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Preclinical long-term safety
of intraspinal transplantation of human dorsal
spinal GABA neural progenitor cells

Xiaolong Zheng,' Zhixian Liu," Ziyu He," Jia Xu,”* YaNan Wang,” ChenZi Gong,” Ruoying Zhang,'
Su-Chun Zhang,*® Hong Chen,?3¢* and Wei Wang'-¢./.8*

SUMMARY

Human pluripotent stem cell (hPSC)-derived neurons have shown promise in treating spinal cord injury
(SCI). We previously showed that hPSC-derived dorsal spinal y-aminobutyric acid (GABA) neurons can alle-
viate spasticity and promote locomotion in rats with SCI, but their long-term safety remains elusive. Here,
we characterized the long-term fate and safety of human dorsal spinal GABA neural progenitor cells
(NIPCs) in naive rats over one year. All grafted NPCs had undergone differentiation, yielding mainly neu-
rons and astrocytes. Fully mature human neurons grew many axons and formed numerous synapses with
rat neural circuits, together with mature human astrocytes that structurally integrated into the rat spinal
cord. The sensorimotor function of rats was not impaired by intraspinal transplantation, even when human
neurons were activated or inhibited by designer receptors exclusively activated by designer drugs
(DREADDs). These findings represent a significant step toward the clinical translation of human spinal
neuron transplantation for treating SCI.

INTRODUCTION

Spinal cord injury (SCI) is a devastating disease causing permanent deficits in motor, sensory, and autonomic functions with no effective ther-
apies currently available.! Human pluripotent stem cells (hPSCs), including embryonic stem cells (ESCs) and induced pluripotent stem cell
(iPSC)-derived neural stem cells (NSCs) or neural progenitor cells (NPCs), which can generate neurons to reconstruct damaged neural circuits,
hold great promise in treating SCI” but few have entered into clinical trials.*~ Until recently, the first-in-human clinical trial of transplantation
of iPSC-derived NSCs or NPCs in subacute complete SCl was initiated.® In addition to paralysis, approximately 80% and 65% of SCI patients
develop pain’ and spasm,® respectively. These two complications are refractory to drug therapy.” Studies on animal models of SCl revealed
that loss of spinal inhibitory neurons could be the possible reason for pain and spasm.'®"'? Thus, transplanting human spinal inhibitory neu-
rons might be a candidate therapy for treating pain and spasm in the clinic. All spinal cord neurons are generated from 11 neuronal progenitor
domains during embryonic development: pd1-pdé, pVO-pV3. and pMN, which eventually give rise to dl1-dlé, VO-V3, and motor neurons. '
Sensation is transmitted and regulated by dI1-dI5 neurons,'* while motor function is coordinated and executed by dl6, VO-V3, and motor
neurons.'® Of note, within dI1-dI5 neurons, only dl4/dILa neurons are inhibitory neurons,'® while dl1-dI3 and dI5/dILg neurons are excitatory
glutamatergic neurons. Thus, we differentiated human spinal dl4/dILx NPCs from human ESCs for transplantation in an attempt to treat pain
and spasm after SCI.

We previously showed that hPSC-derived dorsal spinal y-aminobutyric acid (GABA) neurons can alleviate spasticity and promote locomo-
tion in rats with SCI,'” and they can survive and integrate into the injured nonhuman primate (NHP) spinal cord,'® suggesting their potential for
treating SCl in the clinic. However, similar to many other SCl studies of hPSC-derived neuron transplantation,w’22 the observation period of
our rat and monkey studies was short, ranging from 3 to 6 months,'”""® which raises some uncertainty regarding clinical translation. First, for
grafted neurons to reconstruct damaged neural circuits, they must permanently survive in the spinal cord of patients, while the life expectancy
of SCI patients is many years rather than just a few months.”” The survival of neurons in a shorter time in animal models (months) does not
assure their lifelong survival in patients (years). Second, mounting evidence indicates the very slow maturation of human neurons both
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Figure 1. Long-term survival, full maturation and extensive axon growth of human dorsal spinal GABA neurons

(A) Representative images of horizontal sections of adult naive rat C5-C8 spinal cords receiving either human ESC-derived spinal dl4/dILa NPCs with or without
BIDREADDs expression or cell culture medium, showing long-term survival of grafted cells 12 months post-transplantation.

(B) Images of differentiated human neurons within the graft. Quantifications show the proportions of hNu*NeuN" human neurons in dl4 (green) and dl4-Bi-
DREADD:s grafts (red).
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Figure 1. Continued

(C) Images of human neurons expressing the markers of dl4/dILa (PTF1A) and inhibitory interneuron identity (PAX2). Images of hNu were omitted for simplicity.
Quantifications show the proportions of PTF1A and PAX2 in dl4 (green) and dI4-Bi-DREADD grafts (red).

(D) Images of human neurons expressing the markers of subtypes of inhibitory neurons. Images of hNu were omitted for simplicity. Quantifications show the
proportions of PV, CB and n-NOS in dl4 (green) and dI4-Bi-DREADDs grafts (red).

(E) Images showing that human neurons released much GABA within the graft.

(F-H) Images of the graft showing human neurons extensively expressing NSE (F), hMito (G) and KCC2 (H), suggesting their full maturation.

(I and J) Images of the graft showing that human neurons grew large numbers of h(MAP-2" dendrites (I) and STEM121"Tuj1* axons (J). STEM121 is a human-
specific cytoplasmic marker.

(K-P) Images of hTau™ human axons showing their location, traveling, projection and myelination. Numerous hTau™ human axons existed within the rat C5-C8
spinal cords (K). They were densely intermingled within the graft (L), traveling within the WM (M) and projecting into the GM of rat spinal cords where rat INs
(N) and MNs (O) reside. Human axons were unwrapped by an MBP" myelin sheath (P). Data are represented as the mean + SEM. n represents number of

rats per group. See also Figure S1. Scale bar, 1 mm in (A) and (K), 50 um in (B-J) and (L-O), and 10 pm in (P).

in vitro® and in vivo.”®> Months after transplantation, differentiated human neurons were still premature, and there were even many undiffer-
entiated NSCs or NPCs.”® Although at an early stage differentiated neurons were integrated into host neural circuits promoting functional
recovery, at a later stage, more neurons, new types of neurons and even astrocytes’””® were generated, which could either properly or inap-
propriately innervate host neurons, causing further functional improvement” or maladaptive function,”’ respectively. Third, the potential risk
of transplantation of hPSC-derived cells is tumor formation. Indeed, human iPSC-derived NSCs initially promoted functional recovery after
SCI at an early stage after transplantation; however, at a later stage, there was oncogenic transformation within the graft accompanied by
deteriorated function.”® Taken together, it is essential to extend the observation period of animals with human NPC transplantation to fully
identify the fate and to verify the safety of grafted cells before initiating clinical trials.

