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SUMMARY

Transplantation of neural stem cells (NSCs) can improve cognition in animal models of Alzheimer’s disease (AD). However, AD is a protracted
disorder, and prior studies have examined only short-term effects. We therefore used an immune-deficient model of AD (Rag-5xfAD mice) to
examine long-term transplantation of human NSCs (StemCells Inc.; HuCNS-SCs). Five months after transplantation, HuCNS-SCs had en-
grafted and migrated throughout the hippocampus and exhibited no differences in survival or migration in response to 8-amyloid pathology.
Despite robust engraftment, HuCNS-SCs failed to terminally differentiate and over a quarter of the animals exhibited ectopic human cell
clusters within the lateral ventricle. Unlike prior short-term experiments with research-grade HuCNS-SCs, we also found no evidence of
improved cognition, no changes in brain-derived neurotrophic factor, and no increase in synaptic density. These data, while disappointing,
reinforce the notion that individual human NSC lines need to be carefully assessed for efficacy and safety in appropriate long-term models.

INTRODUCTION

Alzheimer’s disease (AD) is the most common cause of neu-
rodegeneration, affecting over 35 million people world-
wide (Alzheimer’s Association, 2016). AD is a debilitating
and progressive disease characterized by loss of memory,
reasoning, and other cognitive functions that eventually
robs patients of the ability to perform basic daily activ-
ities (Alzheimer’s Association, 2016). Currently approved
therapies provide only short-term palliative benefit and
fail to modify disease pathology (Alzheimer’s Association,
2016). Thus, there is an urgent need to identify novel and
effective therapies for AD. Many preclinical and clinical
studies have focused on reducing the accumulation of
B-amyloid (AB), generally considered the most upstream
cause of AD, which in turn induces hyperphosphorylation
of tau, synaptic loss, and inflammation. However, thus far
these anti-amyloid efforts have failed to slow cognitive
decline in late-stage clinical trials (Schenk et al., 2012),
although whether earlier intervention can provide efficacy
is currently being examined (Sevigny et al., 2016).

While AD was initially considered too diffuse a disorder
to benefit from neural stem cell (NSC) transplantation,
recent studies have suggested that this may not be the
case. For example, evidence from our laboratory and
many others has shown that mouse NSCs (mNSCs) trans-
planted into a variety of different animal models, including
models of AR accumulation, tauopathy, and neuronal loss,
can improve cognition, enhance synaptic plasticity, and in
some cases even modify pathology (Yamasaki et al., 2007;

Blurton-Jones et al., 2009; Ryu et al.,, 2009; Hampton
et al., 2010; Njie et al., 2012; Blurton-Jones et al., 2014).
These studies, as well as research on other neurodegenera-
tive diseases, have found that the therapeutic benefits of
mNSC transplantation can often be attributed to neurotro-
phic-mediated increases in synaptic plasticity or mitigation
of neuronal loss via secretion of neurotrophins such as
brain-derived neurotrophic factor (BDNF) and glial cell
line-derived neurotrophic factor (GDNF; Suzuki et al.,
2007; Ebert et al., 2008; Blurton-Jones et al., 2009; Hamp-
ton etal., 2010; Goldberg et al., 2015). For example, we pre-
viously showed that short hairpin RNA (shRNA)-mediated
reduction of BDNF within mNSCs abrogated the cognitive
and synaptic benefits of mNSC transplantation in the
3xTg-AD model of AD (Blurton-Jones et al., 2009).

Thus far, the results from these mNSC transplantation
studies for AD appear promising; however, it is important
to now extend this line of inquiry to investigate the long-
term safety and efficacy of human NSCs (hNSCs). As a first
step in determining the translational potential of hNSCs,
we recently examined the short-term efficacy of StemCells,
Inc.’s research-grade fetal-derived hNSCs (HuCNS-SCs).
One month after transplantation in immune-suppressed
mouse models of AD (transgenic 3xTg-AD mice and hippo-
campal neuronal loss; Cam/Tet-DTA mice), we found that
HuCNS-SCs improved cognitive function by enhancing
axonal growth and synaptic connectivity (Ager et al.,
2015). While these results again suggested that NSC trans-
plantation could offer a promising approach, we sought
to perform a follow-up study to address two important
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questions. First, as AD is a protracted disorder and patients
typically live 8-12 years after the initial diagnosis (Alz-
heimer’s Association, 2016), it is critical to examine the
long-term safety and efficacy of hNSC transplantation.
Second, while our initial studies utilized a research-grade
HuCNS-SC line, that line would not be applicable for
patient use. We therefore sought to test a more clinically
relevant HuCNS-SC line that was originally derived under
good manufacturing practice (GMP) conditions.

Long-term xenotransplantation presents a significant
technical challenge as drug and antibody-based immune
suppression paradigms typically allow only about 3 months
of xenograft survival before issues of toxicity and/or graft
rejection occur, and many pharmaceutical immunosuppres-
sants can independently modify AD pathology (Mollison
etal., 1998; Taglialatelaetal., 2009; Rozkalneetal., 2011; An-
derson et al., 2011). In part to address these challenges and
to study the influence of adaptive immunity on AD, we
recently generated an immune-deficient transgenic model
of AD by backcrossing the well-established 5xfAD transgenic
mouse model (Oakley et al., 2006) onto a Rag2/il2ry double-
knockoutbackground. The resulting mice lack T cells, B cells,
and natural killer cells, the primary immune components
responsible for the rejection of foreign cells, yet they develop
extensive AB pathology (Marsh et al., 2016).

