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Background and objectives: X-linked adrenomyeloneuropathy (AMN) is an
inherited neurodegenerative disorder associated with mutations in the ABCD1
gene and the accumulation of very long-chain fatty acids (VLFCASs) in plasma
and tissues. Currently, there is no effective treatment for AMN. We have aimed to
evaluate the therapeutic effects of mesenchymal stem cell (MSC) transplantation
in patients with AMN.

Methods: This is a small cohort open-label study with patients with AMN
diagnosed and treated at the University Hospital in Olsztyn, Poland. All patients
met clinical, biochemical, MRI, and neuropsychological criteria for AMN. MSCs
derived from Wharton jelly, 20 x 10° cells, were administered intrathecally three
times every 2 months, and patients were followed up for an additional 3 months.
The primary outcome measures included a blinded assessment of lower limb
muscle strength with the Medical Research Council Manual Muscle Testing
scale at baseline and on every month visits until the end of the study. Additional
outcomes included measurements of the timed 25-feet walk (T25FW) and
VLFCA serum ratio.

Results: Three male patients with AMN with an age range of 26-37years
participated in this study. All patients experienced increased muscle strength
in the lower limbs at the end of the study versus baseline. The power grade
increased by 25-43% at the baseline. In addition, all patients showed an
improvement trend in walking speed measured with the T25FW test. Treatment
with MSCs in patients with AMN appeared to be safe and well tolerated.

Discussion: The results of this study demonstrated that intrathecal administration
of WJ-MSC improves motor symptoms in patients with AMN. The current
findings lend support to the safety and feasibility of MSC therapy as a potentially
viable treatment option for patients with AMN.

KEYWORDS

adrenomyeloneuropathy, mesenchymal stem cells, motor function, WJ-MSC, AMN

01 frontiersin.org


https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fneur.2024.1345503﻿&domain=pdf&date_stamp=2024-02-02
https://www.frontiersin.org/articles/10.3389/fneur.2024.1345503/full
https://www.frontiersin.org/articles/10.3389/fneur.2024.1345503/full
https://www.frontiersin.org/articles/10.3389/fneur.2024.1345503/full
https://www.frontiersin.org/articles/10.3389/fneur.2024.1345503/full
mailto:kselmaj@gmail.com
https://doi.org/10.3389/fneur.2024.1345503
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://doi.org/10.3389/fneur.2024.1345503

Siwek et al.

Introduction

Adrenomyeloneuropathy (AMN) and cerebral adrenoleukodystrophy
(CALD) are the clinical forms of X-linked adrenoleukodystrophy
(X-ALD), an inherited progressive neurometabolic disease
caused by mutations in the ABCD1 gene and the accumulation
of very long-chain fatty acids in cells and tissues (1). AMN
symptoms include spastic paraparesis, sensory ataxia with
impaired vibration sense, and signs of Addison disease in 50-70%
of patients (2, 3). Patients with AMN, contrary to cerebral ALD
(CALD), have no MRI brain lesions, unremarkable spinal cord
imaging, and intact cognitive functions (4-6). Peripheral
neuropathy may also be present; however, it is usually masked by
the dominant signs of myelopathy (7). The disease is
non-invertible progressive and significantly reduces life
expectancy. There is no known cure for AMN. Several therapies
have been tried, including Lorenzo Oil (8), bone marrow
transplantation (9), hematopoietic stem cell transplantation (10-
12), antioxidants (13), and statins (14), with very limited efficacy.
The most recent study with leriglitazone, a novel selective
peroxisome proliferator-activated receptor gamma agonist, also
did not meet the primary endpoint (15).

