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logical Surgery

f “Restoring Humanity to Human Beings”

Sir Henry Marsh
‘Do No Harm: Stories of Life, Death and Brain Surgery” Orion Books 2014

Sucks
George Carlin

edicine is an opportunity for a doctor to leave the field better
found it.
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d Injury

and Figures

> a car...Or ride a motorcycle

L] V.

—_— e T

Incidence
3-5/100.000 in the US

New cases
12.000/year in the US, 250,000 total
with deficits

Survival _
90%, near-normal life span

Costs _
$ 6 billion/year in the US

Age
A\g/'erage: 33.4 years
most common age: 19 years

M
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The Dark Side of Summer

24 Year Old Male
Medical Student

Diving Accident

Quadriplegic at Scene
and in ER
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opIcs

g the “Drug”: 2001-2015 and ??

Ing the “Map”: 2006-Present

ring the “Drug”: Surgical Considerations
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yrus (2500-1700 BC)

“He is unconscious of neck and arms, speechless
es”..An ailment not to be treated

ebra- Treat with application of fresh meat and honey
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gamon (AD 129-210)

ors Antonius Pius and Marcus Aurelius
ors in the Coliseum
of spinal cord results in paralysis

e half of spinal cord results in paralysis on same side of the
iest concept of localization)

reat Spinal Cord Injury (Traction)

A
DISCLEP'TATIO V'M ALEXANDRO HABIT. » :
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ne and Concept of Localization (1850-1910)
on Y Cajal and Charles Eduoard Brown Sequard

posed of Predictable and Definable Nerve Cell Connections
ts of the Spinal Cord Serve Different Functions

or Ventral — Motor

k or Dorsal - Sensory

on the same side
as the cord damage

Loss of pain, temperature,
and sensation
on opposite side

B Zg S Figure 12. Brown-Séquard Syndrome
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as Been Available?

ous Medication (Methylprednisolone)

al Reconstruction of the Spine (if
ated)

g Term Rehabilitation

= Froedtert
g LEATH



What Do We Do?

MEDICAL * Plus Long Term Rehabilitation and Re-
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after Spinal Cord
Injury?

from Inflammation

Xic substances into the zone of injury
rmal tissue

on of normal nerve connections
rmation

ion of environment hostile to regrowth of nerves

[primary injury

secondary injury

spared rim
macrophage microglia

: /
/ hemorrhage
: / ssoticcell /
apoptotic cell necrotic ce

oligodendroglia

liq Froedtert
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eloping the “Drug”



17 December 1999

CC

Vol. 286 No. 5448
Pages 2221-2416 $8
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em Cell Strategies)

ion of concept to Human Stem Cells to generate
elin Making Cells

tem Cell Study Starts. Terminated in 2011 (FUNDING Shortages!)
s Stem Cell Study Starts

an Embryonic Stem Cells
netically Engineered to form Oligodendrocytes



inal Cord Repair
a Institutet 2001
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ichael A. Pizzi,
ian, Shekar N.

dgenin2 allows for
sovery of hindlimb

sensory function

a Open field walking #
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Locomotor performance (BBB rating scale)
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Weeks post transplantation (TX)
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ng Ngn-2 transduced neuronal stem cells

the injured spinal cor

7

/ MBP / Tuj1.

d

Ng-2 stem cells (GFP) have
become oligos (MBP)
ensheathing host nerve
fiber (Tujl)

Nature Neuroscience 2005 Mar;8(3):346-53. Allodynia limits the usefulness of intraspinal neural stem

cell grafts; directed differentiation improves outcome.

Hofstetter CP, Holmstrom NA, Lilja JA, Schweinhardt P, Hao J, Spenger C, Wiesenfeld Hallin Z, Frisen

J, Olson L, Kurpad SN



t Chronic Spinal Cord
Injury?



