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Long-term clinical and safety outcomes from a
single-site phase 1 study of neural stem cell
transplantation for chronic thoracic spinal cord

injury

Graphical abstract
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In brief

Pre-clinical studies of spinal cord-derived
neural stem cell (NSI-566) for spinal cord
injury showed promising results. Martin
et al. report the results of the 60-month
study of a phase 1 first-in-human clinical
trial of perilesional NSI-566 implantation
in four patients with chronic ASIA-A
thoracic spinal cord injury.
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SUMMARY

We report the long-term results for a phase 1 study of neural stem cell transplantation for chronic spinal cord
injury. The trial was registered on ClinicalTrials.gov as NCT01772810. The primary outcome of the trial was to
test the feasibility and safety of human spinal cord-derived neural stem cell (NSI-566) transplantation for the
treatment of chronic spinal cord injury in four subjects with thoracic two to thoracic twelve spinal cord injury.
Here, we report that all four subjects tolerated the stem cell implantation procedure well, and two subjects
had durable electromyography-quantifiable evidence of neurological improvement as well as increased

neurological motor and sensory scores at five years post-transplantation.

INTRODUCTION

Spinal cord injury (SCI) is a devastating condition that results in
significant impairment of millions of individuals worldwide."
Management of SCI primarily focuses on stabilizing the injury,
preventing further damage, and rehabilitating the patient to po-
tential functional recovery.?® Traditional treatments include sur-
gery and neurological rehabilitation. In recent years, neuromodu-
lation® and cell-based therapies® have emerged as promising
procedures for SCI. Among the various types of stem cells,
fetal-derived neural stem cells (NSCs) have a favorable safety
profile due to their established lineage commitment potential
and lack of teratoma formation.

Previously, we reported on the safety and tolerability of implan-
tation of the NSC line NSI-566 in chronic thoracic complete SCl pa-
tients.® The NSI-566 line is a human NSC line authorized by the
Food and Drug Administration (FDA) for clinical testing.'° Since
the initial safety report® that followed patients for 18 months in a
60-months study, several human trials using NSC for SCI have
described similar results.”'~"® Here we report the long-term exten-
sion of the previously documented 18-months outcome results of
the first cohort of patients enrolled in a five-year phase 1 first-in-hu-
man clinical trial of implantation of an NSC product, NSI-566, into
the injury site of patients with chronic ASI-A grade thoracic SCI.

RESULTS
Phase 1 clinical study design

Inclusion and exclusion criteria are previously described in our
initial report.” The patient’s surgery was at least one year but

no more than two years after traumatic SCI, classified as
AISA-A, and with levels T2-T12. No control group was included
(Figure 1). All subjects received spinal cord injections of human
spinal cord-derived NSCs (NSI-566). The trial was registered
on ClinicalTrials.gov as NCT 01772810. IRB approval was
granted by UCSD Health Center, Human Research Protections
Program (HRPP), 9452 Medical Center Drive, La Jolla, CA
92037. A total of four subjects received NSI-566 spinal cord im-
plantation with a post-procedure follow-up of five years. All sub-
jects tolerated the procedure well with no serious adverse events
(SAEs) in the immediate post-procedure period. Prospective
data were collected including International Standards for the
Neurological Classification of Spinal Cord Injury (ISNCSCI)
scores, functional and pain surveys, Spinal Cord Independence
Measure (SCIM) scores, electromyography (EMG), Brain Motor
Control Assessment (BMCA), and serial MRI. The presence of
donor-specific human leukocyte antigen (HLA) antibodies was
also monitored periodically.

NSI-566

NSI-566 was derived from a single postmortem spinal cord of an
eight-week gestational age fetus and was obtained in compli-
ance with the National Institutes of Health (NIH) and FDA Good
Tissue Practice Guidelines. NSI-566 was provided as a live-cell
suspension and was prepared one day prior to each scheduled
surgery at a cGMP facility. One or more vials of the cryopre-
served CCB were thawed at once, washed of the freezing me-
dium by repeated centrifugation in a hibernation medium (HM),
and concentrated to a final concentration of 2 x 10° cells/mL
of HM. This target concentration had been established for being
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Screeningt
n = 10 patients

Intra-operative Procedure

Inclusion Exclusion

® Penetrating trauma
® Spinal cord transection

e Men and women aged 18-65

e 1-2 years from injury

e T2-T12 IN-SCI AIS-A injury

e Confirmation of CT bone fusion
® Agrees to 5 year follow-up

Medical conditions, etc.

