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Fig. 6. Transplantation of hiPSC-derived hNSCs into the brains of Sandhoff
(Hexpp™'") mice prolonged life, delayed onset of symptoms, and preserved
motor function most significantly when grafting was accompanied by co-
administration of SDV1a to insure distribution of Hex-producing cells
throughout the mutant cortex. (A) Motor function deteriorated (as mea-
sured by rotarod) in 3-mo-old untreated Sandhoff disease mice (green
squares, n = 14). While the intraventricular transplantation (Tx) of hiPSC-
hNSC forestalled symptomatic collapse by ~2 wk (black circles, n = 22; P <
0.001 by t test compared to untreated Sandhoff diesease mice), this period
was significantly less than the 4-mo symptom-free period we previously
reported using primary CNS- and hESC-derived hNSCs (1). (Data represent
mean + SEM). hiPSC-derived hNSCs are known to have more limited mi-
gratory ability. However, coadministration of the hiPSC-hNSCs and the
SDV1a peptide (B) forestalled loss of motor function until at least 4 mo with
no significant decline until 18 wk in transplanted Sandhoff disease mice
(blue circles, n = 14) [P < 0.001, t test compared to hiPSC-hNSC Tx Hexﬂ”’
mice without SDV1a (black circles) and compared to control untreated
Hexp™~ mice (green squares); mean + SEM]. Performance of WT mice is
shown as pink triangles (n = 12). (C) Survival (shown as Kaplan-Meier curves)
of hiPSC-hNSC-transplanted Sandhoff disease mice without (black triangles,
n = 22) and with (purple squares, n = 14) coadministration of SDV1a com-
pared with untreated Hexﬂ"‘ mice (orange circles, n = 14). While hiPSC-
hNSC transplanted Sandhoff disease mice without SDV1a did survive ~3
wk longer (to 150 d) (P < 0.0001, log rank test), those coadministered with
SDV1a at the time of the hiPSC-hNSC transplant had a much longer life span,
by ~1.5 mo to 5.5 mo (P < 0.0001, log rank test), a survival similar to that
reported for CNS- and hESC-derived hNSCs (1). All hiPSC-hNSC transplanted
Sandhoff disease mice were alive when all untreated Sandhoff disease mice
had already died (131 d). Fibroblast transplantation yields survival and
function curves indistinguishable from untreated Sandhoff disease mice, as
we previously reported (1).

transfer, was that immunocompatible hiPSCs could be reinjected
periodically throughout a patient’s life as the brain grows or donor-
derived cells die without the risk of immunorejection. A first trans-
plant, even with allogeneic NSCs (as we reported in newborns and
adults) does not require immunosuppression (1, 3, 43); however,
subsequent reimplantation of the same NSCs does run the risk of
rejection based on prior sensitization. Hence determining the efficacy
and safety of hiPSCs for this condition seemed justified.

The consensus view is that, when using NSCs to address a
global encephalopathy requiring extensive chimerism, instillation
into the cerebral ventricles (particularly of newborn or juvenile
brains), is superior to multiple intraparenchymal injections for
minimizing invasiveness while maximizing efficacy (1, 38). (In-
travascular routes have not been successful for enzyme or cell
replacement in this neuropathic LSD.) It initially seemed trivial
to replicate our previously reported intraventricular approach (1,
38), now simply using hNSCs derived from normal hiPSCs,
neuralized according to well-accepted published protocols (34,
45). However, such hiPSC-derived hNSCs (hiPSC-hNSCs), as
feared, were more limited in their migratory capacity compared
to primary CNS- and hESC-derived hNSCs (1), an observation
suggested by others (46, 47). In our case, the hiPSC-derived
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hNSCs did not migrate to the cortex from their implantation
site in the ventricles, severely limiting their efficacy for Sandhoff
disease. In other words, although engrafted Hex-expressing
hiPSC-derived hNSCs did increase life span and improve mo-
tor function of the Sandhoff disease mice somewhat (Fig. 6),
their impact was inferior to that from primary CNS- and
hESC-derived hNSCs (4) due to their limited migration from
periventricular regions to the cortex. This limitation was
replicated using different hiPSC lines from different suppliers
neuralized using different accepted protocols (SI Appendix,
Detailed Experimental Procedures). We viewed it as beyond the
scope of this work to determine the reason for this more
limited migration. It may represent a component of residual
epigenetic memory or the consequences of the genetic manipu-
lation inherent in reprogramming; suffice it to say that, in using
accepted and oft-used published generation and differentiation
protocols, we eliminated “technique” as a confounder. Rather,
we accepted this consistent observation by us and others (46, 47)
of restricted migration as a potential limitation to hiPSC-based
therapies for these types of neural transplantation challenges,
and rather viewed this obstacle as an opportunity to demonstrate
that a synthetic chemokine agonist could effectively optimize
the impact of cell-based therapies by enhancing migration (a
demanding proof-of-concept).