OPEM & ACCESS. Freely availablle anline @ PLOS one

Human Neural Stem Cells Differentiate and Promote
Locomotor Recovery in an Early Chronic Spinal coRd
Injury NOD-scid Mouse Model

Desirée L. Salazar'**", Nobuko Uchida®, Frank P. T. Hamers®, Brian J. Cummings>**, Aieen L
Anderson’->353

1 Dapartmrsant of Arw toey ard Maws obiodogy, Univessity of Calfomia lnvivs, b, Calfomia, Unined Sttes of Amwdica, 25w ard Bill Gaces St Call Roseanc b Camtar,
Uriverity of Calforria Pdes, dee, Callani, Undad Stanesof Amwrica, 3 Roeve-nde R Carter, Univesly of Calfiomia levies, levine, Callfomia, Urited Sttes of
Aevarica, ASwenC dE, nc, Falo M, Caiford, United Stiwsof Amsrica, 5§ Rebubill afon Hopitl Tolbaueg, “s Fenogenidd, The Mot e B, & Deparemnt of Physicl
Medicere ard Rahabilttan, Univerdty of Calformi Inde, leviree, Califomdn Urlad Stames of America

Abstract

Backgyrownd: Travmatic spinal cord injury (SC) nesults in partial or complete paralysis and is characterized by a loss of
newrons and oligodendrooyt es, axonal injury, and demyeli nation/dy-smyelinati on of spared acons Approsimately 1,250,000
individuals have chrenic SC1 inthe US; themfore treatment in the chrenic stages is highly diinically relevant. Human newral
stem cells (WONS-SCns) were prospectively isolated based on fluorscence-activated cell sarting for a CD133" and CD24 ™™
population from fetal brain, grown as neurcspheres, and lineage mstricted to generate newnons, oligodendrocytes amnd
astrocytes WCNS-SCns have recently been transplanted sub-acutely following spinal cond injury and found to promote
improved locomaotor recovery. We tested the ability of hCMNS-5Cns transplanted 30 days post 500 to survive, diffesntiate,
migrate, and promaote improved locometor recovery.

Methods and Rndings: hCNS5Cns were transplanted into immunodeficdient NOD-sckd mice 30 days post spinal cord
contusion injury. hCNS-SCns transplanted mice demonstrated significantly improved locomo tor recovery compared to
wehicle controls Lsing open fisld locometor testing and CatWalk gait anatysie Transplanted hWONS-SCns. eshibited long-temm
engraftment, migration, limited proliferation, and differentiation predominantly to oligodendrocytes and neumng
Astrocytic differentistion was rare and mice did not exhibit mechanical allodynia. Furthermore, differenti ated IWONS-5Cns
integrated with the host as demonstrated by co-bocalization of human cytoplasm with discrete staining for the paranod al
marker contactin-amocisted protein.

Comrchesions: The results suggest that hONS-SCns are capable of surviving, differentiating, and promoting improved
locomaotor recovery when transplanted into an early chronic inj ury microenvironment. These data suggest that hONS-5Cns
transplantation has efficacy in an early chronic SO1 setting and thus expands the “window of opportunity™ for intervention.

Citation: Sahzar DL, Uckida N, Mames: FPT, Cumeing: B, Arcdroen AJ (2040) Mo Mo al Stam c.ar.o.nu.ma\ el Prcenona: Less cmveci e Rac ooy o an
Early Chwoeic Spinal coml Injury MOD sk Miosse Model FLaS OME SEE ¢l 2272 doi10.1371 foumallpoe 00/

Edlitor: Fabelio Gelin, Unboardty of Milie S o ca, Ial
Recsived hraay 10, 2000, Acospted oo 35 300, Published foguen 18 3000

Copyright: © X010 Saazar 1 Jl This & an oparaces asfide dirbuted ueder T wevs of Be Coaive Commons ATwibetion Licerss, which parmlls
T um, dETHBTon ard REsoducion Iy B oo Bw adiginal s and S e e goded

uneling: This woek was suppomad by Nafonal Poianes of HalhNaoed Feinte of Newoibgicl Diceden: and SToike (NHMNINDS) F43 MI0M6975, NIHS
mms B MSOMGEES, aned CFF ANC-2005 1o AL Andarson DL Salamar was sopgened by CORM Sam <l waining grant T 0008 and UC AEF fellowship MSF
HEDO4SHEE. The funden: had mo rd in B shady dedign, data < dlaction and aralys, deddon 1o pubiih, oo prpa cion of The manece L

Competing Interasts Mok Lckids & 2 paid anphoyes of S, I Al | Ardermon has sorved a5 2 paid consultan 1 St ok, e This dos et
altar B authoe” adhennc i all the FLOS ONE poldi: on shadeg dat and mada

