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Abstract

Multiple sclerosis (MS) is a chronic neuro-inflammatory disease resulting in disabilities that negatively impact patients’ life
quality. While current treatment options do not reverse the course of the disease, treatment using mesenchymal stromal/
stem cells (MSC) is promising. There has yet to be a consensus on the type and dose of MSC to be used in MS. This work aims
to study the safety and efficacy of two treatment protocols of MSCs derived from the umbilical cord (UC-MSCs) and their
secretome. The study included two groups of MS patients; Group A received two intrathecal doses of UC-MSCs, and Group
B received a single dose. Both groups received UC-MSCs conditioned media 3 months post-treatment. Adverse events in the
form of a clinical checklist and extensive laboratory tests were performed. Whole transcriptome analysis was performed on
patients’ cells at baseline and post-treatment. Results showed that all patients tolerated the cellular therapy without serious
adverse events. The general disability scale improved significantly in both groups at 6 months post-treatment. Examining
specific aspects of the disease revealed more parameters that improved in Group A compared to Group B patients, including
a significant increase in the (CD3*CD4") expressing lymphocytes at 12 months post-treatment. In addition, better outcomes
were noted regarding lesion load, cortical thickness, manual dexterity, and information processing speed. Both protocols
impacted the transcriptome of treated participants with genes, transcription factors, and microRNAs (miRNAs) differentially
expressed compared to baseline. Inflammation-related and antigen-presenting (HLA-B) genes were downregulated in both
groups. In contrast, TNF-alpha, TAP-1, and miR142 were downregulated only in Group A. The data presented indicate that
both protocols are safe. Furthermore, it suggests that administering two doses of stem cells can be more beneficial to MS
patients. Larger multisite studies should be initiated to further examine similar or higher doses of MSCs.
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Introduction

Multiple sclerosis (MS) is a chronic inflammatory and
neurodegenerative disease that affects young adults, with
a higher prevalence in women'?. MS patients suffer from
motor and non-motor clinical symptoms that negatively
impact their quality of life**. The pathological mecha-
nisms responsible for the initiation and progression of MS
are multifactorial and not entirely known™>°. Current treat-
ment options are available for the relapsing—remitting

form of the disease while treating progressive forms pos-
sesses limitations’. The available medication reduces the
frequency of relapses and the incidence of relapse-related
disabilities but does not stop disease progression or
directly promote the repair of pre-existing damage in the
central nervous system (CNS)®. Moreover, all approved
therapies have reported adverse events®!?. Accordingly,
there is an utmost need for new treatments that are safer,
more effective in preventing disease progression, and can
reverse disabilities.
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Cell-based therapies hold great potential in addressing
the abovementioned limitations of current treatments.
Mesenchymal stromal/stem cells (MSCs) are the most com-
monly used type in clinical trials due to their relative
genetic stability and safety record. MSCs were found to
have the potential to modify the immune reaction and
enhance the endogenous repair mechanisms. They are an
emerging therapeutic option due to promising preclinical
and clinical results'!. MSCs are isolated from different tis-
sues, including bone marrow, adipose tissue, and the umbil-
ical cord. While bone marrow MSCs were considered a
gold standard for clinical use, umbilical cord MSCs are
attracting much attention and becoming the new standard
for allogenic stem cell treatments'?.

Umbilical cord—derived mesenchymal stem cells
(UC-MSCs) have a unique combination of prenatal and
postnatal stem cell properties'3. They exhibit a higher pro-
liferation rate and a more stable karyotype at later passages
than Bone Marrow Derived MSCs (BM-MSCs)"3. In addi-
tion, UC-MSCs have lower immunogenicity than BM-MSCs
as they express fewer MHC-II molecules (HLA-DMA,
HLA-DRA, and HLA-DPB1) and therefore are less likely
to elicit an immune response when used in an allogenic set-
ting'*. UC-MSCs were found to have inherent therapeutic
potential, attributed to a higher secretion of neurotrophic
factors such as basic fibroblast growth factor (bFGF), nerve
growth factor (NGF), neurotrophin 3 (NT3), neurotrophin 4
(NT4), and glial-derived neurotrophic factor (GDNF) com-
pared to BM-MSCs'>. Thus, UC-MSCs have a higher pre-
commitment to an ectodermal and neural lineage than
BM-MSCs. Furthermore, GDNF has been associated with
axonal regeneration and myelination, which becomes defi-
cient in areas of scars in MS patients’ CNS!6,

The rationale for using UC-MSCs, an allogenic cell source
in a clinical trial protocol for MS, would be to unify the ther-
apeutic agent, which is reflected in the anti-inflammatory
cytokines it produces and its neuroprotective efficacy!’.

In addition, donor age has been shown to have a negative
impact on the quality of MSCs; UC-MSCs are considered a
perinatal source explaining their higher ability to provide
neuroprotection, immunomodulation, and remyelination's,
The age-related therapeutic benefits were validated by recent
findings that biological aging occurs in stem cells. The stem
cells of older donors showed increased apoptosis, altered
methylation patterns, altered secretomes, and excessive acti-
vation of Wnt/b-catenin signaling'8. Importantly, many pre-
clinical studies on allogeneic UC-MSCs to treat animal
models for MS, followed by a case report on an MS woman
and later by a small number of clinical studies, pointed to the
safety and encouraging clinical outcomes' 22,

Although the intravenous (IV) administration of stem
cells is the most common, a combined route of UC-MSCs
injection could be an important efficacy element, as tracking
studies have shown that MSCs injected intrathecally (IT)
migrate to the site of injury in the white matter of the
Experimental autoimmune encephalomyelitis (EAE) model,
promoting neuroprotection?. This route of injection resulted
in safe outcomes in a previous report**. In addition, few
tracking studies have been conducted on human subjects by
imaging techniques for up to 2 months post-IT injection,
clearly indicating MSCs homing to the site of lesion in the
CNS?>2, The migration of allogenic MSCs injected IT was
found to be through the cerebrospinal fluid (CSF), reaching
different locations of the CNS where they would persist
without the need for immune suppressants®’. Similarly,
tracking I'V -injected MSCs has shown their persistence in
the tissue samples from patients of graft versus host disease
(GVHD) for at least 50 days?®.

