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Abstract

Preclinical and early phase clinical studies suggest that an appropriately dosed umbilical
cord blood (CB) infusion has the potential to help improve motor function in young
children with cerebral palsy (CP). As many children with CP do not have their own CB
available, use of allogeneic cells would extend access to this potentially beneficial ther-
apy to more children. In this phase |, open-label study, 15 children, aged 1 to 6 years,
with moderate to severe spastic CP were treated with a single intravenous infusion of
allogeneic human leukocyte antigen (HLA) matched or partially matched sibling CB with
a cell dose of 22.5 x 107 cells/kg based on the pre-cryopreservation count (median
infused cell dose, 3.3 x 107; range, 1.8-5.2 x 107). There were a total of 49 adverse
events (AEs) over a 2-year time period, but there were no AEs related to the CB infu-
sions. Specifically, there were no acute infusion reactions and no antibody formation
against platelets, red blood cells, or donor-specific HLA antigens. Donor cells were not
detected in peripheral blood 6 months later. Six months after infusion, participants were
assessed for response and experienced a mean * SD increase of 4.7 £ 2.5 points on the
Gross Motor Function Measure-66 and 1 + 2.9 points on the Peabody Gross Motor
Quotient. Appropriately dosed, allogeneic partially or fully HLA-matched sibling CB infu-

sion is well tolerated and potentially beneficial in young children with CP.
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Lessons learned

e Sibling umbilical cord blood (CB) infusions are well tolerated in young children with cerebral
palsy (CP).

o Although children treated with sibling CB demonstrated gains in motor function, this cannot
be definitively attributed to CB treatment in this phase | study.

e Randomized clinical trials are needed to determine efficacy of CB therapy and should evalu-

ate the use of donor products.
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1 | INTRODUCTION
Cerebral palsy (CP) is a form of acquired brain injury caused by non-
progressive insults to the fetal or neonatal brain.! In the USA alone,
approximately 10 000 babies and infants are diagnosed with CP each
year, making it the most common motor disorder of childhood.? For
many affected children, the cause of CP is often an injury sustained
before or shortly after birth, resulting in a wide range of symptoms
including abnormal muscle tone and motor function. Children with CP
embark on a lifelong journey of physical and occupational therapies to
try to maximize function and quality of life. Although some pharmaco-
logic, surgical, and other supportive care options are available to help
reduce spasticity in selected children, no curative therapies are available.
Preclinical and early phase clinical studies suggest that umbilical
cord blood (CB) infusion has potential to help improve motor function
in CP.2® We recently reported results of a phase Il randomized,
placebo-controlled trial of autologous CB infusion, which demon-
strated that children who received higher doses of CB cells
(>2.5 x 107 cells/kg cryopreserved and >2.0 x 107 cells/kg infused)
exhibited a greater degree of improvement in gross motor function
than children who received lower cell doses or placebo.” As many
children with CP do not have their own CB available, we hypothe-
sized that the use of related allogeneic cells would be a way to
extend this therapy to more children who may benefit. Since allo-
geneic cells theoretically posed risks not seen with autologous
cells, such as graft-vs-host disease or alloimmunization, we con-
ducted a phase |, open-label study of a higher dosed, single human
leukocyte antigen (HLA)-matched or partially matched sibling CB
infusion in children with CP to describe the safety and efficacy of
this approach.

2 | MATERIALS AND METHODS

21 | Study design

This study was designed as a phase |, open-label trial of a single
intravenous infusion of HLA-matched or partially HLA-matched
allogeneic sibling CB in young children with CP (Figure 1). Eligible
patients whose parent(s) provided informed consent were treated
with a single CB infusion at baseline and assessed for safety and
motor function outcomes at 6 months after infusion. No immuno-
suppression or conditioning was given prior to CB infusion. Addi-
tional safety endpoints were assessed remotely at 12 and
24 months. The study was approved by the Duke University

Significance statement
In this study, 15 children with cerebral palsy (CP) were treated with sibling cord blood

(CB) infusions. The infusions were well tolerated, and children demonstrated motor improve-
ments, laying the groundwork for efficacy trials using umbilical CB from unrelated donors.

Institutional Review Board (Pro00065043), conducted under IND
16615 from the U.S. Food and Drug Administration, and registered
at ClinicalTrials.gov (NCT02599207).