In the present study, we utilized this new model and
observed that HuCNS-SCs survived for 5 months and
migrated throughout the hippocampus. However, despite
robust engraftment, transplanted HuCNS-SCs failed to
terminally differentiate, decreased hippocampal synaptic
density, produced no improvements in cognitive function,
and had no effect on BDNF expression. Furthermore,
HuCNS-SCs formed ectopic ventricular clusters in over a
quarter of transplanted mice. These results with HuCNS-
SCs that were originally derived under GMP conditions
are in contrast to our previous report that utilized a
research-grade HuCNS-SC line in a short-term model of
AD. In the accompanying manuscript by Anderson et al.
(2017), the authors report a similar lack of efficacy in a
model of spinal cord injury between research-grade
HuCNS-SCs and an “intended clinical cell lot/line” of
HuCNS-SCs originally produced under GMP conditions.
While disappointing, our results nevertheless highlight
several important lessons broadly relevant to the develop-
ment of NSC-based therapies and provide insight regarding
the potential translational application of hNSCs for AD.

RESULTS
HuCNS-SCs

All derivation, maintenance, and passaging of HuCNS-SCs
were performed by StemCells, Inc. HuCNS-SCs were derived
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as previously described (Uchida et al., 2000). Cells were
initially generated, maintained, and passaged by StemCells,
Inc. under GMP conditions. A vial of frozen passage 3 (P3)
GMP cells was then transferred to the process development
(PD) laboratory, which generated a bank of P6 cells. All
previously described preclinical transplantations utilizing
research-grade HuCNS-SCs were P8-P10 (Cummings et al.,
2005; Sontag et al., 2014; Ager et al., 2015). The first batch
of cells for the current study was generated in the PD
laboratory, resulting in P10 cells, which, upon shipment
to the University of California-Irvine, exhibited poor
viability (~60%); they were therefore not used. Instead,
additional frozen vials of P6 cells were transferred from
the PD laboratory to StemCells, Inc.’s research laboratory
and expanded to the same passage (P10) before overnight
shipment. As the cells used in the current study were
expanded from P3 to P10 outside of the GMP facility, they
arenot GMP grade. However, the design of the current study
was to build from previous studies with research-grade
HuCNS-SCs, which were derived and maintained in the
research facility (Ager et al., 2015), by utilizing HuCNS-
SCs initially derived under GMP conditions.

HuCNS-SC Survived and Migrated Extensively in the
Rag-5xfAD Brain

AB can be toxic to many cell types; therefore, it is critical
to empirically determine whether the accumulation and
aggregation of AP can influence the long-term survival
and engraftment of transplanted hNSCs. Rag-5xfAD mice
provide an optimal model in which to test this question
as they lack the key immune cells involved in xenogeneic
cell rejection yet exhibit several hallmarks of AD pathogen-
esis, including robust amyloid accumulation, synaptic loss,
and microgliosis (Marsh et al., 2016). To determine the
survival and migratory capacity of fetal-derived HuCNS-
SCs, bilateral hippocampal transplantation was performed
(1 x 10° cells/side) at 2 months of age. HuCNS-SC survival
and migration were subsequently quantified via unbiased
stereology 5 months post-transplantation using the hu-
man-specific nuclear marker Ku80 (Figures 1A-1E). Five
months post-transplantation, an average of 96,232 =+
5,394 cells, or 96.23%, survived and migrated in Rag-
wild-type (WT) mice (n = 6). Surprisingly, Rag-5xfAD
mice (n = 10) showed a nearly identical hNSC survival
(90,265 + 12,861, or 90.27%; p = 0.74).

HuCNS-SCs demonstrated excellent migratory capacity as
cells were found throughout the entire rostral-caudal span of
the hippocampus as well as in the corpus callosum, fimbria/
fornix, subiculum, and some cortical regions (Figures 1F-1L;
Movie S1). The migration of transplanted cells was indistin-
guishable between Rag-5xfAD and Rag-WT mice; HuCNS-
SCs migrated up to +1.713 mm (Rag-WT) and +1.736 mm
(Rag-5xfAD) from the hippocampal injection site.
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Figure 1. HuCNS-SCs Engraft and Migrate Equally Well in AD and Wild-Type Immune-Deficient Mice

(A-D) HuCNS-SCs (Ku80: human-specific nuclear marker) exhibit robust survival and migration throughout the rostral-caudal extent of the
hippocampus in Rag-WT (A, C) and Rag-5xfAD mice (B, D).

(E and F) Unbiased stereological analysis of HUCNS-SC engraftment reveals no significant differences in total engrafted cells (E) or
anterior-posterior (A/P) migration distance (F). Data presented as means + SEM. N > 8 mice/group.

(G-L) Representative images illustrating A/P migration of HuCNS-SC throughout hippocampal formation.

3V, third ventricle; CA1, field CA1 of the hippocampus; CA2, field CA2 of the hippocampus; CA3, field CA3 of the hippocampus; cc, corpus
callosum; CgC, cingulate cortex; CPu, caudate putamen (striatum); DG, dentate gyrus; dhc, dorsal hippocampal commissure; fi, fimbria; LS,
lateral septal nucleus; LV, lateral ventricle; MGN, medial geniculate nucleus; Or, oriens layer of the hippocampus; PtC, parietal cortex; Rad,
radiatum layer of the hippocampus; RSC, retrosplenial cortex; S1, primary somatosensory cortex; SC, superior colliculus; Sub, subiculum;
Th, thalamus; V1, primary visual cortex.

Scale bar, 100 pum. See also Movie S1.