UC-MSCs are thought to exert their benefit, at least in
part, through their secretome, which comprises extracellular
vesicles, growth factors, cytokines, and chemokines. Many
of the soluble factors secreted by MSCs have been found to
influence immune players in the EAE model. The role of
EVs is being heavily investigated as a substitute for the
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MSCs although the heterogeneity of their content is still an
obstacle. The MSCs’ secretome composition varies accord-
ing to many factors, including donor, source of MSCs, and
the culture conditions?>?°. In a previous study, our group
compared the immune-related analyte composition of
BM-MSCs secretome content from seven MS patients, inter-
leukins (IL-6, IL-8), vascular endothelial growth factor
(VEGF), and monocyte chemoattractant protein-1 (MCP-1)
were the biomarkers produced with the highest concentra-
tions. Ten more cytokines were detected in varying and lower
concentrations of less than 300 pg/ml, including IL-10,
IL-12, IL-15 IL-2, FGF, and tumor necrosis factor-alpha
(TNF-alpha)*. A recent study comparing the immune-related
secretome effect reported a more potent anti-inflammatory
effect of UC-MSCs compared to BM-MSCs and other MSCs
sub-types examined?!.

There is continued work to reach a consensus on safe and
efficient protocols for stem cell preparation and administra-
tion to allow clinical studies to move toward an approved
clinical use of stem cell therapy to treat MS. The exact dose
needed for maximum benefit for MS patients from UC-MSCs
and their secretome is yet to be established. In this study, we
aimed to assess the safety and compare the efficacy of two
cellular therapy protocols of escalating doses and one dose of
their conditioned media (CM) containing the cell’s secre-
tome. MSCs were injected in a combination of IT and IV
routes. This investigation combined different tests to capture
changes that might occur in one but not the other aspect of
MS, thus considering the individual differences in the pre-
sentation of the disease.

Materials and Methods

This study is an open-label, comparative clinical trial, the
protocol of which is part of a more extensive study combin-
ing stem cell treatment and physical therapy, the results of
which are presented in a different manuscript. The detailed
methodology of the assessment tools has previously been
published?. Below is a summary of the patient recruitment
procedure, stem cell preparation and administration protocol,
safety and efficacy assessments, outcomes correlations, and
gene expression microarray results comparing pre-treatment
and post-treatment peripheral blood transcriptome profiles of
participants.

Study Design

The Cell Therapy Center (CTC) Institutional Review Board
(IRB) reviewed and approved the study protocol. All the
laboratory and clinical steps were performed at the CTC at
Jordan University. Participants were recruited from the MS
registry list at the CTC facility, Jordanian-MS society, per-
sonal referral, local physicians, study personnel, and adver-
tisements on social media.

Screening for Eligible
MS Patients

Baseline Assessment

Cellular Treatment

|
[ |

2 UC-MSCs Doses + 1 UC-MSCs Dose +
1 Dose of Secretome 1 Dose of Secretome
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| |
|

3 Months Post-Treatment
Assessments

6 Months Post-Treatment
Assessments

I

12 Months Post-Treatment
Assessments

Figure |. Flowchart of the study protocol used. MS: multiple
sclerosis; UC-MSCs: umbilical cord-mesenchymal stromal/stem
cells.

Participants were presented to the study, signed an
informed consent form, and were screened for inclusion and
exclusion criteria. They underwent the Mini-Mental Status
Examination (MMSE) to assess global cognitive function
and the Expanded Disability Status Scale (EDSS) to deter-
mine disease severity. A screening form was used to fill in
demographics, general history of the disease, past and cur-
rent medication intake, and relevant clinical aspects. Eligible
patients were enrolled, and their privacy and free will to
withdraw at any time were respected according to the
Helsinki Declaration. Patients were then allocated to one of
the two arms of the study (Fig. 1).

Stem Cell Preparation and Characterization

Umbilical cord MSCs (UC-MSCs) were isolated from a sin-
gle umbilical cord donor obtained from Amal Hospital,
Amman, Jordan. They were expanded as part of a cellular
bank generated under clinical-grade conditions using xeno-
geneic-free media and in-house-prepared and pooled defibri-
nated platelet lysate. Individual doses of 150 X 10° MSCs at
passage 4 were prepared from cryopreserved cell packs and
then expanded under clinical-grade conditions. UC-MSCs
were characterized in accordance with the International
Society for Cellular Therapy (ISCT) recommendations®.
Cells were observed microscopically for the spindle shape
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Figure 2. Flow cytometry analysis of surface marker expression for umbilical cord—derived MSCs (UC-MSCs). (A) Percentages of
MSCs’ positive surface markers expression including CD73, CD90, CD44, and CD105. (B) Percentages of MSCs’ negative surface
markers expression including CD45, CD34, CDI Ib, CD19, and HLA-DR. (Blue histograms represent isotype control, and red
histograms represent stained samples). MSCs: mesenchymal stromal/stem cells.

and attachment to tissue culture flasks. Flow cytometry was
performed to confirm the expression of CD73, CD90, and
CD105 surface molecules at a percentage above 90% and the
absence of CD34, CD45, CD14, and CD3 surface markers at
less than 5% (Fig. 2). In addition, the differentiation assess-
ment into adipogenic, osteogenic, and chondrogenic lineages
was performed according to the differentiation media manu-
facturing recommendations (StemPro differentiation media
GIBCO; Thermo Fisher, Waltham, MA, USA). The quality
of stem cells released for treatment was verified throughout
the expansion. Mycoplasma contamination tests were per-
formed, and chromosomal aberrations were tested using G
banding karyotyping to ensure their safety.

