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Abstract

A phase 1 open-label, non-randomized clinical trial was conducted to determine feasibility and safety of
autologous human Schwann cell (ahSC) transplantation accompanied by rehabilitation in participants
with chronic spinal cord injury (SCl). Magnetic resonance imaging (MRI) was used to screen eligible partic-
ipants to estimate an individualized volume of cell suspension to be implanted. The trial incorporated stan-
dardized multi-modal rehabilitation before and after cell delivery. Participants underwent sural nerve
harvest, and ahSCs were isolated and propagated in culture. The dose of culture-expanded ahSCs injected
into the chronic spinal cord lesion of each individual followed a cavity-filling volume approach. Primary out-
come measures for safety and trend-toward efficacy were assessed. Two participants with American Spinal
Injury Association Impairment Scale (AIS) A and two participants with incomplete chronic SCI (AIS B, C) were
each enrolled in cervical and thoracic SCI cohorts (n=8 total). All participants completed the study per pro-
tocol, and no serious adverse events related to sural nerve harvest or ahSC transplantation were reported.
Urinary tract infections and skin abrasions were the most common adverse events reported. One partici-
pant experienced a 4-point improvement in motor function, a 6-point improvement in sensory function,
and a 1-level improvement in neurological level of injury. Follow-up MRI in the cervical (6 months) and tho-
racic (24 months) cohorts revealed a reduction in cyst volume after transplantation with reduced effect over
time. This phase 1 trial demonstrated the feasibility and safety of ahSC transplantation combined with a
multi-modal rehabilitation protocol for participants with chronic SCI.
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Introduction

In chronic spinal cord injury (SCI), there is neuropatho-
logical, neurophysiological, and magnetic resonance im-
aging (MRI) evidence that the remyelination of damaged
central axons is incomplete.'™ Cell transplantation is
one approach to assist recovery in chronic SCI. Schwann
cells (SCs), which can enter the injury epicenter as part of
a natural post-injury process called schwannosis,’ is an ex-
cellent candidate for cell transplantation. When mitogen

expanded SCs are transplanted into chronic post-SCI cav-
ities in animal models, they engender new tissue forma-
tion, bridging the cavity, and can have trophic effects
that elicit plasticity of residual damaged axons.” The im-
proved function in a modest number of axons can have
effects that are detectable with standardized animal behav-
joral tests.” Thus, it is hypothesized that similar improve-
ments in function may occur in humans with chronic
SCI when transplanted with autologous SCs.®
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Schwann cells support spinal cord repair after SCI in a
number of ways. In rodent SCI models, transplanted SCs
have been found to survive in the central nervous system
(CNS),”?7!'! prevent secondary tissue damage,’'*"?
and reduce the substantial cavitation that occurs fol-
lowing contusive SCL*'* Transplanted SCs provide a
physical substrate that supports growing axons, ' and
release growth-promoting molecules' and favorable com-
ponents of the extracellular matrix such as collagen and
laminin.'® SCs also express cell adhesion molecules that
support axon growth, such as neural cell adhesion mole-
cule and L1 on their surfaces.'” Transplanted SCs have
been shown to support new growth of sensory and proprio-
spinal axons,'”'®! ensheath and myelinate regenerating
or demyelinated axons,9’l 1142021 314 restore axonal con-
duction.”>? Further, SCs transplants do not exhibit tumor-
igenicity or enhance behavioral hypersensitivity after
SCI.** Recent studies show that implanted SCs may also
be neuroprotective by reducing the pro-inflammatory re-
sponse after SCL? In addition, SC transplantation has
been shown to improve functional recovery in pre-clinical
subacute”"? and chronic SCI models.”

Our team published a phase 1 clinical trial evaluating the
safety of autologous human SC (ahSC) transplantation into
the injury epicenter of six participants with subacute (4-7
weeks post-injury) thoracic complete SC1.%¢ Autologous
SCs were cultured in vitro from an approximately 15-cm
segment of sural nerve harvested from each participant.
The ahSCs were then transplanted into the epicenter of the
spinal lesion using a stereotactic injector anchored to the op-
erating table under apnea in a sequential dose escalation par-
adigm. At 1 year post-transplantation, there were no serious
adverse events related to the cell therapy. There was no de-
tectable evidence of additional spinal cord damage, mass le-
sion, or syrinx formation seen on post-transplantation MRI.
Participants continue to be monitored in yearly visits—with
most participants now at over 5 years follow-up. There have
been no reported long-term adverse sequelae. We demon-
strated longitudinal neurophysiological changes over a 1-
year period before and after ahSC transplantation in these
participants.”” Observed changes included the emergence
of motor evoked potentials (MEPs) and subclinical volun-
tary electromyography (EMG) activation in the legs and
detectable connections to intercostals below the clinically-
determined neurological level of injury (NLI). In addition,
changes indicating recovery of sudomotor sympathetic ac-
tivity were documented.