HuCNS-SC Failed to Terminally Differentiate 5 Months that none of the intraparenchymally localized HuCNS-
Post-transplantation SCs expressed markers of mature terminal differentiation
To examine the differentiation of HuCNS-SCs, several characteristic of the three potential neural lineages: neu-
multi-label immunohistological experiments were per- rons, oligodendrocytes, or astrocytes. No HuCNS-SCs
formed. Surprisingly, analysis of differentiation revealed were detected that expressed the mature neuronal marker
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NeuN, the mature oligodendroglial marker APC (CC-1), or
the astrocytic marker GFAP (Figures 2A-2I).

In contrast, virtually all HuCNS-SCs (> 97.18% + <0.80%)
located within the brain parenchyma co-expressed double-
cortin (DCX; Figures 2J-2L and 2S), a marker of immature
neurons (Zhao et al., 2008), with no difference observed be-
tween Rag-WTand Rag-5xfAD genotypes (Figure 2S). Intrigu-
ingly, virtually all (>99.07% + <0.35%) intraparenchymal
HuCNS-SCs were also positive for Olig2 (Figures 2M-20
and 2S), amarker of immature and mature oligodendrocytes,
which can also label immature astrocytes and multipotent
progenitors (Jiang et al., 2013; Wang et al., 2013). Finally,
none of the HuCNS-SCs within the brain parenchyma ex-
pressed human vimentin (Figures 2P-2R), seemingly ruling
out immature astrocytic differentiation (Laywell et al.,
2000). Thus, it appears that HuCNS-SCs failed to terminally
differentiate, remaining relatively immature over the course
of 5 months of engraftment.

Over a Quarter of Animals Exhibit Ectopic Clusters of
HuCNS-SC Donor Cells within the Lateral Ventricle
During stereological quantification, human Ku80+ cell
clusters were detected within the most rostral aspect of
the lateral ventricle in over a quarter of all transplanted an-
imals (3/10 Rag-5xfAD and 2/8 Rag-WT; Figure 3). These
five animals displayed no other abnormal characteristics
in either behavioral or pathological analyses, and there
was no evidence of off-target injection or ventricular
entry by the needle. Ectopic cell clusters were identified
in the anterior portion of the lateral ventricle (Figure 3),
>1.5 mm more rostral than the farthest point of intraparen-
chymal hNSC migration (Figure S1). These cell clusters also
displayed distinct marker expression profiles in compari-
son with parenchymally engrafted cells. Although these
clusters were immunoreactive for DCX, similar to intrapar-
enchymal cells (Figures 3A-3C), they were mostly negative
for Olig2 (Figures S2A-S2C), in contrast to 99% of paren-
chymally localized cells, which strongly expressed Olig?2.
Furthermore, cell clusters were positive for several glial
markers, including human vimentin, CD44, S1008, and
GFAP (Figures 3D-30). Similar to parenchymal HuCNS-
SCs, cell clusters were negative for NeuN (Figures S2D-
S2F). The cell clusters were also found to co-express
LIN28 (Figures 3P-3R), a marker expressed by embryonic
stem cells and to a lesser extent NSCs (Darr and Benvenisty,
2009; Kawahara et al., 2011; Cimadamore et al., 2013),
which is also observed in some primitive neural ectodermal
tumors (PNETs) and medulloblastomas (Picard et al., 2012;
Rodini et al., 2012). To determine whether these donor-
derived cell clusters exhibited evidence of continued
proliferation, Ki67 labeling was performed, revealing a rela-
tively small proportion of actively proliferating human
cells (3.7%; Figures S2G-S2I).
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In several animals, human cells and/or processes derived
from the ectopic clusters were found to infiltrate the adja-
cent tissue. Projections emanating from hNSC clusters
were observed reaching through the ventricle walls into
the striatum (Figures 3F and 31, white arrows). We also
observed several other instances in which groups of
HuCNS-SCs from the clusters had infiltrated through the
ventricle walls and entered the surrounding tissue (Figures
3L, 30, and 3R, yellow arrows; Movie S2). In a smaller pilot
study, a second independent HuCNS-SC line was injected
into the hippocampus of Rag-5xfAD (n = 4). This particular
experiment was not designed for biochemical and behav-
ioral analysis; however, given our findings with the larger
study, we carefully examined the brains and again detected
a similar human cell cluster within the lateral ventricle of
one of the four transplanted mice.

Histopathology Examination by a Contract Research
Organization

To carefully examine the characteristics of the clusters, and
to determine whether there was any evidence of neoplastic
transformation, StemCells, Inc. sponsored a histopatholog-
ical examination of these sections by a contract research
organization (CRO; Charles River Laboratories). One
H&E-stained section from four of the five animals exhibit-
ing ventricular clusters and a series of Ku80-stained sec-
tions from all five mice were carefully analyzed by a
board-certified veterinary pathologist, and a final pathol-
ogy report was generated. The report concluded “no evi-
dence of neoplastic transformation is present” and that
“no evidence of cellular pleomorphism, atypia, mitoses or
invasion of the adjacent neuroparenchyma was present
in the sections examined.” One cluster exhibited a “small
degree of nuclear size variation,” but “no other cytomor-
phologic abnormalities were present.”