Treatment Protocol

Patients were divided into two groups: Group A comprised
20 MS patients who received two doses, each with a total of
150 X 10° UC-MSCs divided into two injections, 50 X 10°
administered through the IV route, and 100 X 10° adminis-
tered through IT route. A month later, another similar dose
was administered. At 3 months (*1 week) post-first-injec-
tion, 8 to 10 ml of UC-MSCs CM was delivered IT. On the
other hand, Group B comprised 15 MS patients who
received one dose of 150 X 10% UC-MSCs divided into 50
X 10° administered through the IV route and 100 X 10°
administered through IT route. At 3 months, 8 to 10 ml
UC-MSCs CM was delivered IT. Prior to each IT treatment,
the same volume injected was withdrawn as CSF to main-
tain the CNS pressure and decrease the potential post-IT
injection headache.

All participants were closely monitored at the CTC for 3
h and then through the phone 24 h post-treatment. Immediate
and long-term emerging treatment-related adverse events
(ETAE) were noted using a comprehensive questionnaire in
addition to self-reported symptoms.

Before treatment (within a week), baseline assessments were
conducted to establish a comparison reference of the efficacy of
treatment. The tests were related to the various symptoms in MS
patients, including motor, cognitive, and ophthalmologic mea-
sures at 3, 6, and 12 months post-treatment.

Post-treatment Assessments

Patient safety assessment. In addition to the self-reported
and questioned ETAE, laboratory tests were performed in
a CAPA-accredited outsourced laboratory at baseline and
monitored at 3, 6, and 12 months. Tests included (1)
blood leukocytes, erythrocytes, C3, C4, total serum pro-
tein, IgG, IgA, IgM; (2) CSF leukocytes, erythrocytes,
neutrophil, glucose, protein, chloride, and gram-positive
stain; and (3) liver and kidney function tests. In addition,
flow cytometry was used to test for blood natural killer
(NK), B, and the different T-cell lymphocyte percentages
at baseline and the three follow-up time points according
to the manufacturer protocol (Multitest TBNK; BD Bio-
sciences, USA).

Treatment efficacy assessments. All patients were evaluated
clinically using qualitative and quantitative tests. Below is
the summary of the detailed protocol published earlier by our
group™2.
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Disability assessment and general health. The EDSS was
used to assess change in disability status post-treatment
compared to baseline. The EDSS is the MS golden standard
that evaluates the degree of disability*. In addition, the Bar-
thel Index (BI), a self-report questionnaire that evaluates the
ability of individuals to perform daily living and mobility
activities, was used. Also, the Arabic-validated version of
the 36-item Short Form Survey (SF-36 version 1), a health-
related quality of life measure, was used™.

Motor functions assessments. Several motor function tests
were performed with every follow-up visit for all 35 patients
as follows: (1) submaximal testing: this seated recumbent
stepper provides simultaneous movement of the upper and
lower extremities in a continuous stepping motion’; (2)
6-Minute Walk Test (6MWT): this test measures physical
endurance capacity®’; (3) Grip strength: a frequently used
method to measure hand grip strength3®; (4) 9-Hole Peg Test
(9HPT): a specific test for manual dexterity*’; (4) Arabic ver-
sion of the Dynamic Gait Index (DGI), a tool that was used to
evaluate gait performance and to assess the likelihood of fall-
ing*; (5) Arabic version of the Berg Balance Scale (BBS), a
performance-based balance assessment tool, consisting of 14
common functional activities that occur in everyday life; (6)
Timed-Up and go test, a test for assessing balance, walking
ability and risk of fall, in which time in seconds is calculated
when the individual stands up from a chair, walks 3 m, turns
around, and sits back on the chair*!; (7) Arabic version of
the Activities-Specific Balance Confidence (A-ABC) scale,
a 16 item self-administered questionnaire designed to detect
balance confidence, in various daily activities*?; (8) Arabic
version of the Falls Efficacy Scale—International (FES-I), a
self-report questionnaire that assesses fear of falling®’.

Visual assessment. For each patient, the electrophysiology
test, the Visual Evoked Potential (VEP) latency-100, which
measures the speed of signal transmission in milliseconds
(ms), was performed. For the optical coherence tomography
(OCT), retinal nerve fiber layer thickness in micrometers
(um) was measured, with 100 um being normal.

Radiological evaluation. All patients underwent a baseline
magnetic resonance imaging (MRI) scanning less than a
week before stem cell injection and repeated at 12 months
post-treatment. Scanning was performed on a 3T Philips
Ingenia MRI system (Philips, Netherlands). The imaging
protocol included the following imaging sequences: high-
resolution 3D-T1-weighted Fast-Field Echo with 1-mm
three isotropic spatial resolution; reconstruction matrix =
240 X 240; inversion time = 1,000 ms; flip angle = 8°;
TR = 8.08 ms; TE = 3.7 ms; turbo factor =148; Shot-to-
Shot Interval = 3,000 ms; scan time = 5:86 min. 3D-T2-
weighted, Turbo-Spin Echo, fluid-attenuated inversion
recovery (FLAIR) with 0.74 X 0.74 X 3 mm?® spatial
resolution; reconstruction matrix = 336 X 336; inversion

time = 1,650 ms; flip angle = 90°; TR = 4,800 ms; TE =
309 ms; turbo factor = 177; scan time = 5:32 min.

White matter T2 lesion segmentation was performed
as described by Al-Radaideh et al.** White matter
T2-hyperintense lesion volume measurements for each
patient were obtained using a semi-automated segmenta-
tion technique based on the Fuzzy Connectedness algo-
rithm in Jim software (Jim version 7; Xinapse Systems,
Northants, England)®.

Psychological and cognitive function assessments. Several
tests were performed to cover different cognitive and psy-
chological aspects of the MS disease, including (1) the
Arabic version of the Beck Depression Inventory-II (BDI-
II), a measure used to detect and grade levels of depres-
sion manifested in behavior*; (2) the Arabic version of
the Modified Fatigue Impact Scale (A-MFIS), a 21 item
self-administered questionnaire that assesses multidimen-
sional aspects of fatigue in terms of physical, cognitive,
and psychosocial fatigue*’; (3) Hopkins Verbal Learning
Test (HVLT) a verbal memory assessment*; and (4) Sym-
bol Digit Modalities Test (SDMT) measured information
processing speed®.