In chronic SCI, there is general agreement that potential
repair strategies should be combined with rehabilitation
protocols to improve functional recovery.”® Strategies
that combine invasive and non-invasive treatments with re-
habilitation training can trigger coordinated neural activity
leading to neuroplasticity, a key mechanism to promote re-
covery following SCI.?** Indeed, the strongest evidence
for efficacy in SCI clinical trials was associated with

those that included an exercise component.35’36 However,
variations in the conditioned state of the body can confound
functional outcome measures in trials that combine rehabil-
itation with other therapies. For this reason, to assess the
impact of therapeutic agents, it is optimal that clinical
trial participants with chronic SCI first achieve a standard
conditioned state.>” The addition of standardized training
protocols pre- and post-transplant for each participant po-
tentially primes the body for the best physical response to
the intervention and can allow a more rigorous assessment
of transplantation effect.*®

The primary purpose of this phase 1 trial was to assess the
safety and feasibility of ahSC transplantation using an indi-
vidualized dosing strategy with a cavity-filling technique in
participants with chronic SCI. We included a unique multi-
modal physical training protocol and designed the study to
evaluate a potential trend towards efficacy assessed by var-
ious quantitative and qualitative measures.

Methods

Trial design

This was a phase 1, prospective, open-label, unblinded, non-
randomized, U.S. Food and Drug Administration (FDA)—
approved clinical trial (NCT02354625) designed to evaluate
the safety of transplantation of ahSC in participants with
chronic SCI. The trial was specifically designed to test the
ahSC transplants in progressively more incomplete neuro-
logic injuries (American Spinal Injury Association Impair-
ment Scale [AIS] A to C), progressing from cavities in
the thoracic to the cervical spinal cord—escalating the
risk and potential benefit in a step-wise fashion. Thus,
each successive participant’s transplant was based on the
observation of a short-term safety readout from preceding
SCI participants within the trial. Written informed consent
was obtained in a two-step process ahead of screening and
again before transplant from all study participants accord-
ing to the protocol approved by the Human Subjects
Research Office at the University of Miami Miller School
of Medicine (eProst #20140846).

Potential participants underwent a screening process
to determine eligibility. Following acceptance to the
trial, participants were engaged in on-site study activities
for 10 consecutive months (Fig. 1) and have continued to
be monitored for 5 years post-transplant. A week of
baseline assessments (Baseline 1, Week 1) preceded
any study interventions. A sural nerve harvest procedure
was then performed (Week 2). Participants then engaged
in fitness and rehabilitation training for 12 weeks (Weeks
3-14) at the Miami Project to Cure Paralysis. Baseline
assessments were repeated (Baseline 2) to capture any
changes resulting from participation in the fitness pro-
gram. Transplantation of ahSC was performed at the
University of Miami Hospital, and participants spent
an average of 3-4 inpatient days in a step-down unit. Par-
ticipants recuperated for 3-4 weeks following surgery,



SCHWANN CELL TRANSPLANT FOR CHRONIC SCI

287
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then resumed participation in the fitness and rehabilita-
tion program with the principal investigator’s approval.
Assessments were repeated at 2 and 6 months post-
ahSC transplantation. Participants were then enrolled
in a separate, long-term follow-up protocol for 5 years
post-transplant (eProst #20160034).

At screening and regularly throughout the trial, all par-
ticipants met with a neuropsychologist with SCI specializa-
tion who engaged them in a continuous informed consent
framework that has been recommended when engaging
vulnerable populations in research. In addition, the neuro-
psychologist provided additional education to the partici-
pant and their families specific to the trial and evaluated
each person’s capacity to provide informed consent, in-
cluding a deep understanding that the primary objectives
of the study were safety. Also important were the sense
that the participants were engaged in the trial to advance
the science and gaining an understanding of other reasons
motivating participation. The neuropsychologist directly
evaluated whether therapeutic misconception®® was occur-
ring throughout the trial. In addition, potential psychologi-
cal barriers to participation were assessed. As will be
further elucidated upon in a subsequent manuscript, there
was no evidence that therapeutic misconception was pres-
ent in this sample of chronically injured individuals either
at baseline or at the 6-month follow up assessment.

Inclusion/exclusion criteria

Individuals between the ages of 18 and 65 with traumatic
SCI that occurred a minimum of 12 months prior to en-
rollment were considered for eligibility. NLI was be-
tween cervical-level 5 (C5) and thoracic-level 12 (T12),
as defined by the International Standards for the Neuro-
logical Classification of Spinal Cord Injury (ISNCSCI),
with AIS grade A, B, or C at the time of enrollment.
Lesion length was <3 cm and lesion volume <2 cc, as ap-
proximated by MRI. Individuals with penetrating injuries
and those who could not safely undergo MRI were ex-
cluded from the study. Additional details on eligibility
criteria are available in the Supplementary Material.

Sural nerve harvest (Week 2)

In the operating room, after a careful sterile prep and
drape, the lateral calf above the lateral malleolus was in-
filtrated with local anesthetic with 1% epinephrine after
positioning the participant in the 7 prone position. The
sural nerve was identified, and an approximately 15cm
segment was harvested for ahSC preparation by sharp
dissection. The harvested sural nerve was transported in
Belzer’s transport media (Static Preservation Solution
(SPS-1), Organ Recovery Systems, Inc., Chicago IL) at
2-8°C to Cell Processing Facility for further culture and
expansion procedures.

The sural nerve was then processed to grow a purified
population of SCs. Cell purity and concentration were es-
timated prior to transplantation. The cell processing pro-
tocol was published in a previous publication,?® but a few
steps were distinct in this study. After ahSCs were puri-
fied and expanded to P1, the cells were cryopreserved.
The cell manufacturing process for the cryopreserved
cells resumed at 3-5 weeks prior to transplantation. The
detailed cell processing protocol is available in the Sup-
plementary Material.