2.2 | Patient population

Fifteen participants aged 1 to 6 years with isolated CP and an
available HLA-matched or haploidentical, qualified, CB unit from a
sibling with the same biological parents were enrolled. The Gross
Motor Function Classification System (GMFCS) was assessed by a
pediatric neurologist and used to classify participants' functional
level. Children with CP and a GMFCS level of 2 to 4 were eligible
to participate. Children who had GMFCS level 1 were eligible if
they had bilateral CP and were 22 years of age or had hemiplegia
and used their affected hand as an assist only. Children had to
have normal blood counts and lymphocyte counts. Participants'
prior brain imaging was reviewed, and children with possible brain
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FIGURE 1 Study schema. CB, cord blood; CBC, complete blood
count; CMP, complete metabolic panel; CT, computed tomography;
HLA, human leukocyte antigen
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malformations or known genetic conditions were excluded. In
addition, children with autism, hypsarrhythmia, intractable sei-
zures, need for respiratory support, or evidence of a genetic or
progressive neurologic disease, active systemic infection, prior
chemotherapy, or immunosuppressive therapy were ineligible.
Children who had received prior cell therapy or who had an avail-

able qualified autologous CB unit were also excluded.

23 | Sibling CB units

Study participation required the availability of a banked unit of allogeneic
sibling CB that had a pre-cryopreservation total nucleated cell count
(TNCC) 225 x 107 cells/kg, pre-cryopreservation cell viability >80%,
negative sterility cultures, negative maternal infectious disease screening
(minimally including hepatitis B, hepatitis C, HIV, human T-cell
lymphotropic virus I/11, and syphilis) and was at least a 4/8 HLA molecular
match with the participant. HLA matching and CB unit identity confirma-
tion was determined via testing of the participant, sibling donor, and sib-
ling CB sample via low-resolution typing of HLA-A, -B, and -C and high-
resolution typing of HLA-DRB1. Prior to study enrollment, a sample of
the sibling CB unit was shipped to Duke for potency testing on a seg-
ment attached to the CB unit and had to have a post-thaw CD45 viabil-
ity of 240% to be eligible. Post-thaw, a sample from the infused CB unit
was tested for TNCC, viability, viable CD34 cell content, myeloerythroid

progenitor cell content (colony forming units [CFU]), and sterility.

24 | CBinfusion

On the day of infusion, the allogeneic sibling CB unit was thawed and
washed in the standard fashion'® in dextran 40 + 5% human serum
albumin (DA) and placed in 1.25 mL/kg DA for administration with a
goal dose of 2.5 to 5 x 107 total nucleated cells/kg. Participants were
premedicated with single intravenous doses of 0.5 mg/kg diphenhydra-
mine and 0.5 mg/kg methylprednisolone and, if compliant, oral 10 to
15 mg/kg acetaminophen 15 to 60 minutes prior to the infusion. The
allogeneic sibling CB was administered intravenously through a periph-
eral intravenous catheter over 15 minutes in the outpatient setting
under direct physician supervision. Participants received maintenance

intravenous fluids and were monitored for 1 to 2 hours after infusion.

2.5 | Safety and motor evaluations

Participants were evaluated at baseline and 6 months with a complete
neurologic examination, brain computed tomography, laboratory stud-
ies (blood counts, chemistries, Coombs, anti-platelet and anti-HLA
antibodies, peripheral blood chimerism via whole blood restriction
fragment length polymorphism), and motor evaluations. The Gross
Motor Function Measure-66 (GMFM-66), Peabody Developmental
Motor Scales, and Assisting Hand Assessment were performed by

pediatric physical and occupational therapists trained in these
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measures who underwent reliability training. Additional safety assess-
ments were conducted in person 1 day after infusion and remotely via
parental questionnaires at 2 weeks and 3, 12, and 24 months after
infusion, including specific questions regarding symptoms of graft-vs-
host disease (ie, diarrhea, rash, transfusion, immune conditions).
Adverse events (AEs) were captured at these scheduled time points
and reported by parents between time points. When available,
supporting documentation regarding reported AEs was obtained and
reviewed. AEs were adjudicated by the study team and classified

based on Common Terminology Criteria for AEs version 5.0.

