
Stem Cell Reports

Article
Preclinical Efficacy Failure of Human CNS-Derived Stem Cells for Use in the
Pathway Study of Cervical Spinal Cord Injury

Aileen J. Anderson,1,2,3,4,* Katja M. Piltti,1,3 Mitra J. Hooshmand,1,3 Rebecca A. Nishi,1,3

and Brian J. Cummings1,2,3,4
1Sue & Bill Gross Stem Cell Center
2Physical & Medical Rehabilitation
3Institute for Memory Impairments & Neurological Disorders
4Anatomy & Neurobiology

University of California-Irvine, Irvine, CA 92697, USA

*Correspondence: aja@uci.edu

http://dx.doi.org/10.1016/j.stemcr.2016.12.018
SUMMARY
We previously showed the efficacy of multiple research cell lines (RCLs) of human CNS neural stem cells (HuCNS-SCs) in mouse and rat

models of thoracic spinal cord injury (SCI), supporting a thoracic SCI clinical trial. Experts recommend in vivo preclinical testing of the

intended clinical cell lot/line (CCL) inmodels with validity for the planned clinical target.We therefore tested the efficacy of twoHuCNS-

SC lines in cervical SCI: one RCL, and one CCL intended for use in the Pathway Study of cervical SCI in man. We assessed locomotor

recovery and sensory function, as well as engraftment, migration, and fate. No evidence of efficacy of the CCL was observed; some

data suggested a negative impact of the CCL on outcomes. These data raise questions about the development and validation of po-

tency/comparability assays for clinical testing of cell products, and lack of US Food and Drug Administration requirements for in vivo

testing of intended clinical cell lines.
INTRODUCTION

The first prospective study of spinal cord injury (SCI)

prevalence in the USA revised the estimated number of in-

dividuals living with SCI upward by 5-fold to 1.3 million

(Christopher and Dana Reeve Foundation, 2008). The

average age at time of SCI is 34 years, resulting in a lifetime

of paralysis associated with a host of medical complica-

tions. The impact of SCI in economic terms is highly

disproportionate to the incidence of injury, rising to an

average lifetime cost of several million dollars for individ-

uals sustaining high-level cervical injuries. Critically, the

majority of clinical SCI cases are at the cervical level

(52.4%) (Christopher and Dana Reeve Foundation, 2008),

making potential therapeutic interventions in cervical

SCI rodent models a high priority.

Selection of a target clinical population is one key to

translation of cell therapeutics. Two critical variables are

treatment timing and vertebral level (thoracic versus cervi-

cal), both of which affect the incidence of spontaneous re-

covery in man (Fawcett et al., 2007). Rodent contusion

models reproduce the principal pathophysiological fea-

tures of clinical SCI with sensitive and relevant outcome

measures (Stokes and Jakeman, 2002; Nishi et al., 2007).

With respect to timing, the timeline of pathophysiological

events following SCI in animal models versus the human

condition is debatable; although many suggest that trans-

plantation 9 days post-injury (DPI) in the rodent corre-

sponds to the sub-acute clinical setting, while transplanta-

tion 30–60 DPI corresponds to the early chronic clinical
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setting (Houle and Tessler, 2003; Fawcett et al., 2007).

Focusing enrollment for an SCI trial on chronic (>3months

post-SCI) cervical SCI subjects, compared with acute

thoracic subjects, could reduce the enrollment required to

attain statistical power to discriminate an improvement

of 10 AIS (American Spinal Injury Association Impairment

Scale) motor points dramatically from 250 to 25 AIS A sub-

jects or from 1,100 to 50 AIS B subjects (Fawcett et al.,

2007). Further, the larger pool of chronic SCI individuals

may facilitate subject accrual, while an increased delay be-

tween injury and enrollment may improve the informed

consent process (Anderson and Cummings, 2016).

With respect to vertebral level, there are compelling rea-

sons to drive toward clinical trials focused on cervical SCI

in more chronic cases. Many, however, have cautioned

against proceeding to clinical trial for cervical SCI based

on preclinical data in thoracic SCI models (Kwon et al.,

2013). One reason for hesitation is increased recognition

that cervical and thoracic injuries have a number of pro-

found differences. For example, functional motor impair-

ment across levels changes due to the anatomical charac-

teristics of the spinal cord. Disruption of spinal circuitry

due to systemic autonomic and immune effects is also level

specific. Autonomic dysreflexias, particularly abnormal

cardiovascular control, affect 50%–70% of human SCI pa-

tients with injury above T6 (Krassioukov and Claydon,

2006) but are rare when the injury is below this level.

Accordingly, the impact ofmodulation of sprouting or con-

nectivity via cell transplantation therapies could exert

unanticipated effects in the case of high thoracic and
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cervical SCI, which would not be evident in low thoracic

SCI models. In parallel, disruption of descending sympa-

thetic outflow specifically associated with cervical and

high-level SCI has been shown to exert clinically signifi-

cant and chronic splenic atrophy and immune suppression

(Lucin et al., 2007; Zhang et al., 2013). Of note, SCI subjects

in most cell therapeutic clinical trials would receive at least

transient pharmacological immunosuppressive agents. In

summary, these data demonstrate that injury level is a

key variable in establishing not only efficacy but also safety

in preclinical testing of investigational agents.

One therapeutic approach for SCI is cell transplantation.

For this approach, cell survival is also a critical variable for

preclinicalmodels. The advantages of constitutively immu-

nodeficient mice versus immunosuppression in immuno-

competent mice in achieving maximal donor cell engraft-

ment for xenotransplantation studies are significant

(Anderson et al., 2011). This issue is particularly critical

for establishing safety of a stem cell therapy, as tumor for-

mation is impaired by a host immunorejection response

(Dressel et al., 2008; Anderson et al., 2011). Accordingly,

we have reported transplantation of multiple research-

grade cell lines (RCLs) into both mouse and rat models of

thoracic contusion SCI (Cummings et al., 2005; Hoosh-

mand et al., 2009; Salazar et al., 2010; Piltti et al., 2013a,

2013b; Sontag et al., 2013, Sontag et al., 2014; Piltti et al.,

2015). However, guidance fromboth the neurotransplanta-

tion and SCI fields emphasizes in vivo preclinical testing of

the intended clinical cell lot/line (CCL) prior to proceeding

in man. In the present study, we therefore tested the effi-

cacy of human CNS-derived neural stem cell lines

(HuCNS-SC) in an immunodeficient mousemodel of cervi-

cal SCI. Two lines were tested: one derived as an RCL

(HuCNS-SC RCL), the other intended for use in human cer-

vical SCI under a funded NIH U01 (in what became the

Pathway Study trial, NCT02163876). We assessed locomo-

tor recovery and sensory function, as well as cell engraft-

ment, migration, and neural lineage fate.
RESULTS

Transplantation of HuCNS-SC RCLs into a Unilateral

Cervical SCI Model 9 DPI Results in Engraftment of

Donor Human Cells and Functional Locomotor

Recovery 12 Weeks Post-transplant

Based on our previously results transplanting multiple

RCLs into both mouse and rat models of thoracic contu-

sion SCI (Cummings et al., 2005; Hooshmand et al.,

2009; Salazar et al., 2010; Piltti et al., 2013a, 2013b; Sontag

et al., 2013, Sontag et al., 2014; Piltti et al., 2015), we inves-

tigated transplantation of the HuCNS-SC RCL at 9 DPI

following unilateral cervical contusion SCI in Rag2g
250 Stem Cell Reports j Vol. 8 j 249–263 j February 14, 2017
mice. All mice received a unilateral right-sided contusion

injury as described in the Experimental Procedures; accord-

ingly, the right side of the cord is ipsilateral to the injury. A

total of 75,000 HuCNS-SC RCLs were transplanted into

four parenchymal sites (N = 12); mice in the control group

received vehicle injections (N = 13). Bilateral transplanta-

tion was selected to parallel previous thoracic studies

because of the potential for contralateral demyelination

(Arvanian et al., 2009), and because HuCNS-SC trans-

planted only ipsilateral to the injury do not cross to the

contralateral spinal cord. All of the Rag2g mice receiving

transplants exhibited engraftment, as identified by immu-

nohistochemical staining for the human cytoplasm-spe-

cific antibody STEM121 (Figure 1A). Blinded, unbiased

quantification of the number of STEM121+/methyl green+

cells using an optical fractionator probe revealed an average

of 109,695 donor human cells/animal at 12 weeks post-

transplant (WPT) (Figure 1B).

In locomotor assessment on a horizontal ladder beam

task 12 WPT, mice receiving the HuCNS-SC RCL demon-

strated a significant reduction in the number of ipsilateral

forelimb errors compared with vehicle control (Figure 1C),

as well as complete normalization of contralateral

forelimb errors to pre-injury baseline (Figure 1D), demon-

strating proof of concept for disease-modifying activity

of HuCNS-SC RCL to improve locomotor function after

cervical SCI.

Comparison of HuCNS-SC RCL and HuCNS-SC CCL

Lines for Engraftment, Fate, Locomotor Recovery, and

Sensory Parameters in a Unilateral Cervical SCI Model

60 DPI

We next sought to evaluate parameters important in estab-

lishing clinically relevant efficacy for cervical SCI: first,

delayed transplantation, using a 60DPI time point; second,

in vivo comparability between the HuCNS-SC RCL

employed above and the HuCNS-SC CCL intended for

the human clinical trial in cervical SCI; third, a data profile

that included assessment of allodynia andhyperalgesia and

employed adult as opposed to aged mice. Groups were

expanded to include injured only (no cell or vehicle injec-

tion) as an injection control and human fibroblast (hFB)

transplant as a cellular control. Surgical and post-operative

exclusions are described under Experimental Procedures

and in Figures S1A–S1D.

