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Abstract

There is a small amount of clinical data regarding the safety and feasibility of autologous peripheral blood mononuclear cell transplanta-
tion into the subarachnoid space for the treatment of amyotrophic lateral sclerosis. The objectives of this retrospective study were to assess
the safety and efficacy of peripheral blood mononuclear cell transplantation in 14 amyotrophic lateral sclerosis patients to provide more
objective data for future clinical trials. After stem cell mobilization and collection, autologous peripheral blood mononuclear cells (1 x
10°) were isolated and directly transplanted into the subarachnoid space of amyotrophic lateral sclerosis patients. The primary outcome
measure was incidence of adverse events. Secondary outcome measures were electromyography 1 week before operation and 4 weeks after
operation, Functional Independence Measurement, Berg Balance Scale, and Dysarthria Assessment Scale 1 week preoperatively and 1, 2, 4
and 12 weeks postoperatively. There was no immediate or delayed transplant-related cytotoxicity. The number of leukocytes, serum alanine
aminotransferase and creatinine levels, and body temperature were within the normal ranges. Radiographic evaluation showed no seri-
ous transplant-related adverse events. Muscle strength grade, results of Functional Independence Measurement, Berg Balance Scale, and
Dysarthria Assessment Scale were not significantly different before and after treatment. These findings suggest that peripheral blood mono-
nuclear cell transplantation into the subarachnoid space for the treatment of amyotrophic lateral sclerosis is safe, but its therapeutic effect is
not remarkable. Thus, a large-sample investigation is needed to assess its efficacy further.
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Introduction
Amyotrophic lateral sclerosis (ALS) is a rapidly evolving, fatal
neurodegenerative disease resulting from the degeneration of
cortical, bulbar and spinal motor neurons (Poppe et al., 2014;
Carreras, 2016; Giacoppo and Mazzon, 2016). The disease
progresses inexorably to death, usually because of failure of
respiratory function, with a median duration of 3 years.
Recent clinical trials using various types of stem cells, in-
cluding mesenchymal stromal cells (Mazzini et al., 2012),
neural stem cells (Glass et al., 2012), and peripheral blood
mononuclear cells (PBMCs) (Janson et al., 2001; Martinez et
al., 2012), represent promising strategies for stem cell-based
treatment in ALS. It has been demonstrated that the inflam-
mation and neuronal death were reduced in ALS patients after
bone marrow transplantation (Mesentier-Louro et al., 2016).
In addition, the incidence of immune response was decreased
by autologous transplantation of bone marrow cells in ALS
patients (Gubert and Satiago, 2016). PBMCs are multi-potent
stem cells that are very attractive for a cell therapy approach
in ALS because of their plasticity and ability to provide the
host tissue with growth factors or modulate the host immune
system (Cashman et al., 2008). PBMCs were used clinically
and few adverse effects were attributed to their administration
(Janson et al., 2001). Early clinical investigations indicated
that the transplantation of autologous PBMCs into the dura
is feasible in ALS patients; however, one study was limited
to three patients (Janson et al., 2001) and the other recruited
eight patients (Cashman et al., 2008). There are still many
questions regarding the intrathecal transplantation of PBMCs
for ALS. We, therefore, performed a retrospective study to as-
sess further the safety and efficacy of the procedure and to test
the impact of a cell therapy approach in ALS patients.

Subjects and Methods

Design

A retrospective, self-control study was conducted at the First
Affiliated Hospital of Dalian Medical University, China.
Fourteen ALS patients who received PBMC autotransplan-
tation were enrolled. The primary outcome measure was the
incidence of adverse events. Secondary outcome measures
were electromyography (EMG) 1 week before operation and
4 weeks after operation, Functional Independence Measure-
ment (FIM), Berg Balance Scale, and Dysarthria Assessment
Scale 1 week preoperatively and 1, 2, 4 and 12 weeks postop-
eratively. The research procedure is shown in Figure 1.

Subjects

This study was registered with ClinicalTrials.gov (NCT
03085706). Overall, 14 patients aged 31 to 75 years old were
eligible if they had definite or probable sporadic ALS and
had been treated over 3 months.

Inclusion criteria included: (1) all subjects had a verifi-
able diagnosis of ALS for 0.5 to 2 years based on a diagnosis
using the Revised Criteria of the World Federation of Neu-
rology (Brooks et al., 2000). The grades of diagnosis were
clinically definite ALS or clinically probable ALS; (2) ALS
was mild-to-moderate based on the ALS Functional Rating
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Figure 1 Flow chart of transplantation with autologous
peripheral blood mononuclear cells for the treatment of
amyotrophic lateral sclerosis patients.