Fitness and rehabilitation protocol

A detailed description of the fitness and multi-modal re-
habilitation protocol is presented in the Supplementary
Material. In brief, for conditioning of lower extremities,
participants underwent functional electrical stimulation
cycle training on a cycle ergometer (Restorative Thera-
pies RT300; RTI, Inc., Baltimore, MD) twice a week.?’
Participants also underwent bi-weekly body-weight—
supported locomotor training. Participants with SCI classi-
fied as AIS A or B used a treadmill-based robotic gait
orthosis (Lokomat, Hocoma Inc, Zurich, or ReoAmbulator,
Motorika Medical, Ltd., Caesarea, Israel). Participants with
SCI classified as AIS C underwent overground locomotor
skill training to focus on walking-related and functional
tasks. Upper extremity circuit resistance training sessions>®
were performed in the participants’ home three times a
week on non-consecutive days.
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Schwann cell transplantation

Unique to this study, the volume of the intramedullary
cavity at the level of injury was calculated for all partic-
ipants based on the pre-operative screening MRI and used
to estimate the volume of cell product to be transplanted.
The maximum volume that we proposed to deliver was
2mL (i.e., 200 million cells). The first two participants
transplanted in cohort 1 received a maximum of 500 uL
(50 million cells) as mandated by the FDA as an initial
safety step. For all other participants, we injected each
cavity until it was filled with cell suspension.

Participants underwent the spinal surgical procedure in
the prone position under general anesthesia, with monitor-
ing of sensory and motor evoked potentials. The intrame-
dullary cyst was visualized prior to opening the dura using
intra-operative ultrasound imaging (Hitachi HI Vision
Ascendus, Hitachi Medical Systems Europe Holding
AG, Switzerland/12 MHz linear array transducer on an
1U22 scanner (Hitachi Aloka Medical America, Inc, Wall-
ingford, CT). The extent of dural opening was determined
based on intraoperative ultrasound and pre-operative MRI
findings. The dorsal surface of the injured spinal cord was
exposed after the dura was opened and tacked up. In dis-
tinction from the prior ahSC study, there was no need for
apnea during injection using this method.

A number 11 blade was used to make a small incision
(1-2mm) parallel to the long axis of the spinal cord.
Using a combination of scalpel tip and a blunt probe, a
tract was gently defined, which entered the cystic cavity.

Soft medical grade tubing (ID 0.31 mm, OD 0.62 mm)
was inserted through the myelotomy into the cavity
(Fig. 2). The tubing, pre-filled with cells, was connected
to an insulin syringe loaded with ahSC at 100,000 cells/uL.
Initially, the injection proceeded at less than 50 ul./min
until there was visible egress of the cell suspension from
the myelotomy, as visualized at high magnification under
the surgical microscope. The egress was collected onto cot-
ton surgical patties that encircled the myelotomy site to
preclude distribution in the subarachnoid space. This injec-
tion continued until further egress occurred, and then a 2-
min waiting period was observed. When the injection was
complete, a pial purse-string suture was tightened around
the delivery catheter as it was removed. When the catheter
was outside of the spinal cord, a 9-0 pial purse string was
placed and tightened and tied down to prevent cell egress
from the myelotomy. Up to three injection attempts were
made to fill compartmentalized cavities. The total volume
delivered was recorded. The cord surface was observed for
Smin for any evidence of cell leakage. The ultrasound
probe was introduced to determine if the injectate was dis-
tributed throughout the cavity. The dura was then closed in
a watertight fashion with 5-0 prolene sutures and covered
with Duragen Plus (Integra, Plainsboro, NJ).

Outcome measures

Outcomes in this study were classified as primary and sec-
ondary outcome measures for safety and trend toward effi-
cacy. The primary outcome measures for safety included

s

FIG. 2.

lllustration (A-E) showing pial opening (blue arrow), placement of tubing into injured cavity,
injection of autologous human Schwann cells (ahSC; green) and closure of pial opening. Intraoperative view
(right) with the surgical microscope showing insertion of tubing (black arrow) into the chronic cyst cavity
for injection of ahSC.
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protocol compliance, feasibility, stability of neurological
function, and adverse events. Secondary outcomes for
safety included lack of emergence of sustained clinically
significant neuropathic pain or spasticity, and the absence
of a detectable mass lesion or cavity enlargement on MRI
at 6 months follow-up. Basic blood chemistry for liver and
kidney function also was monitored and will be reported in
a separate article.

Primary outcome measures for trend-toward efficacy
included neurological status assessed using the ISNCSCI
exam, along with functional assessments of the upper and
lower extremities, and measures of functional indepen-
dence. Secondary outcome measures for trend-toward
efficacy included assessment of bowel and bladder func-
tion, along with other parameters of autonomic function,
fitness measures, spasticity measures, pain history, and
pain-related sensory function, and self-reported function.

Primary outcomes related to safety

Compliance with protocol-specified procedures was
monitored, and deviations from the protocol were docu-
mented. Due to the lengthy and complex nature of this
study, which involved an extensive screening process, re-
habilitation interventions over 10 months, two elective
surgical procedures, and multiple assessment periods, it
was important to assess the feasibility of carrying out
this type of study in individuals with chronic SCI.
Adverse events and serious adverse events were moni-
tored and documented, and relatedness to study associ-
ated procedures was determined. An independent data
safety committee reviewed study protocols and progress,
including all adverse events at regular intervals.