RCL and CCL Engraftment in the 60 DPI Cohort

Engraftment data are shown for groups that received hu-

man cells (Figure 2A). All young adult Agouti Rag2g(c)

hybrid mice that received donor human RCL or CCL trans-

plants exhibited engraftment. No sustained engraftment

was observed inmice that received the hFB cellular control.

Blinded, unbiased stereological quantification using the
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Figure 1. HuCNS-SC RCLs Exhibit Engraft-
ment and Improve Locomotor Recovery in
a 9 DPI Transplantation Paradigm
(A) Representative images from cervical SCI
groups receiving HuCNS-SC RCL transplant
(left) or vehicle control (right) 9 DPI. Ani-
mals were sacrificed 12 WPT. Sections were
immunostained with a human-specific
cytoplasmic marker STEM121 (brown) and
counterstained with methyl green.
(B) Blinded, unbiased stereological quan-
tification 12 WPT revealed an average of
109,695 ± 25,197 human cells in the RCL
group (n = 9). Dashed line denotes trans-
plant dose of 75,000 cells.
(C and D) Animals receiving RCL 9 DPI
(n = 12) exhibited a significant decrease in
horizontal ladder beam errors at 12 WPT
for both ipsilateral (13.4 ± 3.0 versus
24.5 ± 5.5 for controls) and contralateral
(0.2 ± 0.1 versus 3.8 ± 1.4 for controls)
forepaws (Student’s one-tailed t test, *p <
0.05) compared with controls (n = 13 ipsi-
lateral, 12 contralateral). Data shown as
means ± SEM.
optical fractionator probe revealed an average of 91,701

human cells/animal for the CCL and 200,754 human

cells/animal for the RCL, which represented significantly

greater engraftment of the RCL (Figure 2B; one-way

ANOVA, p < 0.0001; post hoc Tukey’s test of CCL versus

RCL, p < 0.0001). However, the number of human cells

was equivalent for the CCL 60 DPI cohort compared with

the RCL 9 DPI proof-of-concept cohort data shown in Fig-

ure 1 (Figure 1B RCL 9 DPI 109,695 cells, Figure 2B CCL 60

DPI 91,701 cells; Student’s two-tailed t test, p > 0.4), sug-

gesting that there was adequate engraftment of the CCL

to support recovery of function if the donor cells acted

via the same or similar mechanisms. Stereology was used

to analyze the migration of the CCL and RCL; no differ-

ences were observed in the rostral-caudal extent of migra-

tion between the two cell lines (Figure 2C).

RCL and CCL Fate in the 60 DPI Cohort

Cell fate data are shown only for groups that received

HuCNS-SCs.We previously reported thatmultiple different

HuCNS-SC RCLs exhibit robust differentiation along the

oligodendroglial lineage after transplantation into rodent

models of SCI 9, 30, or 60 DPI (Cummings et al., 2005;

Hooshmand et al., 2009; Salazar et al., 2010; Piltti et al.,

2013a, 2013b; Sontag et al., 2013). In contrast, these
RCLs exhibit limited potential to generate oligodendroglial

lineage cells in vitro (Sontag et al., 2013) and limited termi-

nal differentiation into CC1-positive mature oligodendro-

cytes in the uninjured CNS in vivo (Sontag et al., 2014).

Accordingly, we assessed the cell lineage fate of the RCL

and CCL in this 60 DPI unilateral cervical model (Figure 3)

in a random subset of animals from each group (N = 7/

group) using double-labeling immunohistochemistry for

STEM121+ and doublecortin (DCX), nuclear Olig2, and

APC/CC1, as described in the Experimental Procedures. As-

troglial fate was determined by staining for the human-spe-

cificGFAPmarker STEM123. Quantificationwas conducted

via blinded, unbiased stereology using the optical fraction-

ator probe in StereoInvestigator. All data are expressed as

the proportion of STEM121+/marker+ donor human cells

relative to total STEM121+ cells in the same animal.

In contrast with previous studies in thoracic SCI at sub-

acute and chronic time points, no evidence for neuronal

lineage differentiation of donor cells, as evidenced by the

lack of detection of STEM121+/DCX+ profiles, was observed

(Figure 3A). These data were consistent with previous ob-

servations of the RCL transplanted at 9 DPI in this cervical

SCI model (not shown), in which an extremely small per-

centage of DCX+ neurons was observed and suggest that

local cues in the cervical microenvironment are either
Stem Cell Reports j Vol. 8 j 249–263 j February 14, 2017 251
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Figure 2. HuCNS-SC CCLs Exhibit Reduced
Engraftment Compared with RCLs in a 60
DPI Paradigm
(A) Representative images from cervical SCI
groups that received either a CCL, RCL, or
hFb transplant, or vehicle control 60 DPI.
Animals were sacrificed 12 WPT. Sections
were immunostained with STEM121 (brown)
and counterstained with hematoxylin
(purple).
(B) Blinded quantification 12 WPT revealed
an average of 91,701 human cells for the
CCL group (n = 16), 200,754 for RCL group
(n = 17), and no surviving human cells for
the hFB group (n = 12) A one-way ANOVA
revealed significant differences in survival
(solid bar p < 0.0001; post hoc Tukey’s test
of CCL versus RCL and hFb, ****p < 0.0001).
Dashed line denotes transplant dose of
75,000 cells.
(C) No difference was found in the rostral-
caudal extent of human cell migration be-
tween the CCL (n = 16) and RCL (n = 17) at
12 WPT (unpaired t tests with Holm-Sidak
multiple comparison correction, p > 0.05).
Dashed vertical line indicates injury
epicenter. Data shown as means ± SEM.
less permissive or fail to drive neuronal fate. Approximately

16% of CCL 60DPI donor cells exhibited STEM123+ immu-

nolabeling, with no significant differences in proportional

astroglial fate observed when RCL 60 DPI (23%) and CCL

60 DPI groups were compared (Figure 3B). This percentage

was consistent with previous observations in thoracic SCI

in which RCL were transplanted 30–60 DPI (Salazar et al.,

2010; Piltti et al., 2013a, 2013b); in parallel, the majority

of donor cells exhibited oligodendroglial lineage markers,

regardless of group. However, there was a non-significant

trend for a reduction in the STEM121+/nuclear Olig2+ pro-

portion in CCL versus RCL cells (Figure 3C), and analysis of

a mature oligodendroglial lineage marker (CC1) revealed

approximately half the number of STEM121+/CC1+ donor

human cells in CCL 60 DPI versus RCL 60 DPI transplanted

animals (Figure 3D; 10% versus 18%, Student’s two-tailed t

test, p < 0.007). These data suggest that there were differ-

ences between the CCL and RCL in response to the injured

microenvironment 60 DPI, which may have limited or
252 Stem Cell Reports j Vol. 8 j 249–263 j February 14, 2017
delayed the generation of myelinating oligodendrocytes

in CCL transplants.

Locomotor Recovery in the 60 DPI Cohort

No statistical differences were observed between injured

only (no injection) and vehicle injection groups in any

behavioral task; statistical comparisons shown were there-

fore based on comparison of groups receiving human cells

versus vehicle injection. Recovery of function was assessed

on four locomotor tasks: grip strength, cylinder reaching

(percentage paw placement), horizontal ladder beam, and

CatWalk step kinematic analysis. A summary of behavioral

data is contained in Figure 4A. Although the RCL exhibited

significant improvements in CatWalk Aa step pattern (co-

ordination of alternating right-fore, right-hind, left-fore,

left-hind) (Hamers et al., 2006) compared with the CCL

at 12 WPT (Figure 4A; one-way ANOVA p = 0.01, post hoc

Tukey’s multiple comparison t test p < 0.05), there were

no significant differences compared with vehicle controls.
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Figure 3. Lineage Analysis of HuCNS-SC
CCL and RCL in the 60 DPI Paradigm
Data for proportional human cell fate were
collected by blinded, unbiased stereology.
(A) Co-immunostaining for STEM121 (brown)
and the early neuronal marker DCX (blue)
revealed no STEM121+/DCX+ cells in either
the CCL (n = 7) or RCL (n = 7) groups (Stu-
dent’s two-tailed t test, p > 0.05, n.s.).
Inset shows positive control for DCX in the
hippocampus.
(B) Immunostaining for human-specific
GFAP (STEM123, brown) with hematoxylin
counterstaining (purple) revealed no sig-
nificant difference in STEM123 proportion
between the CCL (n = 6) and RCL (n = 7)
groups (Student’s two-tailed t test, p > 0.2).
(C) Immunostaining for STEM121 (blue) and
the oligodendroglial nuclear marker Olig2
(brown) revealed that the largest propor-
tion of STEM121+ cells were also nuclear
Olig2+ and there was a trend for a decrease
in Olgi2+ cells in CCL (n = 5) versus RCL
(n = 7) transplants (Student’s two-tailed
t test, p = 0.06).
(D) Immunostaining for STEM121 (brown)
and the mature oligodendroglial marker CC1
(blue) revealed a significant decrease in the
proportion of STEM121+/CC1+ cells in CCL
(n = 7) versus RCL (n = 7) transplants
(Student’s two-tailed t test, p < 0.007).
Arrowheads indicate double-positive cells.
Data shown as means ± SEM.
No evidence for recovery of function was observed for the

CCL in any of these tasks at 12 WPT or indeed at any

time point (Figures 4 and S3). To test whether there was a

relationship between the lack of observed locomotor reco-

very and 12 WPT engraftment, correlation analyses were

performed for each of the principal locomotor measures
collected for both the RCL and CCL. Although we have

previously reported a reduction in hindlimb errors on the

horizontal ladder beam that was correlated with increasing

total STEM121+ RCL engraftment after thoracic SCI

(Hooshmand et al., 2009), we observed the opposite here;

that is, an increase in right forelimb (ipsilateral) ladder
Stem Cell Reports j Vol. 8 j 249–263 j February 14, 2017 253
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Figure 4. Analysis of Locomotor Recovery in HuCNS-SC 60 DPI Cohort Transplantation Groups versus Vehicle Controls 12 WPT
(A) Table showing average ± SEM values for cylinder reaching (percentage paw placement), grip strength, horizontal ladder beam errors,
and CatWalk step kinematic analysis for each experimental group. RF, ipsilateral forelimb; LF, contralateral forelimb. Where one-way

(legend continued on next page)
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errors was associated with an increase in the number of

engrafted CCL cells (Figure 4B, dark blue circles; Pearson

r = 0.6, p = 0.009). No correlation was observed between

ipsilateral ladder errors and RCL engraftment (Figure 4B,

light blue circles; Pearson r = 0.171, not significant [n.s.]).