While these conclusions were reassuring, we also asked a
practicing board-certified human neuropathologist (E.S.M)
to examine the same sections and images. While largely
concurring with the descriptive CRO assessment, E.S.M.
concluded that the intraparenchymal cells clearly dis-
played a phenotype distinct from the nodular intraventric-
ular clusters, which had features reminiscent of central
neurocytoma (see Discussion), and the data depicted in Fig-
ures 3 and S2, and Movie S2 were interpreted as infiltration
into the adjacent parenchyma. However, the significance
of these findings remains uncertain since normal HuCNS-
SCs are expected to be highly migratory. Similarly, the
nodular intraventricular pattern itself may reflect a
“normal” NSC phenotype related to its distinct cell-cell
and intraventricular environment rather than an onco-
genic phenotype per se. Nonetheless, the repeated appear-
ance of these clusters in multiple animals, their distance
from the injection sites, location within the ventricle,
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Figure 2. Five Months Post-Transplantation HuCNS-SCs
Show No Evidence of Terminal Neuronal or Glial Differen-
tiation

Sections from all animals, both Rag-5xfAD (shown) and
Rag-WT, probed with human-specific nuclei marker (Ku80,
green) to identify engrafted HuCNS-SCs and co-labeled with
mature (A-I) and immature (J-R) markers of neurons, oli-
godendrocytes, and astrocytes. Co-labeling of HuCNS-SCs
with mature neuronal marker NeuN (A-C), mature oligo-
dendroglial marker APC (D-F), and mature astrocytic marker
GFAP (G-I) revealed no expression of any mature markers in
HuCNS-SCs. Co-labeling of HuCNS-SCs with immature
neuronal marker doublecortin (J-L, U) revealed that greater
than 97% of engrafted HuCNS-SCs expressed DCX (S).
Intriguingly, co-labeling of HuCNS-SCs with immature
oligodendrocyte marker Olig2 (M-0, U) revealed that
greater than 99% of engrafted HuCNS-SCs also expressed
Olig2 (T). However, none of the engrafted HuCNS-SCs ex-
pressed immature astrocytic marker vimentin (P-R). Thus,
taken together, it appears that HuCNS-SCs fail to terminally
differentiate in immune-deficient mouse brains. Data pre-
sented as means + SEM. Two-way ANOVA p < 0.05 and
Fisher's PLSD post hoc. N > 6 animals/group and one sec-
tion/region of interest was analyzed for differentiation.
The total number of cells counted was equivalent between
genotypes.

Scale bar, 50 pm.

Stem Cell Reports | Vol. 8 | 235-248 | February 14,2017 239




100pm

100pm

240 Stem Cell Reports | Vol. 8 | 235-248 | February 14,2017

Ku80/

308

! Ku8o/

Figure 3. HuCNS-SCs Form Ectopic Clusters
within the Lateral Ventricle

Over a quarter of animals that received HuCNS-
SCs exhibited ectopic clusters within the
anterior lateral ventricle (~+1.5 mm relative to
bregma, 3.5 mm from site of injection, +1.5 mm
from furthest anterior parenchymal cell migra-
tion). Interestingly, HuCNS-SCs within the
ventricle were immunoreactive for several
immature glial markers that failed to label
intraparenchymally engrafted cells. Instead,
these HuCNS-SC ventricular clusters (Ku80,
green) were immunoreactive for (A-C)
DCX (immature neurons, red), (D-F) vimentin
(immature glia/neurons, red), (G-I) CD44
(immature glia, red), (3-L) S1008 (glia, red),
and (M-0) GFAP (astrocytes, red). In some
clusters (G and M), examples of what appears to
be varying Ku80+ nuclei size or pleomorphism
can also be observed. (P-R) Some cells within
the ventricles as well infiltrating HuCNS-SCs
(arrow in R) were also positive for LIN28, a
marker of one type of PNET that exhibits similar
characteristic uneven immunoreactivity (Picard
et al., 2012). Ventricular clusters also exhibit
growth into the surrounding tissue of both
fibers (white arrows) and infiltration of cells
through the ventricle wall into the adjacent
striatum or septum (yellow arrows, see also
Movie S2). Dotted lines indicate boundary of
ventricle walls.

Scale bar, 100 um. See also Figures S1 and S2
and Movie S2.



nodular growth pattern, relatively monomorphic and
immature appearance, and immature immunophenotype
distinct from intraparenchymal cells warrant concern and
long-term monitoring even in the absence of overt onco-
genesis (see Discussion).

HuCNS-SC Failed to Improve Cognition in Rag-5xfAD
Mice

The primary goal of this study was to determine
whether HuCNS-SCs could provide long-term benefits to
cognitive function. Mice were therefore subjected to a
battery of behavioral assessments beginning 4 months
post-transplantation. Analysis of the Morris water maze, a
well-established task used to assess impairments in hippo-
campal-dependent learning and memory, found that
vehicle-injected and HuCNS-SC-injected Rag-WT mice per-
formed equally well on this task (Figure 4A). Throughout
training, Rag-SxfAD vehicle-injected mice (green squares)
exhibited typical AD-associated impairments in latency to
reach the hidden platform. Transplantation of HuCNS-
SCs failed to improve the performance of Rag-5xfAD mice
(green triangles) as this group performed equivalent to
vehicle-injected Rag-5xfAD mice and significantly worse
than both Rag-WT groups (Figure 4A; ANOVA and Fisher’s
protected least significant difference [PLSD], p < 0.05).
Probe trial analysis revealed no significant differences be-
tween any of the groups (Figure 4A).

Mice were also tested in the novel arm Y maze to measure
working memory. Rag-WT (Vehicle) exhibited a significant
preference for the novel arm during testing while Rag-
5xfAD (Vehicle) had no such preference, confirming
a significant impairment in working memory (Figure 4B).
HuCNS-SC-treated mice displayed an almost identical
phenotype to their vehicle-treated counterparts (Figure 4B),
demonstrating again a failure of HuCNS-SC transplanta-
tion to rescue AD-associated cognitive deficits.

