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Involvement of Immune Responses in the Efficacy
of Cord Blood Cell Therapy for Cerebral Palsy
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This study evaluated the efficacy of umbilical cord blood (UCB) cell for patients with cerebral palsy (CP) in a
randomized, placebo-controlled, double-blind trial and also assessed factors and mechanisms related to the
efficacy. Thirty-six children (ages 6 months to 20 years old) with CP were enrolled and treated with UCB or a
placebo. Muscle strength and gross motor function were evaluated at baseline and 1, 3, and 6 months after
treatment. Along with function measurements, each subject underwent 18F-fluorodeoxyglucose positron
emission tomography at baseline and 2 weeks after treatment. Cytokine and receptor levels were quantitated in
serial blood samples. The UCB group showed greater improvements in muscle strength than the controls at 1
(0.94 vs. -0.35, respectively) and 3 months (2.71 vs. 0.65) after treatment (Ps < 0.05). The UCB group also
showed greater improvements in gross motor performance than the control group at 6 months (8.54 vs. 2.60)
after treatment (P < 0.01). Additionally, positron emission tomography scans revealed decreased periventricular
inflammation in patients administered UCB, compared with those treated with a placebo. Correlating with
enhanced gross motor function, elevations in plasma pentraxin 3 and interleukin-8 levels were observed for up
to 12 days after treatment in the UCB group. Meanwhile, increases in blood cells expressing Toll-like receptor 4
were noted at 1 day after treatment in the UCB group, and they were correlated with increased muscle strength
at 3 months post-treatment. In this trial, treatment with UCB alone improved motor outcomes and induced
systemic immune reactions and anti-inflammatory changes in the brain. Generally, motor outcomes were
positively correlated with the number of UCB cells administered: a higher number of cells resulted in better
outcomes. Nevertheless, future trials are needed to confirm the long-term efficacy of UCB therapy, as the
follow-up duration of the present trial was short.

Introduction

Umbilical cord blood (UCB) provides clinicians and
researchers a source of stem cells with which to treat

patients with hematologic, metabolic, and oncologic disor-
ders [1]. Owing to its safety, neurogenic potency, and neu-
roprotective effects, UCB has also been employed to treat
neurological diseases [2]. Previous studies have shown UCB
to be therapeutically effective in both animal models [3] and
clinical trials for cerebral palsy (CP) [4]. CP comprises a
group of neurodevelopmental disorders characterized by
abnormal movements and posture, resulting from nonpro-
gressive lesions in the immature brain [5]. Although the
causes thereof may vary, CP is often related to periventricular

leukomalacia from prematurity and hypoxic brain damage in
term infants. Ischemic insults to the immature brain induce
accentuated and persistent neuroinflammatory responses,
which are distinct from those of the mature brain [6]. As
confirmation thereof, a plasma cytokine study also noted
systemic proinflammatory responses in children with CP,
even at the age of 7 [7]. These recent discoveries into the
mechanisms underlying CP have spurred the development of
treatments and techniques, including cell therapy, through
which to exploit new therapeutic targets [8]. In our previous
clinical research, coadministration of allogeneic UCB cell
therapy and erythropoietin (EPO) produced therapeutic
benefits in children with CP [4]. Therein, EPO was used to
optimize the effects of UCB, since they share the same

1Department of Bionanotechnology, Gachon Medical Research Institute, Gachon University, Seongnam, Republic of Korea.
2Department of Rehabilitation Medicine, CHA Bundang Medical Center, CHA University, Seongnam, Republic of Korea.
3Department of Laboratory Medicine, CHA Bundang Medical Center, CHA University and CHA Medical Center Cord Blood Bank,

Seongnam, Republic of Korea.
Departments of 4Nuclear Medicine and 5Radiology, CHA Bundang Medical Center, CHA University, Seongnam, Republic of Korea.
6Division of Hematology-Oncology, Department of Pediatrics, CHA Bundang Medical Center, CHA University, Seongnam, Republic of

Korea.
*These two authors contributed equally to this work.

STEM CELLS AND DEVELOPMENT

Volume 24, Number 19, 2015

� Mary Ann Liebert, Inc.

DOI: 10.1089/scd.2015.0074

2259



antiapoptotic signaling pathway, and the two were expected
to produce synergistic effects. However, the effects of UCB
alone in children with CP were not fully investigated.