® Syrinx or cysts > 2cm in length
e Autoimmune disease, Unstable

Floating Injection Cannula

y

Patient Selection & Operation

Surgical

n = 4 patients
Age 29.75 years [25-35 years]TT
Gender 1 female, 3 male
Number of injections 6

Hospital length of stay 6.75 days [6-8 days]

Time since implantation 372 days [175-553 days]

ttmean [range]

v

Follow-up (Every 6 months for 5 years)

e Clinical
o Pain questionnaires
o Quality of Life (Functional Independence Measure, Spinal cord
independence)
0 ISNC-SCI examination
o Neurophysiology
o EMG, Brain control motor assessment
e Imaging
o 1.5T MRl imaging, DTl imaging

Advantages from this stud

e NSI-566 transplantation can be performed safely

e EMG evidence of neurological improvements

o INSNSCI neurological motor and sensory score
improvements

o No serious adverse effects of NSI-566 cellular
product

Figure 1. Eligibility screening, patient selection, intra-operative procedure, follow-up, and advantages noted from this study

tSee Curtis et al. for complete screening criteria.

safe and adequate for intraspinal injections by series of pre-clin-
ical”® and clinical studies.™®

Neural stem cell implantation

The NSI-566 injections were delivered at a dose of 2 x 10° cells
per injection site bilaterally into the remaining tissue lateral to the
injury site with the aid of a floating cannula and within the medial
white matter-appearing tracts of approximately one segment
below the injury site, as verified by intra-operative fluoroscopy
imaging. Injections were made using a customized stereotactic
cell injection device.'*

Adverse events

Adverse events are reported in Table 1. There were 65 adverse
events recorded, but only one SAE in the four transplanted pa-
tients (0.25 SAEs per patient). Subject 008 died from complica-
tions from sepsis related to a sacral ulcer after 30 months
post-transplant.

Neurological responses

ISNCSCI exams were performed at initial screening, four weeks,
and 12 weeks in the post-surgical period, and then at every six
months until study completion (Table 2). The most rostral injec-
tion site was the first segment caudal to the neurological level
defined by the initial ISNCSCI examination. Two patients (001

2 Cell Reports Medicine 5, 101841, December 17, 2024

and 010) experienced improvements in neurological level of
injury (NLI), motor score, and sensory score as demonstrated
by physical exam (Figure 2). Compared to neurological score
at two years after cell grafting,® subject 001 experienced a
decline from two levels of improvement (at two years) to one level
of improvement at five years. Subject 010 improvement re-
mained stable at one level of neurological improvement at both
two and five years.

Withdrawal of immunosuppression

In all four subjects, tacrolimus and mycophenolate mofetil were
withdrawn at 12 weeks post-transplantation. Subject 010 devel-
oped positive anti-HLA antibodies at six months. Further anal-
ysis revealed that the measured anti-HLA antibodies of CW1,
CW8, DRB1*04:04, and DR16 were not antibodies with speci-
ficity against the HLA alleles of the donor cells. The subject de-
nied additional transfusions or blood products post-implanta-
tion, and a bystander immune response was ruled out when
months 12 and 18 revealed similar anti-HLA antibody results. It
was concluded that the immunoreactivity present in the patient
was not related to the NSC treatment.