2.6 | Statistical analysis

The frequency of AEs was analyzed descriptively by participant,
severity, and relatedness to study product as determined by the inves-
tigator. Motor function outcomes were analyzed descriptively, and
95% confidence intervals (Cls) were reported based on the
t distribution. With 15 enrolled participants, the study had a high
probability (~80%) of identifying at least one common product-related

AE that occurs in 10% of infusions, based on binomial probabilities.

3 | RESULTS

3.1 | Participant characteristics

Fifteen children (5 boys, 10 girls) median age 3.7 years (range,
1-6 years), with spastic CP were enrolled between November 2015 and
April 2016 (Table 1). The majority of patients (n = 13) had bilateral CP,
with 10 of 15 having all 4 limbs affected. Baseline GMFCS levels ranged
from 2 to 4, with a median of 3. Etiologies of CP included periventricular
leukomalacia (n = 6), hypoxic ischemic encephalopathy (n = 3), in utero
stroke or bleed (n = 3), kernicterus (n = 1), meningitis (n = 1), and post-

natal ischemia secondary to cardiac disease (n = 1).

3.2 | CB characteristics

Allogeneic sibling CB units were obtained from eight different family
CB banks. The first four participant/sibling pairs were 8/8 HLA matches
at HLA-A, -B, -C, and -DRB1. The remaining participant/sibling pairs
were 5/8 (n = 1) or 4/8 (n = 10) HLA matches. The median pre-cryo-
preservation cell dose of the entire sibling CB unit was 5.5 x 107 total
nucleated cells/kg (range, 2.8-13.3 x 107 cells/kg). To achieve the
targeted cell dose, the entire sibling CB unit was used for infusion in
eight participants. In the other seven participants, a portion of the sib-
ling CB unit was used for infusion, and the remainder was stored for
potential future use. Allogeneic sibling CB infusions delivered a median
TNCC of 3.3 x 107 cells/kg (range, 1.8-5.2 x 107 cells/kg) and median
viable CD34 dose of 0.6 x 10° cells/kg (range, 0.1-1.8 x 10° cells/kg).
All CB products had negative post-thaw sterility cultures. Fourteen of
fifteen CB units exhibited CFU growth post-thaw.
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TABLE 1
characteristics (n = 15)

Participant and sibling umbilical cord blood

Median (range) or
Characteristics n (%)

Patient characteristics

Age, years 3.7 (1.4-6.0)
Sex
Male 5(33.3)
Female 10 (66.7)
Race
White 14 (93.3)
Non-White 1(6.7)
Type of cerebral palsy
Spastic quadriplegia 10 (66.7)
Spastic tetraplegia 1(6.7)
Spastic diplegia 2(13.3)
Spastic hemiplegia 2(13.3)
GMFCS level
I 3(20)

n 5(33.3)
\ 7 (46.7)
Baseline GMFM-66 score 37 (23-58)

Cord blood characteristics

Precryopreservation
TNCC, x108 7.2 (3.3-14.9)
Cell dose used, x107 cells/kg 4.6 (2.7-7.7)
Total CD34+, x10° 2.8(0.7-8.5)
Viability, % 88 (80-98)

Post-thaw
TNCC, x10° 4.3(1.8-6.6)
Cell dose infused, x107 cells/kg 3.3(1.8-5.2)
TNCC recovery, % 67 (45-84)
Viable CD34+ dose infused, x10° 0.6 (0.1-1.8)

cells/kg

Viability, % 97 (93-99)
CFU per 10° cells 62.5 (0-133)

HLA match
8/8 4(26.7)
5/8 1(6.7)
4/8 10 (66.7)

Abbreviations: CFU, colony forming units; GMFCS, Gross Motor
Function Classification System; GMFM-66, Gross Motor Function
Measure-66; HLA, human leukocyte antigen; TNCC, total nucleated
cell count.

3.3 | Safety of sibling CB infusions

All participants received their allogeneic sibling CB infusion as intended.
There were no acute infusion reactions. At 6 months after infusion,
there were no unexpected findings on brain computed tomography and

no donor cells detected in peripheral blood. Prior to infusion, 5 of

15 participants had detectable HLA antibodies. Six months after infu-
sion, two participants with undetectable HLA antibodies at baseline
demonstrated new low-titer HLA antibodies that were not were donor
specific. No patients developed cytopenias, required transfusions, had
any evidence of graft-vs-host disease, or developed an autoimmune or
alloimmune condition during the study. Thus, the HLA antibodies were
not considered to be clinically significant. No participants developed
new antibodies to platelets or red blood cells.