Mesenchymal stem cells (MSCs) represent one of the major
categories of human stem cells with moderate differentiation
capabilities but the ability to repair damaged tissues and organs
(16). The clear advantage of MSCs over other stem cells, induced
pluripotent stem cells, and embryonic stem cells is their lack of
ethical issues and lack of risk for cancer. MSCs can be derived
from various human tissues, such as bone marrow, adipose tissue,
umbilical cord, skin, and muscles (17). They can differentiate into
mesoderm-derived tissues such as bone, cartilage, blood vessels,
and cardiomyocytes, as well as ectoderm-derived neurons and
glial cells (18). The primary role of MSCs during adult life is to
repair and replace damaged tissue. MSCs can be administered in
an autologous setting with no risk of immunological rejection.
Thus, MSCs represent a very promising method of treatment in
regenerative medicine. Inspired by reports on encouraging results
of MSC therapy in demyelinating and neurodegenerative
conditions (15, 19, 20) including our own experience with ALS
(21) and experimental models of MS*?, we have aimed to evaluate
the efficacy of intrathecal administration of MSCs derived from
Wharton jelly (WJ) in three patients with AMN.

Methods
Patients, inclusion, and exclusion criteria

The study was performed at University Hospital in Olsztyn,
Poland. The inclusion and exclusion criteria for the study were applied.
Inclusion criteria involved adult age, diagnosis of AMN confirmed
with the results of an increased VLCFA serum ratio (Table 1), and
lower limb spastic paraparesis. Exclusion criteria involved other
causes of spastic paraparesis, assessed clinically and by spinal MRI,
and the presence of CALD in the form of MRI brain lesions or
cognitive dysfunctions in psychological tests. Three male patients,
aged 33, 37, and 26years, met the criteria and were enrolled in
the study.
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TABLE 1 Serum VLCFA 24:22 and VLCA 26:22 ratio at baseline.

Patient Patient Patient Laboratory
1 2 3 standards
for ALD
individuals
VLCFA 24:22 ratio 1.552 1.823 1.75 >1.0
VLCFA 26:22 ratio 0.04 0.025 0.049 >0.02

Standard protocol approvals, registrations,
and patient consents

All patients have signed the informed consent form, and all
procedures of this study were approved by the Bioethical Committee
of the University of Warmia and Mazury in Olsztyn, Poland. Number
of approval: 10/2017.

MSC preparation

The human umbilical cord was obtained aseptically from a full-term
uncomplicated pregnancy after the completion of a planned cesarean
section. Wharton jelly MSCs (W]-MSCs) were isolated using the explant
isolation method, as described previously with minor modifications (22).
After immersion in a sterile vessel containing 0.01 M phosphate-buffered
saline (PBS, pH 7.2) supplemented with 1% penicillin-streptomycin
(10,000:10,000; Sigma-Aldrich, St. Louis, MO, United States), the cords
were cut into small pieces (1-2cm in length) and transferred to
60x15mm Petri dishes, containing DMEM/F-12, GlutaMAX
supplemented with 1% P/S, and 10% fetal bovine serum (FBS; Sigma-
Aldrich), and incubated at 37°C in a humidified atmosphere containing
5% CO, for future culture. Before intrathecal administration, the cells
were maintained in DMEM/F-12 medium without serum, using only a
single passage. Subsequently, cells were detached and washed three times
with PBS 1x and once with autologous cerebrospinal fluid. All these
procedures were performed according to the GMP grade, including
sterility, microbiology, endotoxin testing, and karyotype stability.

MSC characterization

The isolated MSCs were characterized by phenotyping with
MSC-specific cell surface markers using the BD Stemflow-Human MSC
Analysis Kit (BD Biosciences, Franklin Lakes, NJ, United States),
according to the International Society for Cellular Therapy guidelines
(23). Flow cytometry was performed using a fluorescence-activated cell
sorter (BD FACS Aria II, BD Biosciences, Franklin Lakes, NJ,
United States), and the results were analyzed with DIVA software. The
obtained MSCs fulfilled the International Society for Cellular Therapy
criteria (23), including a phenotypic characterization: CD105/CD73/
CD90/CD44 positive and CD45/CD34/CD11b/CD19/HLA-DR
PE negative.