* EBmal: sl oty
W These authors conmibuted eoqually 1o Bhis wok

B Curraet addeess: Doparnant of Callulir and Moleodn Mediciees, Ludwiy atlie for Cancer Bemard, Univerdy of Caill areia Sam Diege, La loila, Califomia,
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Lysosomal
storage
disorder

Age
range: 2
to 9 yrs

6/

BRAIN:
Frontal
lobe
Parietal
lobe
Lateral
ventricle

> 5 year

Hypomyeli
nation
disorder
Age
range: 12
mo. to 5
yrs

4/

300,000

BRAIN:
Frontal
lobe

>4
years

(n=4)

Thoracic
SCI
Age

range: 19

to 53 yrs

12
/1

20M

SPINAL
CORD:
thoracic
intramedu
llary

>12
months

(n=12)

Age-
related
macular
degenerat
ion
Age
range: 63
+n O) vrce

15
/1

200,000
tolM

EYE:
subretinal
space

>12
months

(n=14)



http://www.stemcellsinc.com/

Clinical Trial Structure
* Age 18to 60

BRCS — C7/

* Chronic cervical spinal cord injury A-C

* 4-24 months from injury

* |njection fetal derived HUCNS-SC®
* Peri-lesional injections

* [mmunosuppression x 6 months




ummary

enitors can be harvested and
ed in culture

ess of source, NPC can be partially
entiated in vitro into OPC and can induce
elination in animal models of SCI



veloping the “Map”



Biomarker Development

rse Translational Model to Guide
ognostication and Drug Delivery



& Index Case |

29 Year Old Male in Rollover
MCA

Quadriplegic at Scene and ER

Large Body Habitus (380 Ib)
Emergent OR

ORIF, Posterior Approach

ASIA E at 6 month Follow Up

Index Case Il -

24 Year Old Male Medical Student

Diving Accident
Quadriplegic at Scene and in ER

ASIA A at 1 year




Human Spinal Cord DTI: C-Spine

(Ellingson et al AJNR 2008)




ational Collaborative Efforts in Spinal
Cord MRI (DTI)
CNTR/CIR

Remote Cord Imaging
Brian Schmit, PhD

Imaging Near Hardware
Kevin Koch, PhD

Disk Degeneration
Tugan Muftuler, PhD



Lesion Site Imaging Limitation
Rationale for Remote Imaging

Secondary Inj

ury in SCI
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Tl Predicts Injury
rity in Thoracic SCI

Jirjis et al J Neurotrauma 2013
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rid NS 2017
cervical cord injury, 11 controls

S measured at 2 levels:
gh cervical cord (C1-C2 level)- hcDTI
njury zone- izDTI

Axial FA maps at the high cervical
level and injury zone in a single acute
SCI patient (right)
Corresponding FA maps in healthy

control (left)

of the cervical cord at a median duration of 3.5+0.9

hcDTI metrics within white matter
funiculi change predictably in SCI patients
vs controls

Lateral funiculi Ventral funiculus Dorsal funiculus
1.20 -
0.80 I -
2 — L] -
= [ :
0400 T 5 == ==
0.00 . ] . i ‘ .
SCI Control SCI Control SCI Control
1.60
A 1.207 T 3 e I
= - —
0.801 \ [‘Tﬁ I g =
0.40- : , ) ; A
SCI Control SCI Control SCI Control
1.001
0.80 = ! [ —
< =
= 1
0.601 \ T +
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0.401 _ ' B ‘ ' ]
SCI Control SCI Control SCI Control




Improving Specificity and Efficiency
Double Diffusion Encoding (DDE)
Isolated Evaluation of Spinal Cord WM

Budde MD et al
Parallel “Detection”

n - Probes axonal injury
Combined
Measure axonal injury
without contamination
from edema/CSF

Main Confounding Signals: " Reduc“_’d Acqu.'S't'O"' time (< 3 mins)
CSF - No regions of interest

- Immediate quantification

- No post-processing

- Eliminates variance between scanners
Clinically Viable

§

1]

Perpendicular “Filter”
Suppress edema/CSF

¢

Perpendic

Parallel

Parallel
w/ Filter

Edema
Other Inflammation



rFOV DDE

Tissue Loss after Spinal Cord Injury Chronic (30 days)