Here, we transplanted human ESC-derived spinal dorsal interneuron (dl4/dILa) NPCs into the adult naive rat spinal cord in an effort to
characterize their long-term fate and safety over 1 year. Because the anatomy of the spinal cord and neural function of naive rats were normal,
any potential lesion to the spinal cord and harmful event that led to neural dysfunction could be easily detected. In addition, there were also
several studies where cells were transplanted into the naive spinal cord to demonstrate safety.”>*® All grafted NPCs had undergone differ-
entiation, yielding mainly GABA neurons and astrocytes. Fully mature human neurons grew many axons and formed numerous synapses with
rat neural circuits, together with mature human astrocytes that structurally integrated into the rat spinal cord. The sensorimotor function of rats
was not impaired by intraspinal transplantation, even when human neurons were activated or inhibited by designer receptors exclusively acti-
vated by designer drugs (DREADDs).”’

RESULTS
Human ESC-derived dorsal spinal GABA neurons survived long-term and fully matured in the rat spinal cord

Adult naive athymic nude rats received transplantation of either human ESC-derived dorsal spinal dl4/dILy NPCs with or without BIDREADD
expression (dI4-Bi-DREADDs, dl4) or culture medium without cells (Medium) into the cervical enlargement (C6-C8) of the spinal cord. Twelve
months later, the rats were sacrificed. The general morphology of the brains and spinal cords was comparable between the three groups, with
no obvious lesions detected (Figure S1A). By immunostaining with human nuclei (hNu), mCherry and HA (reporters for h(M3Dg and KORD,
respectively), grafted human cells were identified (Figure 1A) mainly in the gray matter (GM), with many human cells also migrating into
the white matter (WM). Within the graft, approximately 60% of human cells had differentiated into NeuN" neurons (Figure 1B). Along the
anterior-posterior (AP) axis of the central nervous system (CNS), human neurons expressed few, if any, adult forebrain markers, including
FOXG1 and OTX2, and the hindbrain marker HOXA3 (Figure S1B). Interestingly, human neurons silenced the expression of HOXB4 and
HOXCS, transcription factors (TFs) that are highly expressed during spinal cord development (Figure S1B). Along the dorsal-ventral (DV)
axis of the spinal cord, approximately 90% of human neurons express the dl4/dILa-specific marker PTF1A (Figure 1C).'® Approximately
40% of human neurons were PAX2" (Figure 1C), a marker of inhibitory neurons in the adult spinal cord. A few neurons from other spinal do-
mains were also detected, including BRN3A, LMX1B, BHLHB5, FOXP2, CHX10, ISLET1 and SIM1 (Figure S1C). In the neurotransmitter pheno-
type, a large amount of GABA was deposited within the graft (Figure 1E), suggesting that the majority of human neurons were GABAergic,
while some human neurons were calcium/calmodulin-dependent kinase llo. (CaMKlla)™ glutamatergic, a few were choline acetyltransferase
(ChAT)* cholinergic, and no glycine transporter 2 (GlyT2)" glycinergic, 5-hydroxytryptamine (5-HT)" serotoninergic or tyrosine hydroxylase
(TH)* dopaminergic (Figure S1D). Of the human GABAergic neurons, several subtypes were identified, including parvalbumin (PV), calbindin
(CB) and neuronal nitric oxide synthase (n-NOS), while neuropeptide Y (NPY) and RAR-related orphan receptor B (RORB) were not detected
(Figure S1E). In the injured monkey spinal cord in our previous study,'® the same subtypes of spinal GABAergic neurons were also detected,
including PV, CB and n-NOS but not NPY and RORB (Figure STF).

Human neurons extensively expressed neuronal-specific enolase (NSE), human mitochondria (hMito) and potassium-chloride
cotransporter-2 (KCC2) (Figures 1F-1H) but not doublecortin (DCX) (Figure S1G), a marker of immature migrating neurons. Human neurons
had grown large numbers of human microtube-associated protein-2 (hMAP2)" dendrites and B-lll-tubulin (Tuj1)" axons within the graft
(Figures 11and 1J); importantly, they were negative for growth-associated protein 43 (GAP43) (Figure S1G), which is highly expressed in growing
axons. Specifically, human axons, as verified by human tau (hTau), had extensively grown within the rat spinal cord (Figure 1K). They were densely
intermingled within the graft (Figure 1L). Moreover, human axons traveled into the WM (Figure 1M) and projected into the GM, including the
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Figure 2. Human dorsal spinal GABA neurons integrated into rat neural circuits

(A) Representative images of horizontal sections of rat C5-C8 spinal cords showing tremendous expression of the presynaptic marker hSyn, indicating the
potential formation of human synapses.

(B—F) Images showing that human synapses were established and were mainly inhibitory GABAergic. Many hSyn™ were colocalized with the inhibitory presynaptic
markers GAD65/57 (B) and VGAT (C) and were in close apposition with the postsynaptic marker Homer1 (E) and the inhibitory postsynaptic marker GPHN (F).
Quantification of the proportion of GAD65/67 (D).

(G) Within the graft, human neurons formed extensive synapses between themselves.

(H-M) Out of the graft but within the GM of rat spinal cords, human neurons formed synapses with rat neurons, including MNss (I), INs (H), such as PKCy* (J), CR™
(K), and NK1R™ (L) neurons, and with 'VGLUT1" afferent sensory terminals (M).

(N and O) Images of the graft showing hNu*NeuN™ human neurons were innervated by rat excitatory synapses as revealed by rVGULT1 and rVGLUT2.

(P-S) Images of the graft showing hNu"NeuN" human neurons were innervated by rat neural circuits, including the CST from forelimb M1/S1 (P), TH*
ceruleospinal tract (Q), 5-HT" raphespinal tract (R), and CGRP* nonmyelinating peptidergic nociceptive afferents (S). Data are represented as the mean +
SEM. n represents number of rats per group. See also Figure S2. Scale bar, 1 mm in (A), 20 um in (G-I) and (N-S5), and 5 pm in (B-F), (J-M) and in images of
magnified white box areas (G-I) and (N-S).

interneuron (IN) and motor neuron (MN) regions (Figures 1N and 10), while human axons were not wrapped by the rat myelin sheath (Figure 1P).
Human axons also projected rostrally into the C1-C4 segments and caudally into the thoracic T3-T5 segments (Figure S2A), mainly in the dorsal
horn (DH) rather than in the ventral horn (VH) (Figure S2B), but not into the brain (Figure S2E). Taken together, these results demonstrated the
long-term survival, full maturation and extensive axon growth of human spinal GABA neurons in the rat spinal cord.