Scale-Revised (Kollewe et al., 2008). Electrophysiological
features showed compound muscle action potential (CMAP)
amplitude of motor nerve normal or mild declining; (3) serum
creatine kinase was normal or mild upper, less than 500 U/L.
Exclusion criteria included: (1) use of any other inves-
tigational agent within 30 days before our treatment; (2)
severe cardiac, pulmonary, hepatic or/and hematic disease;
(3) human immunodeficiency virus positivity or signs and
symptoms consistent with human immunodeficiency virus
infection; (4) pregnant or nursing women; (5) history of can-
cer with less than 5 years documentation of a disease-free
state; (6) history of anaphylactic reaction or hypersensitivity
to granulocyte colony-stimulating factor (G-CSF); (7) alcohol
or drug abuse in recent 1 year; (8) cannot understand or obey
the rules of treatment; and (9) blood donor in recent 30 days.
All patients had consecutively visited our treatment cen-
ter. The mean age of the patients and duration of the disease
from diagnosis were 51.7 + 12.99 years (range: 31-75 years),
and 2.33 £ 1.76 years (range: 0.75-8 years), respectively. The
mean FIM score at entry was 79.91 + 18.46 (range: 40-99).
All patients received ordinary medical treatment. There were
no local or general complications during PBSC separation.
Informed consent was structured as an interview that clearly
stated the experimental and preliminary nature of the clinical
study and the risks associated with the procedure. Each ques-
tion was discussed by the neurologist with the patients and
their relatives. Subjects were made aware that their participa-
tion was entirely voluntary and that participation or non-par-
ticipation would not interfere with their ongoing clinical care.
Before signing, patients and close relatives were offered the
possibility of meeting separately with their family physician,
the neurosurgeon, and a consultant neurologist, who was not
the neurologist in charge, to discuss all pending issues. The
study was approved and monitored by the Ethics Committees
of the Dalian Medical University (approval number: LCKY-
2011-11-01). All patients provided written informed consent.
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Isolation of PBMCs

Recombinant human granulocyte colony-stimulating factor
injection (rhG-CSF; Harbin Pharmaceutical Group Biologi-
cal Engineering Co., Harbin, Heilongjiang Province, China)
10 pg/kg was used daily for 4 days to mobilize peripheral
blood CD34" mononuclear cells before transplantation. The
number of leukocytes met the collection requirements (>
25 x 10°), with a mean number of 32.53 + 8.79 x 10’ on the
morning of the surgery before cell collection. COBE Spec-
tra™ Apheresis System (COBE Spectra 6.1, Gambro BCT,
Inc., Lakewood, CO, USA) was used to collect the mononu-
clear cell suspension from the peripheral blood by centrifu-
gation at 2,400 r/min, in a volume of about 50 mL. The cell
collection circuit was established by harvesting from the me-
dian elbow vein with an 18-gauge needle (Figure 2). During
collection, intravenous administration, such as the supple-
mentation of calcium, could be performed (Figure 2A). The
mononuclear cell suspension was centrifuged at 2,500 r/min
and 4°C, for 10 minutes, and purified. The number of mono-
nuclear cells was counted by Automated cell counter (Z1,
Beckman Coulter Inc., Brea, CA, USA). CD34" cells were
analyzed by flow cytometry (FACS Ariall, BD Inc., Franklin
Lakes, NJ, USA), then resuspended in 10 mL saline. Before
transplantation, a fixed volume at a concentration of 1 x 10
in 5 mL was delivered to the surgery site.

PBMC transplantation
Lumbar puncture was performed after measuring the open-
ing pressure with a measuring tube. The patient was allowed

Figure 2 Isolation of peripheral blood mononuclear cells.

(A) Calcium gluconate was supplemented through an intravenous in-
fusion. (B) The bilateral median cubital vein was selected to establish a
venous pathway.
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Figure 3 Peripheral blood mononuclear cell transplantation.
(A) A mixture of 10 mL mononuclear cell suspension was slowly in-
fused into the subarachnoid space through the lumbar (L, ;) spine. (B)

Morphology of cells in the transplant material (magnification x 50,
DMI IL 6000B inverted microscope; Leica, Germany).

to relax, and was checked for good respiration to ensure that
the needle was properly positioned.

Autologous cerebrospinal fluid and PBMC suspension
were mixed at a ratio of 1:1. A total mixture of 10 mL with
1 x 10 cells was infused slowly into the subarachnoid space
through the lumbar (L, ;) spine for approximately 20 min-
utes (Figure 3). The needle was withdrawn without replacing
the stylet, and the puncture site was dressed with a bandage.
The patient lay in bed for a few hours.