Secondary outcomes related to safety

Participants were interviewed regarding their pain using
the International SCI Pain Basic Dataset,40 which con-
tains basic questions for the worst, second-worst, and
third-worst pain problems experienced. No changes to
the participant’s pre-trial pain medications were made
after enrollment. They were also interviewed regarding
the severity of neuropathic pain symptoms using the Neu-
ropathic Pain Symptom Inventory (NPSI), which has re-
cently been shown to be a valid and reliable measure for
the SCI chronic pain population.41 The quantitative sen-
sory testing (QST) assesses dorsal column-medial lem-
niscus (DCML; mechanical stimuli) and anterolateral
spinothalamic (STT: noxious and thermal stimuli) medi-
ated function/dysfunction and has been shown to be a
valid and reliable measure in the SCI chronic pain popu-
lation. Consistent with our previous protocols,** sensory
thresholds were measured in painful and non-painful
areas in dermatomes both at- and below-level of injury
(L4) and were converted to Z-scores relative to a norma-
tive pain-free sample. Dynamic mechanical allodynia,

thermal allodynia, directional cutaneous kinesthesia,
and graphesthesia were evaluated if present. Tests for
graphesthesia and directional cutaneous kinesthesia have
recently been found to be reliable and valid assessments
of DCML function in people with SCL.*?

The Spinal Cord Assessment Tool for Spastic Reflexes
was used to measure clonus, flexor, and extensor spastic
reflex activity.43 A composite score was calculated by
summing up the bilateral scores (range, 0-18).** The
modified Ashworth Scale was used to measure stretch re-
flex responses of the hamstring and quadriceps muscles,
and composite scores were calculated by summing up
the bilateral scores.*> The pendulum test was used to
measure spastic activity in the quadriceps muscles, and
a 60 Hz, 8-camera, three-dimensional motion capture sys-
tem (Peak Motus® Software, Peak Performance, Centen-
nial, CO) was used to capture kinematic data as published
previously.*® The average of three trials was used to cal-
culate the first swing excursion of the more spastic leg.

Imaging

In addition to the screening MRI, participants underwent
MRI (1.5T magnet using metal artifact reduction sequences
with and without contrast) of the spine before transplanta-
tion (if requested by the investigator), 1 day after trans-
plantation, and at 2 months, 6 months, 2 years, and 5
years after transplantation to assess for unexpected changes
in spinal cord structure or potential tumorigenesis. Follow-
ing transplantation, the presence of edema, hemorrhage, and
contrast-enhancement was determined. Lesion volume was
determined by using the calibrated freehand measurement
tool on serial axial images to calculate the area of signal ab-
normality multiplied by the cut thickness.

Primary outcomes for trend toward efficacy

For evaluation of neurological function, the ISNCSCI
exam was performed by trained examiners at each assess-
ment time point and used to determine AIS grade.*’ Test-
ing of non-key muscles for hip extension, hip abduction,
and knee flexion, along with wrist flexion, thumb flexion,
and thumb extension, were also included. Pre-transplant
ISNCSCl-related outcomes were averaged (Baseline 1
and Baseline 2) to account for variability.

Functional mobility and independence were assessed
using The Spinal Cord Independence Measure (SCIM)
Version IIL* A substantial improvement was predefined
as an improvement of 10 points, with an improvement of
4 points representing a “‘small significant improvement.”*’
The spinal cord injury-functional index (SCI-FI) computer
adaptive test (CAT) (basic mobility, self-care, fine motor
function, wheelchair mobility, and ambulation domains),
the International Spinal Cord Injury (ISCI) Quality of
Life (QOL) Basic Dataset, and Guy Farrar 7 Subject Global
Impression of Change (SGIC) were used to document any
changes perceived by the participant.5 0.51



290

GANT ET AL.

Secondary outcomes for trend toward efficacy
Bladder and bowel functions were assessed using the
ISCI Lower Urinary Tract Function Basic Dataset®* and
the ISCI Bowel Function Basic Dataset, respectively.53
The ISCI Male or Female Sexual Function Basic Dataset
monitored for changes in sexual function. Orthostatic
changes in blood pressure (BP) as an index of autonomic
dysfunction were assessed during a progressive head-up
tilt challenge (10 min at 0°, 5min at 20°, S5min at 40°,
10 min at 60°). Heart rate was recorded continuously,
and BP documented during the last 2 min at each posi-
tion. The physical conditioning state was tested at four
study time points: Baseline 1 (BL1; pre-biopsy 7
days), Baseline 2 (BL2; post-12-week conditioning *7
days), Month 2 (M2; post-transplant 7 days), and
Month 6 (M6; 6 months post-transplant £7 days). Fitness
markers included cardiorespiratory endurance testing by
monitoring cardiorespiratory measures during a graded
exercise test on an arm ergometer and one-repetition
maximum isoinertial strength testing during upper ex-
tremity maneuvers. The testing for fitness markers is de-
tailed in the Supplementary Material.

Neurophysiological testing

Building upon our prior experience, we developed a rig-
orous neurophysiological protocol to detect changes in
conduction, including those below the clinical detection
threshold, as previously demonstrated. At the baseline
time-point and then following the exercise training
prior to transplantation, and then at 2 and 6 months, we
assessed for transcranial MEPs, somatosensory-evoked
potentials (SSEPs), and the presence of a sympathetic
skin reflex (SSR). Intraoperative neurophysiologic moni-
toring during ahSC transplant surgery, including SSEPs
and MEPs, was also performed.