With 2 years of follow-up, there were a total of 49 AEs in 14 par-
ticipants (Figure 2). None of these events were related to the CB infu-
sion, and most (28/49) were attributed to common childhood
ailments. Four participants reported skin changes during the study
period. One had an isolated rash on their cheek a week after infusion,
one had a transient rash associated with a febrile illness 2 months
after infusion, one was diagnosed with eczema 3 months after infu-
sion, and one had some skin breakdown on their finger 5 months after
infusion. One participant experienced diarrhea associated with fever
and vomiting approximately 11 weeks after CB infusion. This illness
was self-limited and consistent with viral gastroenteritis. None of
these instances were consistent with graft-vs-host disease.

Ten of the 49 AEs were serious and resulted in hospitalization in
9 participants. Of these, four admissions were for elective surgical proce-
dures after the 6-month evaluation, two were for increased or prolonged
seizures in patients with a history of seizures, two were for dehydration
in the setting of suspected viral illnesses, one was for constipation, and

one was for cellulitis requiring intravenous antibiotics.

34 | Motor evaluations

Six months after CB infusion, children improved by a mean + SD of
4.7 + 2.5 points on the GMFM-66 (95% Cl, 3.4-6.2) and 1 £ 2.9 points
on the Peabody Gross Motor Quotient (95% Cl, —0.6, 2.6). Regarding
fine motor assessments, participants improved a mean +SD of
0.1 + 7.2 points on the Peabody Fine Motor Quotient (95% Cl, —3.9,
4.1) and 5.3 * 3.2 points on the Assisting Hand Assessment Interval
Score (95% Cl, 3.5-7.1). Motor evaluation results are shown in aggre-
gate in Table 2 and by patient in Table 3.

4 | DISCUSSION

We report results of an open-label pilot study testing the safety of
intravenous infusions of allogeneic fully or partially matched sibling
umbilical CB in young children with CP. Infusions were administered
without prior conditioning or immunosuppression and were well toler-
ated without any evidence of AEs related to the CB therapy immedi-
ately or within the first 2 years following treatment. CB was dosed to
deliver a minimum of 2 x 107 cells/kg based on observations in prior
studies suggesting a potential dose threshold for efficacy.’ In this
study, all participants received a dose that was significantly greater
than this threshold, and all patients demonstrated improvement in

gross motor function 6 months after the CB infusion.
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FIGURE 2 Adverse events observed up to 24 months after sibling umbilical cord blood infusion

TABLE 2 Motor evaluations

Measure Baseline, mean * SD
GMFM-66 370+£9.1
PDMS-Gross Motor Quotient 477 £7.7
PDMS-Fine Motor Quotient 63.3+159

AHA interval score 44.6 +20.4

2Exceeds minimum clinically important difference of large effect size.

6 months, mean * SD Change score, mean + SD (95% Cl)

41791 4.7 +2.5%(3.4-6.2)
48.7+84 1.0+2.9(-0.6, 2.6)
63.4+129 0.1+£7.2(-3.9,4.1)
499 £19.6 53+32(3.5-7.1)

Abbreviations: AHA, Assisting Hand Assessment; Cl, confidence interval; GMFM-66, Gross Motor Function Measure-66; PDMS, Peabody Developmental

Motor Scales.

The use of allogeneic sibling CB units extended CB therapy
beyond autologous use. This is particularly relevant in treating chil-
dren with CP as many affected children are born prematurely or under
traumatic circumstances, often making CB collection challenging or
impossible at the time of their birth. This was a limitation in terms of

both enrollment and accessibility to treatment in our prior study

of autologous CB infusion in children with CP.? The use of allogeneic
sibling CB in the current study enabled the treatment of children
whose own CB was not collected at the time of their birth. Notably, a
higher median infused dose was achieved with the sibling CB used in
this study compared with autologous CB used in our prior study
(3.3 x 107 vs 2.0 x 107 cells/kg). As all of the CB units were banked
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at family CB banks, collection and banking practices were similar
between the two studies. The pre-cryopreservation TNCC of alloge-
neic sibling units also exceeded that of the autologous units
(7.2 x 108 vs 4.9 x 108), suggesting that the siblings of children with
CP may have had less complicated births and also may have been
healthier at birth, resulting in larger CB collections.