1_.Hnurll’nst Injury 60 Days Post Injury
*
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ummary

ay Scale MRI Imaging is not useful
ning or a prognostic tool

on Imaging of the Spinal Cord shows
ise in both and is already being
nessed in clinical trials as a secondary
tcome measure



ing the “Drug”: Surgical
Considerations

inging it Together for use in Patients




of AST-OPC1 In
ute Cervical SCI

[2a Dose Escalation Study of
C1 in Subjects With Subacute
ervical Spinal Cord Injury

Six Sites Currently Enrolling

ClinicalTrials.gov: NCT02302157

- Iroedtert
- HEALI'H




-Derived Oligodendrocyte Progenitor Cells

AST-OPC1

« Cryopreserved Allogeneic Cell Population
* Derived from Human Embryonic Stem Cells (hESCs)

* Characterized Composition of Cells:
- Oligodendrocyte progenitors
- Neural progenitors
- Infrequent mature neural cells and
- Rare other characterized cell types

GFP / MBP / Tujt

* Three identified functions

k. - Produces neurotrophic factors
R A - Induces remyelination

Ast.ord -

Store at 4g - Induces vascularization
Mg D) T-Opcy 1

Cautioni! (|, e ar 1407 * “Off the shelf” administration
’:mited"g it S D io: 23
Vestig’ |

-, ;zjgn'.f?;‘;",;ff:)' * First indication: spinal cord injury
(0N
* Potential line extensions in other neurodegenerative
diseases










Rush Uni\!(ersity

°C1 Injection Procedure

Injections performed
using a table-mounted
syringe positioning
device (SPD)

Direct intra-parenchymal
injection into the spinal
cord lesion

Single 50uL injection for
both the 2M & 10M
doses; Two injections for
the 20M dose

No intraoperative
complications to date

43



Well Tolerated

N

No Immune
Responses

Engraftment

No Changes
Neurological
Function

NN N

m First in Human Study of AST-OPC1

atients Now Followed for > 5 Years

AST-OPC1 well tolerated, with no SAEs to date deemed related to the
cells, delivery method, or immunosuppressive regimen

No evidence of immune responses to AST-OPCL1, even 10 months after
removal of all immunosuppression

Despite significant HLA mismatches between AST-OPC1 and subjects

Suggests low dose, transient immunosuppressive regimen may be
sufficient to enable long term engraftment of cells

MRI results consistent with reduced cavity formation at injection site in 4 of
5 subjects

No evidence of significant changes in neurological function
No evidence for ascending loss of function from cells or delivery

Efficacy not anticipated in this study due to low dose (5-10x below
predicted efficacious range) and suboptimal patient population (complete
thoracic injuries)

44



Development Plan
ervical SCI

Objectives of Trial

+ Establish safety of AST-OPC1 in cervical sensorimotor complete SCI
» Assess effects on upper extremity motor function
* Investigate effects on additional measures of neurological function

| Dosing complete

. Confirm Low Confirm Mid Confirm High
Currently enrolling Dose Safety Dose Safety Dose Safety
Activity Activity Activity
Future enrollment A A A
Cohort 1 Cohort 2 Cohort 3
3 subjects with C5-C7 5 subjects with AIS-A ; ;
: . 5 subjects with AIS-A
eeEe Sl C5-C7 cervical SCI —>|  ¢5-C7 cervical SCI
. 6 3 Dose . 7 2 Dose
DIt 2O SR Escalation Dose 1x107 AST-OPC1 Escalation | ¢ Dose 2x107 AST-OPC1
v
Cohort 4
Cohort 5
5 subjects with AIS-B . )
CS-(J:7 cervical SCI —> 5 subjects with AIS-B
Dose C5-C7 cervical SCI

+ Dose 1x107 AST-OPC1 | Escalation
« Dose 2x107 AST-OPC1

S CASTERIAS




AST-OPC1 Cervical P

-C7)
ppression

Protocol AST-OPC1-01

Primary Assessment: Safety
Secondary Assessment: ISNCSCI exams
Exploratory Assessments: SCIM, GRASSP