Designed as a double-blind randomized controlled trial,
the present study aimed to outline the efficacy and safety of
allogeneic UCB cell therapy in children with CP. 18F-
fluorodeoxyglucose positron emission tomography (18F-
FDG-PET) was utilized to evaluate the effects of UCB on
the brain, particularly in terms of inflammatory status. While
our previous study showed reduced inflammation in peri-
ventricular white matter following coadministration of UCB
and EPO [4], no studies to date have investigated the effects
of UCB treatment alone on the inflammatory status of the
brain. Additionally, we also analyzed cytokine levels and
blood cell components to assess the effects of this therapy
on inflammatory responses in relation to motor outcomes. In
a preliminary study, which was conducted to screen for the
effects of UCB therapy on inflammation, pentraxin 3
(PTX3) emerged as an acute reactant (Supplementary Fig.
S1; Supplementary Data are available online at www
.liebertpub.com/scd). PTX3 belongs to a family of pattern
recognition molecules that play a major role in humoral
innate immunity by interacting with various ligands [9].
PTX3 is linked with inflammation and is produced in re-
sponse to proinflammatory signals [10]; moreover, high
levels of PTX3 have been shown to be correlated with poor
prognosis in various diseases [11]. Further studies have also
suggested a role for PTX3 in angiogenic tissue remodeling
[12] and cardioprotection [13] by reducing apoptosis [14]. In
this study, we hypothesized that immune system responses
would mediate the efficacy of UCB cell therapy in CP. We,
therefore, investigated several immune system markers,
selected on the basis of our preliminary studies and a review
of previous research, to assess their influences on the ther-
apeutic effects of UCB in individuals with CP.

Methods

Participants

Patients diagnosed with CP of ages 6 months to 20 years
were eligible for inclusion in this study. The exclusion cri-
teria were as follows: medical instability due to pneumonia
or renal dysfunction at enrollment; known or suspected
genetic syndrome; allergy to concomitant medications;
clinically uncontrolled epilepsy; and lack of family support.
From February 2012 to July 2012, 41 patients were screened
at CHA Bundang Medical Center. Excluding five, a total of
36 patients were finally enrolled. Power analysis to deter-
mine the sample size was not conducted due to the limited
number of participating subjects. Patients or their legal
representatives provided written informed consent before
conducting any study-related procedures.

Study design and masking

This study was designed as a placebo-controlled, double-
blind study and conducted in accordance with the Declaration
of Helsinki. An independent statistician produced a random-
ization table for patient grouping using SAS software. Sub-
jects were randomly assigned (1:1) into the UCB or control
group in accordance with this randomization table.

To maintain study blinding, participants from both groups
were moved to the treatment room after being sedated in
accordance with the sedation protocol for children. Each
study subject remained in this room for a similar length of
time. All UCB infusions were conducted by two indepen-
dent physicians apart from the clinical study team. Control
subjects received placebo materials in place of the con-
comitant medications (cyclosporine and solumedrol) ad-
ministered to the UCB group. Investigators, assessors,
participants, and their parents were all blinded to the group
allocation until the study was completed. This study was
approved by the Institutional Review Board and Ethics
Committee of CHA Bundang Medical Center and was reg-
istered at www.clinicaltrials.gov (NCT01528436).

The initial study duration was 3 months after treatment.
Additionally, outcome scores at 6 months after treatment,
which were measured during routine follow-up, were used
to determine the efficacy of UCB therapy on motor out-
comes over this longer period of time.

UCB preparation and delivery

Cord blood units with £2 human leukocyte antigen (HLA)
disparities among HLA-A, B, and DRB1 at high resolution
and with ‡2 · 107 total nucleated cells (TNCs)/kg were se-
lected. If a single UCB unit did not satisfy these criteria,
multiple units were used. The UCB units were thawed
and washed before UCB infusion via intravenous or intra-
arterial routes. Intra-arterial cell administration under trans-
femoral cerebral angiography was preferred for cord blood
units with TNC <6 · 107/kg in patients who were older than
4 years.

Concomitant medications

Twelve hours before UCB administration, cyclosporine
(2.0 mg/kg) mixed with normal saline was infused twice in-
travenously. Cyclosporine was then administered intrave-
nously at 1–2 mg/kg, twice daily, for 3 days after UCB
administration. Oral cyclosporine was administered for an
additional 9 days thereafter. The target plasma cyclosporine
range was 100–200 ng/mL. One intravenous injection of so-
lumedrol (3 mg/kg) was given 1 h before UCB administration.

