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ARTICLE INFO ABSTRACT

Article History: Background aims: Umbilical cord blood (UCB) infusion is being investigated as a treatment for a range of neu-
Received 12 May 2021 rological conditions, primarily because of its potent immunomodulatory effects mediated via paracrine sig-

Accepted 2 July 2021 naling. Although initial research mainly utilized autologous UCB, allogeneic samples from a sibling or

unrelated donor have now become more common. With the use of allogeneic UCB, questions have arisen sur-
Key W"“_js-' rounding the necessity for human leukocyte antigen (HLA) matching, preparative regimens and immunosup-
iﬁﬁi?lligals pressant drugs. To investigate the safety of allogeneic UCB for the treatment of neurological conditions and

neurological conditions
stem cells

systematic review
umbilical cord blood

the impact of HLA mismatching and immunosuppresion, the authors conducted a systematic review of the
safety of allogeneic UCB infusion for neurological conditions.
Methods: A systematic review of published and gray literature was conducted to investigate the safety of allo-
geneic UCB infusions for neurological conditions.
Results: Authors identified 10 studies using allogeneic UCB to treat autism spectrum disorder, cerebral palsy,
stroke, traumatic brain injury and various other conditions. A total of 361 participants (with at least 442 UCB
infusions) received a range of HLA-matched/untyped allogeneic units and cell doses, with the majority not
administered post-infusion immunosuppression. There were no reported serious adverse events definitely
or probably related to the allogeneic UCB infusion, nor later potential complications such as graft-versus-
host disease or teratoma formation.

Conclusions: Although variability between studies is high, the available data do not identify safety concerns
with allogeneic UCB infusion for the treatment of neurological conditions, even with variable HLA matching
or no immunosuppression.

© 2021 International Society for Cell & Gene Therapy. Published by Elsevier Inc. This is an open access article

under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

Introduction

regulatory T and monocyte-derived suppressor cells that could
impact the neuroinflammatory environment and make UCB benefi-

Umbilical cord blood (UCB) holds potential as a treatment for a
range of neurological conditions, including cerebral palsy, autism
spectrum disorder and traumatic brain injury [1,2]. UCB contains a
mixture of hematopoietic stem and progenitor cells as well as
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cial for treating neurological conditions [3—5]. The goal of UCB infu-
sion for the treatment of neurological conditions is to provide
immunomodulation and paracrine signaling to enhance cell survival
in damaged tissues, encourage proliferation of progenitor cells and
increase angiogenesis [2,6]. UCB has also been shown to protect
against neuroinflammation by suppressing microglial activation and
T-cell responses [7]. Notably, cells are proposed to be theoretically
efficacious even when the recipient is immune-competent and not
myeloablated [8]. Engraftment is not the goal, and it is expected that

1465-3249/© 2021 International Society for Cell & Gene Therapy. Published by Elsevier Inc. This is an open access article under the CC BY license
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the competent immune system of the recipient will not support long-
term engraftment [2].

Early clinical trials utilizing UCB as a treatment for neurological
conditions used autologous UCB as the infusion product [9]. However,
to enhance feasibility, allogeneically sourced UCB has increasingly
been studied [10]. Traditionally, allogeneic UCB has been used in the
hematopoietic stem cell (HSC) transplant setting for the treatment of
hematological malignancies (i.e., blood cancers) and blood disorders
[11]. In these situations, the desired outcome is that HSCs in the UCB
engraft and reconstitute the recipient’s hematopoietic and immune
system; hence, the use of immunosuppression regimens and HLA
matching between donor and recipient is required. The HLA system
is essential in the acceptance and rejection of transplanted tissues
[12]. In the allogeneic transplant setting, HLA matching paired with
pre-transplant myeloablation reduces the risk of graft rejection, and
post-transplant immunosuppression can prevent graft-versus-host
disease (GVHD). Notably, UCB for transplantation with the end goal
of HSC engraftment is entirely different from UCB infusions [13], par-
ticularly for neurological conditions where the goal is immunomodu-
lation.

Despite the clear difference in purpose and function between UCB
transplant for replacement of the hematopoietic and immune system
and UCB infusion primarily for immunomodulation, there is uncer-
tainty as to whether the immunosuppression and HLA matching that
are required in transplantation are needed in the setting of allogeneic
UCB infusion for neurological conditions. There has been no consen-
sus across infusion protocols and study designs. The authors there-
fore aimed to investigate the reported safety of allogeneic UCB in
clinical studies of neurological conditions, with a specific focus on
degree of HLA mismatching and use of immunosuppression.