Pain and spinal cord independence measurements
Two of the four patients (001 and 006) had overall decreased
pain scores post-operatively (Figure 3), which included both
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Table 1. Summary of adverse events in all 4 transplanted patients

Relationship Relationship to Relationship Relationship to
Adverse event Total Serious to study drug immuno-suppressant to surgery surgical device
Cardiac disorders 0 0 0 0 0 0
Gastrointestinal disorders 18 0 0 0 0 0
General disorders and administration 8 0 0 0 0 0
site conditions
Infections and infestations 9 1
Injury, poisoning, and procedural 9 0
complications
Investigations
Metabolism and nutrition disorders
Musculoskeletal and connective
tissue disorders
Nervous system disorders 4 0 0 0 0 0
Psychiatric disorders 4 0 0 0 0 0
Renal and urinary disorders 1 0 0 0 0 0
Reproductive system and breast disorders 0 0 0 0 0 0
Respiratory, thoracic, and mediastinal 2 0 0 0 0 0
disorders
Skin and subcutaneous tissue disorders 8 0 0 0 0 0
Vascular disorders 0 0
Total 65 1

discomfort and allodynia in the transition zone, surgical site pain,
and neuropathic and nociceptive pain elsewhere. Patient 008
experienced mildly increased pain, and patient 010 pain scores
remained mostly constant. Quality of life SCIM scores for three
patients (001, 006, and 010) saw a nonsignificant change. Patient
008 experienced a large decline in SCIM score due to an SAE at
30 months due to a sacral ulcer.

Dynamic response assessment by MRI and DTI imaging
MR imaging for all patients demonstrated varying degrees of
focal spinal cord myelomalacia (Figure 4). There was no radio-
graphical evidence of immediate or delayed complications after
the NSC injections, including no new areas of cord or soft-tissue
edema, enhancement, or development of swelling or fluid col-
lections on immediate post-procedural or follow-up imaging.
No visible morphologic change was observed in the spinal
cord myelomalacia on either the pure anatomic or diffusion
tensor sequences. In all four patients, diffuse tensor imaging
(DTI) imaging revealed a stable appearance of spinal cord tracts
both at the injury site and rostral/caudal to the injury site but did
not show extensive evidence of remodeling or improvement of
tractography.

Neurophysiologic responses

In subject 001 (T8 level of injury), EMG showed activity at left T9
and right T10 rectus abdominis and paraspinal muscles at four
weeks post-transplant (Table S1). This improved to more prom-
inent bilateral T10 paraspinal activity at 27 months. BMCA also
showed newly developed muscle responsiveness in lower limbs

to reinforcement maneuvers at 27 months. At 60 months, con-
stant EMG activity was recorded from the right tibialis anterior
muscle and right toe, and needle EMG also indicated some
new voluntary control of rectus abdominis bilaterally at T11
and T12 at the left. In subject 006 (T7 level of injury), 12-month
EMG analysis showed new voluntary activity in the right rectus
abdominus and bilateral T6 to T8 paraspinal muscles. At
18 months post-grafting, the patient developed sensation during
EMG needle insertion at T9 bilaterally. From 36 to 54 months,
new EMG analysis showed improved control of rectus abdomi-
nus muscles bilaterally at T10 and paraspinal muscles at T10-
T11. At 60 months, BMCA showed newly developed muscle
responsiveness in lower limbs to reinforcement maneuvers (Fig-
ure 5). Subject 010 (T5 level of injury) continued to show EMG ac-
tivity in the right superficial paraspinal muscle at T7 from six to
36 months post-transplant, and BMCA showed suggestion of
newly developed muscle responsiveness in lower limbs to rein-
forcement maneuvers at 42 months.

DISCUSSION

Embryonic stem cells were among the first reservoirs of pluripo-
tent stem cells to be utilized for use in SCI cell-based therapy
research.>'>"'% Recently, Levi and colleagues conducted a
phase 2 trial using a fetal brain-derived human CNS stem cell
line (HUCNS-SC) in chronic SCI patients with cervical injury."
In the study, six patients were transplanted with varying cell
doses to define an optimal dose. This derived optimal dose
was applied to a treatment group of six new patients and
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Table 2. Timeline of post-operative outcome measures

