-1 was upregulated at the site of injury. Cells expressing the CXCR4
receptor migrated to the site of SDF-1 upregulation within one day after transplant.
Increased chemokines in the ischemic area bind cell surface receptors on UCB (31).

Thirdly, we reported that multipotent adult progenitor cells (MAPCs), a variety of adult stem
cells, brought about a greater survival of intrinsic neuronal cells (22). A possible mechanism
of this outcome was offered with the demonstration (32) that injection of MSCs increased
the expression of nerve growth factor and brain-derived neurotrophic factor after traumatic
injury (32). Likewise, Xiao et al (33) reported that UCB acted via trophic factors affecting
nerve fiber reorganization. UBC also increase the expression of genes related to
oligodendrocyte survival (34).

Finally, another possible mechanism of benefit is the effect of adult stem cells on splenic
function during acute brain injury. Vendrame et al (35) proposed that UCB treatment acted
in part in rat stroke by reducing inflammatory response and that the mechanism operated by
reducing the splenic release of inflammatory cells (36), thereby decreasing the inflammatory
cells adversely affecting brain following stroke. In support of this concept Walker et al. (37)
demonstrated that the intravenous injection of MAPC after trauma blocked the normal
splenic response to injury and improved outcome. These reports supported the idea that the
spleen plays a role in adversely increasing the blood-brain barrier permeability and that the
splenic response is blocked by adult stem cell therapy. Once again, this is a benefit only for
the acute situation. Ajmo et al (38) examined the mechanism whereby the splenic reponse to
stroke participates in the worsening of stroke, showing that the splenic response is mediated
by splenic adrenoreceptors. Leonardo et al (39) likewise showed that UCB produced a
suppression of proinflammatory cells during the process of infarction.

What is the Timing of Administration, Acute vs Chronic

All the studies reporting benefit with UCB or other types of adult stem cells deal with the
delivery of the cells very soon after the injury, usually within the first week. Their success
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appears to be dependent upon the presence of an acute brain injury and the various acute
cellular and non-cellular factors that are associated with the acuity of the injury. We are not
aware of any controlled studies using adult to stem cells as a treatment for a brain injury
which has entered the chronic stage. Furthermore, the period of time at which acute injury
becomes a chronic injury for the purpose of this treatment is not known.

Risks of the Treatment

Most of the risks incurred with UCB therapy would be related to the use of allogeneic cells
rather than autologous cells. Allogeneic cells would expose the recipient to graft-versus-host
disease. The details of matching allogeneic cells would complicate treatment protocols in
terms of the requirement to determine how close the match would need to be to insure the
necessary degree of safety. Further, the need for immunosuppression would need to be
ascertained. We recently reviewed the potential complications as they would occur with
non-autologous transplants (21). The other primary risk is the introduction of an infectious
agent.

The site of delivery, i.e. the cerebrospinal fluid or into the brain itself, as opposed to IV
delivery, would likely elevate the possibility of adverse reaction.

Sun et al (40) have reported the results of 198 autologous UCB infusions in 184 children
with different types of neurological disorders, most with the clinical syndrome of cerebral
palsy. Three patients had infusion reactions, mainly episodes of wheezing. These
occurrences were resolved by discontinuation and treatment with diphenhydramine and
bronchodilators.

Current Practice, Current Trials

The current American Academy of Pediatrics position (41) on UCB transplantation
discourages banking for later personal or family use “because most conditions that might be
helped by cord blood stem cells already exist in the infant’s cord blood (ie, premalignant
changes in stem cells).” Thus, this policy does not address any potential for the use of
autologous UCB after birth for the purpose of treating either the acute or longstanding
effects of neonatal brain damage. This policy is quite proper, as this usage of UCB currently
remains unproven.

There are a number of trials that utilize UCB in children with various types of brain injuries.
These trials (http://clinicaltrials.gov) are shown in the Table. Only one, at Duke University,
tests the effect of autologous cord blood infusion on acute neonatal brain damage. No results
are available. The other acute treatment trial, at Ain Shams University in Egypt for the
purpose of preventing developmental delay in pre-term infants, is not yet recruiting.