Methods
Criteria for considering studies in this systematic review

Participants

The authors included studies that treated human participants
with a neurological condition. If studies recruited participants with
various conditions that included non-neurological indications, at
least 50% of participants must have been treated for a neurological
condition.

Intervention

The authors included studies that systemically administered
(intravenous [IV] or intra-arterial) mononuclear cells (MNCs)
(counted as either MNCs or as part of total nucleated cells [TNCs])
obtained from allogeneic UCB. These MNCs must have been consid-
ered by the authors to be minimally manipulated (e.g., non-
expanded, non-cultured and non-leukocyte-depleted or irradiated).
This did not, however, preclude studies that utilized standard proce-
dures for MNC isolation, such as washing, red blood cell lysis, volume
reduction and centrifugation. The authors excluded studies where
the intervention was applied in an immune/myeloablated, immune-
compromised or immune-suppressed setting (e.g., for malignant con-
ditions) where UCB was intended to reconstitute the hematopoietic
system via engraftment. Timing of intervention, number of interven-
tions and dosing restrictions were not applied.

Types of studies
Any clinical research study, with or without a control group or
comparator, was eligible.

Search methods for identification of studies

The following electronic databases were searched: (i) MEDLINE
(from 1946 to January 2021), (ii) Cochrane Central Register of

Controlled Trials in The Cochrane Library (from 2005 to December
2020) and (iii) Embase (from 1947 to January 2021) via Ovid between
January 7, 2021, and January 12, 2021. Neurological conditions of
interest were defined based on published reviews documenting
emerging uses of UCB [14—16] and included Alzheimer’s disease,
cerebral palsy, stroke, autism spectrum disorder, ataxia, spinal cord
injury, amyotrophic lateral sclerosis, encephalopathy and global
developmental delay. Searches for neurological conditions were com-
bined with key words designed to limit returns to allogeneic UCB
within human/clinical studies. A full description of the search strat-
egy is provided in supplementary File 1.

In addition, the authors electronically and manually searched
PubMed, Google Scholar and ClinicalTrials.gov (gray literature) and
hand searched the reference lists of included studies to identify any
additional relevant studies. All published work from the noted data-
bases or gray literature, including conference abstracts for trials that
were also registered at ClinicalTrials.gov, was included.

Data collection and synthesis

Screening included studies

MCBP performed all electronic database searches, and two
authors independently searched for gray literature (MFE and GC). At
title and abstract screening, ineligible studies were excluded. If the
title or abstract did not provide sufficient information to determine
eligibility, the full text was appraised.

Data extraction

Two authors (MCBP and GC) extracted the data from included
studies. Extracted data included participant information (recruitment
age, treatment allocation), methodology (degree of HLA matching,
administration details, dosing and use of immunosuppression) and
safety outcomes (adverse events [AEs], serious adverse events [SAEs],
source of events and other safety parameters). When information
was not available, study authors were contacted to obtain data. There
was agreement on all extracted data.

Defining toxicities

For this review, the authors reported all AEs and SAEs as pre-
sented by study authors but focused mainly on infusional toxicities
and any AE or SAE related to allogeneic UCB. For the purpose of this
review, the authors refer to AEs and SAEs and summarize reports as
“reported toxicities”. AEs and SAEs included serious infusion-related
toxicity (e.g., anaphylaxis or desaturation requiring oxygen), tera-
toma formation (via imaging) and GVHD (based on overall AE/SAE
analysis by investigators). Attribution, probability and causality of
AEs or SAEs with regard to the allogeneic UCB infusion were also pre-
sented as reported by authors. Where detailed, toxicity reporting was
captured using common terminology criteria for AEs in standard
safety reporting.

Risk of bias and quality assessment

Two authors (MCBP and IN) independently assessed each included
randomized controlled trial for risk of bias using the Cochrane risk-
of-bias tool 2. For case reports, case series or phase 1 trials with no
comparator group, two authors (MCBP and MFE) independently rated
the study using a tool for evaluating the methodological quality of
case reports and case series [17].

Results

Electronic database searches returned 87 articles for screening.
After screening, five studies met eligibility, and another five eligible
articles were identified via manual searching of PubMed, Google
Scholar and gray literature (see supplementary File 1) [18—-27]. Study
characteristics are provided in Table 1. While the authors’ article was



Table 1
Description of included studies.