These data suggest a negative effect on locomotor recovery

specific for the CCL, and failure of the RCL to produce

robust locomotor recovery at this dose in young animals

when transplantation was delayed to 60 DPI.

The finding of impaired function on the ladder beamwas

paralleled in kinematics analysis of gait on the CatWalk

(Figures 4C and 4D). In young adultmice, the predominant

pre-SCI step pattern was Ab (80%), while the predominant

post-SCI step pattern shifted to Ca (60%). We focused on

correlations of proportions of Ab and Ca patterns, antici-

pating that an improvement in locomotor recovery would

be associated with an increase in Ab step pattern and a

decrease in Ca step patterns. In contrast, CCL-treated ani-

mals exhibited a decrease in Ab step pattern and an increase

in Ca step pattern in association with an increase in the

number of engrafted CCL cells (Figure 4C, %Ab Pearson

r = �0.496, p = 0.025; Figure 4D, %Ca Pearson r = 0.504,

p = 0.023). No correlation was observed between Ab or Ca

step pattern and RCL engraftment (Figure 4C,%Ab Pearson

r = �0.0580, n.s.; Figure 4D, %Ca Pearson r = 0.0239, n.s.).

Accordingly, these data suggest a negative effect on loco-

motor recovery specific for the CCL, and failure of the

RCL to produce robust locomotor recovery in young ani-

mals when transplantation was delayed to 60 DPI.

Based on observed differences in CC1+ oligodendroglial

differentiation between the RCL andCCL,we also conduct-

ed correlation analyses for ladder beam errors, Ab step

pattern, and Ca step pattern for these cell lines. No signifi-

cant relationships were found between ladder beam errors

and proportion of STEM121+/CC1+ cells for either the

RCL or CCL (Figure 4E, RCL Pearson r = 0.208, n.s.; CCL

Pearson r = �0.406, n.s.). Similarly, the CCL exhibited no

relationship between proportion of STEM121+/CC1+ cells

for either Ab or Ca step patterns (Figure 4F, Ab Pearson

r = �0.049, n.s.; Figure 4G Ca Pearson r = �0.074, n.s.).

However, analysis of these relationships for the RCL was

significant (Figure 4F, Ab Pearson r =�0.875, p = 0.005; Fig-

ure 4G, Ca Pearson r = �0.823, p = 0.012), suggesting that

the potential to exert donor-cell-driven repair in chronic
ANOVA reached significance (*p % 0.05, **p % 0.01), Tukey’s multip
found in ipsilateral cylinder reaching between the hFB and Injured onl
and hFB groups (*p% 0.05). n = 15–16 for CCL, n = 16–17 for RCL, n =
(see Figure S1D for exact numbers). BOS, base of support.
(B–G) Pearson correlations were conducted between the number of hu
(C) Ab step pattern, and (D) Ca step pattern. Pearson correlation were a
proportion and (E) ipsilateral forelimb ladder beam errors, (F) Ab step
intervals of 95%. n = 7 for CCL and n = 7 for RCL in CC1+ correlationa
cervical SCI may be associated with in vivo capacity to

generate terminally differentiated oligodendrocytes.

Sensory Assessment in the 60 DPI Cohort

A significant concern is the potential for cell engraftment,

or specific lineage selection, to induce or exacerbate neuro-

pathic pain syndromes in SCI (Hofstetter et al., 2005;

Macias et al., 2006). Accordingly, animals were assessed

formechanical allodynia using Von Frey testing and hyper-

algesia using Hargreaves testing. Critically, although

reduced, allodynia/hyperalgesia can be detected in consti-

tutively immunodeficient animals (Moalem et al., 2004;

Kleinschnitz et al., 2006). No changes were observed be-

tween any groups in these measures either immediately

prior to sacrifice at 12 WPT or in two-way ANOVA across

time (Figure S4), suggesting neither a cell-based impair-

ment of sensory function nor initiation of a neuropathic

pain syndrome.

Evaluation of the CCL for Engraftment, Fate,

Locomotor Recovery, and Sensory Parameters in a

Unilateral Cervical SCI Model 9 DPI

While RCL transplantation into the cervical spinal cord 9

DPI resulted in recovery of locomotor function in aged

Rag2g mice, the effect of RCL transplantation into the cer-

vical spinal cord 60 DPI in young Agouti Rag2g(c) hybrid

mice was attenuated, and correlational analyses suggest

CCL transplantation into this model produced some decre-

ments in function. Together, the data suggest that less

benefit was achieved after transplantation into a delayed/

chronic cervical SCI paradigm, and that the RCL and CCL

exerted different effects after cervical SCI. To investigate

this variation, we evaluated cell engraftment, fate, locomo-

tor recovery, and sensory function following CCL trans-

plantation into the cervical spinal cord 9 DPI in a separate

cohort of young Agouti Rag2g(c) hybrid mice.

CCL Engraftment in the 9 DPI Cohort

All Agouti Rag2g(c) hybrid mice receiving CCL at 9 DPI

exhibited engraftment 12WPT, while no sustained engraft-

ment was observed in mice receiving the hFB cellular

control (Figure 5A). Blinded, unbiased stereological quanti-

fication revealed an average of 118,757 human cells/ani-

mal (Figure 5B), which was significantly greater compared
le comparison t tests were conducted. Significant differences were
y groups (*p% 0.05), and in Aa step pattern between the RCL, CCL,
11–12 for hFB, n = 15–17 for Vehicle, and n = 9–10 for Injured only

man STEM121+ cells and (B) ipsilateral forelimb ladder beam errors,
lso conducted between STEM121+/CC1+ human oligodendroglial cell
pattern, and (G) Ca step pattern. Dashed lines indicate confidence
l analyses.
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Figure 5. HuCNS-SC CCL Exhibit Engraft-
ment and Rostral-Caudal Migration in a
9 DPI Paradigm
(A) Representative images from cervical SCI
groups that received CCL or hFb transplant,
or vehicle control 9 DPI. Animals were
sacrificed 12 WPT. Sections were immuno-
stained with STEM121 (brown) and coun-
terstained with hematoxylin.
(B) Blinded, unbiased quantification 12 WPT
revealed an average of 118,757 human cells
for the CCL group (n = 19) and no human
cells for the hFB group (n = 18) (Student’s
two-tailed t test, p < 0.0001). Dashed line
indicates the transplant dose of 75,000
cells.
(C) Rostral-caudal extent of human cell
migration for the CCL at 12 WPT. Dashed
vertical line indicates injury epicenter (n =
19). Data shown as means ± SEM.
with the 60 DPI CCL cohort Figure 2B; a comparison is

shown in Figure S2A (18,757 versus 91,701, Student’s

two-tailed t test, p < 0.05). This contrasts with previous ob-

servations in thoracic SCI, where we observe no significant

differences in surviving cells quantified 12–16 WPT after

human neural stem cells transplantation at 0, 9, or 30

DPI. However, comparison of migration between the 9

(Figure 5C) and 60 DPI (Figure 2C) CCL cohorts revealed

no differences in the rostral-caudal extent of migration at

any distance from the lesion epicenter (unpaired t test

with Holm-Sidak multiple comparison correction, n.s.).

CCL Fate in the 9 DPI Cohort

Analysis of human cell fate was conducted as described for

60 DPI cohorts. As for the 60 DPI CCL cohort, no evidence

of neuronal lineage differentiation was observed (Fig-

ure 6A). Approximately 33% of human CCL 9 DPI were

positive for the human astroglial marker STEM123 (Fig-

ure 6B). In parallel with the 60 DPI cohort, the largest pro-

portion of human cells exhibited oligodendroglial lineage

markers andwere positive for either STEM121+/Olig2+ (Fig-

ure 6C; 55%) or STEM121+/CC1+ (Figure 6D; 10%). No dif-

ferences were observed between the 9 DPI and 60 DPI CCL

cohorts in neuronal or oligodendroglial lineage fate pro-

portions (Figure S2B, Student’s two-tailed t test, p > 0.05).

However, comparison of the CCL 9 DPI and 60 DPI cohorts

revealed a doubling of STEM123+ astroglial cells in the 9
256 Stem Cell Reports j Vol. 8 j 249–263 j February 14, 2017
DPI cohort (Figure S2B, Student’s two-tailed t test, p <

0.009). Differences in the post-injury cervical SCI microen-

vironment associated with transplantation timing and/or

variation between CCL shipments, corresponding to the

9 DPI and 60 DPI cohort transplantation dates, may have

influenced CCL fate. In comparison, previous experience

with RCL has not demonstrated an increase in astroglial

fate inmice receiving human cells at 30 versus 9 DPI (Cum-

mings et al., 2005; Salazar et al., 2010).

Locomotor Recovery in the 9 DPI Cohort

In contrast to the 9 DPI RCL cohort, no evidence for recov-

ery of function was observed for the 9 DPI CCL cohort in

any locomotor assessment at 12 WPT or any time point

(Figures 7 and S5). A summary of behavioral data is shown

in Figure 7A. Analysis of locomotor recovery versus engraft-

ment at 12 WPT did not reveal significant correlations be-

tween the number of engrafted STEM121+ CCL cells and

right forelimb (ipsilateral) errors on the horizontal ladder

beam (Figure 7A; Pearson r = �0.218, n.s.) or in any

CatWalk step patterns, including Ab (Figure 7B; Pearson

r = 0.147, n.s.) or Ca (Figure 7C; Pearson r = �0.068, n.s.).