Human dorsal spinal GABA neurons integrated into rat neural circuits
Human neurons extensively expressed the presynaptic protein human synaptophysin (hSyn) in the rat spinal cord (Figure 2A). Many hSyn coex-
pressed inhibitory presynaptic markers, including vesicular GABA transporter (VGAT) and glutamate decarboxylase 65/67 kDa (GAD65/67)
(Figures 2B-2D). Meanwhile, hSyn was in close apposition with the postsynaptic marker Homer1, especially the inhibitory postsynaptic marker
gephyrin (GPHN) (Figures 2E and 2F). Thus, human neurons have established many synapses in the rat spinal cord. These human synapses
were densely formed within the graft (Figures 2A and 2G), probably between the human neurons themselves. However, many human synapses
were also present outside of the graft, innervating the rat INs and MNs (Figures 2H and 2I). Human neurons also formed synapses with rat
protein kinase C gamma (PKCy) and calretinin (CR) interneurons that potentiate allodynia and neurokinin-1 receptor (NK1R) projection neu-
rons that transmit pain to supraspinal centers (Figures 2J-2L). Importantly, human neurons formed synapses with rat afferent sensory terminals
(Figure 2M), as identified by rat-specific vesicular glutamate transporter 1 ('VGLUT1). In addition, many human synapses were also found in the
GM of the C1-C4 and T3-T5 segments (Figure S2C), mainly in the DH rather than in the VH (Figure S2D), but not in the brain (Figure S2E).
On the other hand, many rat excitatory synapses, as revealed by r'VGLUT1 and rVGLUT2, were present within the graft and innervated hu-
man neurons (Figures 2N and 20). Importantly, corticospinal tract (CST) fibers originating from the bilateral primary sensorimotor cortex
(M1/51) of rat forelimbs were present within the graft, and these CST fibers formed excitatory 'VGLUT1" synapses with human neurons (Fig-
ure 2P). Similarly, the rat descending TH™ ceruleospinal tract (CeST) and 5-HT" raphespinal tract (RST) were also present within the graft,
creating dense innervation with human neurons (Figures 2Q and 2R). In addition, calcitonin gene-related peptide (CGRP)" nonmyelinating
peptidergic nociceptive afferents were also present within the graft and established synapses with human neurons (Figure 2S). Taken
together, these results indicated that human neurons could extensively integrate into rat neural circuits.

Differentiation and integration of mature human astrocytes into the rat spinal cord

As the long-term survival of human neurons requires nutrients and oxygen, we investigated the status of blood vessels supplying the graft.
Indeed, there were many rat endothelial cell antigen (RECA-1)" capillaries within the graft (Figure 3A). The total length, average length, total
junctions, and total ending points of capillaries within the graft were comparable to those in the GM, where only rat neurons were present, and
were significantly higher than those in the WM (Figures 3A and 3B). Importantly, the coverage and mean fluorescence intensity (MFI) of lam-
inin, a component of the basement membrane, in the graft was comparable to that in both the GM and WM (Figure 3C), suggesting a normal
structure of the blood-spinal cord barrier (BSCB) of capillaries within the graft.

Since the normal function of neurons is supported by glia, we investigated whether there was glial differentiation from grafted human cells.
Indeed, within the graft, approximately 40% of human cells had differentiated into SOX9" astrocytes (Figure 3D), with minimal generation of
oligodendroglia lineages (Figure 3E). Furthermore, these human astrocytes expressed mature structural and functional proteins, including
vimentin, glial fibrillary acidic protein (GFAP), S1008, ALDH1L1 and AQP4 (Figures 3F-3J). By staining with human GFAP (hGFAP), numerous
human astrocytes were present not only within the graft but also in the WM, including the lateral and dorsal columns (Figure 3K). Large
numbers of hGFAP" processes of human astrocytes surrounded not only human neurons but also neighboring rat INs and MNs (Figure 3L).
Moreover, these processes expressed the gap junction protein connexin 43 (Cx43) (Figure 3M) and glutamate transporter-1 (GLT-1) (Fig-
ure 3N), which is responsible for glutamate clearance. The processes of human astrocytes were also aligned with the dendrites and axons
of human neurons (Figures 30 and 3P). In addition, the processes of human astrocytes extensively wrapped the rat capillaries (Figure 3Q)
and formed AQP4" endfeet on capillaries (Figure 3R), contributing to the structure of the BSCB. Beyond the C6-C8 segments, many human
cells migrated both rostrally into the C1-C4 segments and caudally into the T3-T5 segments (Figure S3A), almost in the WM but not the GM
(Figure S3B). Moreover, these migrated human cells were not NeuN" neurons but SOX9" astrocytes (Figure S3B). This finding was further
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Figure 3. Differentiation and integration of mature human astrocytes into the rat spinal cord

(A) Representative images of RECA-1" capillaries and their associated laminin® basement membrane in the graft, GM and WM of rat spinal cords.

(B) Quantification of the area, total length, average length, total junctions, total ending points and MFI of RECA-1" capillaries.

(C) Quantification of coverage of laminin* basement membrane on RECA-1" capillaries and MFI of laminin.

(D and E) Images of grafts showing the differentiation of hNu*SOX9" human astrocytes and hNu"OLIG2"/NG2" human oligodendroglia lineage cells.
Quantification of SOX9 and OLOG2/NG2 revealed that the differentiation of human astrocytes was greater than that of oligodendrocytes.

(F-J) Images of grafts showing differentiated human astrocytes expressing vimentin (F), GFAP (G), S1008 (H), ALDH1L1 (), and AQP4 (J), suggesting their
maturation.

(K) Representative images of horizontal sections of rat C5-C8 spinal cords showing tremendous expression of hGFAP in the graft and WM, including the lateral
and dorsal columns, indicating extensive differentiation and migration of human astrocytes.

(L) Images showing hGFAP" processes of human astrocytes densely surrounding human neurons within the graft and rat MNs and INs outside of the graft.
(M and N) Images showing hGFAP™ processes of human astrocytes expressing the gap junction proteins Cx43 (M) and GLT-1, which are responsible for glutamate
clearance (N).

(O and P) Images of the graft showing hGFAP™ processes of human astrocytes were aligned with the MAP2* dendrites and NF* axons of human neurons.

(Q and R) Images showing hGFAP™" processes of human astrocytes wrapping laminin® capillaries (Q) and expressing AQP4 contributing to the structure of BSCB
(R). Data are represented as the mean + SEM. n represents number of rats per group. See also Figure S3. Scale bar, T mm in (K), 100 um in (A), 20 pm in (D-L),
10 um in (N-R), and 5 um in (M).

verified by hGFAP staining (Figures S3C and S3D). Human cells or human astrocytes did not migrate into the rat brain (Figure S3E). Taken
together, these results suggested that extensive human astrocytes were generated and integrated into the rat spinal cord to support the func-
tion of human neurons.