Statistical analysis

Descriptive statistics were used for the analysis of safety
data across time and focused on within-participant differ-
ences. The primary end-point was set at 6 months post-
transplantation. To test the core hypothesis and secondary
outcome measures, the analysis for efficacy trends was con-

ducted on the 2- and 6-month data for all participants en-
rolled. As this is an open-label safety study without a
control group, no formal power calculation was performed.
We considered the stability of the ISNCSCI examination to
be the primary indicator of safety with the assumption of
test—retest stability in these chronically injured individuals,
thus serving as their own controls. Given that the test-retest
properties of the motor score are well established,*> we
therefore, conducted a within-participants repeated mea-
sures paired t-test between the baseline and 6-month post-
transplant assessments for the total motor scores with the
null hypothesis that the observed differences would not ex-
ceed the published test—retest variance.

Results

Demographics

Four participants with chronic cervical SCI and four par-
ticipants with chronic thoracic SCI were enrolled in this
study. All enrolled participants underwent sural nerve
harvest and Schwann cell transplantation. Participant de-
mographics and baseline clinical data are presented in
Table 1.

ahSC transplantation data

Data for ahSC processing and injections are shown in
Table 2. The median dose of cells injected was 39 x 106
(range 17-120% 106 cells,170-1200 uL.), and the median
ahSC purity at the time of transplantation was 97.4%
(96.5-98.8%). Intra-operative electrophysiology measures
were not altered substantially by the surgical procedure.

Protocol compliance (exercise dose, timeline,

visit compliance)

All participants completed 12 weeks of pre-transplant
training and 6 months post-transplant. One participant
(TMP120) completed 30 weeks of pre-transplant training
due to a delay in the transplant surgery as a change in de-
vice sterilization protocol was completed as an added
safety measure. On average, the other participants com-
pleted 37 (z 2) circuit resistance training (CRT) sessions
pre-transplant and 62 (+ 5) sessions post-transplant.

Table 1. Demographic Data for Participants Undergoing ahSC Transplantation

Subject Cause Single

ID Sex Age of injury  neurological level AlS grade Race/ethnicity Education Employment  Marital status
102 M 46 Fall T10 A White/Non-Hispanic ~ Some college Retired Married
107 F 31 MVA T2 A Asian/Non-Hispanic ~ Some college Unemployed Single

111 F 52 Fall T10 C White/Non-Hispanic ~ Some college Retired Married
113 M 27 Fall T11 B White/Non-Hispanic ~ Graduate degree ~ Employed Single

115 M 20 MVA C6 A ‘White/Hispanic GED Employed Single

119 M 22 Sports C5 A White/Non-Hispanic ~ High school Student Single

120 M 48 MVA Cc6 B White/Hispanic High school Unemployed Married
123 M 20 Sports C6 C White/Non-Hispanic ~ High school Unemployed Single

ahSC, autologous human Schwann cell; AIS, American Spinal Injury Association (ASIA) Impairment Scale; ID, identification; M, male; F, female;

MVA, motor vehicle accident, GED, general education development.
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Table 2. Sural Nerve Harvest and Cell Transplantation Data for Participants Undergoing ahSC Transplantation
Nerve Estimated
Time harvest to Nerve dose based Actual Duration Cell

Subject  Post-injury transplant length on imaging dose Injections  of injections Rate Rate viability  Endotoxin
ID (years) (weeks) (cm) (x 10° cells) (x 10° cells) #) (min:sec) (uL/min)  (uL/min) (%) (EU/kg)
102 15 15 14.5 25 23 2 9:00 ~30 97.1 96.6 0.0200
107 1 15 13.0 43 50 2 10:00 ~50 97.7 97.1 0.0075
111 10 15 14.0 17 20 1 4:00 ~50 98.7 95.1 0.0001
113 2 15 15.0 54 20 2 7:17 ~30 97.4 96.2 0.0070
115 7 15 15.0 80 31 3 8:56 ~40 97.4 96.3 0.0260
119 5 16 14.0 120 75 3 11:43 ~63 97.3 93.9 0.0180
120 8 36%* 15.0 30 30 1 6:00 ~50 98.8 94.3 0.0060
123 2 15 12.0 35 34 3 10:40 ~35 96.5 95.6 0.0030

*Pre-transplant time extended due to modification of injection system.

Excluding TMP120, functional electrical stimulation
(FES), and locomotor training (LT) sessions occurred
an average of 24 (£ 1) times pre-transplant and 40 (£ 1)
post-transplant. All participants completed all assessment
visits as described by the study protocol.

Imaging

MRI of the spinal cord ahSC injection site post-
operatively and at last follow-up demonstrated no evi-
dence of hemorrhage, cyst formation, increased tether-
ing, or tumorigenesis (Fig. 3). The lesion volume for
three participants in the thoracic cohort decreased on
post-operative Day 1 (baseline: 0.2-0.54 cc; post-
operative Day 1: 0.05-0.38, Fig. 4). In one participant
with thoracic SCI (TMP111), the lesion increased on

post-operative Day 1 from 0.17 cc to 0.22 cc and
remained larger than baseline at Year 2. In another par-
ticipant (TMP113), the lesion volume increased from
post-operative Day 1 MRI (0.38 cc) until follow-up at
2 years (0.58 cc).