Similarly, analysis of locomotor recovery versus fate did

not reveal significant correlations between the number of

engrafted STEM121+/CC1+ CCL cells and right forelimb

(ipsilateral) errors on the horizontal ladder beam (Fig-

ure 7D; Pearson r = 0.278, n.s.) or in any CatWalk step
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Figure 6. LineageAnalysis ofHuCNS-SCCCL in the9DPIParadigm
Data for proportional human cell fate were collected by blinded,
unbiased stereology
(A) Immunostaining for STEM121 (brown) and DCX (blue) revealed
no STEM121+/DCX+ cells in CCL 9 DPI animals. Inset shows positive
control for DCX in cortex.
(B) Immunostaining for human-specific GFAP (STEM123, brown)
with hematoxylin counterstaining (purple) revealed 33% ± 4.4% of
CCL 9 DPI were positive for this astroglial marker.
patterns, including Ab (Figure 7E; Pearson r = 0.143, n.s.) or

Ca (Figure 7F; Pearson r =�0.366, n.s.). Together, these data

suggest that the CCL failed to promote functional locomo-

tor recovery in this animal model of cervical SCI; however,

no significant decrements in function were observed on

correlational analyses.

Sensory Parameter Assessment in the 9 DPI Cohort

All animals were assessed for mechanical allodynia using

Von Frey testing and hyperalgesia via Hargreaves testing.

No changes were observed between any groups in either

two-way ANOVA across time or immediately prior to sacri-

fice 12 WPT (Figure S6). Accordingly, these data suggest

that CCL transplantation 9 DPI neither altered sensory

function nor initiated a neuropathic pain syndrome.
DISCUSSION

HuCNS-SC CCLs have been tested in human clinical trials

in several paradigms. An HuCNS-SC line was authorized by

the US Food and Drug Administration (FDA) for testing in

the lysosomal storage disorder neuronal ceroid lipofuscino-

sis (NCL) (NCT00337636). Six patients were transplanted

and the studywas completed in 2009. The results suggested

that the direct transplantation of HuCNS-SCs into the CNS

was safe (Selden et al., 2013). An HuCNS-SC line was also

authorized for testing in the lethal disorder Pelizaeus-Merz-

bacher disease (NCT01005004). Four patients received this

HuCNS-SC line and the study was completed in 2012

(Gupta et al., 2012), again supporting a favorable safety

profile. In 2010, an HuCNS-SC line was authorized by

Swissmedic for a phase I/II trial in thoracic SCI

(NCT01321333) in Zurich (Health Canada and the FDA

later adding two North American sites). An HuCNS-SC

line was transplanted into 12 SCI patients; the trial was

completed in April 2015. Interim data were presented at

the fourth Joint International Spinal Cord Society and

American Spinal Injury Association meeting in Montreal

(May 14, 2015). However, as of September 30, 2016, final

results and/or a peer-reviewed publication of this study

has yet to be published. The principal objective of the cur-

rent study was to test the efficacy of the HuCNS-SC CCL in-

tended for use in the human cervical SCI Pathway Study
(C) Immunostaining for STEM121 (blue) and Olig2 (brown) revealed
that the largest proportion of STEM121+ cells in the 9 DPI
transplant group were positive for this oligodendroglial marker
(57.6% ± 2.4%).
(D) Immunostaining for STEM121 (brown) and CC1 (blue) revealed
13.6% ± 3% of CCL 9 DPI were positive for this mature oligoden-
droglial marker.
Arrowheads indicate double-positive cells. n = 7 for all lineage
tests. Data shown as means ± SEM.
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under an NIH-funded U01 in a unilateral cervical contu-

sion injury model, assessing locomotor recovery and sen-

sory function, as well as cell engraftment, migration, and

neural lineage fate.

Although we have previously demonstrated evidence for

recovery of motor function in both thoracic and cervical

models using several different research cell lines (RCL),

no evidence in support of the efficacy of the tested in-

tendedHuCNS-SCCCLwas detected in the current cervical

SCI study. In contrast, correlative measures of total donor

cell number and locomotor function suggested, in some

cases, a negative impact of engraftment of the CCL on

functional outcome in this animal model. A clinical trial

testing this HuCNS-SC CCL was initiated in December

2014 for cervical SCI (NCT02163876) after preliminary

analysis of the dataset in the present report was reported

to StemCells Inc. A press release of interim 6-month data

for the trial (November 18, 2015) reported improvements

in motor strength in 4/5 subjects, in contrast to the animal

data presented here. Subsequently, citing a lack of signifi-

cant improvements and the lack of a trend for improve-

ments over time, StemCells Inc. terminated the Pathway

Study on May 31, 2016.

These facts raise several issues for stem cell transplanta-

tion. There has been extensive discussion regarding the val-

idity of animalmodels in clinical translation (van derWorp

et al., 2010), based on the failure of animal models of

disease to predict efficacy in the clinical trial setting. Publi-

cation bias and overprediction of efficacy is suggested to ac-

count for as much as a third of this discrepancy (Sena et al.,

2010), and methodological/RIGOR flaws in animal studies

have also been raised as significant concerns (Lapchak,

2012; Chang et al., 2015). It can be difficult to determine

the applicability of endpoints in an animal model to the

human condition, or the timing of a therapeutic in rodents

versus timing in man (Henderson et al., 2013). Conversely,

poorly designed clinical studies may play a role in overesti-

mating or underestimating clinical impact (Moller, 2014).

Accordingly, publication of preclinical data from carefully

controlled and properly blinded animal studies is key for

advancing the field. Multiple RCLs have previously been

shown to improve recovery of function in multiple

thoracic SCI models. In addition, the RCL employed in
using one-way ANOVA p = 0.06; however Tukey’s multiple comparison
errors in the hFB group compared with vehicle group (p < 0.05) an
compared with injured only group (p < 0.05), denoted by *. n = 18–19
Injured only (see Figure S1D for exact numbers).
(B–G) Pearson correlations were conducted between the number of h
number, (C) Ab step pattern, and (D) Ca step pattern (n = 18). Pe
oligodendroglial cell proportion and (E) ipsilateral forelimb ladder be
significant differences were observed, suggesting neither improvem
confidence intervals of 95%.
the proof-of-concept cohort here did demonstrate efficacy

in this cervical SCI model. Moreover, in our preclinical

animal studies, all RIGOR recommendations and other

standards were met. One interpretation of these data is

that these observations derive from variation between

cell lines and/or in cell manufacture/processing and not

in the model itself or in the experimental execution of

the model.

For stem cell therapies, generation of cell lots and

lines with consistent potency and comparability is recog-

nized by the field and the FDA as a significant issue for

clinical translation (Hyun et al., 2008; Lo et al., 2008).

Inconsistencies in scale-up and production of good

manufacturing practice (GMP) CCLs, failure to develop

potency/comparability assays based on demonstrable

clinically significant activity rather than simplicity, and

failure of potency/comparability assays to offer adequate

analysis of clinically significant endpoints are issues that

have been addressed extensively in the context of mesen-

chymal stem cell products (MSCs). MSCs represent an

exemplar in which the failure of pivotal clinical trials

has been linked to these factors (Galipeau, 2013; Chinna-

durai et al., 2015). Accordingly, in addition to contro-

versies over the validity of animal models and quality

of preclinical design, an additional variable may be the

development and validation of potency/comparability as-

says for clinical testing of cell products, including the

lack of FDA requirements for in vivo testing. Critically,

failure to address and define the source of variation be-

tween research, process development, and clinical cell

lots and lines, or to conduct in vivo testing of all cell

product lots and lines used for clinical transplantation,

is an issue for not only efficacy, but safety, as the in vivo

factors controlling donor differentiation, cell division,

and tumorigenesis remain poorly defined, and a focus

on in vitro assays that are poorly linked to efficacy may

fail to detect critical variations that result in an altered

risk profile. We suggest that this raises concerns regarding

both the adequacy of current standards for demonstra-

tion of potency and comparability between therapeutic

cell lots and lines, as well as a potential issue for informed

consent during patient enrollment (Anderson and Cum-

mings, 2016).
revealed significant an increase in ipsilateral forelimb ladder beam
d in contralateral forelimb ladder beam errors in CCL 9 DPI group
for CCL, n = 17–18 for hFB, n = 18–20 for Vehicle, and n = 9–10 for

uman STEM121+ cells and (B) ipsilateral forelimb ladder beam error
arson correlations were also run between STEM121+/CC1+ human
am errors, (F) Ab step pattern, and (G) Ca step pattern (n = 7). No
ents nor decrements in function at 9 DPI. Dashed lines indicate
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In response to these data, StemCells Inc. noted that the

CCL cells tested herein are not the cells that were tested

in the Pathway Study, because cells were sent to theUniver-

sity of California, Irvine (UCI) from the ‘‘process develop-

ment laboratory’’ and not produced under current GMP

conditions/manufacturing requirements of a clinical trial.

StemCell Inc.’s response is contrary to the milestones of

the NIH-funded U01 for testing of the ‘‘intended CCL’’.

However, we do not have access to the safety/toxicology

profile submitted to gain FDA authorization for the trial

nor the final clinical product administered in the Pathway

Study. If one accepts that the CCL cells used herein do not

share sufficient comparability with the final clinical prod-

uct to be considered as ‘‘representative’’, then we believe

the Pathway Study went forward in the absence of in vivo

efficacy testing. Conversely, if one views the ‘‘process devel-

opment laboratory’’ and final clinical product as substan-

tially similar, then we would argue that the Pathway Study

went forward with cells that failed to yield preclinical effi-

cacy. Many scientists are unaware that in vivo preclinical

testing of the final clinical product is not required by the

FDA. As we have noted (Anderson and Cummings, 2016),

FDA guidance states that because ‘‘human-derived cellular

therapy products intended for clinical administration in

animals may not be informative’’ (due to the species spe-

cific nature of some paradigms or products), ‘‘testing of

an analogous product may be a suitable alternative’’ (Cen-

ter for Biologics Evaluation and Research, 2013).