Long-term safety of intraspinal transplantation of human ESC-derived dorsal spinal GABA NPCs

In a separate group, human ESCs were directly grafted into the T8 spinal cords of three adult naive nude rats. Deficits in hindlimb locomotion
occurred starting from 2 weeks after transplantation, together with the gradual presence of urine retention. By 4 weeks, the rats had full pa-
ralysis in the hindlimbs and poor bladder function and were thus euthanized. There were large lesions invading the spinal cords both rostrally
and caudally (Figure S4A). The normal morphology of the spinal cord was completely disrupted (Figure S4B), with ectoderm-, mesoderm- and
endoderm-like tissues present (Figure S4C). The rat spinal cords were fully occupied by human cells, and there were no human or rat neurons
present (Figure S4D), while there were many SOX1" and human nestin (hNestin)" NSCs that were highly proliferative (Figure S4E). These re-
sults suggested that ESC transplantation can cause teratoma formation and functional loss.

In contrast, in the spinal cords of rats receiving grafts of dl4/dILa NPCs, no OCT4" or NANOG" human ESCs were detected (Figure S4F).
However, a few SOX1" NSCs and Ki67™" proliferating cells were still preserved (Figure S4F), but these proliferating cells were not hNestin+
NSCs (Figure S4F). In addition, human cells did not undergo apoptosis (Figure S4G). The survival rate and body weight of rats were not influ-
enced by transplantation (Figures S4H and S4l). The weights of integral organs, including spinal cords, brains, hearts, livers, spleens, lungs and
kidneys, were comparable between groups (Figures S4J-S4P). Additionally, no lesions or human cells were detected in these organs
(Figures S4Q and S4R). Importantly, in sensory function, both mechanical allodynia (Figure 4A) and thermal hyperalgesia (Figure 4B) in the
fore and hind paws of rats were comparable among the three groups. Regarding motor function, neither forelimb grooming function (Fig-
ure 4C) nor hindlimb overground locomotion (Figure 4D) were impaired by transplantation. Moreover, skilled quadrupedal locomotion
involving both forelimbs and hindlimbs was also not impaired (Figure 4E). Finally, by using principal component analysis (PCA) of multiple
gait parameters (Table S1), we confirmed that rats with cell transplantation had the same locomotion as control rats (Figure 4F). Since human
neurons still maintained the expression of BIDREADD:s (Figure 4G) and could indeed be activated by clozapine-N-oxide (CNO) to induce the
expression of c-FOS (Figure 4H), we further probed whether the function of rats could be influenced after manipulation of the activity of human
neurons. Mechanical allodynia (Figure 41), thermal hyperalgesia (Figure 4J) and skilled locomotion (Figure 4K) in both fore and hind paws were
unaltered after neither activation nor inhibition with CNO and salvinorin B (SalB), respectively. Taken together, these results clearly indicated
the long-term safety of intraspinal transplantation of human ESC-derived dorsal spinal GABA NPCs.

DISCUSSION

Here, to the best of our knowledge, this was the first study in which the long-term fate and safety of human ESC-derived dorsal spinal dl4/dILa
NPCs were demonstrated in adult naive rat spinal cords over 1 year. Before this, there was only one study in which the long-term fate of hPSC-
derived forebrain NSCs was identified in injured rat spinal cord over 1.5 years.”” However, human forebrain neurons mature much more slowly
than spinal neurons, and spinal neurons were proven to be better than forebrain neurons for treating SCI.?'%" Thus, our current study laid
the foundation for the clinical translation of hPSC-derived spinal NPCs to initiate clinical trials to further verify their safety in SCI patients.
The majority of differentiated human neurons were PTF1A™, and there was little expression of markers of the forebrain, hindbrain and other
spinal domains, suggesting that they faithfully preserved spinal dl4/dIL, identity in vivo. Interestingly, the expression of HOXB4 and HOXC8
was silenced in human neurons. Many Hox genes are highly expressed in spinal neurons during embryonic human spinal cord develop-
ment’* and in differentiated spinal neurons from human PSCs.”’ Our human spinal dl4/dILs neurons highly expressed HOXB4 and
HOXCS8 in vitro.'” More than 7 months after transplantation, they still express HOXB4 and HOXC8.'® However, 12 months after transplanta-
tion, the expression of HOXB4 and HOXC8 was almost silenced, which is consistent with the fact that many Hox genes are minimally
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Figure 4. Long-term safety of intraspinal transplantation of human dorsal spinal GABA NPCs

(A and B) Sensory function of rats in the Medium, dl4 and dl4-Bi-DREADDs groups over 12 months post-transplantation. No significant difference was detected in
mechanical allodynia (A) and thermal hyperalgesia (B) in the fore and hind paws of rats.

(C—F) Motor function of rats in the Medium, dl4 and dl4-Bi-DREADDs groups over 12 months post-transplantation. Forelimb grooming behavior (C), hindlimb
overground locomotion (D), fore- and hindlimb skilled locomotion (E), and gait (F) were unaltered by transplantation.

(G) Images of the grafts showing hNu"NeuN™ human neurons in dl4-Bi-DREADDs but not dl4, or hNu~NeuN™ rat neurons, still preserved the expression of
mCherry and HA, the reporters for hM3Dq and KORD, respectively.

(H) Images of the grafts showing hNu"NeuN™ human neurons in di4-Bi-DREADDs but not di4 or hNu~NeuN* rat neurons expressing c-FOS upon CNO activation.
Quantification of the proportion of c-FOS suggested that human neurons were activated by CNO.

(I 'and J) Sensory function of rats in the Medium, di4 and dl4-Bi-DREADDs groups at 12 months post-transplantation under BIDREADDs manipulation. No
significant difference was detected in mechanical allodynia (I) and thermal hyperalgesia (J) in the fore and hind paws of rats after CNO, SalB or vehicle application.
(K) Motor function of rats in the Medium, dl4 and dI4-Bi-DREADDs groups at 12 months post-transplantation under BIDREADDs manipulation. No significant
difference was detected in skilled locomotion in the fore and hind paws of rats after CNO, SalB or vehicle application. Data are represented as the mean +
SEM. n represents number of rats per group. See also Figure 54 and Table S1. Scale bar, 20 um in (G and H).

expressed in spinal neurons of adult monkeys™ and humans.*” Thus, the silenced expression of Hox genes in human neurons could demon-
strate their maturity. Indeed, human neurons evenly express high levels of NSE, KCC2, and especially numerous mitochondria, whose amount
directly determines the maturity of neurons.*® In addition, human neurons have numerous mature dendrites and axons and have established

8 iScience 26, 108306, November 17, 2023



iScience ¢? CellPress
OPEN ACCESS

tremendous synapses. Thus, human dorsal spinal neurons could fully mature at least 1 year after transplantation, in contrast to the more pro-
tracted time for human forebrain neurons to mature.”” Human axons were unmyelinated, and the putative reason is that myelination is un-
necessary for spinal interneurons that transmit information shortly and locally; another possibility is that the origin of axons and myelin is
different in species since axons of grafted rat spinal neurons could be wrapped by host rat myelin.*”