Follow up

To estimate the disease progression rate, patients were as-
sessed every week during the first month, and then every 3
months until death.

Assessment

The primary outcome measure was adverse events of au-
tologous PBMC mobilization, mononuclear cell collection,
and post transplantation. The secondary outcome measures
were as follows: FIM was used to assess the self-care ability
of daily living. The Berg Balance Scale was utilized to assess
the trunk balance capability and limb movement function.
The Dysarthria Assessment Scale was employed to assess the
progression of bulbar paralysis (Tomik and Guiloff, 2010).
The follow-up evaluation was mainly completed while the
patients visited the hospital in accordance with the schedule
time. We also used home visits to complete the follow-up
evaluation if the patient’s activity was poor.

To assess changes in neurological function, needle EMG
was performed by a trained electromyographer, with more
than 10 years experience, at 1 week pre-operation and 4 weeks
post-operation. EMG was performed with an electromyograph
and Evoked Potential Equipment Synergy Electrical trigger
locator (M153635-Medelec Synergy, Oxford, UK), and the
CMAPs of the bilateral median nerve, ulnar nerve, tibial nerve
and common peroneal nerve were measured. The EMG was
independently performed by a neurologist and a physiothera-
pist and the mean value of the scores obtained by two assessors
was considered in the analysis. The patients were evaluated
by EMG once preoperatively and then regularly every month
following transplantation, and CMAP amplitudes were useful
parameters for evaluating motor neuron loss.
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Figure 4 Different EMG results between ALS patients and normal
subjects.

(A) The dotted area denotes the F wave of normal subjects. (B) EMG of
an ALS patient: in the dotted area, only 9 of 20 could have F waves, but
the others fall off. EMG: Electromyography; ALS: amyotrophic lateral
sclerosis.
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Table 1 Adverse effects after the intrathecal transplantation of autologous PBMCs

Patient Sex

Age (years) During PBMCs mobilization During mononuclear cell collection 1 week after cell transplantation

1 Male 52 Skin rash Paresthesia
2 Male 45 - -
3 Female 59 - -
4 Male 62 - -
5 Male 75 - -
6 Male 34 - -
7 Female 61 Fever -
8 Female 42 Fever, bone pain Paresthesia
9 Male 31 Bone pain Paresthesia
10 Male 63 Bone pain -
11 Female 54 Fever, bone pain -
12 Male 31 Bone pain -
13 Male 71 - -
14 Male 49 - -

Lower back pain

Fever, headache, lower back pain, muscle pain
Lower back pain

Lower back pain

Lower back pain

Headache, fever

Headache, fever, lower back pain, muscle pain
Headache, lower back pain

Fever, lower back pain, muscle pain, neck stiffness
Headache, lower back pain

Headache, fever, lower back pain, neck stiffness
Headache, lower back pain, muscle pain
Headache, lower back pain

PBMC:s: Peripheral blood mononuclear cells.

Table 2 Clinical characteristics of patients before and after transplantation

1 week after 2 weeks after 4 weeks after 12 weeks after
Evaluation scales Preoperation operation operation operation operation p
FIM scores 79.91+18.46 74.82+21.92 74.91+21.95 74.91+22.07 72.82+20.93 >0.05
Berg Balance Scale scores 22.82+16.79 20.64+18.12 20.64+18.19 19.91+17.39 15.46+17.32 >0.05
Dysarthria Assessment Scale scores  60.73+16.15 59.91+17.06 59.91+17.06 59.45+16.98 58.46+18.11 >0.05

FIM: Functional independence measurement. Eleven patients were included in the study.

Table 3 Comparison of compound muscle action potential (ms)
between pre-operation and post-operation

Median Ulnar Common
nerve nerve Tibial nerve peroneal nerve
1 week pre-OP 1.98+0.91 4.10£1.73 10.58+2.66 4.09+1.71
4 weeks 2.00+0.99 5.03+1.75 13.72+5.11 4.16+2.06
post-OP
p 0.96 0.44 0.29 0.88

Data are expressed as the mean + SD, n = 9 patients. OP: operation.

Statistical analysis

Data, expressed as the mean + SD, were analyzed using SPSS
version 17.0 for Windows (SPSS Inc., Chicago, IL, USA).
Statistical analyses were performed by paired sample ¢-test.
A value of P < 0.05 was considered statistically significant.