Reference, Study design ~ Group and participants, n Source and intended HLA Actual HLA matching and Number of doses, median cells per Age range Details of post-infusion®
ClinicalTrials.gov matching participants, n dose (range) and route of of participants immunosuppression in allo
registry identifier administration UCB group
Autism
Dawson et al. [22], RCT Allo UCB, 63 Unrelated, >4/6 HLA Not reported 1 dose, 3.9 (2.1-6.4) x10” TNCs/kg, 2.3-8.1 years No immunosuppression
NCT02847182 Auto UCB, 56 \Y%
Placebo, 61”
Cerebral palsy
Minetal. [18], RCT Allo UCB + EPO, 31 Unrelated, >4/6 HLA 5/6 HLA, 11 1 dose, 6.7 (4.2—17.2) x107 TNCs/ 7 months to 9.8 years  Cyclosporine (4-week
NCT01193660 EPO, 33 4/6 HLA, 20 kg, IV duration)
Placebo, 32
Kang et al. [26], RCT Allo UCB, 17 Unrelated, >4/6 HLA Single units: 5/6 HLA, 4 1 dose, 5.5 (3.2—7.1) x10” TNCs/kg, 6 months to 18 years Cyclosporine (13-day dura-
NCT01528436 Placebo, 17 4/6 HLA, 10 IV(n=15)orlA(n=2) tion)
Pooled units: 6/6 + 5/6 HLA, 1
5/6 +4/6 HLA, 1
4/6 +4/6 +4/6 HLA, 1
Min et al. [20], RCT Allo UCB, 24 Unrelated, Allo UCB group‘: 6/6 HLA, 3 Allo UCB group: 1 dose, 5.0 1-6.3 years Cyclosporine (16-day
NCT01991145 Allo UCB + EPO, 22 >4/6 HLA 5/6 HLA, 10 (3.2-9.3) x10” TNCs/kg, IV duration)
EPO, 20 4/6 HLA, 11 Allo UCB + EPO group: 1 dose, 4.8
Placebo, 22 Allo UCB + EPO group: 6/6 HLA, 1 (3.0-7.3) x107 TNCs/kg, IV
5/6 HLA, 9
4/6 HLA, 12
Sunetal. [28], Single arm Allo UCB, 15 Related, Single units: 8/8 HLA, 4 1 dose, 3.3 (1.8—5.2) x10” TNCs/kg, 1.4—6 years No immunosuppression
NCT02599207 >4/8 HLA 5/8 HLA, 1 v
3/8 HLA, 10
Romanov et al. [24], Single arm Allo UCB, 80 Unrelated, no HLA match Not collected/reported 1dose (n=7),2doses(n=18),3 1-12 years No immunosuppression
identifier not found requirements doses (n=19),4 doses (n=15),5
doses (n = 14), 6 doses (n = 7),
31.99(26.9-39.7) x107 TNCs, IV
Feng et al. [25], Single arm Allo UCB, 47 Unrelated, no HLA match No details provided 4-8 doses (mean =5.4,SD 1.4), 1-29 years No immunosuppression
identifier not found details provided 2-3 x 107 TNCs, first dose IV
then remaining IT
Stroke
Laskowitz et al. [21]°, Single arm Allo UCB, 10 Unrelated, no HLA match Not collected/reported 1 dose, 1.5 (0.8—3.3) x10” TNCs/kg, 45-79 years No immunosuppression
NCT02397018 requirements v
Various conditions, including neurological
Vyas et al. [27], iden- Single arm Allo UCB + auto platelet-rich Unrelated, no HLA match Not collected/reported 1-3 doses, 1-2 x 10° MNCs/kg, IV 3-80 years No immunosuppression
tifier not found plasma, 49" requirements orIT
Traumatic brain injury
Min et al. [19], N/A Case report Allo UCB +EPO, 3 Unrelated, Pooled units: Participant 1: 2 doses, 3.3 x 107 19-32 years Cyclosporine or tacrolimus (4-
>4/6 HLA Participant one dose one: 5/6 +5/6 TNCs/kg + 3.1 x 107 TNCs/kg, IV week duration for UCB dose

HLA; dose 2: 4/6 + 4/6 HLA
Participant two dose one: 4/6 + 4/
6 +4/6 HLA; dose two: 4/6 + 4/6
HLA
Participant three dose one: 4/6 + 4/
6 HLA; dose two: 4/6 + 4/6 HLA

Participant 2: 2 doses, 4.6 x 107
TNCs/kg + 3.2 x 107 TNCs/kg, IV

Participant 3: 2 doses, 2.7 x 107
TNCs/kg + 3.8 x 107 TNCs/kg, IA

one, 2-week duration for
UCB dose two)

Allo, allogeneic; auto, autologous; EPO, erythropoietin; HLA, human leukocyte antigen; IA, intra-arterial; IT, intrathecal; 1V, intravenous; kg, kilogram; m, months; MNC, mononuclear cells; n, number of participants; N/A, not applicable;

RCT, randomized controlled trial; SD, standard deviation, TNCs, total nucleated cells, UCB; umbilical cord blood, y; years.

a

a n o

o

Incorrect NCT identifier cited in published article.
n = 29 with specified neurological conditions.