Functional assessments

Manual muscle testing (MMT) score was calculated as
the sum of test results for 40 muscle groups: flexor and
extensor of the neck; flexor and extensor of the trunk;
flexors, extensors, abductors, adductors, and internal and
external rotators of the bilateral shoulder and hip joints;
flexors and extensors of the bilateral knee; and dorsiflexors
and plantar flexors of the bilateral ankles. Muscle strength
was converted into scores of zero, 0; trace, 1; poor, 2; fair, 3;
good, 4; and 5; normal. Thus, total MMT scores ranged
from 0 to 200 [15].

Gross Motor Function Measure (GMFM) and Gross
Motor Performance Measure (GMPM) were utilized to as-
sess gross motor control ability; the reliabilities of these
examinations at the study facility have been reported pre-
viously [16]. Raw scores for the Bayley Scales of Infant
Development, second edition (BSID-II), were also used to
assess neurodevelopmental progress, the reliabilities of
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which have also been previously described [17]. According
to the authors of BSID-II, the scale is applicable in indi-
viduals of developmental ages <42 months, although they
may in actuality be older [18]. The Functional Independence
Measure for Children (WeeFIM�) [19] and the Pediatric
Evaluation of Disability Inventory (PEDI) [20] were also
used. The MMT, GMFM, GMPM, BSID-II, WeeFIM, and
PEDI were assessed at baseline and 1, 3, and 6 months post-
treatment.

18F-FDG-PET image acquisition

Brain 18F-FDG PET images were acquired at baseline and
at 2 weeks after UCB administration in all participants using
a Gemini PET/CT scanner (Phillips). Before injection of the
radiotracer, a transmission computed tomography (CT) scan
was performed to generate attenuation maps. Approximately
50 min after the intravenous administration of 370 MBq of
18F-FDG, 90 brain-emission images were obtained over a
period of 20 min. A board-certified nuclear physician re-
viewed the 18F-FDG-PET/CT scans. After excluding data
from participants who had severe encephalopathy or struc-
tural cortical damage, PET images from 30 subjects were
analyzed (15 from the UCB group and 15 controls) after
image reconstruction using the row action maximum like-
lihood algorithm. Spatial, preprocessing, and statistical an-
alyses were performed using SPM8 within Matlab R2011a
(Mathworks) to compare differences in regional brain glu-
cose metabolism between the two groups and between pre-
and post-treatment images. The 18F-FDG PET images were
converted from DICOM to the ANALYZE format using
MRIcro software (http://mricro.com) and then transferred to
SPM8 (Institute of Neurology, University College London).
The data were then normalized into a standard PET template
provided by SPM8. The standardized data were then
smoothed by a Gaussian kernel (16 mm full width at half
maximum). Group differences were analyzed at baseline by

unpaired t-test to check for differences between groups.
Changes in images from before to after treatment were
compared using a paired t-test in each group. Group dif-
ferences in voxels with an uncorrected threshold were
considered significant at P < 0.05, with the extent threshold
Ke set at 100 voxels.

Cytokine analyses

Blood samples were collected in ethylenediaminetetra-
aceticacid (EDTA) Vacutainer� tubes at baseline, 1 day
before UCB administration, and 1 day, 12, and 90 days after
treatment. Samples were preserved at -80�C in a freezer,
after separating the plasma and buffy coats via centrifugation
at 2,000 g for 20 min. Plasma levels of PTX3, interleukin
(IL)-8, and IL-10 were measured using enzyme-linked
immunosorbent assay (ELISA) test kits purchased from
R&D Systems, in accordance with the manufacturer’s in-
structions. Briefly, EDTA plasma samples were diluted
with reagent diluent at 23% (v/v) for PTX3 and at 50% (v/
v) for IL-8 and IL-10. The samples were then incubated in
96-well plates, and targeted proteins were detected by
biotinylated antibodies, followed by streptavidin-horserad-
ish peroxidase. The signals were visualized by the addition
of 100 mL of 3,3¢,5,5¢-tetramethylbenzidine for 30 min,
followed by 50 mL of the stop solution. Each sample
procedure was repeated twice. Cytokine levels are pre-
sented as ng/mL.