Sleep quality assessment. Sleep disturbances were assessed
using two tests: (1) The Arabic version of the Pittsburgh
Sleep Quality Index (PSQI), the gold standard self-report
assessment of global sleep quality, in which a higher score
indicates poor sleep quality®® and (2) the Arabic version of
the Epworth Sleepiness Scale (ESS), a self-report measure
for daytime sleepiness’!.

Immunological assessments. Patients’ cellular components
in blood were analyzed using the appropriate surface marker
antibodies for T cells in addition to B cells and NK cells
(Multitest 6-color TBNK reagent BD) using the IVD-certi-
fied FACS-CANTO, BD flow cytometer, and analyzed using
the clinical software.

Affymetrix microarray analysis of gene expression. Mono-
nuclear cells were isolated from the buffy coat of blood
samples collected from all patients at baseline and 3 months
later. RNA isolation was performed using TRIZOL reagent
and consequent enzymes and buffers (QIAamp RNA Blood
Mini Kit; QIAGEN, Germany).

For all RNA samples, an input of 100 ng RNA was used.
A high purity ratio of >1.8 was set as the cut-off in the
260/280 nm absorbance ratio using a NanoDrop spectropho-
tometer (Thermo Fisher Scientific, USA). The integrity of
the input RNA was measured by electrophoresis using 2100
bio-analyzer (Agilent, with a cut-off of RIN =7.

The gene expression profiling analysis was conducted on
three representative participants from Group A and Group B.
“GeneChip Human Transcriptome Array 2 (HTA 2)” was
used with more than 6.0 million probes covering coding and
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Table 1. Baseline Characteristics of Study Participants in Group A and Group B.

Average age Sex M MS type EDSS Disease duration MMSE
Group A 37.25 8F:12M 6RR:12SP:2PP 3.85 10.35 28.7
GB 35.8 12F:3M 12RR:2SP: | PP 37 79 29.3

MS: Multiple sclerosis; EDSS: Expanded Disability Severity Scale; MMSE: Mini-Mental Status Examination; RR: relapsing—remitting; PP: primary-progressive;

SP: secondary-progressive.

non-coding transcripts. TAC 4.1 software was used for the
analysis and graph generation.

Statistical Analysis

SPSS 23.0 was used to perform statistical analyses with
alpha values set at 0.05 and 0.01 where noted. A two-sided,
paired ¢ test was used to test the effect of the standard pen-
etration test (SPT). Pearson’s correlations were utilized to
assess the relationship between the outcome measures of
interest.

Changes in individual indicators measures (factors) were
taken for each subject, subtracting the baseline level of the
indicator from the level measured after 3, 6, and 12 months.
Changes in lesion levels were compared with the 12-month
mark only. These changes were averaged for subjects in
each group and plotted with error bars representing the stan-
dard error. A ¢ test was performed on these changes, and
changes that differed from a baseline with a P < 0.05 were
deemed significant. We also used the ¢ test to determine sig-
nificantly different group responses for each indicator (fac-
tor), P < 0.05.

For the gene expression analysis, statistical comparisons
were made using the paired ¢ tests or two-way analysis of
variance (ANOVA) with Bonferroni corrections where
appropriate. Values of P < 0.05 were considered
significant.

Results

Baseline Characteristics

A total of 35 participants took part in this study: 20 partici-
pants in Group A and 15 in Group B. Table 1 shows partici-
pants’ demographics and clinical baseline characteristics.
The average age and EDSS score at baseline match between
the two groups, limiting the bias in the treatment outcome.
On the other hand, male to female ratio and type of MS do
not match, with Group B having a female majority and more
relapsing—remitting patients. In contrast, Group A has more
males and consists of more secondary-progressive patients.

Safety Outcomes Analysis

No serious ETAEs were noted, with headaches, slight fever,
and local lumbar pain being the common symptoms that

resolved before the first-month assessment. Blood and CSF
tests performed for both groups showed no significant
change compared to baseline. None of the treated patients
reported high fever (>40°C). Gram-negative tests of all CSF
samples were negative, reflecting the absence of bacterial
meningitis.

Efficacy Outcome Analysis

Analysis of the individual changes pointed to an improve-
ment in more than one aspect for most enrolled patients.
Treatment outcome analysis was compared between the two
groups using a variety of assessments spanning different
clinical, biological, motor, cognitive, and radiological
aspects of MS. Two patients were excluded from the effi-
cacy analysis: subject A45 from Group A and subject D15
from Group B due to patient withdrawal. However, patient
A45 blood sample was still used in the microarray experi-
ment as it compared the 3 months post-injection effect prior
to withdrawal. MATLAB version 2020A was used to ana-
lyze the data below.

Disability assessment and general health outcomes. Both
groups showed an improvement trend at 3 months post-
treatment, which became significant at 6 months post-treat-
ment, reaching a decrease of one point on the 10-point
EDSS scale that primarily assesses mobility. Only Group B
patients maintained a significant improvement at 12 months,
with an average improvement of two points on the EDSS
scale (Fig. 3). In contrast, Group A patients showed a sig-
nificant improvement in general health (SF-36) at 3- and
6-month time points, while Group B self-reported a positive
trend at 12 months. This positive outcome in Group A is in
parallel with a significant improvement in the energy and
fatigue component of the SF-36 test 3 months post-treat-
ment, as indicated in Fig. 3.