In the cervical SCI cohort, the magnitude of change in
cyst volume was less than the thoracic cohort, and cyst
volumes decreased in three participants (baseline: 0.3-
1.0 cc; post-operative Day 1: 0.1-0.7 cc) and remained
stable in one participant (baseline: 0.35 cc; post-operative
Day 1: 0.35 cc). At 6 months, two participants had cyst
volumes that were identical to their baseline, and two par-
ticipants had persistently lower cyst volumes. A 2-year
follow-up MRI was available for two participants in the
cervical SCI cohort, which showed stable lesion volumes.

( )
A Screening  Post op Month 2 Month6  Month 24 B
) Screening Postop Month2 Month6
TMP102
TMP115
TMP107 TMP119
TMP111 TMP120
TMP113 TMP123
FIG. 3. Serial sagittal magnetic resonance images for the cervical (A) and thoracic (B) cohort showing
changes in spinal cord cyst geometry before and after autologous human Schwann cell transplantation.
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transplantation; (B) The volume of the spinal cord cavities estimated from serial magnetic resonance
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circles. The average volume of thoracic cavities was smaller. In 6/8 participants an initial cavity volume
reduction was observed that averaged 34.3+12.1%.
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Adverse events and serious adverse events

There were 54 adverse events documented throughout the
protocol among the eight participants (Fig. 5). There were
no serious adverse events. Fourteen adverse events were
definitely or probably related to study procedures and
were related to either the exercise and rehabilitation train-
ing (skin abrasions and irritation from harness, muscle, or
joint pain) or the transplant surgical procedure (headaches,
nausea, hypoesthesia). Urinary tract infections and skin
injuries were most common, which is consistent with is-
sues experienced by the chronic SCI population.

Neurological motor and sensory impairment

AIS grade transiently shifted from AIS B to AIS C in one
participant (TMP113) due to a short-term change in sensa-
tion following transplantation, which caused the neurolog-
ical level of injury to ascend by one level, and then returned
to AIS B at subsequent evaluations. In another participant
(TMP 123), AIS grade changed from AIS C to AIS B at
Week 1 after the transplantation, due to temporary inability
to contract the anal sphincter, but then reverted back to AIS
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FIG. 5. Adverse event profile by type and
participant.
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C at subsequent evaluations. In all other participants, AIS
grades remained unchanged throughout the course of the
study, up to 6 months post-transplantation. The neurologi-
cal level of injury improved by 1 level (T9 to T10) in one
participant (TM102) at a 6-month follow-up. In two partic-
ipants (TMP 111 and TMP 113), transient improvements in
the neurological level of injury by 1-2 levels after exercise
and training (TMP113) and transplantation (TMP111) were
noted. These returned to the baseline neurological level at
6-month follow-up. No change in the neurological level of
injury was noted in the cervical SCI cohort (Table 1).

Changes in motor and sensory scores as assessed by the
ISNCSCIT for individual participants are shown in Table 3.
No changes in upper extremity motor scores were noted in
the thoracic cohort. In the cervical cohort, one participant
(TMP115) showed a 1-point increase in right triceps (C7)
strength from 2 to 3 at Week 1, and this was sustained at
Month 6. No change in the left triceps strength was noted.
In another participant (TMP120), left triceps strength im-
proved from 3 to 4 at Month 2, and this was sustained at
Month 6. There were no changes in lower extremity motor
scores for the cervical cohort. As the primary analysis for
safety on total motor scores, the paired within-participants
assessment resulted in a t-statistic of 1.528, df=7, and a
p value (two-tailed) of 0.17, indicating no significant dif-
ference between the motor scores at baseline versus 6
months post-transplant (GraphPad Prism,9.0).

Improvements in total sensory scores were noted in
all participants in the thoracic cohort and two partici-
pants in the cervical cohort (Table 1). One participant
in the thoracic cohort (TMP102) achieved the minimum
clinically important difference (> 5.19) in sensory
scores.50 Total sensory scores at 6 months declined by
7.5 points in one participant in the cervical cohort
(TMP120); light touch sensation declined by 6 points,
and pin prick sensation declined by 1.5 points from av-
eraged baseline. For TMP102, equal improvements
were seen for light touch and pinprick sensation. For
TMP120, light touch sensation declined by 6 points,
and pin prick sensation declined by 1.5 points. Sensory
scores varied in the other participants, but were below
the MCID at 6 months and within the reported intra-
rater variability for ISNCSCI.>

Neurophysiology

In those participants in whom intraoperative MEPs and
SSEPs could be obtained, no adverse changes in conduc-
tion were detected before and after the cell implantation.
The detailed neurophysiology assessments at the four
study time-points will be published separately.