Results
Safety of autologous PBMC transplantation for ALS patients
Table 1 shows all reported adverse events. All symptoms were
noted immediately after surgery. No correlation was found be-
tween the severity and duration of side effects and cell doses.
Adverse events occurred during the G-CSF-based mobili-
zation of autologous PBMC transplantation. The G-CSF in-
fusion was well tolerated by ALS patients without any signif-
icant adverse effects (Table 1). Of 14 patients, five had mild
bone pain that was most frequently recorded during G-CSF
administration. No patients received any analgesic therapy
and the pain disappeared shortly after the cessation of G-CSF
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administration. Three patients had a mild self-limited febrile
reaction (temperature < 38°C) which lasted for 8 to 24 hours
after G-CSF injection. Skin rash was observed in one patient
at the injection site (recovered after 30 minutes). The pa-
tients tolerated all the procedures outlined in the therapeutic
schedule without difficulty.

Adverse events during cell collection based on the use
of acid-citrate-dextrose A (ACD-A) are shown in Table 1.
Among the 14 patients, three had mild perioral paresthe-
sia followed by digital numbness caused by hypocalcemia,
which recovered after 1-2 g calcium gluconate was adminis-
tered by intravenous infusion (Figure 1A).

During transplantation, the PBMC suspension was inject-
ed into the lumbar (L, ;) spine. No adverse events occurred.
All patients were followed postoperatively every week during
the first month, and then every 3 months until death. Partic-
ipants were evaluated for adverse events, and serial measure
scales. Table 1 summarizes the data of adverse events of all
patients up to 1 week after the surgery. Of the 14 patients,
12 (86%) had lower back pain, eight (57%) had headache,
five (36%) had mild fever, four (29%) had muscle pain in
both lower limbs, and two (14%) had neck stiffness. Their
body temperature was below 38°C, and the mean was 37.03
+ 0.42°C of the 14 patients at 6 hours after surgery. Howev-
er, none of these events was considered definitely related to
the cells. Adverse events were usually temporary and disap-
peared within 1 week after surgery. The main indicators by
laboratory testing were normal. Alanine aminotransferase
was 18.80 + 4.96 IU/L, and the mean value of serum creat-
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inine was 63.00 + 20.94 uM before PBMC transplantation.
On day 1 after PBMC transplantation, the mean number of
leukocytes was 8.07 + 2.09 x 10”; alanine aminotransferase
was 18.00 + 5.89 IU/L, and the mean value of serum creati-
nine was 62.75 + 20.60 uM. There were no severe complica-
tions after discharge from the hospital.

Efficacy of autologous PBMC transplantation in ALS
patients

Two patients were lost during follow up, and one patient
died from cerebral hemorrhage within 1 month after the first
transplantation. Therefore, 11 patients were included, and
followed at regular intervals of every week during the first
month, and then every 3 months until death after transplan-
tation. Table 2 shows the clinical characteristics of patients at
the time of admission to hospital and follow ups. The mean
scores of evaluation scales decreased with time after PBMC
transplantation. However, there was no significant difference
in preoperative and postoperative mean scores at 1, 2, 4 and
12 weeks (P > 0.05; Table 2).

Of 14 patients, only nine accepted EMG examination (Fig-
ure 4) at 1 week preoperatively and 4 weeks postoperatively.
Table 3 summarizes the CMAPs from different areas of the
nine patients. There was no significant difference for the me-
dian nerve, ulnar nerve, tibial nerve, and common peroneal
nerve between pre-operation and post-operation timepoints
(P> 0.05).

In addition, the clinical syndromes of seven patients de-
creased, including increased muscle strength and decreased
muscle fasciculation 1 to 3 weeks post-operatively. Of the
11 patients evaluated, nine patients died. Eight patients died
of respiratory failure associated with disease progression
between 6 and 12 months after surgery. Only one patient
had a repeated injection three times a year, and they had a
longer survival of 20 months after surgery. Two patients who
remained alive had a longer disease course prior to surgery
(7 years of known disease), indicating that the clinical syn-
dromes were related to ALS itself, rather than transplantation.