Receptor analyses

Serum levels of toll-like receptor (TLR)4, TLR2, and
mammalian target of rapamycin (mTOR) were also mea-
sured in plasma-free buffy coat samples from selected
participants within each study group who showed similar
brain lesions, clinical features, ages, and severity of gross
motor impairment. Buffy coat samples were diluted in

Table 1. Demographic and Baseline Characteristics of Patients (n = 34)

Group UCBa (n = 17) Controlb (n = 17)

Demographics
Sex, no. (% male) 10 (58.8) 8 (47.1)
Age, monthsc; mean (SD; range); median 46.8 (60.1; 6–216); 26.0 45.3 (41.7; 8–180); 35.0
Gestational age, weeks, mean (SD; range) 31.8 (4.7; 25–40) 33.4 (4.8; 27–40)
Preterm, no. (%) 14 (82.4) 12 (70.6)
Birth weight (SD; range), kg 1.9 (0.7; 1.0–3.1) 2.2 (0.8; 1.2–3.6)
NBW/LBW/VLBW/ELBWd 6/2/8/1 6/5/6/0
GMFCS level (I/II/III/IV/V) 3/0/1/5/8 2/2/1/2/10

MRI findings
Periventricular leukomalacia 10 (58.8) 11 (64.7)
Diffuse encephalopathy 2 (11.8) 2 (11.8)

Hypoxic ischemic encephalopathy 2 (11.8) 1 (5.9)
Encephalitis 0 1 (5.9)

Focal ischemia/hemorrhage 5 (29.4) 4 (23.5)

Values represent number of patients unless otherwise noted. No baseline characteristics were significantly different between the two
groups (P-value > 0.05 for all comparisons).

aUCB group received umbilical cord blood and rehabilitation.
bControl group received rehabilitation only.
cAge corrected for preterm birth.
dNBW was defined as birth body weight ‡ 2,500 g, LBW <2,500 g, VLBW <1,500 g, and ELBW <1,000 g.
UCB, umbilical cord blood; NBW, normal birth weight; LBW, low birth weight; VLBW, very low birth weight; ELBW, extremely low

birth weight; GMFCS, Gross Motor Function Classification System; SD, standard deviation; MRI, magnetic resonance imaging.
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phosphate-buffered saline (PBS) at 20% (v/v), with 1% (v/
v) protease inhibitor cocktail (Thermo Scientific) and 1%
(v/v) Triton-X100, to lyse the red and white blood cells.
These samples were then diluted to 5% (v/v) with PBS
before analysis of TLR4, TLR2, and mTOR using ELISA
test kits purchased from Elabscience, following the manu-
facturer’s protocols.

Bradford assays were performed using the manufacturer’s
protocol (Bradford Protein Assay Kit No. 23200; Thermo)
to measure total protein levels in the blood samples. Total
protein levels were used to normalize blood receptor level
data. The average protein level was calculated for each
patient, and the ratio of sample total protein level/average
total protein level was used to normalize TLR4, TLR2, and
mTOR levels. The levels of these receptors are presented as
ng/mL.

Statistical analyses

Statistical analyses were performed using Prism software,
version 5.0 (Graphpad Software), and Statistical Package for
the Social Sciences software, version 21.0 (IBM; http://
spss.com). Motor outcomes for the two study groups were
compared using the Mann–Whitney test. Spearman’s cor-
relation was used to analyze the relationship between the
laboratory results and the functional outcome scores. Chi-
square or Fisher’s exact test were used to analyze categor-
ical variables.

Results

Thirty-six children with CP participated in the study, and
34 subjects completed all of the testing procedures (Sup-
plementary Fig. S2). The general baseline characteristics of
the UCB and control groups were not significantly different
(Table 1). Also, no serious adverse events occurred during
this study (Supplementary Table S1).

Effects of UCB on motor outcomes

Improvements in functional measures. No significant dif-
ference in baseline functional scores was discovered be-
tween the UCB and control groups (Supplementary Tables
S2 and S3). The UCB group showed significantly greater
improvements in MMT from baseline to 1 and 3 months
post-treatment than the control group (Ps < 0.05); GMPM
scores also significantly improved in the UCB group from
baseline to 6 months post-treatment (P < 0.01) (Fig. 1;
Supplementary Table S2). Analyses of the data after ex-
cluding subjects who received intra-arterial administration
resulted in similar findings (Supplementary Fig. S3).

Effects of HLA compatibility on functional measures in the

UCB group. In the UCB group, changes in functional out-
come scores were compared in relation to HLA disparity.
Compared with the two-HLA mismatched subgroup, the
fully HLA-matched and 1-mismatched subgroups showed
greater increases in MMT, BSID-II motor scale, and Wee-
FIM scores. Notwithstanding, the fully HLA matched and 1-
mismatched subgroups did show higher baseline scores
thereof, compared with the two-HLA mismatched subgroup
(Supplementary Table S4).