Of course, when the final analysis and follow-up are

completed for the Pathway Study, the key issue will be

whether the final clinical product demonstrated a positive

or negative safety and tolerability profile, as well as prelim-

inary evidence related to efficacy outcome measures in

humans. If negative safety data or a failure in efficacy are

ultimately observed in the clinical trial, it is likely that hind-

sight will call out the failure to match preclinical and clin-

ical studies in terms of the tested product. Conversely, if

positive safety and/or efficacy profiles were to have been

observed in the clinical trial, one might have asserted that

preclinical models of cervical SCI in rodents are not predic-

tive, and/or that the details of cell manufacturing signifi-

cantly affect outcome in both animals and humans. In

the end, we have no way to conduct an objective assess-

ment of preclinical versus clinical discrepancies, which

raises amore general problem for translational research sup-

ported by academic-industry partnerships.

Are the cells used in the NCL trial, the Pelizaeus-Merz-

bacher Disease trial, or the Zurich thoracic SCI trial derived

from the same donor or by the samemanufacturing process

as those used in the Pathway Study? Because all cell lines,

whether from different donors or different manufacturing

preparations, have been designated as ‘‘HuCNS-SC’’ by

StemCells Inc., it is impossible for a subject enrolling in a
260 Stem Cell Reports j Vol. 8 j 249–263 j February 14, 2017
trial using this product to fully understand the basis on

which the trial was founded, and come to an informed indi-

vidual decision on participation. We suggest that open

disclosure of specific stem cell product designations (e.g.,

standardized clinical cell line reference numbers), should

be required, negotiated as a part of academic-industry col-

laborations, aswell as for publicationof preclinical and clin-

ical data, and institutional review board approval of con-

sent documents. This is a standard that we are unable to

meet due to nondisclosure restrictions; accordingly, multi-

ple different cell lines are referred to herein by the common

appellation HuCNS-SC. For clarity in this regard, it should

be stated that the CCL referenced in this article is not the

same line as the CCL reported on by Marsh et al. (2017),

or any cell line previously reported on by our laboratory.

Finally, it is important to address the relationship between

translational/preclinical research and clinical trial success

rate (Roberts et al., 2012; Perrin, 2014). Although many fac-

tors may contribute, including lack of alignment between

animal models and human disease, the lack of correspon-

dence between preclinical research and clinical trial success

may also suggest a need for conducting sufficient basic

research to understand the mechanism(s) of action (MOA)

of a particular cell therapy and enable potency/compara-

bility assaydesign that canrobustlydetectvariationbetween

cell lots and lines. Until optimized in vitro assays are avail-

able, thismay require invivo testingoffinalclinical products

that have completed full-release testing. It has been argued

that the MOA should not be required in order to proceed

with testing a drug or cell therapy in man. This position

posits that were we to wait until every aspect of a particular

cell linewereunderstood,wewouldneverproceed toclinical

testing. In fact,with respect to evidentiary standards for drug

testing and approval, the prevailingopinion is that ‘‘theories

aboutMOA of a drug or diseasemechanisms play important

parts in drug development and approval, but they are

entirely subsidiary to the fundamental questions that must

be answered in the course of drug approval; namely, is a

drug effective, and is it safe in use.’’ (Katz, 2004). While

this perspective has a logical degree of practicality, we sug-

gest that the failure (or disincentive) to understand MOA

may be an alternative reason for failure in translational

medicine and clinical trials. Finally, since the Pathway Study

failed to show efficacy in humans, wewill never know if this

failurewasbecauseneural stemcells, ingeneral, arenoteffec-

tive for human SCI or, rather, that the wrong cell line was

tested prematurely in humans.
EXPERIMENTAL PROCEDURES

All studies were in accordance with the Institutional Animal

Care and Use Committee and Human Stem Cell Research Over-

sight at UCI. All data were maintained under good laboratory



practice-like protocols, with an assigned data monitor. Animal

care, behavior, and analysis were performed by investigators

blinded to group, and random group allotment was used. Inclu-

sion/exclusion criteria were established in advance (see Supple-

mental Experimental Procedures). Additional detail on experi-

mental procedures, randomization, blinding, exclusions, cells,

injuries and surgeries, transplantation, and analyses is contained

in Supplemental Experimental Procedures.
HuCNS-SC and hFb
Sorted HuCNS-SC lines were provided by StemCells Inc.; details

about cells are described in the Supplemental Experimental Pro-

cedures. RCL and CCL cells were shipped overnight to UCI. Fresh

RCL or CCL shipments were received each surgery day. Cell yield,

viability, and preparation data were recorded for each vial received

(Table S1). Human mesenchymal stromal cell hFbs (Cell Applica-

tions) were thawed and cultured at UCI in DMEM with 10% fetal

bovine serum and glutamine for 7 days prior to transplantation.
Contusion Injuries
For the proof-of-concept cohort, we used 18-month-old, commer-

cially available, Rag2g(c) female mice (Taconic). For the main

study, 10 to 12 week old female Agouti Rag2g(c) hybrid mice

were used (StemCells Inc.). Animals were anesthetized, spinal

cords at C5 vertebral level were exposed by laminectomy, stabi-

lized, and unilateral 30-kDa contusion injuries with 5 s dwell

time were administrated with a 1 mm diameter tip using an IH

Impactor (Precision Systems& Instrumentation). Animals received

standard post-operative care, including buprenorphine, lactated

Ringer’s, bladder care, and antibiotics.
Transplantation
Mice were anesthetized 9 or 60 DPI and a total volume of 1 mL

(250 nL per injection site) of cell suspension (75,000 cells) or

vehicle was injected via two rostral injections and two caudal

injections 0.75 mm from midline.
Exclusions
Thirty-three animals entered the proof-of-concept study cohort;

25 completed the study. A total of 147 animals entered the main

study cohorts; 139 completed the study. There were no animal

exclusions due to engraftment failure or histological issues. Pre-

and post-injury animal exclusions, Grubbs exclusions, and final

numbers for statistical analysis are detailed in Figures S1A–S1D.
Assessment of Locomotor and Sensory Function
All tasks were assessed prior to injury (baseline) and at 3, 8, and 12

WPT. The horizontal ladder beam task was performed as described

(Salazar et al., 2010) using CatWalk XT (Noldus v9.0). Forelimb-use

asymmetry was assessed using a cylinder task. Forepaw grip

strength was measured for each paw alone and together in five tri-

als per mouse using a Dunnett-style grip strength meter (Pawar

et al., 2015). Mechanical allodynia was assessed using a Von Frey

test (Salazar et al., 2010). Thermal hyperalgesia was assessed using

a Hargreaves test (Piltti et al., 2013a, 2013b).
Histology and Stereological Quantification
At 12 WPT, mice were terminally anesthetized, and perfused, and

cord segments were dissected (C1–T2 roots), post-fixed, cryopro-

tected with 20% sucrose, and flash frozen (Hooshmand et al.,

2009). Coronal 30 mm sections were cryostated and immuno-

stained. The primary antibodies and secondary antibodies used

are listed in Table S2. Final animal numbers for analysis are listed

in Figure S1. Quantificationwas via unbiased stereology.Migration

of human cells was analyzed as percentage of the cells per section

relative to total number of human cells. A random set of animals

were selected for proportional counting of cell fate (N = 7/group).
Statistics
All data are means ± SEM; statistics were performed using Prism v6

(GraphPad Software). Comparisons between groups were analyzed

using one-way ANOVA combined with Tukey’s post hoc t tests or

Student’s one or two-tailed t tests. Locomotor and sensory function

were compared using two-way repeated measures ANOVA com-

bined with multiple comparison corrected/Bonferroni post hoc t

tests. Migration was analyzed using unpaired two-tailed t tests

with Holm-Sidak multiple comparison correction. Correlation be-

tween human cells and ladder beam errors or percentage of step

patterns were assessed using a Pearson correlation coefficient. A

p value of%0.05 was considered to be significant. In the figure leg-

ends, n denotes the number of individual mice.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental

Procedures, six figures, and two tables and can be found with

this article online at http://dx.doi.org/10.1016/j.stemcr.2016.12.

018.
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Anderson & Cummings

Supplemental	 Table	 S1.	 Summary	 of	 CCL	 cell	 shipments	 received	 from	
StemCells	 Inc.	 HuCNS-SC	 CCL	 overnight	 delivery	 included	 tracking	 of	 24hr	
temperature	 maintenance	 and	 alarm	 conditions.	 12	 shipments	 (Day)	 were	
received	over	two	months	(Date).	TempTale	temperature	recordings	indicate	the	
average	 temperature,	 Sunshine	 Y	 indicates	 temperature	 data	 was	 recorded	
continuously	 throughout	 the	 shipment,	 Alarm	 Y	 or	 N	 indicates	 whether	
temperature	 remained	 stable	 throughout	 the	 shipping.	 One	 CCL	 shipment	
exhibited	a	TempTale	alarm	Y	upon	arrival	at	UCI,	as	well	as	an	extreme	amount	
of	 cell	 debris,	 precluding	 transplantation.	 Transplantation	 surgeries	 were	
rescheduled	 and	 re-randomized	 to	 exclude	 using	 the	 Day	 1	 shipment.	 Cell	
viability	was	assessed	each	day	prior	to	transplant	via	trypan	blue	exclusion.