The other trials noted in the Table utilizing UCB are to test the treatment in chronic injuries
of various types. Thus, these trials are somewhat indirect in regard to acute neonatal brain
damage, as they test the effects of UCB in long-standing brain injuries. There are two US
trials, one at Georgia Health Sciences University and the other at Duke University, dealing
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with cerebral palsy as the clinical target. Only a minor percentage of these children have
likely had their condition arise from acute neonatal brain damage.

The trial at Georgia Health Sciences University accepts patients from 1-12 years of age with
the diagnosis of cerebral palsy with inability to walk before 18 months of age. The children
must have a sufficient amount of UCB stored according to the weight of the child. Children
with hydrocephalus, progressive neurological disease, disorders of brain development, major
congenital anomaly, or known genetic disorder are excluded. This is a randomized,
crossover trial with both treatment groups receiving the UCB but at different points in the
study. A standardized questionnaire and motor abilities assessment are the important
outcome measures.

The Duke University study accepts patients from 1-6 years of age with spastic type cerebral
palsy and a sufficient amount of UCB in storage. Exclusion criteria are athetoid cerebral
palsy, autism, progressive neurologic disease, severe microcephaly, or known genetic
disorder. This is a randomized, crossover study similar to the Georgia study with the
addition of brain MRI and assessment of cytokine activity in the infused UCB.

No peer-reviewed results are available for these trials. In view of the fact that cerebral palsy
is comprised of many different etiologies, firm conclusions from these studies will likely be
very difficult. In terms of attempting to deal with the possible benefit of UCB in long-
standing neonatal brain damage, the study would need to be confined to children who have
sustained cerebral palsy as a result of HI injury. In order to include the necessary number of
subjects with cerebral palsy due to longstanding HI injury, a multiple center trial would be
needed. The difficulty of such a study would be compounded by the fact that most of these
patients would not have autologous UCB available. Also, the presence of HI injury would
need to be carefully defined.

A similar trial (NCT01251003), but dealing with the use of UCB in children who have
suffered traumatic brain injury in the period 6-18 months after injury, is underway at the
University of Texas Health Science Center in Houston, Texas.

What’'s Needed in the Field?

In view of the experimental evidence in rodents that UCB improves the outcome from acute
neonatal HI injury, similar lines of research with adult stem cell preparations in other types
of acute brain injury, and the lack of serious safety concerns about the use of autologous
UCB intravenous infusion, a clinical trial is indicated.

The trial should include only term infants meeting clear cut criteria for acute HI, which
would include 1) a definite injury, demarcated by a cord blood pH less than 7.0, 2) a clinical
course in the neonatal period, which is consistent with HI injury, including the early onset of
seizures, and of specifically defined severity, and 3) the absence of any other cause.

Given the probable reluctance of some of the involved parties to agree early on to the
diagnosis of HI injury, because of the appropriate fear of litigation, the acquisition of
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subjects at any one institution would likely be very difficult. Therefore, a multicenter trial
would be needed.
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Possible Mechanisms of Stem Cell Benefit
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Figure. Possible M echanisms of Stem Cell Benefit
1) Replacement of damaged cells, 2) Blood vessel regeneration, 3) Greater survival of

intrinsic cells, and 4) Action on spleen to reduce release of inflammatory cells. Illustration
contributed by Colby Polonsky.
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Table
ID Number Organization Autologousor Allogeneic | Acuteor Chronic | Clinical Target
Injury
NCT01147653 | Duke University Autologous Chronic Cerebral Palsy
NCT01193660 | Sung Kwang Foundation Allogeneic Chronic Cerebral Palsy
NCT01451528 | Sung Kwang Foundation Allogeneic Chronic Traumatic Brain Injury
NCT01354483 | China Spinal Cord Network Allogeneic Chronic Spinal Cord Injury
NCT01121328 | Ain Shams University Autologous Acute Prevention of developmental
delay
NCT01046786 | China Spinal Cord Network Allogeneic Chronic Spinal Cord Injury
NCT01354483 | China Spinal Cord Network Allogeneic Chronic Spinal Cord Injury
NCT01072370 | Georgia Health Sciences University | Autologous Chronic Cerebral Palsy
NCT00593242 | Duke University Autologous Acute Neonatal HI Injury
NCT01251003 | University of Texas Autologous Chronic Traumatic Brain Injury
NCT01343394 | Memorial Hermann Healthcare Autologous Chronic Acquired Hearing Loss
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