Does not include single corticosteroid administration or any pre-medication for infusion.
Placebo group received either auto UCB or allo UCB (>4/6 HLA-matched, allogeneic, unrelated UCB donor unit) after primary endpoint (6 months).
Pooling of two UCB units was allowed to achieve required cell dose; however, no pooling of units specifically noted.
Included in table as median dose of 31.9 x 107 TNCs but reported in text as 31.8 x 107 TNCs.

6—2(2202) ¥ Adp12y3014) /[0 32 U0IDd "TD'N
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under review, the full trial results from Sun et al. [28] were published.
This study was included, and where duplicate publications existed (e.
g., conference abstracts plus publication), the findings were reported
only once and extracted from the primary source article.

Participants, targeted conditions and types of studies included

A total of 602 participants across 10 studies were included. Partic-
ipants were aged 6 months to 90 years. The most common neurologi-
cal condition studied was cerebral palsy [18,20,24-26,28]. The
remaining studies targeted autism spectrum disorder [22]; stroke
[21]; traumatic brain injury [19]; or a mixture of conditions, includ-
ing neurological (>59% recruited with a neurological condition [27].
All participant data from Vyas et al. [27] were included in the results,
regardless of condition. Of the 10 included studies, four were ran-
domized controlled trials [18,20,22,26], five were single-group allo-
cation studies [21,24,25,27,28] and one was a case report [19].

Details of interventions

A total of 361 participants received allogeneic UCB as a study
intervention with follow-up and safety outcomes collected. One
study (n = 15) [28] specified that participants received related alloge-
neic UCB. The other studies either used unrelated UCB or did not
specify donor source. Three studies combined allogeneic UCB with
erythropoietin [18—-20]. One study coupled administration of alloge-
neic UCB with autologous platelet-rich plasma [27]. Apart from the
361 participants receiving allogeneic UCB, 243 participants received
autologous UCB, placebo or standard of care as part of a control or
comparator arm/group.

Donor screening and sterility testing of UCB

Six studies documented methods for stringent maternal infectious
disease screening of donor UCB [20,21,23,24,26,27]. Five of these also
made note of sterility testing of cryopreserved samples
[20,21,23,24,27].

ABO blood group matching

Three studies specified that allogeneic UCB was ABO blood group-
matched [20,21,24]. One study indicated that UCB that was not ABO
blood group-matched was used, as units are commonly red blood
cell-depleted [27]. The remaining six studies did not specify ABO
matching [18,19,22,25,26,28].

Degree of HLA matching

Allogeneic UCB with a range of HLA matching was used across
studies. HLA matching at >4/6 HLA was required by Dawson et al.
[22], but this study did not include details/information about the
actual degree of HLA matching between the recipient and allogeneic
UCB unit. Five studies (encompassing 112 treated participants)
included this HLA matching information [6,18—-20,26]. In these stud-
ies, 106 participants received a single unit of allogeneic UCB with
either a 4/6 (n = 53), 5/6 (n = 34) or 6/6 (n = 4) HLA match. Further-
more, 10 participants received 4/8 HLA-matched UCB, one received
5/8 HLA and four received 8/8 UCB [28]. Generally, HLA matching
was specified as HLA-A, HLA-B and HLA-DRB1. One study that
required HLA matching >4/8 [28] also included HLA-C.

The remaining six participants from two studies [19,26] received
pooled units to meet minimum dose requirements. In these instan-
ces, multiple allogeneic UCB units of variable HLA match were com-
bined. For example, one participant in a study by Kang et al. [26]
received three allogeneic units in one administration that each had a
4/6 HLA match with the recipient but no minimal HLA matching
requirements between UCB units. Four studies (n = 186 participants)
[21,24,25,27] used allogeneic UCB with unspecified HLA matching,

with three of these studies using protocols with no HLA matching
requirements [21,24,27].

Dosing and delivery schedule

Most studies administered UCB solely via the IV route
[18,20-22,24,28]. By contrast, two studies used either IV or intra-
arterial administration [19,26], one used IV or intrathecal administra-
tion [27] and one used both IV and intrathecal administration [25].