\L Protocol AST-OPC1-02 \L

MRI MRI MRI
A
|
|
I
|
:
-3 Day-1Day0 Day?7 Day 30 , Day60 Day 90 Day 180 1Year 5 Years 15 Years
A LA <> = >
1 | 1
A ] ! In person
Baseline : Days 46'60. . visits Phone flu
I Immunosuppression,
d Taper !
AST-OPC1 \
Injection !
14-30 Days Discontinue
Post-SClI Immunosuppression

46



rial: Enrolling Sites To Date

Enrolling Sites

e @ RUSH UNIVERSITY

Shepherd MEDICAL CENTER
Center
Dr. Donald Leslie Dr. Richard Fessler Dr. Gary Steinberg

Dr. Steve McKenna

RANCHO LOS AMIGOS

NATION L REHABILITATION CENTER

USC University of
Southern California

Dr. Charles Liu Dr. Shekar Kurpad Dr. Eric Horn

llJ INDIANA UNIVERSITY




Il Cohort Has Motor Recovery
tched Historical Controls

O e —— Matched historical control from
EMSCI Database 1

=== Cohort 1 — 2 million (n=3)

* EMSCI (www.emsci.org) is the most
complete and most current SCI database T Error bars at 1 Standard Error
available for comparison (> 3300 patients, —
~300 new patients added annually)

— Actively managed database

— Best available ISNCSCI dataset

As expected, UEMS

i =2 recovery in low dose 2
1 n=3 - million safety cohort tracks

n=3 — s with historical controls

=
e n=62 -

2 / =

é 9 1'2 Time post baseline

Months

Months of Follow-up 48



ort Experienced Greater UEMS
atched Historical Control Group

_______ Matched historical control from
EMSCI Database
Cohort 2 — 10 million (n=6)

Error bars at 1 Standard Error

—

Matching criteria for
historical controls

Traumatic injury

Baseline assessment between
16-40 days from injury

AIS A at baseline

Age 18-69

NLI of C5-C7 at baseline
UEMS at baseline 7-32

6 9 12 Time post baseline
Months
Months of Follow-up 49



or Level Recovery
t Follow-up Visit Through 9 Months

ion cells) motor level recovery vs.
rical controls from EMSCI database

0,
S " Cohort 2 — 10 million (n=6) *
B Matched historical control
33%
29%
- - “
-
-
-
-
18% -~ - Control Data Consistent with
P = Steeves et al 2012 which indicated
- 26% of cervical AIS-A subjects
recover 2 motor levels at 1 year
*One Subject does not have 9 month follow-up data
6 8 10 12 14

Months of Follow-up

Motor level improvement vs. baseline measurement
Steeves et al., Top Spinal Cord Inj Rehabil 2012; 18(1): 1-14

50



: Stem Cells Inc Trial

of Concept Trial in Cervical ASIA A patients
m Fetal Brain Tissue
tion approx 14 weeks and up to 104 weeks Post SCI

rimary: Dose Escalation
Secondary: Imaging Biomarker Validation

trauma. 2018 Sep 5. doi: 10.1089/neu.2018.5843. [Epub ahead of print]

| Outcomes from a Multi-Center Study of Human Neural Stem Cell Transplantation in Chronic
al Spinal Cord Injury.

D12 Anderson KD3, Okonkwo DO?4, Park P®, Bryce T6, Kurpad SN’, Aarabi B89, Hsieh J1°, Gant K11,

. 2018 Apr 1;82(4):562-575. doi: 10.1093/neuros/nyx250.

rging Safety of Intramedullary Transplantation of Human Neural Stem Cells in Chronic Cervical
Thoracic Spinal Cord Injury.

|l AD®, Okonkwo DO?, Park P23, Jenkins AL 3rd4, Kurpad SN°, Parr AM®, Ganju A7, Aarabi B8, Kim

Casha S'°, Fehlings MG, Harrop JS'?, Anderson KD, Gage A'3, Hsieh J*3, Huhn S?3, Curt A%, Guzman
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/11 Thoracic SCI HuCNS-SC Transplantation
2 single-blind, randomized, parallel arm study of the safety
icacy of HUCNS-SC transplantation in cervical spinal cord injury

Cell dose manually injected above and below injury based on MRI and
ultrasound
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TRANSLATIONAL NEUROTRAUMA RESEARCH

Advancing the Science of Neurotrauma: Brain and Spinal Cord Injury.
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