FIG. 1. Comparison of functional outcomes between UCB
and control groups. Changes in (A) MMT, (B) GMFM, and
(C) GMPM total scores from baseline to 1, 3, and 6 months
post-treatment were compared between UCB and control
groups. Bars represent the mean – SE. The P-values repre-
sent comparisons of changes in outcome scores between two
groups based on Mann–Whitney U test (*P < 0.05,
**P < 0.01). The numbers of participants in the UCB and
control groups were as follows: baseline to 1, baseline to 3,
and baseline to 6 months for each group, respectively. The
numbers of participants from baseline to 6 months were
different because the data at 6 months post-treatment were
obtained in available subjects past the initial study duration
of 3 months. (A) MMT: 17, 17, 4 in UCB group; 17, 17, 11
in control group. (B) GMFM: 17, 17, 13 in UCB group; 17,
17, 17 in control group. (C) GMPM: 17, 17, 8 in UCB
group; 17, 17, 16 in control group. UCB, umbilical cord
blood; MMT, manual muscle testing; GMFM, Gross Motor
Function Measure; GMPM, Gross Motor Performance
Measure; SE, standard error.
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Effects of TNC number on functional measures in the UCB

group. The median number of TNC/kg was 5.46 · 107.
To analyze the effect of cell number on improvements
in functional measures, subjects from the UCB group
were divided according to the median number of TNC/
kg. Differences in functional measure scores between
the subgroups at baseline were not statistically signifi-
cant. Participants who received more than the median
number of TNC/kg showed greater improvements in
BSID-II motor raw score than those who did not (Sup-
plementary Fig. S4A). Additionally, we noted a signif-
icant positive correlation between BSID-II motor scale
scores at 3 months and the number of TNC administered
(r = 0.54, P < 0.05) (Supplementary Fig. S4B). TNC
counts, route of UCB administration, body weight, and
HLA disparity for each subject in the UCB group are
listed in Table 2.

Effects of UCB on brain 18F-FDG-PET images

Baseline scans of the UCB and control subjects showed no
marked differences. Two weeks after UCB administration,
subjects in the UCB group showed a prominent decrease in
activity in bilateral white matter of the occipital and temporal
lobes, whereas increased activity was observed in multiple
cortical areas of the frontal and parietal lobes (Fig. 2A; Sup-
plementary Tables S5 and S6). Subjects in the control group
showed decreased activity in multiple areas of the cerebrum
and increased activation of limited areas of the frontal and
parietal cortices (Fig. 2B; Supplementary Tables S7 and S8).

Relationships between motor outcomes
and inflammatory markers

Plasma PTX3, IL-8, and IL-10 levels and functional mea-

sures. Baseline levels of PTX3 and IL-8 at 1 day before

Table 2. Administration Routes, Cell Doses, and Human Leukocyte Antigen Disparities

in the Umbilical Cord Blood Group

Subject no. Body weight (kg) Age (months) Route TNC/kg (·107) HLA disparities

1 7.5 6 Intravenous 6.25 2-mismatched
2 8.5 7 Intravenous 5.54 2-mismatched
3 7.8 9 Intravenous 6.14 2-mismatched
4 7.3 11 Intravenous 6.48 2-mismatched
5 8.3 16 Intravenous 7.10 2-mismatched
6 7.2 18 Intravenous 5.94 2-mismatched
7 10 21 Intravenous 4.23 2-mismatched
8 9.3 24 Intravenous 6.44 1-mismatched
9 12 26 Intravenous 5.46 1-mismatched

10 10 29 Intravenous 6.18 1-mismatched
11 15 32 Intravenous 3.90 1-mismatched
12 10 35 Intravenous 4.60 2-mismatched
13 13 36 Intravenous 5.02 2-mismatched
14 15 41 Intravenous 3.19 2-mismatched
15 17.5 91 Intra-arterial 1.81 Full-matched

2.35 1-mismatched
16 23 177 Intravenous 2.37 1-mismatched

2.25 2-mismatched
17 50 216 Intra-arterial 1.32 2-mismatched

1.28 2-mismatched
1.01 2-mismatched

TNC, total nucleated cell; HLA, human leukocyte antigen.

FIG. 2. Changes in 18F-FDG PET/computed tomography glucose metabolism during the period between baseline and 2
weeks post-treatment. Areas in red denote increased glucose metabolism and blue highlights decreased glucose metabolism
in the (A) UCB and (B) control groups (P-value < 0.05). Brain 18F-FDG PET images were acquired before and 2 weeks after
UCB administration in all participants. After excluding data of participants who had severe encephalopathy or structural
cortex damage, PET scans for 30 subjects were analyzed (15 from the UCB and 15 from the control groups). (A, B) Indicate
areas where glucose metabolism showed statistically significant changes in each group. 18F-FDG PET, 18F-fluorodeox-
yglucose positron emission tomography.
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administration of UCB or placebo were similar between the
two study groups.