Baseline Wk 4 Wk 12 Mo 6 Mo 12 Mo 18 Mo 27 Mo 30 Mo 36 Mo 42 Mo 48 Mo 54 Mo 60
Subject 001 NLISR T8 T8 T8 T10 T10 T10 T9 uTT T9 uTtT utT uTT T9
29 yo NLI SL T8 T8 T8 T10 T10 T10 T9 — T9 — — — T9
A NLIMR T8 T8 T8 T10 T10 T10 T9 — T9 — — — T9
NLIML T8 T8 T8 T10 T10 T10 T9 = T9 = = = T9
NLI T8 T8 T8 T10 T10 T10 T9 - T9 - - - T9
HLA Neg ND Neg ND Neg Neg Neg = ND = = = ND
FIM 109/128  87/128 109/128  109/128 ND ND ND - ND - - - ND
SCIM 67/100 64/100 67/100 67/100 67/100 67/100 67/100 - 69/100 - - - 67/100
Pain 6/10 8/10 0/10 0/10 0/10 2/10 0/10 - ND - - - 4/10
Subject 006 NLISR  T7 T7 T7 ND T7 T7 T7 T7 T7 T7 T7 T7 T7
35yo NLISL T8 T7 T7 ND T7 T7 T7 T7 T7 T7 T7 T7 T7
T7NU NLIMR  T7 T7 T7 ND T7 T7 T7 T7 T7 T7 T7 T7 T7
NLIML T8 T7 T7 ND T7 T7 T7 T7 T7 T7 T7 T7 T7
NLI T7 T7 T7 ND T7 T7 T7 T7 T7 T7 T7 T7 T7
HLA Neg ND ND ND Neg Neg ND ND ND ND ND ND ND
FIM 109/128 ND 109/128  109/128 ND ND ND ND ND ND ND ND ND
SCIM 74/100 74/100 74/100 74/100 74/100 74/100 74/100 72/100 72/100 72/100 70/100 70/100  70/100
Pain 6/10 2/10 3/10 4/10 3/10 3/10 2/10 2/10 3/10 2/10 5/10 4/10 4/10
Subject 008 NLISR T2 T2 = = T2 T2 T2 T2 = = = = =
37 yo NLI SL T2 T2 = = T2 T2 T2 T2 = = = = =
Rl NLIMR T2 T2 - - T2 T2 T2 T2 - - - - -
NLIML T2 T2 - - T2 T2 T2 T2 - - - - -
NLI T2 T2 - - T2 T2 T2 T2 - - - - -
HLA ND PRA | neg - - Neg Neg ND ND - - - - -
PRA II: “Weakly
positive”
FIM 109/128  82/128 - - ND ND ND ND - - - - -
SCIM 67/100 67/100 — — 67/100 67/100 67/100 45/100 - — — — —
Pain 4/10 6/10 — — 6/10 5/10 7/10 7/10 - — — — —

(Continued on next page)
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compared to a control group. Transplantation with HUCNS-SC
was deemed safe, feasible, and well tolerated in the study.
Trends toward improvement in motor function and spasticity
were also observed. Similarly, our human NSC study proved to
be safe.

As described, there were 65 adverse events recorded, but
only one SAE. Subject 008 died from complications from sepsis
that was likely related to a sacral ulcer after 30 months post-
transplant. This serious event was most likely not directly attrib-
uted to NSI-566 or from surgery. Both immunosuppression
drugs, tacrolimus and mycophenolate mofetil, are withdrawn
at 12 weeks post-transplantation. From examination reports,
subject 008 did not have a sacral ulcer at the beginning of the
study. Sacral ulcers can be common in patients with neurolog-
ical injury,'” but immunosuppression cannot be ruled out as a
potential contributor to the cause of the sacral ulcer and ulti-
mate sepsis infection. The family of subject 008 did not wish
to perform an autopsy.

Itis unclear when NSCs should be transplanted after the initial
SCI. Our study focused on chronic SCI of at least greater than
one year after injury.>'"'®"9 Data from pre-clinical studies sug-
gest that transplantation in the subacute period can contribute
to improved remyelination of axons in SCI, as compared to
several months after injury.’® Likewise, a few studies have
looked at implantation of stem cells in the immediate injury
period. Bone-marrow-derived mesenchymal stromal cells
(MSCs) have been shown to migrate to the site of injury, and
more favorable effects have been observed when transplanta-
tion of MSCs occurred a week after, rather than immediately
after injury,>""?? but it did not have durable effects. The role of
immunity likely has a role in this observed delayed effect. Cumu-
lative data suggest that the pro-inflammatory microenvironment
following SCl results in suboptimal conditions for NSC regener-
ation and differentiation thereby necessitating an immunosup-
pressive regimen.'"?® In this study, tacrolimus and mycopheno-
late mofetil were used with no serious adverse effects due to
medications.