Most studies (nine of 10) used cryopreserved UCB, with only the
study by Vyas et al. [27] employing infusion of freshly processed UCB.
Of the studies using cryopreserved UCB, eight of nine specified that
cells were washed to remove the cryoprotectant dimethyl sulfoxide
(DMSO) prior to infusion. Feng et al. [25] did not provide cell prepara-
tion details.

Across the 10 studies, dosing was either a total dose per patient
[24,25] or calculated as TNCs/kg [18—-22,26—-28] or MNCs/kg [27].
There was a wide range of cells infused. Where specified, cell doses
were calculated and reported using post-thaw values for cryopre-
served UCB [21,22,24,28]. Using TNC count, studies ranged from
0.8 x 107 TNCs/kg to 39.7 x 107 TNCs/kg per infusion. With regard to
studies administering a cell dose irrespective of weight, the median
dose was 31.9 x 107 via the IV route for Romanov et al. [24]. In the
study by Feng et al [25], the median dose was
2-3 x 107 cells delivered via IV and intrathecal administration, with
a breakdown of dosing for each route not provided.

Of the 361 recipients who received allogeneic UCB, half (n = 189,
52.4%) received one dose, with 123 participants (34.1%) receiving
two or more (and as high as eight) doses. The remaining 49 partici-
pants (13.6%) reported in the study by Vyas et al. [27] received
between one and three doses, but the precise breakdown was not
explicitly stated.

Use of immunosuppression

Four of the 10 studies (all from the same study team and compris-
ing 97 participants) used post-infusion immunosuppression with
cyclosporine or tacrolimus for a period of 12 days to 4 weeks
[18—20,26]. Across the studies, pre-medication with steroids (meth-
ylprednisolone, hydrocortisone), antihistamines and/or acetamino-
phen to prevent/treat infusional reactions was common and not
considered immunosuppression.

Safety of allogeneic UCB and reported toxicities

AEs and SAEs

The number of total AEs and SAEs for each study, where available,
is reported in Table 2. In all controlled trials with a comparator group
[18,20,22,26], the frequency of both AEs and SAEs was similarly dis-
tributed between groups. Moreover, across all studies, no SAEs were
deemed to be definitely or probably related to allogeneic UCB. Of the
more than 1000 AEs analyzed using these combined data, only one
was designated as possibly related to the UCB product (i.e., pruritus
of moderate severity, a known risk that resolved on the same day as
the infusion) [21]. In addition to standard reporting of AEs/SAEs, the
safety of the allogeneic UCB product was frequently discussed further
by the researchers (e.g., GVHD, teratoma and HLA antibody forma-
tion), and this is also captured in Table 2.

Participants were followed up for safety over a maximum period
of 6-36 months post-UCB infusion. Where specified, reporting was
conducted at scheduled visits or via e-mail or phone. Reported toxic-
ities and overall safety were captured around the time of infusion
and in the following hours to days, with some events being reported
longer term (months). Considering all of these reports, the authors
interpreted type and presentation and characterized them using the
following categories.



Table 2

Measures of safety related to allogeneic UCB in included articles.

Reference, Duration of Total Participant AE details Total Details of SAEs Participant SAE details SAEs Author comments on relevant AEs/SAEs Safety comments Incidence of Incidence of

ClinicalTrials .gov  safety follow-up AEs SAEs related related to IS GVHD donor-specific HLA

registry identifier to UCB? antibody
formation

Dawson et al. [22], 12 months 535 Percentage of participants 6° Viral gastroenteritis, dehy- Number of participants No e Frequency of AEs similar between N/A Not detected n=1detected at 6
NCT02847182 reporting AEs per group™: dration, reporting SAEs per group: groups. months

both allo and auto UCB = Aggression, concussion, allo UCB = 2 (3.2%), auto UCB e Moderate and mild infusion reactions
81.5%, placebo = 83.6% pediatric autoimmune =1(1.8%), placebo =3 occurred in all groups; however, all four
neuropsychiatric disor- (4.9%) severe infusion reactions (characterized
ders assomate_d Wlth by bronchospasm and|or facial flushing
streptococcal infection and swelling) occurred in the allo UCB
group.

Minetal. [18], 12 months 217 Number of AEs reported per 10 Death, pneumonia, influ- Number of SAEs reported No e Frequency of AEs similar between Higher rates of AEs Not detected Not assessed
NCT01193660 group: enza, urinary tract infec- per group: groups. in UCB + EPO

allo UCB + EPO = 87, EPO = tion, seizure UCB + EPO = 3, EPO =4, pla- e One reported death was not interven- group likely due

63, placebo = 67 cebo=3 tion-related. to IS (not UCB).
® Three instances of transient decline in Authors com-

oxygen saturation (reported as apnea) mented that use
in the UCB + EPO group following infu- of I$ was not
sion. Authors noted that this may be Op,“leEd n
related to first-pass lung sequestration; this population.
however, these AEs were also observed
in the EPO and placebo groups.