Summary of CCL cell shipment  from StemCells IncSummary of CCL cell shipment  from StemCells IncSummary of CCL cell shipment  from StemCells IncSummary of CCL cell shipment  from StemCells IncSummary of CCL cell shipment  from StemCells IncSummary of CCL cell shipment  from StemCells Inc

Day Date
TempTale temperature recordingsTempTale temperature recordingsTempTale temperature recordings

Cell Viability Day Date Temperature SunShine Alarm Cell Viability 

Day 1 3/6/2013 6˚C Y Y 94.6%
Day 2 3/7/2013 5˚C Y N 90.9%
Day 3 3/8/2013 5˚C Y N 90.6%
Day 4 3/20/2013 5˚C Y N 88.0%
Day 5 3/21/2013 5˚C Y N 86.0%
Day 6 3/22/2013 5˚C Y N 81.5%
Day 7 4/24/2013 5˚C Y N 89.3%
Day 8 4/25/2013 3˚C Y N 81.6%
Day 9 4/26/2013 5˚C Y N 89.8%
Day 10 5/8/2013 3˚C Y N 84.2%
Day 11 5/9/2013 3˚C Y N 87.9%
Day 12 5/10/2013 3˚C Y N 88.9%



A Proof-of-concept study - 9 DPI B Main Study

Supplemental	Figure	S1.	Surgical	and	post-operative	exclusions,	Grubb's	outlier	exclusions,	
and	 Cinal	 group	 numbers.	 A-B)	 Surgical	 and	 post-operative	 exclusions	 for	 the	 proof-of-concept	
experiment	and	the	main	study.	C)	Proof-of	concept	study	Grubb's	outlier	exclusions	and	Rinal	N	for	
each	 statistical	 analysis.	 STEM121+	 donor	 human	 cell	 engraftment	 was	 assessed	 in	 7	 randomly	
selected	animals	(Methods).	D)	Main	study	Grubb's	outlier	exclusions	and	Rinal	N	for	each	statistical	
analysis.	Donor	human	cell	fate	analysis	was	performed	in	7	randomly	chosen	animals	(Methods).	
N/A	indicates	not	applicable,	as	groups	had	either	no	surviving	cells	or	no	transplants.	

Total number of animals N=147

 9 DPI Transplant Cohort N=72 60 DPI Transplant Cohort N=75

Vehicle N=17

9 DPI Transplant Cohort 
Final N=67

60 DPI Transplant Cohort  
Final  N=72

Post-Op Complication N=1

Early Histology N=3

Surgery Complication N=1

Surgery Complication N=1

Post-Op Complication N=1

Pre-injury Thymoma N=1

Vehicle N=20

hFB N=18

HuCNS-SC CCL N=19

hFB N=12

HuCNS-SC CCL N=16

HuCNS-SC RCL N=17

Total number of animals N=33

Vehicle N=13

HuCNS-SC RCL N=12

Post-Op Complication N=6

Surgery Complication N=2

9 DPI Transplant Cohort 
Final N=25

Injury only N=10

Injury only N=10

Table 1

Grubbs test exclusions and final animal numbers for 
statistical analysis

Proof-of-concept study 9 DPI
HuCNS-SC RCL 

(N=12)*
Vehicle        
(N=13)*

Histological 
analysis at 12 wpt

Excluded 
N

Final       
N

Excluded 
N

Final      
N

STEM121 1 5 - -

Behavioral measure 
at 12 wpt

Excluded 
N

Final       
N

Excluded 
N

Final      
N

Ladder beam LF 0 12 1 12

Ladder beam RF 0 12 0 13

�1

Grubbs test exclusions and final animal numbers for statistical analysis
9 DPI Transplant cohort 60 DPI Transplant cohort

HuCNS-SC CCL 
(N=19)*

hFB            
(N=18)*

Vehicle       
(N=20)*

Injured only 
(N=10)*

HuCNS-SC CCL 
(N=16)*

HuCNS-SC RCL 
(N=17)*

hFB           
(N=12)*

Vehicle         
(N=17)*

Injured only 
(N=10)*

Histological analysis 
at 12 wpt

Excluded 
N

Final    
N

Excluded 
N

Final  
N

Excluded 
N

Final     
N

Excluded 
N

Final     
N

Excluded 
N

Final      
N

Excluded 
N

Final     
N

Excluded 
N

Final  
N

Excluded 
N

Final     
N

Excluded 
N

Final     
N

STEM121 0 19 0 18 - - - - 0 16 0 17 0 12 - - - -
STEM121/DCX 0 7 - - - - - - 0 7 0 7  -  -  -  - - -

STEM123 0 7 - - - - - - 1 6 0 7 - - - - - -
STEM121/Olig2 0 7 - - - - - - 1 5 0 7 - - - - - -
STEM121/CC1 0 7 - - - - - - 0 7 0 7 - - - - - -

Behavioral measure 
at 12 wpt

Excluded 
N

Final    
N

Excluded 
N

Final  
N

Excluded 
N

Final     
N

Excluded 
N

Final     
N

Excluded 
N

Final      
N

Excluded 
N

Final     
N

Excluded 
N

Final  
N

Excluded 
N

Final     
N

Excluded 
N

Final     
N

Grip Strength LF 0 19 0 18 0 20 0 10 0 16 0 17 0 12 0 17 0 10
Grip Strength RF 0 19 0 18 0 20 0 10 1 15 0 17 0 12 0 17 0 10
Cylinder LF 0 19 0 18 1 19 0 10 1 15 0 17 0 12 0 17 0 10
Cylinder RF 1 18 1 17 0 20 0 10 1 15 1 16 1 11 1 16 0 10
Both Cylinder 0 19 1 17 1 19 0 10 1 15 0 17 0 12 0 17 0 10
Ladder beam LF 0 19 1 17 0 20 0 10 0 16 0 17 1 11 1 16 0 10
Ladder beam RF 1 18 1 17 1 19 1 9 1 15 0 17 1 11 0 17 0 10
Von Frey LF 0 19 0 18 0 20 0 10 0 16 0 17 0 12 0 17 0 10
Von Frey RF 0 19 1 17 0 20 0 10 0 16 0 17 0 12 0 17 0 10
Hargreaves LF 1 18 1 17 0 20 0 10 0 16 0 17 0 12 0 17 0 10
Hargreaves RF 0 19 0 18 1 19 0 10 0 16 0 17 0 12 0 17 0 10
Catwalk Run Duration 0 19 0 18 1 19 0 10 0 16 0 17 0 12 1 16 0 10
Catwalk swing speed RF 0 19 0 18 1 19 0 10 1 15 0 17 0 12 1 16 0 10
Catwalk swing speed LF 1 18 1 17 1 19 0 10 0 16 0 17 0 12 1 16 0 10
Catwalk duty cycle RF 0 19 0 18 1 19 0 10 0 16 0 17 0 12 2 15 0 10
Catwalk duty cycle LF 0 19 0 18 1 19 0 10 0 16 0 17 0 12 1 16 0 10
Catwalk BOS F 1 18 0 18 1 19 0 10 0 16 0 17 1 11 1 16 0 10
Catwalk RI 0 19 1 17 1 19 0 10 1 15 0 17 1 11 1 16 0 10
Catwalk Aa 1 18 1 17 2 18 1 9 1 15 1 16 1 11 1 16 0 10
Catwalk Ab 0 19 0 18 1 19 0 10 0 16 0 17 0 12 1 16 0 10
Catwalk Ca 0 19 0 18 1 19 0 10 0 16 0 17 0 12 1 16 0 10
Catwalk Cb 1 18 1 17 2 18 0 10 1 15 1 16 0 12 2 15 1 9
Catwalk Ra 1 18 1 17 2 18 0 10 0 16 1 16 1 11 2 15 0 10
Catwalk Rb 0 19 1 17 2 18 0 10 1 15 0 17 1 11 1 16 1 9

�1

C

D

Surgical and post-operative exclusions



Antibody Dilution Host Company Catalog #

SC121 1:10,000 Mouse Stem Cells Inc AB121U059

SC123 1:2,500 Mouse Stem Cells Inc AB123U050

APC/CC1 1:200 Mouse CalbioChem OP80

DCX 1:50 Goat Santa Cruz Biotech SC-8066

Olig2 1:500 Goat R&D Systems AF2418

Anti-Mouse F(ab’)2 1:500 Donkey Jackson ImmunoResearch 715066151

Anti-Goat F(ab’)2 1:500 Donkey Jackson ImmunoResearch 705066147

�1

Supplemental	Table	S2.	List	of	Antibodies.	Antibodies,	dilutions,	host,	source,	
and	 catalogue	 number	 for	 reagents	 used	 in	 histological	 analyses.	 Nuclear	
counterstaining	with	Hematoxylin	or	Methyl	green	as	indicated	in	Rigures.