In the naive adult rodent spinal cord, dl4/dIL, GABA neurons contribute to both the presynaptic inhibition of afferent sensory terminals™
and postsynaptic inhibition of sensory interneurons, playing pivotal roles in preventing abnormal sensation,*'** regulating muscle tone,** and
securing the smoothness of forelimb grasping™” and hindlimb locomotion.*” Our grafted human dorsal spinal GABA neurons projected axons
mainly to the DH rather than the VH and similarly formed inhibitory synapses mainly with DH interneurons rather than VH motor neurons.
Importantly, they formed synapses with rat PKCy,*® CR interneurons®’*** and NK1R nociception projection neurons*? and established presyn-
aptic inhibition structures with rat afferent sensory terminals, which is consistent with the projections of rodent spinal dl4/dILa neurons. Mean-
while, human dorsal spinal GABA neurons were innervated by rat neural circuits, including CST, CeST, RST and CGRP sensory afferents,
consistent with the results obtained by retrograde monosynaptic rabies virus tracing of rodent spinal di4/dILs neurons.*' Thus, regionally
specified neurons, when grafted in vivo, could specifically find their appropriate targets and be innervated properly by specific host circuits,
which implies that for precisely reconstructing damaged circuits after SCI, subtypes of molecularly defined neurons might be optimal over a
mixture of unspecified populations.

The normal function of neurons is critically supported by glial cells. In addition to neurons, human dorsal spinal dl4/dILy NPCs also almost
exclusively produced tremendous mature astrocytes that not only colonized within the graft but also extensively migrated in the WM, consis-
tent with our previous®® and other studies.””*° Few oligodendroglia lineages were yielded, which could be explained by the fact that in the
developing human spinal cord, astrocytes and oligodendroglia are generated from the dorsal and ventral parts, respectively.*® The expres-
sion of many structural and functional proteins in human astrocytes enables them to execute functions, including supporting the growth of
dendrites and axons, clearance of glutamate and constitution of the BSCB. Indeed, the structure of the BSCB within the graft was normal,
which could prevent harmful agents from infiltrating into the parenchyma to cause neuronal death. Importantly, human neurons could be
activated by DREADDs and did not undergo apoptosis, suggesting that they were authentically alive. By virtue of human astrocytes and
normal BSCB, human neurons could be anticipated to continue to survive permanently.

Although mature human neurons and astrocytes survived long-term and integrated into the rat spinal cord, the sensorimotor function of
rats was not impaired by cell transplantation. This clearly demonstrated the long-term safety of intraspinal transplantation of cells, while on the
other hand, it implied that synapses formed between human and rat neurons may be nonfunctional, which is further strengthened by the fact
that sensorimotor function of rats was still unchanged after BIDREADD modulation of human neuron activity. It might be impossible that the
human synapses observed by immunofluorescence were not authentic synapses because the postsynaptic markers were present and in close
apposition with presynaptic markers; in addition, immunofluorescence of synaptic markers in the adult CNS can directly represent synapses.
Because the neural circuits of adult naive rats have already been normally and well developed, which means that no neural plasticity is needed,
there is no need for grafted human neurons to execute their function. If human neurons are grafted into the spinal cords of newborn rats, they
could develop together with rat neurons and functionally integrate into host circuits, as was observed in human brain organoid transplanta-
tion.”" Importantly, when the CNS is injured, adult neurons regress to an embryonic growth state®” and neural plasticity occurs.”® Neurons
grafted into this injured environment can then functionally integrate into host circuits and exert neural function.

In summary, the long-term safety of human ESC-derived dorsal spinal dl4/dILa NPCs in the spinal cord was verified in naive adult rats. To
enter into clinical trials, they must merit the cell quality control as proposed in the guidelines,” such as detecting composition and relevant
cytokines, genetic or other manipulations. Future work will address these concerns.

Limitations of the study

Although the long-term fate and safety of intraspinal human ESC-derived dorsal spinal dl4/dIL, NPCs was verified in naive adult rats, further
long-term studies in SCl rats and even in NHPs are clearly needed to definitively validate their fate, efficacy, and safety before initiating any
clinical trials. In addition, immunoelectron microscopy, virus tracing and electrophysiology studies, although relatively technically hard, are
needed to faithfully prove that grafted human neurons are functionally integrated into host neural circuits. This work is now underway in
our successive research.
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Cat#ab109517; RRID:AB_10866454
Cat#AP53918PU-N; RRID:N/A
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Cat#ab254263; RRID:N/A
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Rabbit polyclonal anti-Tuj-1 Abcam Cat#ab18207; RRID:AB_444319
Rabbit polyclonal anti-NF200 Sigma-Aldrich Cat#N4142; RRID:AB_477272
Rabbit polyclonal anti-MBP Abcam Cat#ab40390; RRID: AB_1141521
Rabbit polyclonal anti-GABA Sigma-Aldrich Cat#A2052; RRID:AB_477652
Rabbit polyclonal anti-Homer1 Synaptic System Cat#160 003; RRID:AB_887730
Rabbit polyclonal anti-PKCy Abcam Cat#ab71558; RRID: AB_1281066
Rabbit polyclonal anti-Calretinin Swant Cat#7697; RRID: AB_2619710
Rabbit polyclonal anti-Calbindin Swant Cat#CB38; RRID: AB_10000340
Rabbit polyclonal anti-NK1R Sigma-Aldrich Cat#S8305; RRID: AB_261562
Rabbit monoclonal anti-Parvalbumin Abcam Cat#ab181086; RRID: AB_2924658
Rabbit monoclonal anti-n-NOS Abcam Cat#ab76067; RRID: AB_2152469
Rabbit polyclonal anti-NPY ImmunoStar Cat#22940; RRID: AB_10720817
Rabbit monoclonal anti-ROR Abcam Cat#ab187657; RRID:N/A

Rabbit polyclonal anti-NSE
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Rabbit polyclonal anti-CGRP

Rabbit monoclonal anti-GAD65/67
Rabbit monoclonal anti-VGLUT2
Rabbit monoclonal anti-GAP43
Rabbit polyclonal anti-Laminin
Rabbit monoclonal anti-Vimentin
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Rabbit monoclonal anti-S100B
Rabbit monoclonal anti-ALDH1L1
Rabbit polyclonal anti-AQP4

Rabbit monoclonal anti-Connexin 43
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Rabbit monoclonal anti-OCT4
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Abcam