Imaging studies also showed no concern for adverse effects,
including no tumor growth, or concern for infection or immune
rejection. As described in our preliminary paper, DTl was per-
formed for research purposes. DTl enables both qualitative
and quantitative assessment of the spinal cord and could reveal
functional tracts of the spinal cord in SCI that could be improved
after stem cell implantation.?*° In our study, DTl revealed a sta-
ble appearance of spinal cord tracts both at the injury site and
rostral/caudal to the injury site but did not show extensive evi-
dence of remodeling or improvement of tractography.

Secondary measures included pain, ISNCSCI exam, and elec-
trophysiological tests. Two of the four patients had overall
decreased pain scores post-operatively, which included both
discomfort and allodynia in the transition zone, surgical site
pain, and neuropathic and nociceptive pain elsewhere. ISNCSCI
exams were performed until study completion. At the end of the
study (42-60 months post-transplant), two patients experienced
improvements in NLI, motor score, and sensory score. Likewise,
BMCA and EMG revealed new activity in lower-extremity muscle
groups. EMG also revealed voluntary control of the rectus
abdominis muscle below the level of injury in two subjects and

Mo 48 Mo 54 Mo 60
uTtT uTtT uTT

Mo 42
ND

ND
73/100
0/10

T6
T7
T6
T7
T6

Mo 36
ND

ND
75/100
0/10

Mo 30

UtT T6
T7
T6
T7
T6

Mo 27
utT

HLA T and Il
75/100
0/10

positive for
ND

Mo 18
T6
T7
T6
T7
T6

positive for

HLA land Il
D

75/100

0/10

Mo 12
T6
T7
T6
T7
T6

109/128
75/100

Mo 6

T6

T7

T6

T7

T6

positive for
HLA land Il
0/10

109/128
75/100

Wk 12
ND
ND
ND
ND
ND
ND
0/10

Wk 4
T5

T5

T5

T5

T5

ND
90/128
75/100
3/10

109/128
75/100

0/10
yo, years old; NLI, neurological level of injury; SR, sensory right; SL, sensory left; MR, motor right; ML, motor left; FIM, functional independence measure; SCIM, spinal cord independence mea-

Baseline
sure; ND, not done; UTT, unable to travel.

T5
T5
T5
T5
T5
Neg

|
|
|
|
|
LA
IM
SCIM
Pain

Table 2. Continued

Subject 010

27 yo
T5 NLI
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Figure 2. ISNCSCI exam scores from
screening to 60 months reveals

(A and B) a one level improvement in NLI for subject
001 and 010 and remained stable for subjects 006
and 008; (C and D) average motor and sensory
scores improved one level in subject 001 and 1.5
levels in subject 010; (E and F) zone of partial
preservation motor remains stable across all 4
subjects, and sensory improved 1-2 levels in all 4
patients.

at T9-T10 at four weeks, bilateral T10 at
27 months, and T11-T12 at 60 months.
Subject 006 (T7 level of injury) improved
from T6-T8 at 12 weeks to T10-T11 after
42 months. Subject 010 (T5 level of injury)
improved to T7 after 6 months.

The improvement in ISNCSCI scores
supports the EMG findings. Alternative ex-
planations include a significant difference
in patient effort between the studies or
development of spasticity, interrater vari-
ability, and multilevel innervation with par-
aspinal EMG. Subject 006 did not experi-
ence an improvement in ISNCSCI exam
scores but did show new voluntary and
EMG activity in lower muscle groups. It
may be expected that subclinical reinner-
vation would be detected by EMG initially,
prior to any manifestation of clinical
improvement in ISNCSCI score.

It is important to note that sensory or
motor improvement was observed within
the first six months of the study. Patient
010 improved to one level of sensory and
motor improvement at six months and
then remained stable throughout the dura-
tion of the study. Patient 001 improved
two levels of sensory and motor but drop-
ped from two to one level of improvement
at 27 months post-transplant and then re-

paraspinal muscles in three subjects. None of these outcomes
translated into any functional improvements, as patients re-
mained ASI-A complete SCI.