Analysis of anxiety, using the elevated plus maze, found
that both vehicle-injected Rag-WT and Rag-5xfAD mice
spent a similar amount of time in the open arm, suggesting
that Rag-5xfAD mice do not exhibit any obvious anxiety
deficits at this age (Figure 4C). Curiously, a significant dif-
ference was observed in anxiety between HuCNS-SC-
treated Rag-WT and Rag-SxfAD animals (Figure 4C); the
Rag-SxfAD (HuCNS-SC) mice displayed an abnormal
reduction in anxiety.

HuCNS-SC Had No Impact on Amyloid Pathology

or BDNF

To determine whether HuCNS-SC transplantation modi-
fied AB pathology, we utilized a highly sensitive multiplex
ELISA and found, in agreement with previous studies, that
NSC transplantation had no effect on Ap40 or Ap42 levels
(Figures 4D and 4E; Ager et al., 2015). Furthermore, ELISA

measurement of total hippocampal BDNF also showed no
significant differences between HuCNS-SC- and vehicle-
treated Rag-5SxfAD mice (Figure 4F), in contrast to prior
studies of murine NSC transplantation in which increased
BDNF was critical for cognitive improvements (Blurton-
Jones et al., 2009; Goldberg et al., 2015). These data there-
fore suggest that the lack of cognitive benefit following
HuCNS-SC transplantation may be related at least in part
to the inability of HUCNS-SC to increase brain BDNF levels.

HuCNS-SC Transplantation Fails to Increase
Hippocampal Synaptic Density

Synaptic loss is one of the best correlates with cognitive
dysfunction in AD (Terry et al., 1991), and short-term trans-
plantation of either mNSCs or research-grade HuCNS-SCs
has previously been shown to increase hippocampal synap-
tic density in AD mice (Blurton-Jones et al., 2009; Ager
etal., 2015). The effect of HuCNS-SCs on hippocampal syn-
apses was therefore examined by quantifying PSD95 levels
within the stratum oriens of CA1l via high-magnification
confocal z stack images and IMARIS image analysis soft-
ware (Figures 4G-4J). We found that Rag-SxfAD vehicle-
treated animals exhibited a significant decrease in the
number of PSD95 puncta compared with Rag-WT vehicle-
treated animals (Figure 4K). However, we found that
HuCNS-SC transplantation in Rag-5xfAD mice had no
beneficial effect on this AD-associated loss in synaptic
puncta. On the contrary, we found instead that HuCNS-
SC transplantation significantly decreased synaptic density
when compared with vehicle-injected Rag-SxfAD mice
(Figure 4K). These results demonstrate a lack of synaptic
benefit, which correlates with our other results that
HuCNS-SCs also failed to increase BDNF or rescue cognitive
deficits.

DISCUSSION

Here we report that StemCells, Inc.’s fetal-derived HuCNS-
SCs failed to terminally differentiate after long-term trans-
plantation into the brains of immune-deficient WT and
AD transgenic mice. We also found that these cells formed
ectopic clusters within the lateral ventricles of over a
quarter of transplanted animals and had no beneficial
effects on cognitive function, BDNF expression, or synaptic
density. Our data therefore lead us to conclude that
HuCNS-SCs cannot be readily developed toward a clinical
application for AD.

These results are in contrast to our previous study that
investigated a different research-grade HuCNS-SC line us-
ing a short-term transplantation paradigm. Unfortunately,
we no longer have access to StemCells, Inc.’s proprietary
HuCNS-SC lines and therefore it is difficult to directly
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Figure 4. HuCNS-SCs Fail to Improve Learning and Memory in Rag-5xfAD Mice

(A) Analysis of Morris water maze (MWM) learning curve demonstrates that vehicle-injected Rag-5xfAD mice (green squares) take

significantly longer to find the platform compared with vehicle-injected Rag-WT mice (blue circles). Thus, Rag-5xfAD mice exhibit

characteristic AD-associated impairments in MWM performance. Transplantation of HuCNS-SCs provides no improvement in MWM per-

formance as HuCNS-SC-injected Rag-5xfAD mice (green triangles) perform no better than vehicle-injected Rag-5xfAD mice (green squares).

(B) Rag-5xfAD mice regardless of treatment were also significantly impaired in a novel arm Y-maze test of spatial working memory,

spending a smaller percentage of their time in the novel arm.

(C) Analysis of anxiety in elevated plus maze (EPM) revealed no differences between Rag-5xfAD and Rag-WT animals receiving vehicle

injections. However, Rag-5xfAD (HuCNS-SC) animals were significantly less anxious than Rag-WT (HuCNS-SC) animals, suggesting that

HuUCNS-SCs may promote impaired EPM performance.

(D and E) ELISA analysis of hippocampal lysates revealed no difference in AB40 or AB42 levels regardless of treatment in Rag-5xfAD mice.

(F) HuCNS-SC transplantation also failed to elevate hippocampal BDNF protein levels and surprisingly produced a non-significant trend

toward decreased BDNF (p = 0.21).

(G-J) Representative high-power confocal images of presynaptic PSD-95 labeling in the stratum oriens of the hippocampus.