s        Transplantation groups       
s

Student’s 2-
tailed t-test  

p-value
Staining Lineage HuCNS-SC CCL 

9 DPI
HuCNS-SC CCL 

60 DPI

STEM121/DCX Early neuronal 0.0% ± 0.0% 0.0% ± 0.0% NS

STEM123 Astroglial 33.0% ± 4.4% 16.3% ± 2.4% p=0.009

STEM121/Olig2 Oligodendroglial 55.6% ± 1.6% 54.2% ± 0.8% p=0.2

STEM121/CC1 Mature Oligodendroglial 10.1% ± 2.0% 13.6% ± 3.0% p=0.4

Fate comparison CORRECT

**

Supplemental	 Figure	 S2.	 Comparison	 of	 donor	 human	 cell	
engraftment	 and	 lineage	 in	 60	 DPI	 versus	 9	 DPI	 HuCNS-SC	
CCL	 transplantation	 cohort	 groups.	 A)	 STEM121+	 donor	
human	 cell	 engraftment	 was	 signiRicantly	 increased	 in	 the	
HuCNS-SC	CCL	9	DPI	(n=19)	versus	60	DPI	(n=16)	cohorts	at	12	
WPT	 (Student's	 two-tailed	 t-test,	 p<0.05).	 B)	 Comparison	 of	
donor	 human	 cell	 lineage	 proportions	 between	 the	 HuCNS-SC	
CCL	 60	 DPI	 and	 9	 DPI	 cohort	 groups	 revealed	 no	 signiRicant	
differences	 in	 early	 neuronal	 cells	 or	 oligodendroglial	 cells.	
However,	the	proportion	of	STEM123+	astroglial	marker	positive	
cells	 was	 signiRicantly	 increased	 in	 the	 HuCNS-SC	 CCL	 9	 DPI	
compared	to	the	60	DPI	cohort	group	(Student's	two-tailed	t-test,	
p<0.009). N=5-7 for 60 DPI lineage vs n=7 for 9 DPI lineage 
analysis (see Supplemental Figure S1.D for specific numbers). 
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Supplemental	 Figure	 S4.	 Comparison	 of	 sensory	 parameters	 for	 ipsilateral	 and	
contralateral	 forelimbs	 within	 HuCNS-SC	 CCL	 and	 RCL	 60	 DPI	 transplantation	 cohort	
groups	at	all	assessment	times.	A)	No	differences	were	found	between	groups	in	ipsilateral	or	
contralateral	 forelimb	 withdrawal	 number	 in	 Von	 Frey	 testing,	 or	 B)	 withdrawal	 latency	 in	
Hargreaves	testing	at	either	12	WPT	(1-way	ANOVA,	NS	p>0.05)	or	at	any	other	assessment	time	
(2-way	ANOVA,	NS	p>0.05). Von	Frey,	n=16,	17,	12,	17;	Hargreaves,	n=16,	17,	12,	17;	for	CCL,	RCL,	
hFB	and	Vehicle	respectively	(see	Supplemental	Figure	S1.D). 
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Supplemental	 Figure	 S6.	 Comparison	 of	 sensory	 parameters	 for	 ipsilateral	 and	
contralateral	 forelimbs	within	HuCNS-SC	 CCL	 9	DPI	 transplantation	 cohort	 groups	 at	 all	
assessment	times.	 	A)	No	differences	were	found	between	groups	in	ipsilateral	or	contralateral	
forelimb	withdrawal	number	in	Von	Frey	testing	at	12	WPT	or	any	timepoint,	or	B)	withdrawal	
latency	in	Hargreaves	testing	at	12	WPT	(1-way	ANOVA,	NS	p>0.05)	or	at	any	timepoint	(2-way	
ANOVA,	NS	p>0.05).	Von	Frey,	n=19,	18,	20;	Hargreaves,	n=18,	17,	20;	 for	CCL,	hFB	and	Vehicle	
respectively	(see	Supplemental	Figure	S1.D). 
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Supplemental Experimental Procedures

HuCNS-SC and hFb 

HuCNS-SC are derived via fluorescence-activated cell sorting (FACS) from donated fetal brain tissue and expanded 
as neurospheres based on expression of the stem cell marker CD133+, a lack of the hematopoietic markers; CD34- 

and CD45-, and low levels of CD24lo. Sorting by these markers has previously been shown to result in a highly 
enriched population of human neural stem cells (Uchida et al. 2000). Sorted HuCNS-SC CCL and RCL cells were 

provided by StemCells Inc (StemCells Inc., Palo Alto, CA, http://www.stemcellsinc.com). 

HuCNS-SC RCL cells were maintained and shipped to UCI via overnight delivery from the research division of 

StemCells Inc. in a volume of 50ml. After receipt of cells on the day of transplantation, neurospheres (< passage 
number 12 on arrival) were dissociated into individual cells, centrifuged, washed, counted under sterile conditions, 

and adjusted to a cell density of 75,000 cells per microliter in X-Vivo 15 medium (Lonza) for injection, as 
previously described (Cummings et al.  2005, Cummings et al. 2006, Hooshmand et al. 2009, Salazar et al. 2010, 

Piltti et al. 2013,  Piltti et al. 2013, Sontag et al. 2013, Sontag et al. 2014, Piltti et al. 2015). Each day of surgery was 
performed with a new RCL shipment. Cell yield, viability, and preparation data were recorded for each vial of cells 

received. 

HuCNS-SC CCL seed stock were produced and maintained by StemCells Inc. under cGMP/GTP protocols and 

conditions. CCL cells sent to UCI for transplantation were prepared in the StemCells Inc. process development 
laboratory in a non-cGMP environment. Cell passage numbers were not provided by StemCells Inc. for CCL cells 

received at UCI. HuCNS-SC CCL cells were shipped to UCI via overnight delivery per an established Technical 
Research and Development Protocol with StemCells Inc. Specifically, each cell shipment was sent in a volume of 

300µl, monitored using TempTale, TiltWatch Plus, and ShockWatch devices, and all data from shipment monitoring 
recorded. HuCNS-SC CCL cells received at UCI were designated as ‘non-clinical product’ cells on the vials 

received. After receipt of cells on the day of transplantation, neurospheres were dissociated into individual cells and 
adjusted to a cell density of 75,000 cells per microliter in X-Vivo 15 medium (Lonza) for injection, as detailed for 

RCL cells.  One CCL shipment exhibited a TempTale alert upon arrival at UCI as well as extensive cellular debris, 
precluding transplantation; transplantation surgeries were rescheduled to exclude cells from that day’s shipment. 

Each day of surgery was performed with a new CCL shipment, thus, 12 CCL shipments were received, and 1 was 
excluded as noted. Cell yield,  beginning and end of day viability,  and cell preparation data were recorded for each 

vial of cells received (Supplemental Table 1). 

Human mesenchymal stromal cell-fibroblasts (hFb) (Cell Applications, San Diego, CA, http://

www.cellapplications.com) were thawed and cultured in DMEM supplemented with 10% fetal bovine serum and 
Glutamine at UCI for 7 days prior to transplantation. For transplantation, hFb at passage number 8 were dissociated 

into individual cells and adjusted to a cell density of 75,000 cells per microliter in X-Vivo 15 medium (Lonza). 

Animal Welfare

This study was carried out in accordance with the Institutional Animal Care and Use Committee at the University of 
California, Irvine, and was consistent with current U.S. federal guidelines. 

http://www.stemcellsinc.com
http://www.stemcellsinc.com
http://www.cellapplications.com
http://www.cellapplications.com
http://www.cellapplications.com
http://www.cellapplications.com


Contusion Injuries

For the proof-of-concept study cohort, commercially available Rag2γ(c) female mice (Taconic Biosciences, http://

www.taconic.com) were used at 18 months of age. For the main study cohorts, adult female 10-12 week-old Agouti 
Rag2γ(c) hybrid mice, generated at StemCells Inc were used.  For all cohorts, animals were anesthetized with 2% 

isoflurane (VetEquip Inc., Pleasanton, CA, http://www.vetequip.com). Spinal cords at cervical 5 (C5) vertebral level 
were exposed by laminectomy using a surgical microscope and stabilized in a spinal stereotaxic frame by clamping 

at the C4 and C6 lateral vertebral processes, and unilateral 30-kDa contusion injuries with 5s dwell time were 
administrated with a 1mm diameter impactor tip on right side of the spinal cord, between the midline and lateral 

edge of the C5 vertebrae using an Infinite Horizon Impactor (Precision Systems and Instrumentation, Lexington, 
KY, http://www.presysin.com) as previously described (Nishi et al. In review). Following the injury, the exposed 

spinal cords were covered with gelfoam (Pfizer, New York, NY, http://www.pfizer.com), muscles were closed with 
5-0 chromic gut sutures (Surgical Specialties Co., Reading, PA, http://www.heidolphna.com), and the skin was 

closed using wound clips (CellPoint Scientific Inc.,  Gaithersburg, MD, http://www.cellpointscientific.com). For 
postoperative care, the animals received 0.01 mg/kg s.c buprenorphine (Hospira Inc., Lake Forest, IL, http://

www.hospira.com) twice a day for 2 days, 50 ml/kg SQ lactated Ringer’s solution (B. Braun Medical Inc., Irvine, 
CA, http://www.bbraunusa.com) once daily for 4 days, and manual bladder expression twice a day until mice 

recovered some level of bladder function, then once daily until the end of study. All the animals were maintained on 
antibiotics rotating 2.5mg/kg SQ Enrofloxacin (Baytril) (Western Medical), 2.5mg/kg p.o. Ciprofloxacin 

hydrochloride (Dr. Reddy’s Laboratories, Bachepalli, India, http://www.drreddys.com), and 2.5mg/kg p.o. 
Ampicillin (STADA Pharmaceuticals, Cranbury, NJ, http://www.stada.de/english) every 2 weeks until end of the 

study.

HuCNS-SC and hFibroblast Transplantation

Mice were re-anesthetized 9 or 60 DPI, laminectomy sites re-exposed, and vertebral column stabilized in a spinal 
stereotaxic frame for injection. A total volume of 1µl (250nl per injection site) of cell suspension or vehicle (X-Vivo 

15 medium) was injected in two rostral bilateral injections and another two bilateral caudal injections, 0.75 mm from 
midline,  1mm distal (rostral or caudal respectively) to the injury site, using polished 30° beveled glass pipettes 

(inner diameter [i.d.] 70µm, outer diameter [o.d.] 100–110µm; Sutter Instruments, Novato, CA, http://
www.sutter.com). Injections were performed using a NanoInjector 2000 system with a Micro4 Controller and a 

micropositioner (World Precision Instruments, Waltham, MA, http://www.wpiinc.com), under microscopic guidance 
over 1 minute, followed by an additional 2-minute delay before removing the needle to prevent back-flow. After 

injection, the postoperative procedures and animal cal were performed as described.

Data management, Exclusions, Final Ns, and experimental blinding. 