MSC administration

Cells were injected intrathecally by standard lumbar puncture
procedure with an amount of 20 x 10° cells in a volume of 2 mL. MSCs
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were suspended in autologous cerebrospinal fluid. Two patients
received three injections every 2months, while the third patient
received two injections. Patients were followed up for 7 months (one
patient up to 4 months).

Neurological evaluation

to MSC
administration, and each subsequent visit was 1 month apart until visit

Patients were neurologically examined prior
7, with one patient examined until visit 4. The muscle strength of the
lower limbs was assessed with the Medical Research Council Manual
Muscle Testing scale (24). We assessed the strength of seven muscle
groups of the lower limbs: hip flexors, hip extensors, hip adductors,
knee flexors, knee extensors, foot flexors, and foot extensors in both
legs. The grade (0-5) was assessed for each muscle group, and the
mean for both legs was used as a final score. A timed 25-feet walk
(T25FW) was performed twice at each visit, and the mean results were
used for further analysis.

Laboratory tests

The serum ratios of VLCFA 24:22 and VLCFA 26:22 were assessed
by gas chromatography (GC) technique as described before (25) at
every other month.

MRI

All patients had MRI examinations of the brain, cervical, and
thoracic spines. MRI data were acquired on a 3.0 T scanner (Siemens,
Erlangen, Germany). MRI images used for this study were obtained
+2 weeks from MSCs first administration. To detect focal white matter
lesions, MRI used dual-echo (repetition time [TR]=4,500ms, echo
time [TE]=22 and 90ms, 25 slices, slice thickness=3mm,
512 x 512 x 44 matrix, field of view [FOV] =250 mm), and T1-weighted
(TR=750ms, TE=17ms, 25 slices, slice thickness=3mm,
512 x 512 x 44 matrix, FOV =250 mm). Gadolinium (Gd)-enhancing
T1-weighted lesions were identified from post-contrast T1-weighted
spin echo images (TR =467 ms, TE=8ms, 240 x 240 x 132mm) FOV
(number of excitations = 1), acquired 5min after administration of a
dose of contrast (0.1 mM/kg). All MRI images were obtained at
baseline and at the end of the study.

Neuropsychological tests

The neuropsychological evaluation included a battery of
cognitive function tests. All patients were assessed for visual-
spatial functions, attention and visual inspection, mental work
pace, executive functions, planning, and abstract thinking derived
from visual-spatial stimuli. Mini-Mental State Examination
(MMSE), the Combination Test of Points A and B, the Clock
Drawing Test, and Benton’s Visual Remembrance Test (BVRT)
were applied to all patients before MSC administration and at the
end of the observation period.
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Statistical analysis

Statistical analysis for muscle strength parameters, T25FW, and
VLCFA ratios was performed with non-parametric Mann-Whitney
tests. p <0.05 were considered statistically significant.

Results
Safety of MSC intrathecal administration

After intrathecal MSC administration, all patients experienced
modest transient side effects typical of post-lumbar puncture
syndrome, such as headache and mild nausea, for 1-4 days. All these
symptoms resolved spontaneously or required treatment with
paracetamol. None of the patients have reported any serious side
effects through the course of follow-up observation.

MSC administration effect on muscle
strength

The mean grade of muscle strength of seven groups of muscles
in both lower limbs showed a marked increase after the first MSC
administration in all three patients (Figure 1). An improvement of
the mean grade of muscle strength after the first MSC
administration versus baseline for patient no. 1 was 1.5/3.5 points
(43%), for patient no. 2, 1/3.5 points (29%), and for patient no. 3
1/4 points (25%) The improvement in muscle strength has been
maintained in all three patients until the last follow-up visit
(Figure 1). The improvement of muscle strength for all three
patients on the last visit versus baseline was statistically significant
(p=0.04; Figure 1).

MSC administration effect on T25FW

All three patients showed decreased T25FW after the first MSC
administration versus baseline, indicating improvement in walking
speed (Figure 2). The T25FW on the last follow-up visits was shorter
than the baseline for all three patients. However, the difference
between baseline values and each of the subsequent measurements
was not statistically significant (p=0.51).