Indeed, when hiPSC-derived hNSCs were implanted into the
cerebral ventricles of neonatal Hex~~ mouse brains contem-
poraneously with the minimally invasive administration of 1 uL
of 3.2 pM SDVla into each hemisphere’s superficial dorsal
cortex via a finely drawn glass micropipette (by barely puncturing
the meninges, as we had done with normal adult mice in Fig. 4),
we now observed wide dissemination of corrective donor-derived
neural cells (which constitutively expressed fully assembled and
active Hex A and B) throughout the diseased brain (1) (Fig. 7;
and as per Fig. 4) with a significant therapeutic impact, now
comparable to what we previously reported for other sources of
hNSCs (1). This impact included delayed disease onset, pre-
served motor-function [as assessed by rotarod (1, 2)], prolonged
symptom-free survival, and extended lifespan (Fig. 6). Hex activity
was now measurable throughout the cortex (Fig. 7, histograms)
with the donor-to-host cell ratio cited above, as we previously
reported (4); host intraneuronal glycosphingolipid (GSL) mono-
sialoganglioside (GM2) storage was reduced at 2-mo of age (as
measured using the standard biochemical reaction, immunohis-
tochemistry, and HP-TLC) compared to untransplanted age-matched
Hexp™~ littermates, as well as Hex™'~ littermates transplanted
without coadministration of SDV1a (Fig. 7). No GM2 was de-
tected in normal mouse brains (Fig. 7 C and D). In addition,
inflammation within the Hexp~'~ cortex was actually diminished
[attributable to the previously documented (1, 2, 38) and now
well-accepted immunomodulatory actions of hNSCs (5)] with no
additional inflammation or microgliosis having been induced by
the SDVla (Fig. 7 4 and B). Furthermore, SDV1a did not an-
tagonize the antiinflammatory actions of the hNSCs.

Five percent (+1%) of donor-derived hNSCs differentiated
into neurons in the cortex with appropriate electrophysiological
properties (Fig. 8), a proportion we had similarly observed for
primary CNS-derived and hESC-derived hNSCs (1). Although
such neurons were not central to the therapeutic impact of the
hiPSC-hNSCs in this disease model, their presence reaffirmed
that SDV1a did not alter the differentiation profile of hNSCs, or
the ability of their derivatives to integrate into host cytoarchi-
tecture in a functionally and cell type-appropriate manner, or their
mechanisms-of-therapeutic-action in the Sandhoff disease mouse
model. All SDV1a appeared to change was the distribution of the
implanted hiPSC-derived hNSCs, allowing them to cover, and hence
rescue, a broader critical terrain of mutant brain, thus enhancing the
hiPSC-derived hNSC’s therapeutic impact on this disease.
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Fig. 7. hiPSC-hNSC-mediated mechanisms of improvement (enhanced
by SDV1a) remain like those of other hNSCs (1): Enzyme replacement,
GM2 ganglioside storage reduction, and suppression of inflammation. (A)
Sandhoff disease is characterized by an intense activated microgliosis, as
demonstrated by the density of cells expressing the M1 microglial marker
Ibal (green, arrows) in the cortex of this representative untransplanted
(non-Tx) 4-mo-old Sandhoff disease mouse. (/ba7* cells indicated by the ar-
rows are magnified in the Inset to better visualize their microglial mor-
phology). (B) In contrast, in age-matched Sandhoff disease mice that
received hiPSC-hNSCs transplanted (Tx) into the cerebral ventricles and
SDV1a coadministered into the cortex, wherever engrafted donor-derived
cells were present (as confirmed here by their immunoreactivity to an anti-
body against hMito; red, white arrows), such microgliosis was scant. (The
distribution of the donor hNSC-derived hMito* cells was like that shown in
Fig. 4). (Scale bars in A and B, 20 um; in Inset, 5 pm.) (C) Representative
confocal photomicrograph showing significant amounts of immunoreactive
GM2 ganglioside storage (green, arrows) in the same cortical region shown
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For completeness, we found that the remainder of the hiPSC-
hNSC differentiation pattern in the engrafted SDVla exposed
brains (n = 35) was also similar to what we previously reported
for primary CNS- and hESC-derived hNSCs (4) (39% expressing
astroglial markers, 2% oligodendroglial markers, 54% markers
of undifferentiated neural progenitors) (SI Appendix, Fig. S9).
No other cell types (including nonneural lineages) were repre-
sented. All cells expressed Hex. No tumors, cell overgrowth,
distortion of host cytoarchitecture, or hemorrhages were ob-
served. (Although beyond the scope of this study, an effective
long-term cell-based treatment of this condition may entail pe-
riodic readministration of hiPSC-derived neural cells at cardinal
time points throughout a patient’s life when Hex levels dip below
a certain threshold or symptoms recur as the brain grows and
WT cells senesce and die.)