Motor function outcomes. Upper extremities’ fine motor skills
examined by the 9HPT showed a favorable outcome by a
decrease in the time required to fill the holes using the domi-
nant and non-dominant hand for Group A (Fig. 4). Although
changes are minor, statistical significance was reached in the
dominant hand of Group A patients at 6 and 12 months post-
treatment. In contrast, less improvement in Group B was
recorded, with slight, significant improvement in the domi-
nant hand at 12 months. Furthermore, Group A patients had
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Figure 3. Disability assessment and general health outcomes. EDSS and SF-36 score changes at 3, 6, and 12 months compared to
baseline in both groups. EDSS’ overall self-reported disability scale decrease reflects improvement. SF-36 self-reported general health
and energy and fatigue components in both groups, a scale where an increase reflects improvement. Group A (n = 19) and Group B (n
= 14). (Significance <0.05 represented by the black dot). EDSS: Expanded Disability Status Scale; SF-36: 36-item Short Form Survey.

a higher but more variable positive outcome on the fine
motor skill of the non-dominant hand, while Group B did
not. In contrast, the 6 MWT pointed to a linear improvement
trend in Group B and a linear worsening trend in Group A
without reaching significance. Furthermore, the Berg bal-
ance test that assessed objectively change in static balance
and fall risk between the two groups at 3-, 6-, and 12-month
time points showed an improvement in Group B only, though
insignificant. Group A patients showed a decreased trend at 3
and 6 months which became smaller at 12 months compared
to 3 and 6 months, with a significant difference between the
two groups’ balance outcomes (data not shown).

Ophthalmology outcomes. Fig. 5 presents the main ophthal-
mological results comparing outcomes in both groups for the
relatively poor and better eye. The VEP examination of the
poor eye showed a significant improvement in signal trans-
mission latency at 12 months in both groups, with a signifi-
cant outcome in Group B. There was no positive outcome for
the better eye, and a slight deterioration at 12 months com-
pared to 3 and 6 was detected in both groups.

RNFL changes for the right and left eye were insignificant
for both groups. Nevertheless, an interesting improvement
trend in the optic nerve’s thickness in the left eye was found
in Group A at 6 and 12 months compared to the decrease in
nerve fiber thickness observed at 3 months.

Radiology outcomes. Results of the MRI scans for the cortical
and subcortical gray and white matter as well as for the lesion
load and ventricular system were recorded and compared to
baseline scan results. Group A results show no significant
morphological changes between the baseline and 12 months,
but positive trends were nevertheless depicted. One year
from the baseline, the volumetric assessment of the cortical
thickness showed an increase in the cerebral cortical thick-
ness (5) and a decrease in cortical area and volume (data not
shown). Except for the left globus pallidus, all deep gray
matter structures showed an insignificant volume decrease
(data not shown). Examining the trend in lesion load caused
by the MS disease, it was found to be positive for Group A as
the lesion decreased at 12 months, while the opposite trend is
shown for Group B, though both did not reach significance.
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to baseline in both groups, where an increase reflects improvement. Balance measure change (Berg balance test) at 3, 6, and 12 months
compared to baseline in both groups, where an increase reflects improvement. (Significance <0.05 represented by the black dot). Group

A (n = 19) and Group B (n = 14). 9-HPT: 9-Hole Peg Test.

On the other hand, significant adverse changes were reported
in Group B in terms of a significantly decreased cortical
thickness (Fig. 6), total cortical volume, and right thalamus
volume (data not shown).

Cognitive and psychological outcomes. As indicated in Fig. 7,
patients’ speed of information processing tested using the
SDMT shows a significant maintained improvement in the
speed of information processing in Group A with an average
of 10 points (4 points suggested responder definition in clini-
cal trials). Group B results fluctuated as they showed no
change at 3 months, a trend of improvement at 6 months, and
a trend of worsening at 12 months. Data from the BDI point
to a similar improvement trend in the depression score at 3
months in both groups. Group A maintained this significant
amelioration at 6 and 12 months, while Group B did not fol-
low the same trend. It is worth mentioning that the baseline
scores according to the BDI results varied between groups;
the mean for Group A is 17.3 and Group B 11.1 with respec-
tive mean SD values of 11.3 and 7.4.

Sleep quality outcomes. Changes in sleep disturbances
examined using the PSQI questionnaire showed a

significant improvement for Group A patients and a trend
of improvement in Group B at 12 months. A smaller posi-
tive outcome was found in both groups at 3 and 6 months
post-treatment with more variability among Group B
patients. The positive outcome of this component was
reflected in the global sleep quality with high variability
between patients in Group B at all time points. This com-
ponent of the PSQI test impacted the overall sleep quality
of patients in both groups as shown in Fig. 8.

Immunological outcomes. Flow cytometry results on par-
ticipants’ peripheral blood cells assessed changes in the
main immune players (T, B, and NK cells) during the
study (Fig. 9). Results indicated a significant increase in
CD4* T cells, the subset of T lymphocytes comprising
regulatory T cells (Treg) at 12 months, with a positive
trend at 3 and 6 months in Group A. Group B, on the other
hand, showed an overall positive trend at 12 months only.
Moreover, total T lymphocytes, including Treg and the
effector subset of T lymphocytes, were maintained at the
same level as the baseline in Group A and did not increase
during the 12-month study period. In Group B, the base-
line level was maintained up to 6 months, after which an



Jamali et al 9

Visual VEP Poor Eye Visual VEP Better Eye

e am o 12m ? am on 12m
change chango
e _ Visual RNFL L s Visual F-N'.'LR
1 1
as 05
oF S e i, = 1 ° == |
a8} 1 05 I II
1} 4 -1
s} ] ] s )
2 1 -2
25} 25
3 a
on 12m e am en 12m
change change

Figure 5. Ophthalmology outcomes. VEP measures in milliseconds the latency of signal transduction change at 3, 6, and 12 months
compared to baseline in both groups, where a decrease reflects improvement in latency. Nerve fiber thickness (mm) measures change at
3, 6, and 12 months compared to baseline in both groups, where an increase reflects improvement. (Significance <0.05 represented by
the black dot.) Group A (n = 19) and Group B (n = 14). VEP: Visual Evoked Potential; RNFL: Retinal Nerve Fiber Layer.
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Figure 6. Radiology outcomes. Total lesion load (mm?®) in the brain and cervical spine at 12 months compared to baseline in both
groups, a decrease reflects improvement. Left cortical thickness measure change (mm) at 12 months compared to baseline in both
groups, where an increase reflects improvement. (Significance <0.05 represented by the black dot.) Group A (n = 19) and Group B (n
= 14).