Discussion
Questions related to the optimal number of cells to engraft,
the location and the selection of patients are still unan-
swered. The aim of the present study was to evaluate the
safety and tolerability of the intrathecal transplantation of
autologous PBMCs in 14 ALS patients. Participants were
evaluated for adverse events, physical examination and serial
measure scales during the different periods of the therapy.
Two hematopoietic growth factors have been approved by
the US Food and Drug Administration for cell mobilization:
G-CSF and granulocyte-macrophage colony-stimulating factor
(Hsu and Cushing, 2016). G-CSF is the first-line treatment
for hematopoietic stem cell mobilization and has been shown
to reduce neutropenia-related infection and enhance post-
transplant myeloid recovery (Giralt et al., 2014). It is a major
mediator of responses requiring increased neutrophils and
host defense (Roberts, 2005). G-CSF stimulation followed by
leukapheresis was used in this study, as it is currently the most
efficient and safe approach for autologous and allogeneic he-

matopoietic stem cell harvesting, which might be of value in
the treatment of ALS (Cashman et al., 2008). G-CSF-mobilized
CD34" cells differentiate into neural cells and may be used to
treat ALS. Of 14 patients, five had bone pain (36%), which was
most frequently recorded during G-CSF administration, con-
sistent with a previous study (45%) (Samaras et al., 2015). The
PBMC mobilization protocol for ALS patients was effective
and safe, and sufficient numbers of PBMCs were isolated to
meet the needs of autologous transplantation.

We used ACD-A as an anticoagulant, and the ratio of
ACD-A to whole blood was 1:12. ACD-A might be a risk
factor for anesthesia and bleeding complications. In this
study, three patients had anesthesia (finger and mouth)
caused by citrate-related toxicity, which is one of the most
frequent complications of apheresis. It is caused by the in-
fusion of ACD-A, which chelates with calcium ions. The
most commonly reported hypocalcemic symptoms are mild
perioral paresthesia followed by digital numbness (Hegde
et al,, 2016). ACD-A is used to prevent the coagulation of
blood during collection. The chelation of calcium causes a
wide range of symptoms and signs can be graded into three
categories. Three patients in our study showed mild symp-
toms of tingling around the mouth and nose, and less often
a tingling in the fingers (Grade I). More severe toxicity may
cause nausea or vomiting (Grade II) or more rarely, tetany,
hypotension and/or cardiac dysrhythmia (Grade III) (Howell
et al., 2015). In general, cell collection is well tolerated and
related adverse events are mostly restricted to symptoms of
citrate toxicity. The ratio of citrate-related complications was
less than in other studies (48%) (Buchta et al., 2003), because
of the reduced blood flow rate allowing less citrate into the
system. All patients had a circulating blood volume of 4,000
6,000 mL in our study. In addition to supplying calcium by
vein for the treatment of citrate toxicity, oral calcium before
stem cell collection can play a crucial role in step prevention.

During transplantation, the PBMC suspension was injected
into the lumbar (L, ;) spine. Adverse events were not deter-
mined. Each injection contained the collected cell suspension
in a volume of 20 mL. Surgery was carried out every 3 months
for patients according to the treatment regimens. In this group,
one patient had completed the treatment three times without
any complications during transplantation. All patients were
evaluated for adverse events until 1 week after surgery. The
adverse events were probably caused by transplanted cells, but
the exact reasons are still debatable. In June 2016, one study
also confirmed that the injection procedure, as well as the in-
troduction of high numbers of human neural stem cells into
the spinal cord, was safe (Glass et al., 2016). In addition, they
succeeded in moving this complex procedure from a single
surgical center to three centers. In general, the surgery is well
tolerated. The adverse events were usually temporary and dis-
appeared within 1 week after surgery, and patients were then
discharged. There were no severe complications related to the
treatment after discharge from the hospital.

ALS can produce EMG signs of motor unit loss and py-
ramidal signs affecting both the upper and lower limbs.
Therefore, using needle EMG to demonstrate a neurogenic
pattern in the bulbar or trunk muscles may be essential for
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the differential diagnosis of ALS (Lefaucheur and de Car-
valho, 2016). EMG can identify subclinical lower motor
neuron lesions, thereby providing more sensitive informa-
tion than clinical examination alone (Pan et al., 2016). The
results of CMAPs showed no significant difference between
pre-operation and post-operation. This might be explained
by unknown etiology and pathological mechanisms in ALS
either directly or indirectly. Expanding the sample size and
strengthening long-term follow up may improve the accu-
racy of therapeutic efficacy estimation in autologous PBMC
transplantation for treating ALS.

Intrathecal transplantation of autologous PBMCs in ALS
patients was safe for at least 12 months in 14 patients. The
approach was feasible and well tolerated, and no significant
adverse events were reported. However, the treatment results
of autologous PBMCs in ALS patients are not clear. Therefore,
a long-term clinical trial to examine the therapeutic safety, bi-
ological effects, and efficacy is required. Replicable data from
a large number of patients with different clinical phenotypes
and at various stages of the disease are also needed.
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