Discussion

In summary, we have explored a strategy for directing the mi-
gration of transplanted stem cells, particularly hiPSC-derived
hNSCs, by harnessing one of stem cell biology’s fundamental ac-
tions, pathotropism, as mediated by inflammatory chemokine—
receptor interaction. As proof-of-concept that one can develop a
bifunctional ligand that divorces inflammatory signaling from
migratory signaling as well as from binding, we developed, through
chemical mutagenesis of the prototypical cytokine CXCL12, a
“dual-moiety” prototypic synthetic CXCR4 agonist peptide that
contains a maximal selective receptor binding motif linked to a
modified and shortened CXCR4-activating motif of higher sig-
naling specificity. We documented significant advantages of the
synthetic agonist over recombinant versions of the natural CXCR4
agonist CXCL12 in the mouse brain in terms of distribution,
stability, inflammogenesis, duration of chemoattraction and, most
importantly, extent and success of migratory guidance of engrafted
CXCR4-expressing stem cells, such as hNSCs. As evidence of
its translational value, we used the peptide to guide engrafted
hiPSC-derived hNSCs, whose own migratory repertoire ap-
pears limited, toward sites of CNS pathology, alleviating
symptoms, preserving function, and prolonging life in a mouse
model of a prototypical neurodegenerative disorder. Impor-
tantly, microgliosis and inflammation were actually sup-
pressed, not provoked; that is, the antiinflammatory action of
the hNSCs was not contravened by the CXCL12-mimetic as
might have been feared. (In many neurodegenerative diseases
there is strong evidence for an inflammatory response initiated
by microglial activation leading to neuronal apoptosis.) To our
knowledge, this synthetic chemokine agonist designed, char-
acterized, and validated in a translationally relevant system is
unique. [Of note, one would actually not want to test this
phenomenon in an acute focal traumatic injury model be-
cause, as we’ve previously shown (2-5, 48), migratory signals

in A from the same representative 4-mo-old untransplanted Sandhoff dis-
ease mouse. (D) In contrast, little GM2 accumulation occurred in the same
region of an age-matched Sandhoff disease mouse transplanted (Tx) with
hiPSC-hNSCs coadministered with SDV1a (same mouse and region as in B).
DAPI nuclear stain (blue) marked all cells shown. (Scale bar, 20 pm.) The
images in A-D are orthogonal projections composed of 9 to 16 optical
z-planes of thickness 0.5 to 1 pm. n = 6 animals per experiment group. (E)
To provide a mechanistic basis for the observations in A-D, we demonstrated
that Hex enzyme levels in the CNS parenchyma of Sandhoff disease mice
were raised beyond the critical 3 to 5% therapeutic threshold in regions
where donor cells were attracted by SDV1a to integrate as opposed to re-
gions where they were not (i.e., transplanted but without SDV1a coadmin-
istration). The Hex levels in the hiPSC-hNSC+SDV1a Sandhoff disease mice
were significantly higher than those in SD mice transplanted but without
SDV1a or in untransplanted Sandhoff disease mice (*P < 0.05, **P < 0.01 by
two-tailed t test). The donor-to-host cell ratio in engrafted regions was 1:10,
as previously reported (1).
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Fig. 8. Fate of the donor-derived hiPSC-hNSCs in vivo not compromised
when coadministered with SDV1a. Although the most dominant mecha-
nisms for improving survival and function (as in Fig. 6) are cell-mediated
provision of Hex (Fig. 7E), reduction in host intracellular GM2 accumula-
tion (Fig. 7 C and D), and blunting microgliosis (Fig. 7 A and B), we also
confirmed the integration of hiPSC-hNSC derivatives into the host
cytoarchitecture in a functionally and cell-type appropriate manner in con-
junction with the administration of SDV1a. A more complete survey is pro-
vided in S/ Appendix, Fig. S9. Shown here is the demonstration that neurons
derived from hiPSC-hNSCs are electrophysiologically active and receive both
excitatory and inhibitory synaptic inputs. (A) Low-power image of hippo-
campus showing the location of a representative recorded cell. Hippocampal
subfields are labeled: dentate gyrus (DG), CA3, and CA1. (B) Fluorescence
images of a recorded eGFP* donor-derived cell (green) in a cortical slice from
a representative 2-mo-old Hexp ™~ mouse engrafted with eGFP-expressing
hiPSC-hNSCs at birth with coadministered SDV1a. The cell has been filled by
Alexa 555 (red) in the recording pipette. Note the filled neurites extending
from the cell body. Recordings from this cell are shown in C-E. (Scale
bars,100 pm for A, 40 um B.) (C, Left) Current-clamp recording of an eGFP*
cell showing spontaneous action potentials (APs). (C, Right) Recording from
the same cell with APs produced by injecting depolarizing current. (D, Left)
Voltage clamp recording in tetrodotoxin (TTX), a Na* channel blocker, to
suppress APs and hold the cell at 0 mV to eliminate excitatory synaptic
currents and allow visualization of spontaneous inhibitory postsynaptic
currents (IPSCs). Upper traces are shown at a compressed timescale. The trace
framed by the gray boxes are expanded in the Lower trace. (Right) A
demonstration that IPSCs can be eliminated by washing in SR95531, a