MSC administration effect on VLCFA ratio
in serum

At Dbaseline visit,, VLCFA showed abnormalities
pathognomonic for ALD (Table 1). The serum ratio of the VLCFA
24:22 measured at follow-up visits versus baseline decreased in
two patients and increased in one. The difference between the
ratio of baseline and the last follow-up visit was not significant
(p=0.81). Similarly, the VLCFA 26:22 ratio decreased in two
patients and increased in one. However, the difference between
the baseline and the last follow-up visit was not significant
(p=0.82; Figures 3A,B).
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FIGURE 1
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Muscle power in AMN patients treated with MSCs. Each point represents a mean grade of muscle strength of lower limbs for individual visit. Dotted
lines, made by logarithmic functions, demonstrate an improvement trend for each patient. The difference in muscle strength grades between baseline
and the last visit was significant (p = 0.04) for all three patients.

FIGURE 2
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T25FW in AMN patients treated with MSCs. Each point represents a mean of two recordings of the same patient. Dotted lines, made by logarithmic
functions, demonstrate an improvement trend for each patient. The difference between baseline and the last visit measurements were not statistically

significant (p = 0.51).
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FIGURE 3
VLCFA serum ratio in AMN patients treated with MSCs. Each point represents the serum ratio of VLCFA. Dotted lines, made by logarithmic functions,

demonstrate a trend in all patients. The difference between baseline and the last follow-up visit measurements were not statistically significant.
(A) VLCF 24:22, p = 0.81. (B) VLCF 26:22, p = 0.82.

MRI Cognitive functions

Patients did not have demyelinating brain and spinal cord lesions Neuropsychological parameters did not reveal any deficiency in
at baseline. At the last follow-up visit, there were no changes in brain ~ the scope of cognitive skills at baseline and subsequent follow-up
and spinal cord MRI images. visits, as expected in AMN (Table 2).
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Classification of evidence

The aim of the study was to determine the effect of intrathecal
MSC administration on the symptoms of patients with AMN. Three
patients participated in the study and showed improvement in the
strength of the muscles of the lower limbs and improvement in
walking speed. Due to the small number of participants, this study
should be identified as Class IV of the Classification of Evidence.

Discussion

The results of this study showed that the intrathecal administration
of allogeneic WJ-MSC in three AMN patients produced an improvement
in the muscle strength of the lower limbs. However, the MSC effect on
T25FW showed only a positive but not significant trend. In addition, the
VLCFA serum ratio in two out of three patients showed transient, but not
significant decrease after intrathecal infusions of MSCs.

There is no approved treatment for ALD. In early cases of CALD,
allogenic hematopoietic stem cell transplantation (HSCT) is
recommended to prevent disease progression and long-term stabilization
(26, 27). Although the direct mechanism of HSCT activity is not clear, it
is assumed that transplanted HSCs deliver the cellular source of the intact
ABCDI1 gene and corrected VLCFA ratio (12). It was shown that HSCs
cross the blood-brain barrier and modify microglia in the brain (28). The
clinical effects of HSCT are usually evident 6 months post-transplantation.
An alternative approach is gene therapy with autologous HSCs transfected
with the wild-type ABCD1 gene (29). It should be remembered, however,
that allogeneic HSCT remains associated with significant morbidity and
mortality risks. Thus, before applying HSCT to ALD patients, the ratio of
benefit versus risk should be assessed. HSCT has not been tested
systematically in AMN.

MSCs are known to express neurotrophic and neuroprotective
activity and contribute to tissue repair in several conditions (30). It has

TABLE 2 Neuropsychological test results.