Abcam

Millipore
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Abcam

Cell Signaling Technology
Abcam

Abcam

Millipore

Abcam

Abcam

Cell Signaling Technology
Abcam

Millipore

Jackson ImmunoResearch
Invitrogen

Invitrogen

Invitrogen

Invitrogen

Invitrogen

Invitrogen

Jackson ImmunoResearch

Jackson ImmunoResearch

Cat#230 003; RRID: AB_10641163
Cat#07-432; RRID: AB_310611
Cat#NB300-109; RRID:AB_10077691
Cat#T-4032; RRID: AB_518147
Cat#ab239372; RRID:N/A
Cat#ab216463; RRID: AB_2893024
Cat#AB5312; RRID:AB_2109488
Cat#L9393; RRID:AB_477163
Cat#ab92547; RRID: AB_10562134
Cat#12389; RRID: AB_2631098
Cat#ab52642; RRID: AB_882426
Cat#ab300509; RRID:N/A
Cat#AB3594; RRID: AB_91530
Cat#ab235585; RRID:N/A
Cat#ab16667; RRID:AB_302459
Cat#9661; RRID:AB_2341188
Cat#ab181557; RRID:AB_2687916
Cat#AB9016; RRID: AB_2216009
Cat#703-165-155; RRID:AB_2340363
Cat#A-21202; RRID:AB_141607
Cat#A-31571; RRID:AB_162542
Cat#A-21206; RRID:AB_2535792
Cat#A-21207; RRID:AB_141637
Cat#A-11055; RRID:AB_2534102
Cat#A-11058; RRID:AB_2534105
Cat#706-545-148; RRID:AB_2340472
Cat#706-605-148; RRID:AB_2340476

Donkey anti sheep Alexa Fluor 488 Invitrogen Cat#A-11015; RRID: AB_141362
Chemicals, peptides, and recombinant proteins

Optimal Cutting Temperature Compound Sakura 4853

Hematoxylin Solution Servicebio G1004

Eosin Solution Servicebio G1001
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Quick Block Blocking Buffer Beyotime P0260
Quick Block Primary Antibody Dilution Buffer Beyotime P0262
Quick Block Secondary Antibody Dilution Buffer Beyotime P0265
Xylazine Hydrochloride Sigma-Aldrich X1251
Clozapine-N-Oxide MedChemExpress HY-17366
Salvinorin B Cayman Chemical 23582
BDA Biotin 10000 WM Invitrogen D1956
Streptavidin Alexa Fluor 488 Invitrogen $32354
Hoechst 33258 Sigma-Aldrich 94403
Critical commercial assays

Zoletil 50 Virbac S.A., Carros, France N/A
Prolong Glass Antifade Mount Invitrogen P36980
Experimental models: Cell lines

hESCs Lines (line WAQ9) Xiong et al.” N/A
hM3Dg-KORD-expressing hESCs Lines (line WAQ9) Xiong et al.>® N/A
Experimental models: Organisms/strains

Rat: Crl:NIH-Foxn1rmu Nude Rat Beijing Vital River Laboratory N/A

Animal Technology Co., Ltd

Software and algorithms

TreadScan Clever System https://cleversysinc.com/CleverSysinc/
csi_products/treadscan/

Fiji NIH https://fiji.sc
RRID: SCR_002285

AngioTool National Cancer Institute https://ccrod.cancer.gov/confluence/
display/ROB2/Home
RRID: SCR_016393

Prism 8 GraphPad Software https://www.graphpad.com
RRID: SCR_002798

R Project The R Project for Statistical Computing https://www.r-project.org
RRID: SCR_001905

Other

Surgical Microscope

Small Animal Spinal Unit

Small Animal Stereotaxic Unit

RN Compression Fitting

Gas Tight Syringe

Glass Capillaries

UltraMicroPump

Flaming/Brown Micropipette Puller
Micro Grinder

Digital Video Camera

Electronic von Frey Anesthesiometer
Hargreaves Method Plantar Test Apparatus
Gait Analysis Treadmill Exer Gait
Leica Cryostat

Confocal Laser Scanning Microscope

World Precision Instruments
David Kopf Instruments
David Kopf Instruments
Hamilton

Hamilton

World Precision Instruments
World Precision Instruments
Sutter Instrument

Narishige

SONY

IITC Life Sciences

IITC Life Sciences
Columbus Instruments
Leica Microsystems

Olympus

PSMB5N
Model 980
Model 902
55750-01
7656-01
1B100F-4
UMP3T
P-97
EG-402
HDR-CX450
2391

390

1008
CM1950
FLUOVIEW FV3000
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RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Wei Wang
(wwang@tjh.tjmu.edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability
e All data reported in this paper will be shared by the lead contact upon request.
e This paper does not report original code.
e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
Cells

The human ESC line (H9, WA09) and hM3Dg-KORD-expressing human ESC line (H9, WAQY) (passages 20-40)°° were cultured in a six-well plate
covered with an irradiated mouse embryonic fibroblast (MEF) feeder layer. The hPSC medium consisted of modified Eagle’s medium/nutrient
mixture F-12 (DMEM/F-12), knockout serum replacement (KSR), 1x nonessential amino acid solution (NEAA), 0.5x GlutaMax-| supplement,
0.1 mM 2-mercaptoethanol, and 4 ng/ml FGF-2. The culture medium was changed daily, and the cells were passaged with Dispase Il every
week.

Animals

Atotal of 39 adult (8 weeks old) female athymic nude rats (Crl:NIH-Foxn1™") purchased from Beijing Vital River Laboratory Animal Technology
Co., Ltd. were the subjects of this study. After arrival, they were acclimated to the animal facility for at least 1 month before experiments were
initiated. They were housed 2 rats per cage in an independent ventilation cage (IVC, 30 cm high, 27 cm wide, and 40 cm deep) with access to
food and water ad libitum in a specific pathogen-free (SPF) housing room with a temperature maintained at 22°C-24°C, a relative humidity of
45-60%, and a 12-hour day/night cycle (lights on at 6:00 am and off at 18:00 pm). All animal experiments were performed under the protocol
approved by the Committee on the Ethics of Animal Experiments and the Institutional Animal Care and Use Committee at Tongji Hospital,
Tongji Medical College, Huazhong University of Science and Technology (ethics approval number, TJH-201903007).

METHOD DETAILS

Cell differentiation

Details regarding the differentiation of human ESCs into dorsal spinal dl4/dILy GABA neurons were described in our recently published step-
by-step protocol.bé’ Briefly, human ESCs were cultured on MEFs, and in the presence of SB431542 (2 mM), DMH1 (2 mM) and CHIR99021
(3 mM) for 7 days, human ESCs were differentiated into SOX1-expressing neuroepithelia. In the presence of retinoic acid (RA, 0.1 mM)
and cyclopamine (0.5 mM), a sonic hedgehog antagonist, from days 7-14, the neuroepithelia were differentiated into dorsal spinal progen-
itors. The progenitor cells were further differentiated into neurons on Matrigel-coated coverslips in neural basal medium with N2 supplement,
B27 supplement, nonessential amino acid (NEAA), ascorbic acid (AA, 200 mM), cAMP (1 mM), brain-derived neurotrophic factor (BDNF,
10 ng/ml), and glial cell line-derived neurotrophic factor (GDNF, 10 ng/ml).