One day after administration of UCB, plasma levels of
PTX3 increased significantly by 4.07 – 0.50 ng/mL, com-
pared with the control group (-0.05 – 0.45) (P < 0.001). By
12 days post-treatment, PTX3 levels had decreased slightly,
although levels for the UCB group remained significantly
higher than those observed in the control group (P < 0.01).

At 90 days after treatment, PTX3 levels were similar be-
tween the UCB and control groups (Fig. 3A; Supplementary
Table S9). Interestingly, among UCB group subjects, those
who showed higher levels of PTX3 at 1 day after treatment
demonstrated greater improvements in their GMPM scores
at 1 and 3 months post-treatment (Supplementary Fig. S5).

Changes in IL-8 levels during the initial 12 days after
treatment differed significantly between the two groups; IL-
8 levels increased by 0.20 – 0.08 ng/mL from baseline in the
UCB group, but not in the control group (P < 0.05). At 90
days post-treatment, IL-8 levels showed no significant dif-
ference between groups (Fig. 3B; Supplementary Table S9).
Meanwhile, IL-10 levels were not significantly different
between the study groups at any of the time points examined
in this study (Fig. 3C; Supplementary Table S9).

In the UCB group, while increases in PTX3 from baseline
to 1-day post-treatment were correlated with improvements
in GMPM at 1 month post-treatment (r = 0.71, P < 0.01),
increases in IL-8 level from baseline to 12 days post-treat-
ment were correlated with improvements in GMFM at 6
months post-treatment (r = 0.60, P < 0.05) (Fig. 4).

FIG. 3. Comparison of changes in PTX3, IL-8, and IL-10
levels between UCB and control groups. Changes in (A)
PTX3, (B) IL-8, and (C) IL-10 from baseline to 1-day, 12-
day, and 90-day post-treatment were compared between
UCB and control groups. Bars represent the mean – SE. The
P-values represent comparisons of changes in outcome
scores between two groups based on Mann–Whitney U test
(*P < 0.05, **P < 0.01, ***P < 0.001). PTX3, pentraxin 3;
IL, interleukin.

FIG. 4. Relationship between changes in plasma cytokine
levels and changes in scores of function measure in the UCB
group. (A) Changes in PTX3 level from baseline to 1-day
post-treatment were positively correlated with changes in
GMPM score at 1 month after the treatment (n = 16). (B)
Changes in IL-8 level from baseline to 12-day post-treat-
ment were positively correlated with changes in GMFM
score at 6 months after the treatment (n = 11). In (A) and (B),
the solid middle line indicates a linear fit line with 95%
confidence intervals. Correlations were analyzed based on
Spearman correlation test.
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TLR4, TLR2, and mTOR levels and functional measures. The
age and functional severity of the participants selected from
the UCB and control groups for these investigations were
not significantly different. Additionally, there were no sig-
nificant differences in baseline levels of TLR4, TLR2, or
mTOR. At 12 days post-treatment, TLR4 levels increased
more from baseline in the UCB group (1.77 – 0.57 ng/mL),
than the control group (-1.21 – 1.85 ng/mL) (P < 0.05) (Fig.
5A; Supplementary Table S9). TLR2 levels also increased
above those at baseline at 12 days post-treatment (Supple-
mentary Fig. S6). While mTOR levels tended to be elevated
at 1 and 12 days post-treatment in the UCB group, there was
no significant difference therein in comparison with the
control group (Fig. 5B; Supplementary Table S9).

Increases in TLR4 levels above baseline at 1 day post-
treatment exhibited a positive correlation with improvement
in MMT at 3 months post-treatment in the UCB group
(r = 0.67, P < 0.05) (Fig. 5C). However, TLR2 levels showed
no clear correlation with functional outcomes. Increases in
TLR4 and mTOR levels above baseline at 1 day post-
treatment were also correlated with each other in the UCB
group (r = 0.98, P < 0.001) (Fig. 5D).