Electrophysiological defined improvement seen in three of
four of our subjects may reflect several mechanisms including
improved myelinization or development of new synaptic con-
tacts with the host neurons and descending motor tracts via a
functional reconnection of supraspinal motor centers within
spinal circuitry.”#?%?” Subject 001 showed two levels of sen-
sory and motor improvement after six months post-transplant,
and eventually stabilizing at one level of improvement after
27 months. Subject 010 also showed a stable improvement in
one to two levels of sensory and motor levels after six months
post-transplant. Similarly, subjects 001, 006, and 010 exhibited
gradual two-to-four level increases in EMG activity over the
course of the trial. Subject 001 (T8 level of injury) showed activity

6 Cell Reports Medicine 5, 101841, December 17, 2024

mained stable (Figures 2A-2D). There were no motor or sensory
improvements observed in the time after our initial preliminary
publication.” Motor zone of partial preservation (ZPP) did
observe an improvement at six months but returned to pre-study
levels after 20 months post-transplantation (Figure 2E). Similarly,
two of four patients showed improvement in pain measures at six
months post-transplant, and any such potential improvement
showed gradual decrease during the 60 months follow up
(Figure 3A).

Patients with SCI are often counseled that any motor or sen-
sory improvement usually will occur within the first two years af-
ter injury.”® However, there are case reports of improvements
after two years.?® Thus, it is plausible that the observed post-
2-year minor changes in these four patients with ASI-A SCI
may be from spontaneous recovery with or without a contribu-
tion from stem cell transplantation.
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A Pain B sSCIM Figure 3. Pain and spinal cord independence
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: 1 2 -10- significantly decreased in 1 patient.
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It is also not defined whether a higher degree of synaptic for-
mation could be achieved at higher cell doses. This safety study
showed safety and tolerability and supports a further FDA-
approved study in our cervical spine cohort. The dose of NSCs
utilized was based on the safe and well-tolerated dose used
for ALS and showed proof-of-concept results that are sugges-
tive of functional improvement.

Limitations of the study

Overall, this trial has demonstrated encouraging secondary data,
but we emphasize that the study was designed as a safety trial
without statistical power, or a control group needed to fully eval-
uate functional changes related to NSC grafting. Nonetheless,
clinical data at five years post-NSC transplantation indicate
some quantifiable and tractable responses and merit further
investigation with dose-escalation studies in patients with
chronic SCI.

vy r

Subject 001 Subject 006

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be
directed to and will be fulfiled by the lead contact, Joseph D. Ciacci
(iciacci@ucsd.edu).

Materials availability

Requests for reagents should be directed to and will be fulfilled by the lead
contact with a completed materials transfer agreement. Cell source requests
should be directed to Seneca Biopharma, 20271 Goldenrod Lane Suite 2024
Germantown, MD 20876.

Data and code availability
e All data reported in this paper will be shared by the lead contact upon
request.
o This paper does not report original code.
o Any additional information required to reanalyze the data reported in this
paper is available from the lead contact upon request.

~ Subject 008

Subject 010

Figure 4. MRI cervical-thoracic T2 sagittal and AvDC sagittal sequences

(A) Subject 001 at 60 months (T2) and 18 months (AvDC) post-transplant (myelomalacia is seen at the area of SCI with no extension of myelomalacia or syrin-
gomyelia post-transplant), (B) subject 006 at 60 months (T2) and 30 months (AvDC) post-transplant, (C) subject 008 at 24 months (T2, AvDC) post-transplant, and
(D) subject 010 at 24 months (T2, AvDC) post-transplant. In all four patients, T2 and AvDC imaging revealed a stable appearance of the spinal cord both at the

injury site and rostral/caudal to the injury site.
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Figure 5. BMCA to identify voluntary or reinforcement maneuver-initiated EMG activity
(A and B) Recording of voluntary or reinforcement maneuver-triggered BMCA activity showed no detectable BMCA responses at 18 months after cell trans-

plantation in subject 006.