Cell transplantation

The details of transplanting cells into the rat cervical spinal cord were described previously.”” Rats were anesthetized by intramuscular injec-
tion of tiletamine-zolazepam (Zoletil 50; Virbac S.A., Carros, France) (10 mg/kg), xylazine (2.5 mg/kg) and atropine (0.05 mg/kg). Both eyes
were covered with eye ointment to prevent xerophthalmia. Ceftriaxone (50 mg/kg) was administered intraperitoneally for prophylaxis against
infection. Body temperature was maintained at 37°C with a heating pad. After shaving the fur on the neck, the skin was disinfected with iodo-
phor followed by alcohol. A midline incision was made, followed by blunt dissection of the para-spinal muscles. The laminae were exposed by
a retractor, and the C5-C7 laminae were removed with a rongeur (RWD Life Science, 903-00321-00). The dura was slit longitudinally under a
surgical microscope (World Precision Instruments, PBM). Rats were then mounted onto a small animal spinal unit (David Kopf Instruments,
Model 980). Human dorsal spinal GABA NPCs were harvested and resuspended in culture medium at a density of 100,000 cells/pl. Through
a 10 ul microsyringe (Hamilton, 7653-01), 2 ul of cell suspension was loaded into a beveled glass micropipette with a tip diameter of 40 um
made from a glass capillary (World Precision Instruments, 1B100F-4) through a Flaming/Brown Micropipette Puller (Sutter Instruments, PC-97)
and a Micro Grinder (Narishige, EG-402). Then, the micropipette containing the cell suspension was connected to a 100 pl microsyringe (Ham-
ilton, 7656-01) filled with saline through an RN compression fitting (Hamilton, 55750-01). Next, the microsyringe was mounted into a micro-
injection pump (World Precision Instruments, UMPT3) held by a stereotaxic manipulator. Under a surgical microscope, the micropipette was
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placed 1 mm lateral to the midline and 1.5 mm deep to the dorsal surface of the Cé spinal cord, and the cells were slowly injected within
3 minutes. The pipette was left in place for 1 minute, followed by slow withdrawal. Using the same procedures, another 5 points in the
C6-C8 spinal cord received the same volume of cell transplantation. Rats in the Medium group received intraspinal injection of the same vol-
ume of culture medium without cells. Another 3 rats received intraspinal transplantation of 200,000 human ESCs (in 2 pl medium) into the T10
spinal cord. The muscles, fascia, and skin were closed with interrupted sutures. Rats were subcutaneously injected with 5 ml of lactated
Ringer’s solution to prevent dehydration. Carprofen (10 mg/kg) was administered subcutaneously for 3 days to alleviate pain.

Mechanical allodynia

The mechanical withdrawal threshold was measured with an electronic Von Frey Anesthesiometer (IITC Life Sciences, 2391) as previously
described.*® Rats were placed in plexiglass chambers on a wire mesh floor in a quiet room for 30 min of acclimation starting 3 days before
testing. On the day of testing, rats were allowed to acclimate for 30 min. A tilted mirror was placed under the mesh floor to provide a clear view
of the fore and hind paws, which were stimulated at the center with a rigid tip (diameter 1 mm) attached to the recording apparatus. A gradual
increase in pressure was applied until the withdrawal response appeared. Then, the stimulus was automatically discontinued, and the value
was recorded and displayed by the device. The procedure was repeated three times with a minimum of 1 min interval between stimuli.

Thermal hyperalgesia

The thermal withdrawal latency was measured with a Hargreaves plantar test apparatus (IITC Life Sciences, 390) as previously described.””
Rats were placed in plexiglass chambers on a glass stand in a quiet room for 30 min of acclimation starting 3 days before testing. On the
day of testing, rats were allowed to acclimate for 30 min. A tilted mirror was placed under the mesh floor to provide a clear view of the
fore and hind paws, which were stimulated at the center with a focused light spot. When the withdrawal response appeared, the light was
turned off, and the latency was recorded. The cut off was set at 20 s, which means that if rats did not respond within 20 s, the light was turned
off automatically to prevent harm, and the latency was recorded as 20 s. The procedure was repeated three times with a minimum of 1 min
interval between stimuli.

Grooming test

Forelimb grooming function was assessed using a scoring system as previously described.®” Cool tap water was applied to the animal’s head
and back with soft gauze, and the animal was returned to its home cage. Grooming activity was recorded with a video camera (SONY, HDR-
CX450) from the onset of grooming through at least two stereotypical grooming sequences, which included licking of the forepaws and face
washing, forelimb grooming of the face, repetitive licking of the body, and hind paw scratching. Slow motion video playback was used to
score each forelimb independently by the maximal contact made while initiating any part of the grooming sequence.

Open field locomotion

Before testing, rats were allowed to acclimate to the open field two times per day for 5 days until they no longer showed signs of fear (crouch-
ing, cowering away from the examiner, little or no locomotion, frequent defecation and urination, piloerection, vocalizations, and failure to
groom). During testing, rats were encouraged to continuously locomote. Hindlimb locomotion was evaluated using the Basso Beattie Bres-

61

nahan (BBB) Locomotor Rating Scale®’ during a 4 min observation period for each rat.

Horizontal ladder walking

The skilled locomotion of the fore and hind limbs was assessed with the horizontal ladder-walking test as previously described.®” The hori-
zontal ladder-walking test apparatus consisted of clear Plexiglas sidewalls (1 m in length) and unevenly spaced metal rungs (to prevent habit-
uation) elevated approximately 30 cm from the ground. Before testing, rats were trained to cross the ladder three times per day for at least
three days. During testing, a video camera (SONY, HDR-CX450) was positioned at a slight ventral angle so that both sides of the body and paw
positions could be recorded simultaneously from a ventral view. Each experiment was performed in triplicate. The video recordings were
analyzed using frame-by-frame analysis at 25 f/s. The average number of fore and hind limb misplacements while the rats walked through
the 1 m long horizontal ladder was manually scored by an observer blinded to the groups. A complete miss, slip, or replacement of the
paw during placement was considered an error. The average number of errors per trial was normalized to the average total number of steps
per trial to obtain the results presented as a percentage of error. Then, the results were presented as a percentage of correct by percentage of
error subtracted by 100%.

Gait analysis

Details of the methods were described previously.®® Rats were allowed to quadrupedally walk on a transparent motor-driven treadmill belt at
a speed of 15 cm/s for a period of 20 s to obtain at least ten consecutive step cycles of consistent walking for video analysis. Videos were
imported into Tread Scan software to automatically analyze the gait parameters, as listed in Table S1. All the parameters were further analyzed
with principal component analysis (PCA).** A total of 94 Tread Scan parameters were computed for each gait cycle. These parameters are
detailed in Table S1. To compare the overall locomotion ability between groups, we performed a statistical analysis using PCA in R
(v3.6.3). The 94 parameters for all rats together were included. Missing values were preprocessed through the mice R package (v3.13.0).
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Component extraction and visualization were implemented using the R packages FactoMineR (v1.34) and factoextra (v1.0.7), respectively.
Additionally, we applied the syndRomics package to help determine the most relevant components and generate illustrative results. The an-
alyses were performed by investigators who were blinded to the treatment groups.