Visit 1 Visit3  Visit 5
(MSCA) (MSCA) (MSCA)
Patient 1 BVRT 10 10
MMSE 29 29
Combination test of 265/52s 18s/54s
Points A and B
The Clock Drawing Test 10 10
Patient 2 BVRT 8 9 9
MMSE 30 30 30
Combination test of 23s/50s 20s/50 235/49s
Points A and B
The Clock Drawing Test 10 10 10
Patient 3 BVRT 9 10 10
MMSE 29 30 30
Combination test of 25s/55s 245/57s 21s57s
Points A and B
The Clock Drawing Test 10 10 10

MMSE, Mini-Mental State Examination; BVRT, Benton’s Visual Remembrance Test.
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been repeatedly shown that MSCs ameliorate symptoms in numerous
experimental models and in patients with neurodegenerative
disorders, including multiple sclerosis. MSCs transferred to mice with
experimental autoimmune encephalomyelitis (EAE), a model of
multiple sclerosis, enhanced recovery, prevented relapses, and
promoted myelin repair (31). Several mechanisms were attributed to
the beneficial effects of MSCs in demyelinating conditions, including
trophic support, immunomodulation, and metabolic signaling (32).
Human MSCs transplanted in EAE mice migrated to the CNS and
supported amelioration of clinical symptoms (33). The effect of MSCs
on human demyelinating disorders is less evident because of the lack
of large control studies. Most data are coming from small trials of the
1 or 1/2 phases. Despite that, several of these studies did demonstrate
the beneficial effect of MSCs in patients with multiple sclerosis (20,
34). These beneficial effects were usually seen from a short-time
perspective, but in one study, long-term stabilization of the clinical
course of remitting relapsing MS was observed for 4years (35). In
addition, MSCs showed an effect on disability improvement in a
6-month trial (36). Similarly, in secondary progressive MS patients,
MSC treatment resulted in diminished MRI progression (37).
Recently, it was shown in progressive MS patients that MSC-induced
neurotrophic factor secretion improved motor activity and increased
levels of neurotrophic factors, parallel to diminishing proinflammatory
mediators in the CSF (38). The results of studies assessing MSC
neuronal progenitors demonstrated improvement in muscle strength
and adequately diminished EDSS in 70% of MS patients (39).

The rationale to apply MSCs for the treatment of ALD is supported
by the observation that MSCs secrete factors that enhance axonal
outgrowth and neuronal cell survival. MSCs promoted neurogenesis
and axonal sprouting, contributing to cell differentiation, replacement,
and integration within CNS (40). Of particular relevance might be the
observation that MSCs from bone marrow express alpha-L-
iduronidase, arylsulfatase-A and B, glucocerebrosidase, and
adrenoleukodystrophy protein (41). However, until now, there has
only been one study on the use of MSCs in ALD. The results of this
study did not support beneficial effects on ongoing disease activity in
two patients. These results are in contrast to our findings about
increased muscle strength in lower limbs in three AMN patients
treated with intrathecal WJ-MSC for 4-7 months. In the ALD study,
MSCs were administered only once for one patient and three times,
with short intervals 1 week apart, in the second patient. The follow-up
period was limited to 1 and 2 months, and the readout involved only
MRI endpoints. The dose of MSCs involved in the ALD study was also
much lower than the dose used by us, 5% 10°/kg versus 20 x 10,
respectively. When comparing the results of these two studies, the
mechanistic differences between CALD and AMN resulting from an
interplay between genetic and environmental factors should
be considered. Despite being a monogenetic disease, mutations in the
ABCD1 gene have no predictive value with respect to clinical
outcomes. Accordingly, we have not seen any effect of MSCs on serum
VLCFA. The lack of a simple genotype-phenotype correlation can
be exemplified by the presence of several clinical types of ALD. AMN
is a significantly less inflammatory condition than CALD, with no
brain MRI lesions and no or minimal MRI lesions in the spinal cord.
AMN is also significantly less progressive compared to CALD (42).
The intrathecal administration of WJ-MSC to AMN patients was safe
and well tolerated, with only minor side effects typical for post-lumbar
puncture syndrome.
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In summary, the data from this study demonstrated that the
intrathecal administration of WJ-MSC improves motor strength in
AMN. The current findings lend support to the safety and feasibility of
MSC therapy as a potentially viable treatment option for patients
with AMN.
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