Cell Transplantation

. Beck Depression Inventory Symbol Digits Modalities Test SDMT
(BDI) L ' ' ‘
L -
12 .
6
10
4 8
6
2
4
0
il i
2 0 J
-2
-4
. . L 4
-6 L L L -6 L L L
3m 6m 12m 3m 6m 12m
change change
I GroupA
I GroupB

Figure 7. Cognitive and psychological outcomes. Cognitive processing speed using Symbol Digit Modalities Test (SDMT) measures
change at 3, 6, and |12 months compared to a baseline in each group, where an increase reflects improvement. Depression level change
using the Beck Depression Inventory (BDI) at 3, 6, and 12 months compared to baseline, where a decrease reflects improvement. Group
A (n = 19) and Group B (n = 14). (Significance <0.05 represented by the black dot.) Group A (n = 19) and Group B (n = 14).
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Figure 8. Sleep quality and the sleep disturbances component outcome measures change at 3, 6, and 12 months compared to baseline
using the PSQI test, where a decrease reflects improvement. (Significance <0.05 represented by the black dot.) Group A (n = 19) and

Group B (n = 14). PSQI: Pittsburgh Sleep Quality Index.

increase was detected at 12 months. NK cell response to
therapy was positive in Group A, with a trend of decreased
percentage of (CD16", CD56™) cells at 3 months. A main-
tained expression compared to baseline was observed in

Group B at 3 months, with a linear increase at 6 and 12
months (Fig. 9). B cells expressing CD197 results indi-
cated a decrease in Group B only with no negligible
change in Group A at three time points.
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Figure 9. Immunological assessment of the change in T, B, and natural killer (NK) cell percentage in the peripheral blood of patients
in each group. Flow cytometry measures of total T cells (CD37CD4*CD8%), Treg containing subset (CD3*CD4%), B cells (CD19%),
and NK cells (CD16"CD56"). A decrease in the total T, B, and NK cells is considered positive, while an increase in the Treg subset is
positive. (Significance <0.05 represented by the black dot.) Group A (n = 19) and Group B (n = 14).

Gene expression change. Circulating cells in MS patients’
blood from both groups differentially expressed 47 genes,
transcription factors, and regulatory elements post-UC-
MSCs treatments compared to pretreatment. Thirty-nine
transcripts were upregulated, and eight were downregulated
at a cut-off of twofold change. Fig. 10A summarizes the
results, while the complete list can be accessed online at the
Gene Expression Omnibus (GEO) archives.

The generated paired analysis presented in the volcano
plot differentiates between the transcripts that were either
upregulated or downregulated in patients’ blood samples of
both groups combined and each group separately. Fig. 10B
illustrates the expression change at 3 months compared to
baseline in both groups. Representative of those genes with

expression changes are HLA-B, EGRI, and KCNJ15.
Representative transcripts in Group A only include TNF-
alpha, TAP-1, and miRNA142.

Outcome correlations. A total of 80 correlations between out-
come measures for Group A and 72 for Group B are indicated
in the confusion matrices (Fig. 11). Of total correlation, those
with higher significance P < 0.01 point to the following cor-
relations of Group B: (1) blood C4 with ABC scale, (2)
CD3*CD4" with SF-36-Energy/Fatigue, (3) visual OCT for
the left eye with blood C4, (4) blood serum creatinine with
SF-36-Energy/Fatigue, (5) blood C4 with SF-36-Physical
functioning, (6) poor eye VEP with the non-dominant hand
grip. Those with highly significant correlations P < 0.01
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Figure 10. Volcano plots of paired transcriptome analysis (A) at 3 months post-treatment compared to baseline. Combined samples
from Groups A and B (n = 12). Analysis of Group A transcriptome (n = 3). Analysis of Group B transcriptome (n = 6). TNF-alpha:
tumor necrosis factor-alpha. Differentially expressed transcripts (B) related to anti-inflammatory processes. EGRI is upregulated at 3
months compared to baseline, while HLA-B and K channel inward rectifier are downregulated in the combined groups analysis (n =

6). TNF-alpha, miRNA-142, and TAP-1 downregulated in Group A only analysis (n = 3). Fold change >1.6, P < 0.05. (Dots represent
individual samples.)

Figure 11. Correlation analysis. Correlations between the outcome measures of Group A and Group B. Yellow represents the high
correlation between any two measures. CSF: cerebrospinal fluid; MFIS: Modified Fatigue Impact Scale; PSQI: Pittsburgh Sleep Quality
Index; EDSS: Expanded Disability Status Scale; MMSE: Mini-Mental Status Examination.
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between the outcome measures of Group A are (1) right eye
RNFL with the third-ventricle volume, (2) PSQI sleep qual-
ity with the right-lateral-ventricle, (3) left eye RNFL with
left-cerebral white matter volume, (4) PSQI sleep quality
with left-lateral-ventricle, (5) right eye RNFL with PSQI
sleep latency, (6) PSQI sleep latency with left thalamus vol-
ume, (7) right-cerebral white matter volume with MS disease
duration, (8) SF-36 pain with third-ventricle volume, (9)
SF-36 (social functioning) with PSQI sleep quality, (10)
PSQI sleep medications with MS disease duration.

Discussion

One of the critical questions in the field of MSC therapy for
MS is the optimal dose of stem cells to be used for a safe and
most effective outcome. A limited number of trials have
compared different doses of MSCs in the same patient popu-
lation. The current dose-finding study examined the safety
and efficacy of using expanded human UC-MSCs and their
CM to treat MS. An extensive examination of the different
aspects of MS was conducted to reach a comprehensive,
evidence-based conclusion. The execution of such a complex
assessment protocol resulted from a collaborative effort
between CTC staff, stem cell experts, and specialized clini-
cians from the Jordan University Hospital and valuable input
from the MRI, physiotherapy, and immunology specialists
from different academic institutions in Jordan.