Kang et al. [26], 6 months 108 Number of AEs reported per 0 N/A N/A No ® Frequency of AEs similar between No safety com- Not detected Not assessed

NCT01528436 group: groups. ment, but
allo UCB = 64, placebo = 44 authors noted
that IS may be
neuroprotective.

Min et al. [20], 12 months 156 Number of AEs reported per 11 Pneumonia, seizure, acute Number of SAEs reported No e Frequency of AEs similar between IS for 16 days did Not detected Not assessed
NCT01991145 group: otitis media, pyrexia, per group: groups. not increase the

allo UCB = 38, allo UCB + EPO entropion, viral hepatitis, alloUCB=1,UCB +EPO =3, occurrence of
=42, EPO = 41, placebo = nasopharyngitis, labial EPO = 3, placebo = 4 AEs.
35 frenectomy
Sunetal. [23,28], 2 years 39 Number of participants 10 Prolongued or increased Number of participants No e UCB administration was well tolerated, N/A Not detected® None detected at 6
NCT02599207 reporting AEs: febrile seizures, dehydra- reporting SAEs: with no acute infusion reactions and no months
n=14/15(93.3%) tion, constipation, n=29/15(60%) unexpected imaging findings.
cellulitus ® No platelet antibodies, red blood cell
antibodies or donor cells were detected
in peripheral blood 6 months after infu-
sion.

Romanov et al. 3 months 0 N/A 0 N/A N/A No o Authors reported that UCB administra- N/A Not detected Not assessed
[24], identifier to 3 years tion was well tolerated, with no acute
not found or delayed AEs.

Feng et al. [25], 6 months 42 Number of participants 0 N/A N/A No ® No AEs related to IV infusions of UCB. N/A Not detected Not assessed
identifier not reporting AEs: o All AEs related to IT administration of
found n=26/47 (55.3%) UCB or participant age (<10 years).

Laskowitz et al. 12 months 113 Number of participants 8 Sepsis secondary to urinary ~ Number of participants No ® One AE (pruritus of moderate severity) N/A Not detected Assessed but not
[21], reporting AEs: tract infection, chronic reporting AEs: was deemed possibly related to UCB. reported
NCT02397018 n=10/10(100%) paralytic ileus n=2/10(20%) ® No AEs were deemed definitely or prob-

ably related.

Vyasetal. [27], N/S Not Number of participants 0 N/A N/A No e No evidence of sensitization. N/A Not detected Not assessed
identifier not reported reporting AEs: between n e Safety data were suggestive of no
found =4/49 and n = 11/49¢ immune response.

Minetal [19],N/A 18 months 10 Number of participants 0 N/A N/A No ® Some minor AEs possibly related to IV Transient AEs Not detected Not assessed

to 2 years reporting AEs: infusion of UCB (cell entrapment) or related to IS

n =3/3(100%)

immunosuppression.
No immunoreactivity or tumor forma-
tion noted.

were noted (no
SAEs).

AE, adverse event; Allo, allogeneic; auto, autologous; EPO, erythropoietin; GvHD, Graft-versus-Host Disease; HLA, human leukocyte antigen; IA, intraarterial; IS, immunosuppression; IT, intrathecal; IV, intravenous; kg, kilogram; m,
months; MNC, mononuclear cells; n, number of participants; N/A, not applicable; N/S, not specified; RCT, randomised controlled trial; SAE, serious adverse event; SD, standard deviation; TNC, total nucleated cells; UCB, umbilical cord

blood; y, years.

2 Neither number of events nor participants reported per group; percentage of participants reporting AEs only provided as a total from UCB-treated groups (allo and auto).
> Includes SAEs from participants in crossover placebo group treated with UCB.
¢ Two participants developed HLA antibodies, but these were not donor-specific.

4 AEs reported as number of participants experiencing each AE, with possibility that each participant could experience multiple AEs.
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Infusional toxicities. Dawson et al. [22] noted four severe infusion
reactions (bronchospasm and/or facial flushing and swelling) in those
receiving allogeneic UCB, with only mild reactions seen in placebo
and autologous UCB groups. In addition, Min et al. [18] observed
three instances of transient decline in oxygen saturation, likely due
to trapping of cells in the lungs. Otherwise, no infusion reactions
were reported.