(K) As previously reported in AD mouse models, quantification of PSD-95 density revealed a significant reduction in postsynaptic terminals

in vehicle-treated Rag-5xfAD versus vehicle-treated Rag-WT mice. However, no increase in PSD95 density was detected after HUCNS-SC
(legend continued on next page)
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compare these two sets of results. Rather, we can only spec-
ulate as to why the current studies utilizing HuCNS-SCs
originally produced under GMP conditions show no effi-
cacy. These HuCNS-SCs differed from those previously uti-
lized in that they were initially derived and passaged under
GMP conditions. Although the initial design of this study
aimed to test more clinically relevant HuCNS-SCs, when
such cells were initially shipped to our laboratory, they ex-
hibited extremely poor viability (<60%) and were not used.
To complete the study, HuCNS-SCs were subsequently
expanded under non-GMP conditions to the same passage
number as the originally planned GMP-grade cells. There-
fore, a significant difference between the cells used in this
study and those utilized in all previous studies was their
initial derivation in the GMP facility. The contrasting re-
sults compared with our previous studies with research-
grade HuCNS-SCs, and the similar findings reported in
the accompanying report by Anderson et al. (2017) high-
light the need to stringently test each clinical-grade
candidate stem cell line using appropriate long-term in vivo
models. While disappointing, our results nevertheless pro-
vide important insight into the testing and potential devel-
opment of stem cell-based therapies for AD.

Although previous studies have demonstrated the ability
of research-grade HuCNS-SC lines to differentiate in both
immune-suppressed and immune-deficient models (Cum-
mings et al., 2005; Sontag et al., 2014; Ager et al., 2015),
we observed no terminal differentiation in the current
study. In our prior 1-month study, we reported that
research-grade HuCNS-SCs expressed DCX and Olig2 and
concluded that these markers demonstrated evidence of
early neural and glial differentiation as terminal differenti-
ation would not be expected at this early time point (Ager
etal., 2015). However, in the current study, after S months
we still observed no evidence of terminal differentiation,
again detecting expression of only DCX and Olig2 within
intraparenchymally engrafted cells. Whereas co-expression
of these two markers was not examined in our prior study,
triple labeling and quantification in the current report
demonstrate that virtually all intraparenchymally localized
human cells co-express DCX and Olig2.

One possible explanation for the lack of terminal differ-
entiation is that an intact inflammatory response may be
necessary for hNSC differentiation in rodent models. How-
ever, previous studies have demonstrated terminal tri-line-

age differentiation of a research-grade HuCNS-SC line in an
immune-deficient murine spinal cord injury model (Cum-
mings et al.,, 2005). However, transplantation of HuCNS-
SCs into an uninjured spinal cord led to a decrease in
mature differentiation (Sontag et al., 2014). Therefore,
it remains possible that a specific type of inflammatory
response is required to cue NSC differentiation. However,
the Rag-5xfAD mice, similar to other transgenic models
of AD, exhibit significant innate immune inflammation
(Marsh et al., 2016), and yet we observed identical differen-
tiation compared with Rag-WT mice.

In addition to the lack of terminal differentiation, we
found that transplantation of HuCNS-SCs led to ectopic
ventricular clusters of human cells in 5 of 18 animals.
While these findings are concerning, it is important to
point out that prior studies have found that other lines of
HuCNS-SCs appear safe and do not form tumors following
transplantation into immunosuppressed or immune-defi-
cient animal models or in two small phase I trials (Cum-
mings et al., 2005; Tamaki et al., 2009; Gupta et al., 2012;
Selden et al., 2013). What then are these cell clusters and
why have they not previously been reported? One possibil-
ity is that these clusters are formed only by this particular
HuCNS-SC line. However, in a small pilot study, we found
that a second HuCNS-SC line produced an identical ven-
tricular cluster, suggesting that this may not be the case.
Another possibility is that animal studies have previously
focused on shorter time points, and clusters have not had
sufficient time to form. This is certainly the case for our
prior examination of HuCNS-SC transplantation in the
3xTg-AD model that examined only a 1-month time point
and detected no such clusters (Ager et al.,, 2015). It is
also possible that ventricular clusters could result from
inaccurate stereotactic targeting. However, we verified
appropriate targeting of the hippocampus in all animals
and confirmed that there was no entry of the needle into
the ventricles.

Interestingly, these HuCNS-SC clusters expressed many
immature markers of both neurons and astrocytes that
are not typically co-expressed in CNS cells and are
completely different from the markers expressed by intra-
parenchymally engrafted hNSCs (Figures 3 and S2J-S2M).
These clusters also expressed LIN28, a marker associated
with embryonic stem cells that can be found in some
NSC lines, where it has been shown to play a role in

transplantation. Instead, delivery of HUCNS-SCs led to a significant further reduction of PSD95 in Rag5xfAD mice and reduced postsynaptic
punctain Rag-WT mice. ANOVA p < 0.05 and Fisher’s PLSD post hoc *p < 0.05, #p <0.001. AB and BDNF; PSD95 N > 6 animals/group. Data
presented as means + SEM. ANOVA p < 0.05 and Fisher’s PLSD post hoc. N > 6 animals/group (B-C), N > 4 animals/group (D-F), (K)N > 6
animals/group. Value for each animal was an average of five randomly selected regions of interest within images of the stratum oriens of
two different brain sections (total of ten measurements). (A) *p < 0.05 between Rag-WT (Vehicle) and Rag-5xfAD (Vehicle) and #p < 0.05
between Rag-WT (Vehicle) and Rag-5xfAD (HuCNS-SC). (B, C, and K) *p < 0.05, §p < 0.01, #p < 0.001.

Scale bar, 10 um.
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proliferation and differentiation (Darr and Benvenisty,
2009; Kawahara et al., 2011; Cimadamore et al., 2013).
LIN28 has also previously been used as a marker of certain
CNS neoplasms including PNETs and neurocytomas,
which some have hypothesized arise from abnormal
NSCs (von Deimling et al.,, 1990; Hassoun et al., 1993;
Hemmati et al., 2003; Singh et al., 2003; Sim et al., 2006;
Picard et al., 2012; Rodini et al., 2012).