(C and D) Subsequent recording performed at 60 months after transplantation showed suggestion of volitional EMG response in tibialis anterior (C) and after a
reinforcement maneuver (D). Red arrowheads show new activity in tibialis anterior with volitional bilateral hip flexion command and reinforcement maneuver (neck

flexion and deep breath). The horizontal black bar indicates onset marker.

(E and F) No detectable BMCA volitional or reinforcement maneuver response was observed at 18 months in subject 010.
(G and H) Recording at 42 months suggests new EMG activity in medial hamstring with reinforcement maneuver (H) but not with volitional command (G).
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REAGENT or RESOURCE SOURCE IDENTIFIER
Experimental models: Cell lines

Human fetal spinal cord-derived neural precursor line Neuralstem Inc. NSI-566

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Clinical trial design and patient selection

This was a Phase | safety study of human spinal cord-derived neural stem cell transplantation for the treatment of chronic spinal cord
injury (SCI). Chronic SCI was defined as at least one year but no more than two years after traumatic SCI. Four subjects with chronic
SCl classified as AlS-A, motor and sensory complete SCI, levels T2-T12, who met eligibility criteria were enrolled. No control group
was included. Inclusion and exclusion criteria are listed in our preliminary report.® All subjects received spinal cord injections of hu-
man spinal cord derived neural stem cells (NSI-566). The trial was registered on ClinicalTrials.gov as NCT 01772810. IRB approval
was granted by UCSD Health Center, Human Research Protections Program (HRPP), 9452 Medical Center Drive, La Jolla, CA 92037.

NSI-566 neural stem cell line

NSI-566 is a human spinal cord-derived neural stem cell line that was derived from a single postmortem spinal cord of an eight-week
gestational age fetus. This tissue was obtained in compliance with the National Institutes of Health (NIH) and Food and Drug Admin-
istration (FDA) Good Tissue Practice Guidelines, and under a protocol approved by an outside independent review board. Neural
stem cells were isolated by dissociating a single piece of spinal cord tissue of lower cervical/upper thoracic region and expanding
it as a single line.

For cell administration, NSI-566 was provided as a live-cell suspension that required no further manipulation. The cell suspension
was prepared one day prior to each scheduled surgery at a cGMP facility with a final concentration of 2 x 10° cells/mL of hibernation
medium. This target concentration had been established for being safe and adequate for intraspinal injections by series of preclin-
ical”® and clinical studies.®*° The cell suspension was then shipped to the surgery site for overnight delivery by a commercial pack-
age courier.

Before proceeding with cell administration, the cells suspension was inspected for cell viability to proceed with the implantation.
The clinical lot of NSI-566 had undergone extensive preclinical safety and efficacy studies in various small and large animal studies,
which had been reviewed by the US FDA under an IND (Investigational New Drug) application (#014413).

Each subject received total of six intraspinal injections (2 x 10° cells/injection delivered in 10uL of hibernation buffer). The injections
were placed bilaterally into the remaining tissue lateral to the injury site and within the medial white matter-appearing tracts of approx-
imately one segment below the injury site, as verified by intra-operative fluoroscopy imaging. Injections were made using a custom-
ized stereotactic cell injection device.'*

METHOD DETAILS

Surgical and neural stem cell implantation procedure

The intervention included placing an anesthetized subject in the prone position and sterile processing of the associated surgical ma-
terials. An incision was performed in the posterior midline and a laminectomy was performed over the injured spinal cord segments.
All prior fusion hardware was safely explanted to allow for optimum post-transplant serial magnetic resonance imaging (MRI).
Following laminectomy, a small incision was made in the dura allowing exposure of the injured spinal cord segment. The stereotaxic
injection frame platform was then attached to percutaneous posts above and below the laminectomy site."* The injection device con-
sisted of a Z-drive holding a beveled needle in perpendicular position over the exposed spinal cord. The top end of the needle was
attached to tubing which was attached to a microprocessor-controlled syringe pump. The syringe was backfilled with mineral oil to
eliminate air and to create an immiscible barrier against aqueous solution in the syringe. The syringe plunger was inserted into the
syringe and attached to the drive spindle of the injection pump. Separately, the injection cannula was manually filled with sterile inject-
able saline to eliminate air and loaded with the cell suspension. Bilateral injection positions were determined by preoperative MRl and
targeted approximately 1 mm lateral to tissue bordering the injury site. The needle was lowered into the spinal cord to the depth of
approximately 4 mm from the pial surface. The guide sheath was retracted which converted the cannula into a “floating cannula.”
This feature allowed for accuracy of delivery without suspension of respiration. The cell suspension was then injected using the sy-
ringe pump at flow rate of 5.0 uL/min for a period of 2 min. The needle was left in place for 1 min after injection and then slowly pulled
out of the spinal cord for all six injections. After all injections were completed, the dura was then closed in a watertight fashion, and the
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posterior spinal fascia and skin was closed in meticulous layers. Subjects were then extubated, followed by recovery in post-anes-
thesia care unit and intermediate level care unit of the hospital.