Pain history and pain-related sensory function
Overall, four participants did not experience any pain at
baseline or at study completion, except for some transient
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Table 3. ISNCSCI Data at Baseline and 6 Months Post-Transplant for Participants Undergoing ahSC Transplantation

Subject UEMS UEMS LEMS LEMS A Total Total A Total LT LT PP PP

ID ANLI AAS (BL) (M6) AUEMS (BL) (M6) LEMS SS (BL) SS (M6) Ss (BL) (M6) ALT (BL) (M6) A PP
102 +1 - 50 50 - 0 4 +4 132 138 +6 67 70 43 65 68 +3
107 - - 50 50 - 0 0 - 74.5 77 +2.5 38 40 42 365 37 405
111 - - 50 50 - 0 0 - 150 153 +3 805 81 +05 695 72 +25
113 - - 50 50 - 0 0 - 147 148 +1 75 74 -1 72 74 +2
115 - - 23 24 +1 0 0 - 52 53 +1 28 29 +1 24 24 -
119 - - 18 18 - 0 0 - 37 40 +3 20 22 +2 17 18 +1
120 - - 26 27 +1 0 0 - 71.5 70 -1.5 56 50 -6 215 20 -1.5
123 - - 23 23 0 0 0 - 140 137 -3 85 80 -5 55 57 +2

ISNCSCI, International Standards for the Neurological Classification of Spinal Cord Injury; ahSC, autologous human Schwann cell; NLI, neurological
level of injury; AIS, American Spinal Injury Association Impairment Scale; UEMS, upper extremity motor score; M6, month 6; BL, averaged baseline
(baseline 1 and baseline 2); LEMS, lower extremity motor score; SS, sensory score; LT, light touch; PP, pin prick.

musculoskeletal pain that completely resolved at the end
of the study. Four participants experienced pain at the
onset, during, and at completion of the study, and their
data is presented in Figure 6 and in the Supplementary
Material. One participant’s neuropathic pain increased
in severity from baseline, although no increase in neuro-
pathic pain was observed in the other three participants.
The QST findings were unremarkable and consistent
with injury severity and pain status.

Fitness outcomes

Cardiorespiratory conditioning. All participants with
tetraplegia were rated in the ‘‘good’ range when using
normative data to assess their BL1 cardiorespiratory con-
ditioning.8 Two participants with paraplegia were classi-
fied as ‘“‘excellent,” one ‘‘fair,” and one ‘‘poor.”’” For
individual analysis, several participants increased, and
several decreased their VO, peak (Table 4; range: —3.7
to +4.2mL.kg"'.min~") The group average reflected an
8.5% improvement at M6. However, the average absolute

difference in VO, was a minimal 1.01 mL.kg™'.min"".

Strength conditioning. Minimal strength gains for the
four participants with paraplegia averaged 2.5., 5, and
8.2% greater than the BL1 values at BL2, M2, and M6,
respectively. These increases contrast our previous report
averaging 21.1% when using a more intense training al-
gorithm for three training months.’® For participants
with tetraplegia, negligible changes of -1, -2, and -1%
were observed from BL1 at BL2, M2, and M6 time-
points, respectively.

Discussion

In this study, we demonstrated feasibility, safety, and an
acceptable adverse event profile after ahSC transplanta-
tion in a cohort of participants with chronic complete
and incomplete cervical and thoracic SCI. We calculated
a participant-specific volume of cell suspension to inject
and implemented an innovative technique of cavity-filling
for ahSC transplantation into the cystic cavity. In addition,

a well-defined standardized pre- and post-transplantation
rehabilitation protocol was included to optimize the detec-
tion of a treatment effect.

The size of the lesion cavity was an important determi-
nant of eligibility for participation in this trial, and many in-
dividuals screened (55% of thoracic and 64% of cervical
SCI) were excluded due to imaging findings.”’ Although
MRI screening criteria may limit the number of eligible
chronic SCI participants, it enabled identification of indi-
viduals with relatively similar lesion morphology and of
smaller volumes for whom an intra-lesional cell transplan-
tation appears safe and feasible. The smaller cyst volume
will potentially increase the likelihood of ahSC transplant
integration and regenerative benefit. In animals, the lesion
volumes resulting after carefully graded experimental SCI
are reasonably uniform.”®®° Humans have chronic cavities
with highly variable dimensions and structure.®"*? This
may result from differences in the pattern and severity of
injury, differences in inflammation and ischemia, and tissue
reorganization and fibrosis. The relatively large observed
cavity size and variability is reflected by the large number
of people with chronic SCI screened for the current study.”’
The upper limit of cavity volume at 2 mL in enrolled par-
ticipants was based on the feasibility of being able to ex-
pand 200 million ahSC in a reasonable time frame at no
more than three to four cell passages. The ahSC ‘“‘dose”
we report was calculated based on the volume and concen-
tration of cells injected. However, these doses represent an
approximation since it was difficult to determine the vol-
ume lost due to cell reflux during surgery. It was necessary
to see some cell reflux to indicate cavity-filling.

We call the novel transplantation methodology used in
this trial the ““cavity-filling delivery approach.”%*®* This
technique is distinct from other intramedullary cell trans-
plantation procedures where cells were injected using
uniform cell doses and volumes across participants either
rostral or caudal to the chronic lesion into residual spared
parenchyma.®® Following SCI, tissue is progressively lost
at the epicenter resulting in a cavity with a variably gli-
otic tissue margin,®®®’ and the axons close to the cavity
have defects in myelination.>® This ahSC repair strategy
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Table 4. Cardiorespiratory Conditioning Measured as VO, Peak during Graded Upper Limb Exercise in Participants

Subject A :BL1 Absolute Subjective cardiorespiratory

ID BL1 BL2 M2 M6 to M6 change fitness at BL1
mL/kg/min mL/kg/min mL/kg/min mL/kg/min % mL/kg/min