Given these findings, StemCells, Inc. sponsored a third-
party review by a CRO. In this report, the CRO veterinary
pathologist concluded that “there is no morphologic evi-
dence of neoplastic transformation in the cell population.”
The veterinary pathologist also stated that “the cellular
morphology is very uniform and no cellular atypia, pleo-
morphism, mitoses or invasion of the neuroparenchyma
is present in any section.” An additional review by a prac-
ticing board-certified human neuropathologist (E.S.M)
largely concurred with the CRO report but also noted
that the immunophenotypic features of the cells in the
ventricular masses, as seen by both pathologists, were remi-
niscent of central neurocytoma, a low-grade CNS tumor
that often displays neuronal and glial differentiation and
is typically intraventricular and thought to arise from
abnormal growth of neural progenitors (von Deimling
et al.,, 1990; Hassoun et al., 1993; Sim et al., 2006). The
resemblance to central neurocytoma and the differences
compared with the intraparenchymally engrafted cells
suggest that the extrinsic (cell-cell and intraventricular
environments) rather than intrinsic influences drive the
neurocytoma-like phenotype. Since the cell clusters were
significant distances from confirmed injection sites and
from the most rostral intraparenchymally engrafted cells,
intraventricular transit of injected HuCNS-SCs is the most
likely explanation for their location. Furthermore, the
low Ki67 index observed in the intraventricular masses is
consistent with the majority of neurocytomas in patients
(Hassoun et al., 1993; Soylemezoglu et al., 1997). Optimis-
tically, central neurocytomas are often benign, although
one review of more than 70 patients with reported case
histories found that patients exhibited intracranial pres-
sure causing papilledema, headaches (which were some-
times the only symptoms), nausea, and vomiting (Hassoun
et al., 1993). All of these would be concerns should these
HuCNS-SC masses form in human patients and would be
difficult to detect in mouse studies when not looking for
those types of symptoms beforehand. The CRO pathology
report did state that there was no evidence of abnormal
cerebrospinal fluid drainage such as hydrocephalus, and
we did not note any abnormal clinical signs during behav-
ioral testing or post hoc pathological analysis.

The consistent low-grade features of the intraventricular
clusters noted by both pathologists may reflect a “normal”
HuCNS-SC phenotype rather than an abnormal oncogenic
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phenotype per se, although this cannot be rigorously deter-
mined from our study alone and does not necessarily indi-
cate there are no safety concerns. When put in context
with the lack of terminal differentiation displayed by the
intraparenchymal cells and the lack of similar clusters re-
ported in the NSC engraftment literature, our findings raise
the possibility of an intrinsic predisposition to a neurocy-
toma-like growth pattern. Moreover, their appearance in
multiple animals, significant distance from injection sites
and intraparenchymally engrafted cells, nodular intraven-
tricular growth pattern, and monomorphic immature
phenotype distinct from the intraparenchymal cells would
clearly warrant great caution and long-term patient moni-
toring even in the absence of overt oncogenic or high-grade
features. Furthermore, some of the clusters observed ap-
peared to have broken through the ventricle wall and
begun to invade the adjacent striatal tissue (Figures 3L,
30, and 3R, yellow arrows; Movie S2), suggesting they
could potentially influence the circuitry or function of un-
intended brain regions such as the striatum. Importantly,
however, human data collected at 2 years postsurgery and
1 year after cessation of immune suppression indicate
that transplantation of 200 million HuCNS-SCs directly
into the lateral ventricles is safe, and magnetic resonance
imaging and histopathological analysis failed to detect
the presence of any abnormal ventricular engraftment
or reaction (Selden et al.,, 2013). Unfortunately, without
further access to HuCNS-SCs, there are several questions
on which we can only speculate. While not observed in
previous patient studies, we were unable to examine
whether HuCNS-SCs injected directly into the ventricles
followed similar growth patterns to the clusters observed
in the current study. Furthermore, we are unsure exactly
how HuCNS-SCs entered the ventricles of these animals.
During our analysis, we verified the hippocampal targeting
of the injection and saw no evidence of ventricular entry by
the needle. Among the most rostrally located HuCNS-SCs
were cells in the fornix adjacent to the ventricles, and it
is possible that a few cells may have crossed the ependymal
layer and reached the ventricle in this area. Once there, the
HuCNS-SCs would be exposed to many of the same signals
that promote endogenous ventricular neurogenesis, allow-
ing them to proliferate. These results and the questions
raised, as well as a recent case report (Berkowitz et al.,
2016) describing a glioproliferative lesion following
spinal cord NSC transplantation by an unregulated clinic,
further highlight the critical need to carefully regulate
NSC research and to test individual lines in long-term pre-
clinical models prior to clinical translation.

While the lack of terminal differentiation and ectopic
ventricular clusters became a major focus of our investiga-
tion, we were similarly surprised by the lack of cognitive
improvement following HuCNS-SC transplantation. We



have previously found that NSC-derived BDNF can play
a critical role in stem cell-mediated improvements in cogni-
tion and synaptogenesis (Blurton-Jones et al., 2009). Thus,
the lack of BDNF induction by HuCNS-SCs (Figure 4F) may
explain the corresponding lack of cognitive and synaptic
effects. While the dose of transplanted cells could also in-
fluence this, we transplanted an identical number of cells
in prior effective studies of murine and hNSC transplanta-
tion; thus, we speculate that the specific cell line used may
be more important. In support of this, the accompanying
report (Anderson et al., 2017) performed a direct compari-
son between research-grade and “clinically intended cell
line” HuCNS-SCs that further demonstrates that significant
inherent differences exist between individual HuCNS-SC
lines derived from different donors or initially produced
in research versus GMP settings.