o 0
I
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from a reservoir of concentrated inflammatory cues, as in the
epicenter of a circumscribed lesion, already abets likely ade-
quate migration, although one could certainly optimize it with
this peptide. One wants to test proof-of-concept in a dra-
matically deficient model, as we’ve done here.]

Since CXCR4 is present on most stem cells in most organs,
SDV1a could be useful outside the nervous system as well for
directing stem cells from a range of derivations for many pathological
conditions (5-12, 49-54). Furthermore, because signaling between
CXCL12 and CXCR4 is an oft-explored axis, having been implicated
in a number of degenerative CNS diseases and other disorders (5-12,
49-54), the agonist may be useful as a molecular probe for further
understanding ligand-GPCR signaling in studying pathogenic
mechanisms (21). Additionally, this approach of subjecting
inflammatory chemokines to chemical mutagenesis to maxi-
mize desirable properties (e.g., homing) and minimize undesirable
characteristics (e.g., inimical inflammatory reactions) could be
applicable to other chemokines. Other chemokine receptors are
thought to have a two-site interaction with their ligand similar to
that we exploited for CXCR4 (18-20). Moreover, many of these
sites are druggable.

In short, off-the-shelf, reasonably priced, broadly applicable
chemokine analogs and chemokine-receptor agonists with
in vivo stability, potent chemoattraction without inflammogenesis
or adverse off-target actions, and with established efficacy, effi-
ciency, tolerability, and safety in pathologic conditions requiring a
specific distribution and location of therapeutic cells should pro-
vide regenerative medicine with another tool. In the CNS, one
might envision using such a novel GPCR-targeted medication
when reparative stem cells (producing therapeutic molecules,
scavenging or neutralizing toxins, enhancing remodeling, provid-
ing therapeutic structures like myelin, or replacing cells) must: 1)
Be directed to needed regions (e.g., the cortex in dementing
disorder); 2) be more widely distributed to broaden their chimerism
(e.g., throughout the spinal cord in neuromuscular diseases, such as
amyotrophic lateral sclerosis); 3) be more homogeneously distrib-
uted within a given organ to avoid overly concentrated niduses of
cells (e.g., dopamine-expressing cells in the striatum of Parkinsonian
patients); 4) have a permissive milieu recreated for them within
chronically injured microenvironments where proreparative cues
have abated. In addition, blunting undesirable signaling as we did
here may be useful in other systems: For example, chimeric antigen
receptor T-cell antineoplastic immunotherapy in order to minimize
the adverse effects of cytokine (“storm”) release syndrome (55, 56).

Methods

To synthesize SDV1a, the first 21 amino acids (all in a D-chirality) from the
N-terminal of the CXCR4 antagonist vMIP-Il were inserted in place of
CXCL12's proximal N terminus to provide a ligand with the highest affinity
for the binding pocket. The distal N-terminal signaling motif of CXCL12,
which engages the signaling pocket, was truncated to the first 8 amino acids,
narrowing the spectrum of G protein-mediated pathways activated. After
affirming SDV1a’s specificity and efficacy in CXCR4 competition assays, it was
injected into regions of normal adult mouse brain and of the brains of Sandhoff
disease mice into which we cotransplanted hNSCs to home and engraft.

Data Availability. All study data are included in the article and supporting
information. All materials and protocols are available from E.Y.S., Z.H., or J.-P.L.
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GABA, receptor antagonist. (E, Left) Same cell as in D, held at —80 mV to
reveal excitatory postsynaptic currents (EPSCs). (Right) A demonstration that
EPSCs can be eliminated by DNQX and APV, AMPA and NMDA receptor
blockers, respectively.
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