Discussion

In this study, we identified improvements in MMT scores
at 1 and 3 months after UCB treatment, which strongly

suggested that this treatment can be utilized to effectively
alleviate motor impairments in children with CP. The effi-
cacy of treatment with UCB alone was also reflected by
improvements in GMPM scores at 6 months post-treatment.
However, the improvements in GMPM occurred later and
were smaller (increase of 8.5 points) than those observed in
our previous study of combined treatment with UCB and
EPO, in which GMPM scores had improved by 3 months
post-treatment to a larger degree (increase of 11.5 points)
[4]. Thus, one could conclude that treatment with allogeneic
UCB alone exerts a weaker effect on motor outcomes than
combined UCB and EPO therapy. Notwithstanding, treat-
ment with UCB alone led to improvements in MMT scores
that were not observed in our previous study, although this
may have been related to differences in the targeted muscles
(axial muscles were included in this study) and in the sub-
jects’ characteristics [4]. Accordingly, since the purpose of
this study was to investigate the efficacy of UCB therapy
alone, strategies to augment the efficacy of this therapy
should be considered in future trials.

Factors that may affect the efficacy of UCB treatments,
such as immune compatibility and cell dose, were comparable
to our previous trial [4]. Regarding HLA compatibility, fully
matched or one-HLA mismatched subjects produced better
motor outcomes than the 2-mismatched HLA subjects. This
indicated that highly compatible UCB and, ideally, autolo-
gous UCB therapy could produce improved therapeutic

FIG. 5. Comparison of TLR4 and mTOR levels between UCB (n = 10) and control (n = 5) groups and the correlation of
TLR4 with functional outcome and mTOR in the UCB group (n = 10). Changes in (A) TLR4 and (B) mTOR levels from
baseline to 1-day, 12-day, and 90-day post-treatment were compared between the UCB and control groups. (C) Increments
in TLR4 level from baseline to 1 day were positively correlated with improvement in MMT score (from baseline to 3
months) in the UCB group. (D) Changes in TLR4 were positively correlated with changes in mTOR in the UCB group, each
from baseline to 1-day post-treatment. In (A) and (B), bars represent the mean – SE. The P-values represent comparisons of
changes in outcome scores between two groups based on Mann–Whitney U test (*P < 0.05). In (C) and (D), the solid
diagonal line indicates a linear fit line with 95% confidence intervals. Correlations were analyzed based on Spearman
correlation test. TLR4, toll-like receptor 4; mTOR, mammalian target of rapamycin; MMT, manual muscle testing.
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outcomes in children with CP. Additionally, as the number of
cells administered may also be important to the efficacy of
UCB treatments, we divided and analyzed subjects treated
with UCB alone according to the median number of TNC/kg
administered. Although the optimal cell dose was not deter-
mined in this study, higher cell doses were correlated with
better motor outcomes. Further studies are needed to deter-
mine the optimal cell doses for maximizing the efficacies of
UCB treatments for CP patients.

Also, in this study, we demonstrated that innate immune
responses potentially mediate the therapeutic effects of UCB
by identifying correlations between PTX3 and TLR4 levels
and functional motor improvements. Herein, elevations in
PTX3 and TLR4 early after treatment (1-12 days) were
correlated with long-term functional outcomes (at 1-6
months post-treatment). The innate immune system recog-
nizes and reacts to pathogen-associated or danger-associated
molecular patterns via pattern recognition molecules. Pat-
tern recognition molecules are classified into two types: cell-
associated receptors, represented by TLRs, and fluid-phase
soluble molecules, represented by the long pentraxin PTX3
[9]. In our study, plasma levels of PTX3 showed the greatest
changes, and the highest correlations with clinical outcomes
(Fig. 4A). Recent findings have indicated that PTX3 is not
simply a detrimental prognostic marker in inflammatory
syndromes or brain injury. In fact, PTX3 deficiency has
been shown to be associated with increased lipopolysac-
charide-induced lung injury [21] and vascular inflammation
[22], indicating a cytoprotective role for PTX3. Moreover,
PTX3 reportedly serves a neuroprotective role against sei-
zures [23] and is now suggested to be a candidate anti-
inflammatory mediator [24].

TLR4 and TLR2 are cell membrane-bound receptors that
act mainly as proinflammatory stimulators of macrophages,
lymphocytes, and brain cells [25]. Nevertheless, experi-
ments with TLR4 and TLR2 deficiency models have re-
vealed the importance of these receptors in inflammation
control and neuroprotection [26], and in neurogenesis [27].
In this study, TLR4 and TLR2 levels were elevated for up to
12 days post-treatment in the UCB group, although only
TLR4 was correlated with motor outcomes. Interestingly,
other studies have suggested that PTX3 and TLR4 may be
directly related: activation of TLR4 could induce nuclear
translocation of NFkB, promoting PTX3 gene expression
[28], and PTX3 may influence TLRs [29] to direct cell fate
decision making. Moreover, PTX3 and TLR4 have been
interpreted as playing a regulatory role in inflammation
[30,31]; their linkage with cellular repair and regeneration
has also been suggested [12,27]. In the brain, the innate
immune system is thought to respond to injury via activation
of receptors in microglia, neurons, and astrocytes, to ulti-
mately influence repair processes [32]. Together with the
results of this study, we suggest that the therapeutic mech-
anism underlying the effects of UCB on motor outcomes in
CP patients might involve innate immune responses, po-
tentially via PTX3 and TLR4 [33].