It was noted in two studies [19,25] that route of administration
(particularly intrathecal) as well as possible cell entrapment in the
infusion line may have contributed to higher AEs or infusional toxic-
ities. In the study by Feng et al. [25], it was also noted that younger
children (<10 years) given allogeneic UCB intrathecally were at
higher risk of an AE, likely due to a number of reasons, including high
cell dose and general immune immaturity.

Immune responses. In the one study that assessed immune response
and persistence, no platelet antibodies, red blood cell antibodies or
donor cells were detected in peripheral blood 6 months after infusion
[28]. Infusion of UCB was noted in multiple studies as being generally
well tolerated, with no immunoreactivity [19,24,27,28]. There were
no reports of GVHD in any study, noting that GVHD is typically diag-
nosed from clinical analysis of AEs and SAEs gathered over the
reporting period.

Three studies analyzed the formation of donor-specific HLA anti-
bodies following allogeneic UCB administration [21,22,28], the ratio-
nale being that allogeneic cells may elicit anti-HLA antibody
production (as with any leukocyte-replete blood product). Across the
88 participants assessed, there was only one report of donor-specific

anti-HLA antibody formation and two reports of non-donor-specific
HLA antibody formation from a single study [28].

Teratomas and malignancy formation. There were no reports of tumor
formation or other malignancies.

Immunosuppression. Across all four studies that used immunosup-
pression, no SAEs were attributed to its use [18—20,26]. Two studies
[18,19] found that some AEs were attributable to the use of immuno-
suppression. By contrast, Min et al. [20] found no increase in the over-
all incidence of AEs due to immunosuppression.

Risk of bias and quality assessment of included studies

Quality assessments of case reports and single-arm studies are
presented in Table 3. No study scored more than 6/8 overall, with
a total score ranging from 1 to 6. Randomized controlled trials
assessed using the Cochrane risk-of-bias tool 2 were scored and
are presented in Table 4. Overall bias was found to be “low” in all
studies assessed.

Discussion

Allogeneic UCB infusion for the treatment of neurological condi-
tions is an emerging strategy. This is the first systematic review of
the safety of this approach. The authors’ review of 10 clinical studies
did not identify any unexpected safety concerns related to allogeneic
UCB across 361 patients and more than 442 infusions for a range of

Table 3
Quality assessment for non-randomized studies.
Study
Domain Leading explanatory question Minetal. [19] Sunetal [28] Romanovetal [24] Fengetal [25] Laskowitzetal. [21] Vyasetal. [27]
Selection 1. Do patients represent the whole No Yes Yes Yes Yes No
investigator (center) experience?
Ascertainment 2. Was the exposure adequately Yes Yes Yes Yes Yes Yes
ascertained?
3. Was the outcome adequately Yes Yes No Yes Yes No
ascertained?
Causality 4, Were alternative causes explain- Yes Yes No No Yes No
ing the observation ruled out?”
5. Was there a challenge/rechallenge ~ N/A N/A N/A N/A N/A N/A
phenomenon??
6. Was there a dose—response No No No Yes No No
effect?”
7. Was follow-up long enough for Yes Yes Yes Yes Yes No
outcomes to occur?
Reporting 8. Was there sufficient detail to repli-  Yes Yes Yes Yes Yes No
cate the research?
Overall score 5/8 6/8 4/8 6/8 6/8 1/8
Quality assessment tool from Murad et al., 2011 [17]. “Yes” scores 1 and “No” scores 0.
N/A, not applicable.
“Mostly relevant to cases of adverse drug events.
Table 4
Quality assessment of randomized controlled trials using Cochrane risk-of-bias tool 2.
Domain and signaling questions Study
Dawsonetal. [22] Minetal. [20] Minetal [18] Kangetal. [26]
1 Risk of bias arising from the randomization process Low Low Low Low
2 Risk of bias due to deviations from intended interventions  Low Low Low Low
3 Risk of bias due to missing outcome data Low Low Low Low
4 Risk of bias in measurement of the outcome Low Low Low Low
5 Risk of bias in selection of the reported result Low Low Low Low
Overall risk of bias Low Low Low Low
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neurological conditions (i.e., autism spectrum disorder, cerebral palsy,
stroke, traumatic brain injury and various other indications). When deliv-
ered as a simple systemic infusion without immunosuppression, there
were no safety issues identified outside of the expected infusion reac-
tions routinely seen with blood products or DMSO. This included recipi-
ents of multiple doses (up to eight) or pooled UCB units. There were no
reports of GVHD or teratoma formation, which is consistent with aggre-
gate data of similar cell therapies [29].