Participants in this study were matched in terms of age,
duration of disease, and overall disability status. Furthermore,
using an in-house-generated UC-MSC cell bank expanded
from a single umbilical cord sample eliminated the source of
variability in stem cell potency. According to our data and
other groups’ data, MSCs were found to release different
cytokines and possess variable transcriptome profiles,
depending on the donor and stem cell tissue source?*2.

Only a limited number of clinical studies have recently
used allogenic UC-MSCs for MS patients and other neuro-
logical diseases'®. The first encouraging case of using an
allogenic source of MSCs to treat MS was in 2009; a woman
of 55 years showed an improvement of 2 points on the EDSS
score and a decrease in the CNS lesion after 50 days post-
treatment with UC-MSCs!?. Four years later, another case
report was published using a protocol that combined two
stem cell subtypes and two routes. IV UC-MCSs and IT
BM-MSCs were administered repeatedly; patients were fol-
lowed up for 4 years with no serious adverse events or clini-
cal improvement but no new MRI lesions®. Another study
described the I'V infusion of UC-MSCs and reported a change
from Th1 to Th2 immunity in patients treated with UC-MSCs,
suggesting an immune-modulating impact?!. The most recent
study investigated a protocol of IV injection of 20 X 10°
UC-MSCs over 7 days, with a total of 140 X 10° cells. The
observed improvements were in the EDSS, bladder, bowel,
and sexual dysfunction, non-dominant hand average scores,
walk durations, and a general perception of a better quality of

life. After 1 year, 15 of 18 (83.3%) participants had inactive
lesions on their brain and cervical spinal cord MRI images®2.

The present study reiterates the safety of using an allo-
genic source of stem cells at the highest dose to date with up
to 300 X 10° UC-MSCs to treat MS. The follow-up question-
naires and clinical evaluation of patients, including the bio-
logical samples (blood, CSF, urine), showed no changes in
the two groups of patients. Thus, administering one dose or
two doses of 150 X 10° UC-MSCs and CM did not lead to
any ETAE in the 45 treated patients. In contrast, safety
reports of some monoclonal antibody treatments (biologics),
usually well-tolerated by MS patients, reported cases of
severe and fatal adverse events, including progressive multi-
focal leukoencephalopathy (PML)3334,

Regarding efficacy assessments, it can be appreciated that
the combination of clinical and cognitive, sleep, and psycho-
logical tests included in this study to the commonly used dis-
ability and motor assessments is a more comprehensive
approach to detect improvements post stem cell and CM
treatments. The results indicated that both stem cell treat-
ment protocols halted the overall progressive deterioration in
the EDSS during the 12-month follow-up period. An
improvement at all time points for both groups, except for
the 3 months for Group A, was observed (Fig. 3). The walk-
ing and balance results are in line with the EDSS outcomes
in Group B, while a gradual deterioration was noted in Group
A (Fig. 4). Meanwhile, the fine motor assessment showed
more improvement in both the dominant and non-dominant
hands in Group A compared to Group B at all time points
(Fig. 4). Interestingly, the perception of physical improve-
ment depicted in the self-reported general health assessment
(SF-36) is higher in Group A than in Group B. The results
show a complementarity rather than a correlation with the
EDSS, as reported earlier.

MRI results at 12 months pointed to two positive out-
comes in Group A despite the lack of significance, especially
when compared to the significant negative outcome in Group
B at 12 months, echoing the progressive nature of MS (Fig.
6). Only Group A showed a decrease in lesion load, indicat-
ing a positive trend of recovery from focal damage. In addi-
tion, at the 12-month follow-up period, a significant reduction
in total cortical volume observed in Group B points to a pro-
gression of neural degeneration related to the nature of the
disease. This phenomenon was prevented in Group A, where
no significant cortical volume loss was noted.

Cortical thickness diminution and thalamic gray matter
atrophy have been found in RRMS patients compared to
controls and were linked to cognitive deficits, anxiety, and
depression’’. Thus, the improved MRI imaging aspects in
Group A reflected on some cognitive and psychological
aspects examined in this study (Fig. 7). The results showed
a sustained improvement throughout the three-time points in
Group A compared to Group B, where a positive trend was
noted at 3 months only. The positive significant results on
the BDI depression scale for Group A were noted even
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though this group had average mild depression at baseline,
while Group B patients had minimal depression. Similarly,
the results of the SDMT evaluating cognitive changes most
affected in MS patients, relating to the speed of information
processing (memory and language), showed a significant
amelioration in Group A only at 3 months, sustained at 6 and
12 months.

An important aspect of MS is sleep quality, which affects
around 50% of patients>®. Our data point to an overall posi-
tive outcome of cellular therapy on this aspect of the disease.
Furthermore, the group receiving two doses of stem cells
reached a significant improvement at 12 months in one of the
most affected aspects of sleep in MS (especially in women),
the sleep disturbances component of the PSQI test®®. A recent
study that found that interferon (IFN)-3 injection was associ-
ated with less restful sleep in MS patients™.

An essential cellular indicator of MS remission is the shift
toward CD4" T cells containing the Tregs responsible for
hampering the inflammatory process in MS. UC-MSC:s treat-
ment, either with one or two doses, has this beneficial effect
in both groups. The increase in CD4* T cells was significant
at 12 months, with a positive trend as early as 3 months and
maintained at 6 months. On the other hand, The CD8"
T-effector lymphocyte subset increased at 12 months in
Group B only, pointing to the inflammatory process, which
had been modulated at 3- and 6-month post-treatment and
possible loss of therapeutic effect on the cellular level at 12
months. NK cells decreased further in Group A patients,
reflecting the immune suppression. At the same time, B cells
in Group B decreased more, suggesting a downregulation in
the humoral response in the group of patients with more
RRMS ratio and a more active humoral response. The stabi-
lization of B-cell response despite the repeated injections of
UC-MSCs in Group A also indicates the lack of immunoge-
nicity of MSCs. Thus, the use of flow cytometry to test indi-
vidualized patients’ immune responses in general and by the
type of MS needs to be further investigated in future cellular
therapy protocols.