Further supporting our hypothesis on the role of immune
responses in UCB treatments, increases in IL-8 levels were
also correlated with improved motor function in the UCB
group. This cytokine is known to be angiogenic [34] and
may therefore represent one of the potential effects of UCB
treatment on CP. Even though mTOR levels did not change

significantly in this study, TLR4 and mTOR showed an
almost direct correlation in the UCB group. Reportedly,
mTOR is active in regulating cell growth and proliferation,
which is likely driven by TLR via the PI3K/Akt axis [35];
this may have played an indirect role in the UCB effects
observed in this study.

Further expounding our findings, we suggest that the ef-
fects of UCB therapy are mediated mainly by im-
munomodulation or neurotrophic factors [36,37] rather than
cell replacement. Presumably, microglia in the brain are
involved in the initiation of innate immune responses to the
cell therapy [38]. In support of this notion, one study
demonstrated that intravenous cells modulate brain micro-
glia toward anti-inflammation [39]. Such changes in mi-
croglia are supposed to impede apoptosis and induce
restorative effects. To confirm our suspicions, use of a PET
radiotracer targeting microglia would be helpful in future
trials [40]. In our study, we identified anti-inflammatory
findings [41] using18F-FDG-PET at 2 weeks after UCB
treatment. The findings were remarkable at periventricular
areas of the occipital and temporal lobes, the main locations
of exaggerated inflammation and apoptosis in periven-
tricular leukomalacia. This is relevant because periven-
tricular leukomalacia is the most frequent cause of CP [42].
The PET finding can be interpreted as a treatment-related
amelioration of brain tissue inflammation, despite elevations
in serum biomarkers of inflammation at comparable time
points: increases in IL-8, PTX3, and TLR4 levels were
discovered at 12 days post-treatment, while 18F-FDG-PET
findings were noted at 14 days post-treatment. Meanwhile,
in contrast to the periventricular areas, frontal motor cortices
in subjects of the UCB group showed increased glucose
metabolism, which was different from the non-specific
findings observed in the control group. We interpreted this
to indicate an activation of motor function as a result of the
UCB treatment.

In terms of route of cell administration, we attempted
intra-arterial approach for older subject expecting higher
efficacy than intravenous administration [43] because ther-
apeutic efficacy did not appear to be evident in older chil-
dren with CP in our previous trial [4]. Nevertheless, the
intra-arterial approach did not appear to facilitate remark-
able differences in treatment efficacy. Consequently, intra-
venous administration appeared to be the most rational
approach.

This study has several limitations that warrant consider-
ation. First, loss of follow-up data at 6 months, especially
MMT, led to incomplete results, which might have gener-
ated the insignificance of MMT scores at 6 months post-
treatment. Second, measurement of TLR4, TLR2, and
mTOR receptors along the membranes of blood cells can be
affected by total protein levels. To avoid inaccuracies,
however, TLR4, TLR2, and mTOR levels were normalized
using sample protein level/average protein level ratios.
Third, our immune response findings in patients who re-
ceived UCB therapy do not definitively demonstrate the
direct involvement of the mechanism we proposed. To
confirm the proposed relationships, the effects of UCB
treatment should be investigated in animals in which TLR4
and/or PTX3 are suppressed. Fourth, cyclosporine was ad-
ministered as an immunosuppressant in UCB group sub-
jects, and this compound exhibits neuroprotective properties
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[44]. As well, cyclosporine is also known to suppress T
lymphocyte activation [45], and its anti-inflammatory, an-
tioxidative, and antiapoptotic actions are thought to exert
neuroprotection [46]. Thus, further trials are needed to
outline the effects of cyclosporine in allogeneic cell therapy
by adding another group that does not receive cyclosporine.

In conclusion, treatment with allogeneic UCB alone im-
proved motor outcomes in children with CP and proved to
be therapeutically effective. Assays of inflammatory mark-
ers in the blood indicated that innate immune responses
potentially mediate the therapeutic efficacy of UCB. Further
studies are required to elucidate the mechanisms involved in
cell therapy for brain injury patients and the role of immune
responses therein.
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