102 35 34.1 28.6 313 -10.6 -3.7 Excellent

107 7.5 8.4 8.1 8.1 8.0 0.6 Poor

111 14.5 12.5 14.3 17 17.2 2.5 Fair

113 26.6 30.6 31.8 30.8 15.8 42 Excellent

115 11.4 9.1 13.4 10.9 -4.4 -0.5 Good

119 9.5 12.2 9.3 9 -5.3 -0.5 Good

120 10 10.6 11.8 12.9 29.0 29 Good

123 14 13.8 11.8 16.6 18.6 2.6 Good

Mean 16.1 16.4 16.1 17.1 8.5 1.01

BL1, Baseline 1, pre-biopsy +7 days; BL2: Baseline 2, post—12-week conditioning +7 days; M2, Month 2; post-transplant +7 days; M6, Month 6, 6

months post-transplant £7 days.

was intended to improve the function in these axons with
impaired signaling by ensheathment, myelination, and
trophic support. SCs can form myelin around central
axons in astroglial depleted areas.®” Animal studies
have shown that nearby axons extend new processes
and are engaged by Schwann cells.'®’*7? Thus, this
new tissue may serve as a bridge for new axonal growth
across the injury epicenter, fostering a limited degree of
regeneration and structural plasticity.71’73

To optimize ahSC engraftment, we filled the lesion cav-
ity with a suspension of ahSCs. At least acutely, the pre-
operatively calculated cavity volume based on pre-surgical
T2-weighted MRI could be completely filled with autolo-
gous SCs. This theoretically allowed all cavity margin sur-
faces to undergo potential engraftment by the transplanted
ahSC and should provide sufficient cells to support new
tissue growth within the cavity space. However, without
advanced techniques to trace the ahSC, we could not con-
vincingly observe new tissue on post-transplant MRI, and
we cannot yet determine the survival of the transplanted
cells—an important knowledge gap in our field.

In performing these transplants, it is important to avoid
creating excess pressure within the cavity that could rupture
and potentially damage the residual spinal tissue around the
cavity.”® Our technique to deliver cells resulted in cavity
filling at a low delivery pressure facilitated by the small
myelotomy opening. A significant factor affecting the dis-
tribution of the transplanted cells were cavity septations
that were, to some extent, predictable from pre-transplant
MRI but better visualized using intra-operative ultrasound.
We found during cell delivery that some septations com-
municated whereas others did not. This can result in an un-
even distribution of transplanted cells.

A standardized pre- and post-transplant multi-modal
rehabilitation and training program is considered an im-
portant adjunct to cellular therapies for chronic SCL.?®
A sedentary lifestyle imposed by SCI typically reduces
the conditioning level to the lowest end of the human
fitness continuum,”* accompanied by multidimensional
challenges to pre-injury health and function.”” Con-

versely, intense exercise is reported to promote enhanced
post-SCI musculoskeletal function by promoting neuro-
plastic changes in the damaged spinal cord.”® It is desir-
able to bring untrained, chronically injured individuals to
a stable fitness plateau prior to the administration of ther-
apeutics, especially those where cells are delivered at a
single time-point.”’

In a prior study, we investigated patterns of recovery in
people with chronic complete thoracic SCI, who under-
went a multi-modal training program for locomotion,
upper body conditioning, and functional electrical stimu-
lation.>” Some participants experienced improvements in
function, but improvements in pain and spasticity were
not consistent across participants. Variability in training
programs between SCI participants in clinical trials
could confound outcomes of the intervention being test-
ed.” Therefore, we used a standardized multi-modal
low-intensity conditioning program for muscles located
both above and below the lesion level. Supra-lesional
muscles of the arms and trunk underwent conditioning
exercise using a circuit resistance protocol reported in
persons with chronic SCL>® As the circuit training results
in high levels of conditioning for both strength and car-
diorespiratory endurance, the training protocol used a re-
duced weekly frequency for muscles spared by SCI. To
sustain lower extremity mass and contractile functions
that are pathologically altered after SCI,7*# the partici-
pants underwent cycling exercise using low-intensity
contractions of lower extremity muscles stimulated by
transcutaneous electrical current. We expect that this
conditioning maintained mass, circulation, and cardiac
functions®'*? but contributed little to upper extremity
strength and cardiorespiratory endurance. The detailed
assessment of autonomic and metabolic activity, which
can be improved after the rehabilitation performed in
this study, will be published separately.

Despite using higher cell doses as compared to our
prior study in people with subacute SCL*® we have
not identified major safety concerns associated with
ahSC transplantation in this chronic SCI participant
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cohort. A trend toward efficacy was evaluated in this
study, and the minimum clinically important improve-
ment was achieved for sensory scores in one person.
The observed clinical effects of ahSC transplantation
in chronic SCI may be more pronounced when used in
combination with agents that modify the glial scar®>**
or provide additional neurotrophic factors to influence
the migration and survival of cells.®® This study demon-
strates the safety and feasibility of ahSC transplantation
in combination with a rehabilitation protocol in this co-
hort of people with chronic SCI. Imaging follow-up at 5
years is awaited to confirm the long-term safety of ahSC
transplantation for chronic SCI.

Conclusion

This phase 1 open-label study demonstrated feasibility
and safety of ahSC transplantation in participants with
chronic cervical and thoracic SCI. Unique aspects of
this study may be applicable to future SCI trials for
injecting individualized volume of cells and incorpora-
tion of a standard rehabilitation protocol before and
after cell transplantation.
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