In using CB cell therapies for neurologic conditions, donor cell
engraftment is not necessary for therapeutic benefit, as the cells act
via paracrine effects.®!? This has been demonstrated in vitro and
in vivo in multiple preclinical models.*?>*® Although the mechanism of
action by which CB may improve motor function in children with CP
is not completely understood, improved connectivity in the motor
tracks has been demonstrated in treated children.” We have also
explored potential ways that this could be occurring and have demon-
strated that CB CD14+ cells protect brain tissue from hypoxic injury
in organotypic models.” In a mouse brain organotypic slice culture
model of hypoxic injury via oxygen and glucose deprivation, CB
reduced microglial and astrocyte activation and prevented neuronal
death with or without cell-to-cell contact. We hypothesized that this
was through signaling to endogenous macrophages and oligodendro-
cytes that in turn remyelinate damaged neuronal tracks. The CD14+
monocyte population was identified as the potential active cell type,
as treatment with CD14+ cell-depleted CB was not neuroprotective.”
A similar finding was reported in a rat model of brain injury following
middle cerebral artery occlusion (MCAQ), in which administration of
human CB improved motor function following MCAO, but depletion
of the CD14+ cell fraction did not result in motor function improve-

ment.*4

Almost all such models are xenogeneic, demonstrating that
CB cells do not need to be autologous to have potential therapeutic
effects.

Nevertheless, the use of donor cells carries theoretical risks
beyond those of autologous cells, including the potential for graft-vs-
host disease and immune sensitization. Without employing a
preconditioning regimen, donor cell engraftment after allogeneic sib-
ling CB infusion is not anticipated in immunocompetent patients, and
this was evidenced by the fact that we did not detect any donor cells
in the peripheral blood of CB recipients 6 months after infusion. In
the absence of donor cell engraftment, there was no reason to antici-
pate the development graft-vs-host disease, which was not seen in
any of the patients treated on this study. Also importantly, there was
no evidence of immune activation as assessed by the lack of donor-
specific antibodies against HLA, red blood cells, or platelets following
sibling CB infusion in this study.

This trial was a phase | safety study and was not designed to con-
firm efficacy. However, treated patients demonstrated significant
gains in both gross and fine motor function on the GMFM-66 and the
Assisting Hand Assessment within the 6 months after allogeneic sib-
ling CB infusion. The GMFM-66 is an accepted measure of motor
function capability specific to CP and is highly recommended as a
motor function outcome for CP research by the National Institute of
Neurological Disorders and Stroke.!> Minimum clinically important
differences (MCIDs) of large effect size have been reported as ranging

from 1.2 to 2.7 points for the GMFM-66 among ambulatory children

# TRANSLATIONAL MEDICINE

with CP,*¢ and it has been suggested that MCIDs may be even lower
in more severely affected children.?” The observed mean GMFM-66
improvement of 4.7 points exceeds this threshold, indicating a clini-
cally significant improvement. Limitations of the study included its
small sample size, the lack of a control group, and the single point of
follow-up for efficacy (6 months) by the study team. Parents com-
pleted questionnaires at 2 weeks and 3, 12, and 24 months following
treatment to report AEs or other events. These were reviewed by the
study team and coded. All participants continued to receive medica-
tions and physical and occupational therapies as prescribed by their
local physicians and therapists. The main objective of the study was
to report the safety of allogeneic sibling CB infusions in this popula-
tion, and we can conclude that they are well tolerated. Efficacy was
described at a single point in time (6 months), and given that other
concomitant therapies were not interrupted or stopped, the gains
observed cannot be definitively attributed to the CB treatment. None-
theless, these gains were also observed in our randomized, blinded,
placebo-controlled study of autologous blood and are interesting in
that light.

5 | CONCLUSION

Allogeneic sibling CB infusion was found to be well tolerated and fea-
sible in young children with CP and extended the availability of CB
treatment to children whose own CB was not available for use. To fur-
ther expand access to this therapy and to further test the observed
cell dose effect, the safety and efficacy of high-dose allogeneic,
unrelated-donor, partially matched CB infusion is being studied in an

ongoing clinical trial.
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