Immunosuppression

All four subjects were initiated and maintained for 12 weeks on a combination cocktail of immunosuppressive (IS) regimen14'3o: Ba-
siliximab (Simulect) 20 mg intravenous (IV) administered within 2 h prior to transplantation surgery and second dose of 20 mg on post-
transplant day three or four. Tacrolimus was started on post-transplant day one (0.1 mg/kg/day every 12 h by mouth, trough level 4—
8 ng/mL). Mycophenolate mofetil was started on post-transplant day one at 500 mg twice a day, increased to 500 mg in the morning
and 1 gm at night on post-transplant day eight, and increased to 1 gm twice per day on post-transplant day 15. Tacrolimus and my-
cophenolate mofetil were then weaned after 12 weeks post-transplantation. Medications were reduced by half at weeks 13 and 14,
followed by complete cessation at week 15. The presence of antibodies against donor HLAs were monitored. Changes in MRI inten-
sity at the cell transplant area were also monitored before and after the IS withdrawal.

Outcome measures

Primary outcome measures included adverse events and clinically significant laboratory abnormalities. Additional secondary
outcome assessments were made to measure any post-operative changes. Quality of life scores and physical exams were conduct-
ed, including ISNCSCI (International Standards for the Neurological Classification of Spinal Cord Injury), SCIM (Spinal Cord Indepen-
dence Measure), Functional Independence Measure (FIM), allodynia and neuropathic pain, and bowel and bladder follow-up. Neuro-
physiological changes were monitored when feasible by needle electromyography (EMG) and/or surface poly-electromyography
Brain Motor Control Assessment (BMCA).®"**? Graft survival in the transplant site was determined by MRI and via autopsy if one
is completed. Imaging studies were performed using standard 1.5-3.0T MRI for safety monitoring. Diffusion tensor imaging in this
study used both 1.5T GE Signa HDxt and 3.0T GE Discover 750w MRI scanners, single BO scan, with 15 directions at b = 600
s/mm2. 2D diffusion weighted-EPI used flip angle 90, TR 2500-5000ms, TE 64-95ms, matrix size 128 x 32-38x8-12, FOV 200-
340 x 200-340 x 32-48 mm3, 3.5-4mm slice thickness, 8-12 slices, pixel BW = 1953 Hz/pixel, PE direction = left to right, and 1
measurement. The effectiveness of immunosuppression was determined by absence of donor-specific HLA antibodies. Subjects
were followed postoperatively at two weeks, monthly for six months, and at every six months for up for total 60 months post
stem cell treatment. Patients did not receive any additional rehabilitation beyond their routine outpatient physical and occupational
therapy.

Study oversight

An independent Data Safety Monitoring Board (DSMB) was convened at approximately four-week intervals to review the available
safety data. The DSMB was tasked with making specific recommendations regarding study continuation. It did not identify any safety
issues which precluded continuation of the study.

QUANTIFICATION AND STATISTICAL ANALYSIS

The data collected from these methods were analyzed descriptively, given the small sample size. No control group was included, and
statistical power calculations were not applicable. The outcomes were primarily presented in terms of individual observed values
rather than inferential statistical tests.

ADDITIONAL RESOURCES

The trial was registered in ClinicalTrials.gov as NCT01772810 and supported by the UC San Diego Sanford Stem Cell Clinical Center
and the CIRM UC San Diego Alpha Stem Cell Clinic.
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