Another potential explanation for the lack of behavioral
and synaptic efficacy in the current study is the severity of
AB pathology that occurs in the 5xfAD transgenic model.
These mice develop extensive plaque pathology at a
much younger age and faster rate than 3xTg-AD mice,
which were used in our prior short-term studies. However,
several reports have demonstrated the ability of a variety of
different therapeutics, including compounds that increase
BDNEF, to rescue both synaptic loss and cognitive deficits in
the 5xfAD model (Hongpaisan et al., 2011; Devi and Ohno,
2012; Spangenberg et al., 2016). Although the results of
the accompanying study by Anderson et al. (2017) lead
us to conclude that the differences between research-grade
and HuCNS-SCs initially derived under GMP conditions
are the more likely culprit, we cannot completely preclude
that the magnitude of plaque pathology or alternatively
the lack of tau pathology in this specific model differen-
tially influences NSC efficacy in comparison with other
AD models such as 3xTg-AD mice.

In conclusion, while the primary results of this study are
negative, there are several valuable lessons that can be
learned from our findings. Chief among them is the need
to stringently test the long-term efficacy and safety of
hNSCs in appropriate animal models and to prescreen
candidate NSC lines for factors or other attributes such as
BDNF that have been implicated in efficacy. Use of high-
throughput genomic analysis will likely also be critically
important to identify any concerning genetic differences
between lines from different donor material or identify mu-
tations or SNPs that could influence safety or efficacy. The
contrasting results of this study compared with our previ-
ously published data, as well as the accompanying report
by Anderson et al. (2017) directly comparing two different
HuCNS-SC lines in a model of spinal cord injury, empha-
size the need to directly examine each newly derived cell
line compared with previous lines even if the lines were
derived and cultured under equivalent or even identical

fashion. This is especially critical for NSC therapies that
are derived from varying fetal tissue sources but also ap-
pears to apply for embryonic stem cells and induced plurip-
otent stem cells derived from different subjects. It also
stresses the need to test therapeutics in a variety of animal
models and analyze results of multiple studies as different
preclinical models offer varying advantages and disadvan-
tages. We also would like to propose that this study serve as
an example of the importance of publishing negative re-
sults from preclinical studies. Publication bias has no doubt
led to significant problems with our understanding of stem
cell therapies and the risks and difficulties associated with
them. Not only are these data informative but we would
argue that understanding and examining negative data
such as these is essential for the eventual development of
safe and effective stem cell therapies.

EXPERIMENTAL PROCEDURES

HuCNS-SCs

Two HuCNS-SC lines were generously provided by StemCells, Inc.
All derivation, maintenance, passaging, and preparation for ship-
ment were performed by StemCells, Inc. HuCNS-SCs are derived
via fluorescence-activated cell sorting from donated fetal brain tissue
for the stem cell marker CD133+, a lack of the hematopoietic
markers CD34— and CD45—, and low levels of CD24'° (Uchida
etal., 2000). Cells were initially produced, maintained, and passaged
by StemCells, Inc. under GMP conditions. A vial of frozen P3 GMP
cells was transferred to the PD laboratory, which then generated a
bank of P6 cells. The first batch of cells for the current study was
generated in the PD laboratory, resulting in P10 cells that, upon ship-
ment to the University of California-Irvine, exhibited poor viability
(~60%) and were therefore not used. Instead, additional frozen vials
of P6 cells were transferred from the PD to StemCells, Inc.’s research
laboratory and expanded for four additional passages before over-
night shipment. These cells were then centrifuged, washed, and
counted immediately prior to transplantation. Each day of surgery
was performed with a new shipment of cells and viability of cells
reported by StemCells, Inc. prior to shipment was 94% and 92%
on days 1 and 2, respectively. The cells used in the current study
were expanded from P3 to P10 outside of the GMP facility using
non-GMP reagents and protocols and therefore are not GMP grade.
Details regarding the stereotactic transplantation of HuCNS-SCs
are provided in the Supplemental Experimental Procedures.

Cognitive Testing

All animal procedures were performed in strict accordance with the
National Institutes of Health and University of California Institu-
tional Animal Care and Use Committee.

At 6 months of age (4 months post-transplantation), mice were
subjected to a battery of behavioral and cognitive tasks. All animals
were habituated to handling prior to the beginning of behavioral
testing. All behavioral testing was performed in random order
by an experimenter blinded to animal genotype and treatment.
Cognition was examined using the Morris water maze and novel
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arm Y-maze tasks, and anxiety was examined using the elevated
plus maze task (Supplemental Experimental Procedures). All
behavioral tasks were recorded on video, and analysis was per-
formed by an observer blinded to genotype and treatment using
unbiased analysis software ANY-Maze (Stoelting) or Noldus Ethovi-
sion (Noldus).

Immunohistochemistry and Biochemistry

Following completion of all behavioral testing, mice were anesthe-
tized with Euthasol prior to intracardial perfusion with 0.01 M PBS.
Brains were removed and processed for biochemical and immuno-
histological analyses as detailed in the Supplemental Experimental
Procedures.

Statistical Analysis

Statistical analysis was performed using GraphPad Prism statistics
software. Comparisons involving more than two groups utilized
one-way ANOVA followed by Fisher’s post hoc test. Comparisons
of two groups utilized two-tailed Students t test. Differences were
considered significant when p < 0.05 for both ANOVA and post
hoc tests.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental
Procedures, two figures, and two movies and can be found with
this article online at http://dx.doi.org/10.1016/j.stemcr.2016.
12.019.
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