Expected toxicities were related to the nature of preparing, stor-
ing and administering the cell product and not the allogeneic UCB
itself. For example, some infusion reactions were likely associated
with trace cryoprotectant (DMSO) remaining after cell washing.
There were also expected transient effects attributable to cell entrap-
ment during infusions or first-pass lung sequestration.

Safety data presented in this review are consistent with other
mild, treatable and expected events included in reports regarding
systematically administered cells across other conditions [29-32]. Of
relevance, UCB infusion can be likened to whole blood transfusions
without the use of leukodepletion protocols, which are still safely
used today [33—-35]. Importantly, UCB has a lower risk profile com-
pared with adult blood infusions [8,12]. This is due, among other rea-
sons, to UCB having lower hemagglutinin titers. The majority of
studies also did not specify or require ABO matching since banked
cord blood is routinely red blood cell-depleted, making ABO and rhe-
sus matching less of a consideration [27,36].

Considering the need for immunosuppression in allogeneic UCB infusion
protocols

Where mentioned by authors, the inclusion of systemic immuno-
suppression as part of the treatment strategy following infusion in
some of the studies was intended to lower the theoretical risk of
GVHD and/or increase efficacy by prolonging cell persistence. The
need for immunosuppression in the setting of UCB infusion has been
questioned in the literature previously [37]. It is beyond the ability of
this review to comment on whether immunosuppression is needed/
beneficial since only four studies applied immunosuppression post-
infusion and only for a relatively short time period (<2 weeks in one
instance [26]). Irrespective of the use of immunosuppression, there
were no reports of GVHD. Therefore, immunosuppression is not
required for safety, but the authors cannot discount the potential
immunosuppression may have in promoting treatment efficacy of
UCB.

HLA requirements in allogeneic UCB infusion protocols

Lesser or greater HLA mismatching did not appear to impact the
toxicity of allogeneic UCB infusions or later potential complications.
As with the role of immunosuppression, the need for HLA matching
to any degree when treating neurological conditions is unclear. The
authors encourage further research that captures longer-term out-
comes that may be relevant to HLA matching, including cell persis-
tence and anti-HLA or anti-platelet/red cell antibody formation. The
impact of donor HLA antibody formation—and whether it is, in fact, a
risk for people in a non-myeloablated setting—requires investigation
[38]. However, again, the risk is similar to that of commonly used
non-leukofiltered blood transfusions [33-35]. Safety risk may be
more relevant if repeat dosing of allogeneic UCB becomes a therapeu-
tic norm. Theoretically, there may be increased risk of toxicity if
higher cell doses or multiple transfusion exposures result in recipient
sensitization to donor alloantigens [12].

Theoretically, a greater HLA-matched allogeneic UCB infusion may
promote efficacy because of increased cell persistence, yet there is
currently no clinical data regarding early (i.e., days or weeks post-
infusion) cell persistence following allogeneic UCB infusion. The only
published data are from one report confirming that cells are no

longer circulating in peripheral blood after 6 months [28]. However,
ultimately, the authors know from published pre-clinical evidence
that UCB cells do not need to persist, as sustained functional recovery
is observed even months after cells stop being detected [39,40]. The
field would benefit from confirming this in clinical trials. There is one
clinical trial that has collected earlier cell persistence data [41]; how-
ever, these have not yet been published.

Limitations

The authors acknowledge that there are limitations of this review.
By including studies that did not report safety as a primary outcome,
it is possible that toxicity reporting is underrepresented. Along with
incomplete toxicity reporting, the degree of HLA matching was not
specified in a number of studies, limiting the authors’ ability to evalu-
ate HLA mismatch and the impact on safety. It is likely that in some
instances participants received UCB with <4/6 matched HLA; how-
ever, this cannot be confirmed. Most trials were small, and follow-up
durations were generally short. Thus, it will be important to continue
to collect complete and longer-term safety data as larger trials get
underway to ensure that any rare AEs are captured. Finally, the con-
clusions of this study are restricted by the heterogeneity of treatment
approaches and diseases treated.

Conclusions

Allogeneic UCB infusions for the treatment of neurological condi-
tions are considered safe and are not associated with significant infu-
sional toxicities or reports of GVHD or teratoma development. The
available data do not identify safety concerns with infusion of pooled
UCB units from multiple donors or repeat dosing with/without HLA
matching and immunosuppression protocols. The results of this
review support the safety of allogeneic UCB and may enable more
flexibility (i.e., less stringent HLA matching and use of immunosup-
pression) in how allogeneic UCB can be applied in neurological and
other non-myeloablative settings. The next necessary step is to con-
tinue confirming efficacy in these conditions while collecting longer-
term safety data.
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