All data for cell shipments, animal surgeries, pre- and post-operative care,  behavioral assessments,  and perfusions / 
staining were maintained under pre-established GLP-like protocols, with an assigned data monitor. All injuries and 

transplantations were done by well-trained personnel.  Consistency of the injuries was validated by IH device 
feedback (actual force and displacement values over time) followed by behavioral outcome monitoring. All animal 

care, behavioral data collection and analysis was performed by investigators blinded to the study groups. To 

http://www.taconic.com
http://www.taconic.com
http://www.taconic.com
http://www.taconic.com
http://www.vetequip.com
http://www.vetequip.com
http://www.presysin.com
http://www.presysin.com
http://www.pfizer.com
http://www.pfizer.com
http://www.heidolphna.com
http://www.heidolphna.com
http://www.cellpointscientific.com
http://www.cellpointscientific.com
http://www.hospira.com
http://www.hospira.com
http://www.hospira.com
http://www.hospira.com
http://www.bbraunusa.com
http://www.bbraunusa.com
http://www.drreddys.com
http://www.drreddys.com
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http://www.sutter.com
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maintain blinding, animals were randomized for distribution into groups by one investigator the night before 
transplantation, a second investigator was responsible for animal coding and distribution of vehicle, hFB, or 

HuCNS-SC aliquots for injection based on the pre-established group assignments. Only these two investigators had 
access to the code. All investigators conducting anesthesia, surgery, transplantation, behavior,  and histology 

remained blinded for the duration of the study. 

Criteria for inclusion/exclusion were established prior to conducting either study. 33 animals entered the proof of 

concept study cohort; 25 completed the study. 147 animals entered the main study cohorts; 139 completed the study. 
There were no animal exclusions due to engraftment failure or at the stage of histological analysis. Pre- and post-

injury animal exclusions, Grubbs test exclusions, and final animal numbers for statistical analysis are detailed in 
Supplemental Fig 1A-D. 

Assessment of locomotor and sensory function

Horizontal Ladder Beam task was performed as previously described (Cummings et al. 2007) at 8,  and 12 weeks 

post-transplantation (WPT). Briefly, the number of contralateral (left) and ipsilateral (right) forelimb stepping errors 
were analyzed in three separate runs per mouse across a horizontal ladder with 50 rungs. Stepping errors include 

missing the rung, stepping on the run with the dorsal surface of the paw, or slipping off of the rung after placing with 
the plantar surface of the paw. Successful steps include stepping squarely on the rung with the plantar surface of the 

paw, and skipping over the rung. Catwalk Gait (Vrinten and Hamers 2003, Hamers et al. 2006) was assessed in three 
separate runs per mouse as previously described (Salazar et al.  2010) using CatWalk XT (Noldus v9.0) prior to 

injury (baseline) and at 4, 8, and 12 WPT. 

Forelimb-use asymmetry was assessed using Cylinder task as previously described (Khaing et al. 2012, Pawar et al. 

2015) prior to injury (baseline) and at 4, 8,  and 12 WPT. Briefly,  mice were placed in a glass beaker and the number 
of forepaw placements (single and both paws) on the sides of beaker were counted over 5 minutes. Forepaw grip 

strength was measured for each paw alone and together in five trials per mouse using a Dunnett-style grip strength 
meter (Dunnett et al. 1998) as previously described (Pawar et al. 2015) at 4, 8, and 12 WPT.

Mechanical allodynia was assessed using Von Frey test as previously described (Salazar et al. 2010).  Briefly, mice 
were placed in a clear acrylic chamber on an elevated wire mesh grid. Withdrawal response of the hindpaws was 

assessed by applying a 4.08 gram force Touch-Test Sensory Evaluator filament (North Coast Medical, Gilroy, CA, 
https://www.ncmedical.com) prior to injury (baseline) and at 4,  8, and 12 WPT. Filaments were administered to the 

plantar surface of each paw 10 times,  2 minutes apart, and the number of withdrawals was recorded. Thermal 
hyperalgesia was assessed using Hargreaves test (Hargreaves, Pain,  1988) as previously described (Piltti et al. 2013). 

Briefly, forepaw sensitivity was tested while mice were standing on top of a temperature-controlled glass plate 
heated to 35°C. A withdrawal response of all four paws were assessed using a radiant thermal stimulus of the paw 

analgesia meter set at an active intensity of 35 arbitrary units applied to the plantar surface through the glass plate 
(IITC Life Sciences, Inc, Woodland Hills, CA, http://www.iitcinc.com) prior to injury (baseline) and at 4, 8, and 12 

WPT. Thermal stimulus was administered to plantar surface of each paw three times, with a 3 minute rest between 
each run, and the reaction times were recorded and then averaged. For both Von Frey and Hargreaves, animals were 

acclimatized to the testing chambers for1.5 to 2 hours prior to testing.

https://www.ncmedical.com
https://www.ncmedical.com
http://www.iitcinc.com
http://www.iitcinc.com


Perfusion, Tissue Collection, Sectioning and Histology

At 12 WPT, mice were terminally anesthetized and transcardially perfused, injured cord segments were dissected 

based on dorsal spinal root counts (C1-T2 roots), postfixed and cryoprotected with 20% sucrose, flash frozen in 
cooled isopentane,  and stored for sectioning as previously described (Hooshmand et al.  2009).  Injured 

cord segments from all animals were dissected and coronal sections of 30µm were taken using a cryostat (Thermo 
Fisher Scientific, Waltham, MA, http://www.thermofisher.com) followed by mounting onto slides using a CryoJane 

tape transfer system (Leica Biosystems, Inc., Buffalo Grove,  IL, http://leicabiosystems.com). For 
immunohistochemistry,  the tissue sections were antigen-retrieved in Buffer A (Electron Microscopy Sciences, 

Hatfield, PA http://www.emsdiasum.com) using 2100 Retriever (Aptum Biologics, South Hampton, http://
www.aptum-bio.com/United Kingdom) and treated to deactivate endogenous peroxide activity, immunostained as 

previously described (Hooshmand et al. 2009) and visualized using either 3,3-diaminobenzidine (DAB) horseradish 
peroxidase or/and SG horseradish peroxidase substrates (Vector Laboratories, Burlingame, CA, http://

vectorlabs.com). The primary antibodies and secondary antibodies used are listed in Supplemental Table 2. Methyl 
green or hematoxylin were used for nuclear labeling where necessary.

Stereological Quantification

Final animal numbers for analysis are as described above and listed in Supplemental Fig 1. Total numbers of 

STEM121+ (SC121) human cells in all transplanted animals and STEM123+ (SC123) human GFAP+ cells were 
determined by unbiased stereology in 1 in 12 intervals from spinal cord sections 360 µm apart using systematic 

random sampling with an optical fractionator probe and StereoInvestigator version 11 (MicroBrightField Inc., 
Williston, VT, http://www.mbfbioscience.com). Optical fractionator grid size and counting frame size were 

empirically determined to yield average Gundersen (m=1) cumulative error values less than 0.1. The migration of 
human cells was analyzed as percentage of the cells per section relative to total number of counted STEM121+ 

human cells.  The distribution of the cells was normalized with the distance from the injury epicenter, designated as 
the most damaged tissue section with largest injury epicenter.

A random subset of animals were selected for proportional counting of cell fate (N=7/group). Proportional counts of 
STEM121+/DCX+, STEM121+/Olig2+, and STEM121+/APC(CC-1)+ cells were analyzed in 1 in 24 intervals from 

spinal cord sections 720 µm apart using an optical fractionator probe and systematic random sampling to accumulate 
a minimum of 100 targets; proportions were thus computed for the second label in reference to the STEM121+ 

labeling in the same sections. STEM123+ counts of human GFAP+ cell fate were proportionally compared to 
STEM121+ staining within separate sections /set of the same animal.

Statistical Analysis

All data are shown as mean±SEM; statistical analysis was performed using Prism software, version 6 (GraphPad 

Software Inc., San Diego,  CA, http://www.graphpad.com).  Comparisons between groups were analyzed using either 
one-way ANOVA combined with Tukey’s post hoc t-tests or Student’s one or two--tailed t-tests.  In the case of 

behavioral data, where there was an a priori prediction that human cell groups would perform better than injured 
controls or vehicle groups, a one-tailed test was applied, as indicated in the text and legends.  In the case of 

histological analyses, where there were no a priori predictions for comparisons, a two-tailed test was applied, as 

http://www.thermofisher.com
http://www.thermofisher.com
http://leicabiosystems.com
http://leicabiosystems.com
http://www.emsdiasum.com
http://www.emsdiasum.com
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indicated in the text and legends. Changes in locomotor and sensory function between the groups were compared 
using two-way repeated measures analysis of variance (ANOVA) combined with multiple comparison corrected/

Bonferroni post-hoc t-tests. Differences in migration were analyzed using unpaired two-tailed t-tests with Holm-
Sidak multiple comparison correction as there was no a priori hypothesis at one cell type would behave differently 

than another. Correlation between numbers of STEM121+ or STEM121+/CC1+ cells and numbers of Ladder beam 
errors or percentage of Ab or Ca step patterns were assessed using the Pearson correlation coefficient. A p value of ≤ 

0.05 was considered to be statistically significant. 

Power analyses were conducted prior to initiating the CCL cohorts. Power analysis based on preliminary efficacy 

data with the RCL indicated that a sample size of 10 in each group has 80% power at an alpha < 0.05 (two-tailed) to 
detect a change of 2% in CatWalk Aa step pattern,  a 1 error reduction in contralateral horizontal ladder errors, and a 

4 error reduction in ipsilateral horizontal ladder errors. For sensory testing, power analysis was based on the 
published literature (Hofstetter et al. 2005), and indicated that a sample size of 16 in each group has 80% power at 

an alpha < 0.05 (two-tailed) to detect a change of 5g in withdrawal threshold in Von Frey testing, and a 0.4s change 
in withdrawal latency in Hargreaves testing. These represent detection of very small effect sizes with a high degree 

of sensitivity.
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