A drawback of this clinical trial that could be overcome in
future studies is the bias in the type of MS of participants,
with an RRMS ratio bias in Group B and an SPMS bias in
Group A. This might have impacted the differences in
response to stem cell therapy regarding the different aspects
of MS assessed. A clear distinction exists in terms of the
course of disease and response to other types of therapy.
However, in the study plan, MS patients were invited to par-
ticipate regardless of the relapses and progression of symp-
toms. Similarities between the relapsing—remitting type and
the progressive types in terms of CNS morphometric mea-
surements have been reported®. In addition, there was a
clear female bias in both groups with more females in Group
B (12 F:3 M), and fewer females in Group A (8 F:12M). This
bias also prevented the independent assessment of results
according to gender in each group. According to both

previous Atlas editions, women are twice as likely as men to
have MS globally and as high as 4:1 in certain regions®.
Furthermore, individual physical characteristics could also
be considered in the future for optimizing the therapy dose.
Body weight could affect the availability of MSCs adminis-
tered through the IV route, while spine length and abdominal
girth, which affect the CSF volume, could impact the avail-
ability of MSCs administered IT®!.

The correlation analysis executed in this study aimed to
examine associations between the different tests, espe-
cially between non-motor and motor functions or invasive
and non-invasive measures. Fewer correlations were found
between the different outcome measures in Group B than
in Group A at 12 months post-treatment. Some outcomes
are intuitive and open the door for future larger investiga-
tions, such as correlations between CD4" T cells and the
energy and fatigue levels, the visual outcome and the hand
grip and the sleep quality, and left-ventricle and right-ven-
tricle MRI volume.

The microarray gene expression analysis provides insight
into molecular changes and mechanisms of action of stem
cell treatment leading to the positive results observed in
both groups (GEO Accession number: GSE 235689).
Comparing gene expression at baseline and 3 months post-
treatment for three patients from Group A and three from
Group B resulted in a change in 47 transcripts (Fig. 8).
Among the differentially expressed genes is the regulatory
transcription factor EGR1, with the highest increase in
expression of 5.14-fold change. EGR1 plays an important
role in brain plasticity and neuropsychiatric disorders. It was
also found in a previous study to be differentially expressed
in MS brain and blood compared to controls and was sug-
gested to be a candidate biomarker for MS®2. In addition,
HLA-B decreased expression (—1.75) in both groups indi-
cates immune modulation. As HLA-B, and not HLA-A or
HLA-C, was found to present peptides following cytokine
stimulation®?. Another interesting gene expression change is
the 1.86-fold decrease in KCNJ15 expression, an inward
rectifier potassium channel, that has been linked to diabetes,
Alzheimer’s disease, epilepsy, and Parkinson’s disease, sug-
gesting a broader role in the pathogenesis of the CNS®+6,
MSC therapy in both groups also induced a significant 2.24-
fold increase in the expression of the antioxidative gene
SESN3, a member of the stress-responsive protein family
Sestrins (SESNs). Serum levels of its relative SESN2 were
found to be significantly lower in MS patients than in con-
trols®®. The function of Sesn3 in MS is to be verified, as
SESN2 was found to control ROS-dependent neuropathic
pain signaling after peripheral nerve injury®’. Another inter-
esting finding of this microarray analysis is the increased
expression of NELL2 with a 1.78-fold change. NELL2 is
expressed primarily in the brain and plays an important role
in neuron homeostasis and axon development during neuro-
nal differentiation. Counterintuitively, the analysis pointed
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to abundant and increased expression of CD69, a previously
described surface marker on T-effector cells, that seems to
have a suppressive effect on Tregs through IL-10 suppres-
sion®®. Furthermore, CD40LG was found to be increased at
3 months post-treatment compared to baseline, indicating
ongoing inflammation and autoantibody production.

The exact function of treatment on small nuclear RNAs
is also to be examined, as the increased expression of
SNORA38B points to an effect on the RNA processing at
the nucleolus and Cajal body of cells in patients’ periph-
eral blood after 3 months. These results are evidence of the
variety of molecular pathways used by MSCs to alleviate
MS inflammatory milieu regardless of the dose used to
treat MS patients.

To examine whether the dose of UC-MSCs produced dif-
ferent effects on the transcriptome of patients’ blood cells,
each group was analyzed separately. The analysis showed a
differential expression at 3 months post-treatment compared
to baseline in Group A only of TNF-alpha (-2.07), TAP-1
(—2.23), and miR142 (2.87), all well described and linked to
relieved inflammation in patients®”’!. This points to an
advantage of two UC-MSCs doses as it brought in more
immune players, which can directly be linked to more posi-
tive treatment outcomes obtained in the current trial. These
transcriptome results open the door for more clinically rele-
vant in vitro functional tests to study the MSCs and their
paracrine effects on the different blood and CNS cellular
components.

In summary, this study demonstrates the safety and effi-
cacy of both treatment protocols with comprehensive
assessment tools, using an allogenic stem cell source origi-
nating from a single umbilical cord donor and expanded in
vitro. The various aspects studied point to halting and
reversing MS symptoms using stem cell therapy with paral-
lel effects on the cellular and gene expression levels. There
is an advantage of administering two doses compared to
one, which warrants more extensive studies on larger num-
bers of MS patients. Examining the addition of more doses
and a more extended follow-up period is recommended for
future studies.

The findings of this study emphasize the critical role of
regenerative medicine in managing MS. Optimizing the dose
of treatment is an essential milestone for the standardization
of protocols to attain a safe cellular treatment of MS symp-
toms. The many aspects studied detected a reversal of some
MS symptoms and stabilization of others. The clear advan-
tage of administering two doses of UC-MSCs instead of one
in this study, in addition to one dose of CM, is encouraging.

These results help guide clinicians to initiate trials based
on the current protocol and encourage patients to enroll in
similar studies. Multisite collaborative efforts would expe-
dite the use of this potentially effective therapy to ease the
socioeconomic burden of such a chronic, devastating dis-
ease. The findings of gene expression changes post stem cell

treatment are an essential insight that relates the difference in
stem cell dose to changes in specific immune players.
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