Chemogenetics

Twelve months after cell transplantation, the sensory and motor functions of rats were further evaluated when the activity of grafted cells was
increased and inhibited with Bi-DREADDs. To activate human cells, 3 mg/kg clozapine-N-oxide (CNO, MCE, HY-190, 1 mg/ml in saline) was
administered subcutaneously 30 min before behavior tests were initialized. To inhibit human cells, 10 mg/kg salvinorin B (SalB, Cayman Chem-
ical, 20 mg/ml in DMSQO) was administered subcutaneously 15 min before behavior tests were initialized.®® As a control, a vehicle consisting of
2% DMSQ in saline was also administered, and behaviors were tested. In addition, behaviors were also tested after the CNO, SalB and vehicle
had been washed out from the rats.

Corticospinal tract tracing

Rats were anesthetized as described for cell transplantation. After shaving the fur on the scalp, the skin was disinfected with iodophor followed
by alcohol. A midline incision was made to expose the cranium. Then, rats were mounted into a Small Animal Stereotaxic Unit (David Kopf
Instruments, Model 902). Under a surgical microscope (World Precision Instruments, PBM), bilateral craniotomy was performed to expose the
primary motor cortex (M1) and primary sensory cortex (S1) of the forelimb, and the dura was slit. Using a beveled glass micropipette and
microinjection pump, 10% biotinylated dextran amine (BDA, WM 10 kDa, Invitrogen, D1956) was injected into six sites of M1 and S1 to label
the corticospinal tract. The injection coordinates were as follows: anterior-posterior and medial-lateral coordinates from bregma in mm: 2.5/3,
2.5/4,1.5/3,1.5/4,0.5/3, 0.5/4, depth 1.4 mm. The volume of each site was 0.5 ul. Four weeks after tracing, rats were perfused for histology.

Tissue processing

Rats received an intraperitoneal injection of 3 mg/kg CNO (MCE, HY-17366, 1 mg/ml in saline) to activate human neurons 2 hours before sac-
rifice. All rats were euthanized by intraperitoneal injection of sodium pentobarbital (60 mg/kg) and perfused through the heart with 500 m|
heparinized (100,000 U/L) normal saline, followed by 500 ml 4% paraformaldehyde (PFA) in phosphate-buffered saline (PBS). The entire brains,
spinal cords and other integral organs, including hearts, livers, spleens, lungs and kidneys, were harvested and postfixed in the same fixative at
4°C for 24 hours and then dehydrated in 300 ml of 30% sucrose solution at 4°C for 72 hours. Spinal cord segments comprising C5-T2 (for Me-
dium, di4, d14-Bi-DREADDs) and T8-T12 (for hESCs) were dissected, embedded with optimum cutting temperature compound (Sakura, 4853),
and flash frozen. Using a cryostat microtome (Leica, CM1950), serial horizontal sections 20 pm thick were cut, collected into cryoprotectant
consisting of 30% sucrose and 30% ethylene glycol in PBS and stored at -80°C. Brains, integral organs and spinal cord segments of C1-C4 and
T3-Té were cut into serial coronal sections 40 um thick. For histology analysis, 20 pm sections were cut and mounted onto slides.

Hematoxylin & eosin staining

Sections were dried at 37°C for 1 hour and washed 3 times with double distilled water for 10 minutes each. After air drying, the sections were
immersed in hematoxylin solution (Servicebio, G1004) for 5 minutes, thoroughly rinsed with running tap water, differentiated in 75% ethanol
containing 1% hydrochloric acid for 5 seconds, and immediately rinsed again with running tap water thoroughly. Finally, sections were stained
in eosin solution (Servicebio, G1001) for 5 minutes, dehydrated 2 times with 100% ethanol for 5 minutes each, cleared 2 times in xylene for
5 minutes each, and cover-slipped with neutral balsam.

Immunofluorescence

Free-floating sections were washed 3 times with Tris-buffered saline containing 0.25% Triton-X-100 (TBST) for 5 minutes each, blocked with
Quick Block ™ blocking buffer (Beyotime, P0260) for 15 minutes, and incubated overnight (more than 16 hours) with primary antibodies in
Quick Block ™ primary antibody dilution buffer (Beyotime, P0262) at 4°C. Thereafter, the sections were rinsed 3 times again with TBST for
5 minutes each and then incubated with fluorochrome-conjugated secondary antibodies and Hoechst 33258 (Sigma, 94403) in Quick Block
™ secondary antibody dilution buffer (Beyotime, P0265) in the dark for 1 hour. Finally, the sections were washed 3 times with TBST for 5 minutes
each, mounted onto slides, air dried thoroughly, and cover-slipped with Prolong Glass Antifade Mount (Invitrogen, P36980).

The following primary antibodies were used: chicken anti NeuN (Millipore, ABN91), goat anti-mCherry (biorbyt, orb11618), goat anti-OTX2
(R&D Systems, AF1979), goat anti-ChAT (Millipore, AB144P), goat anti-5-HT (ImmunoStar, 20079), goat anti-SOX9 (R&D Systems, AF3075),
goat anti-OLIG2 (R&D Systems, AF2418), goat anti-SOX1 (R&D Systems, AF3369), goat anti-NANOG (R&D Systems, AF1997); guinea pig
anti-NeuN (Millipore, ABN90), guinea pig anti-c-FOS (Synaptic System, 226003), guinea pig anti-VGAT (Synaptic Systems, 131004), guinea
pig anti-Gephyrin (Synaptic Systems, 147318), guinea pig anti-rat VGLUT1 (Millipore, AB5905), guinea pig anti-GlyT2 (Synaptic Systems,
272004), guinea pig anti-DCX (Synaptic System, 326004), guinea pig anti-GLT-1 (Millipore, AB1783); mouse anti-human Nuclei (Millipore,
MAB1281), mouse anti-PTF1A (Santa Cruz Biotechnology, sc-393011), mouse anti-BRN3A (Millipore, MAB1585), mouse anti human mitochon-
dria (Millipore, MAB1273), mouse anti-STEM121 (Takara, Y40410), mouse anti-human Tau (BioLegend, 835201), mouse anti-HOXC8
(BioLegend, 920501), mouse anti-human Synaptophysin (Invitrogen, 14-6525-80), mouse anti-RECA1 (Bio-Rad, MCA970R), mouse anti-human
GFAP (Takara, Y40420), mouse anti-human Nestin (R&D Systems, MAB1259); rabbit anti-mCherry (Abcam, ab167453), rabbit anti-HA (CST,
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3724), rabbit anti-NeuN (Millipore, ABN78), rabbit anti-FOXG1 (Abcam, ab196868), rabbit anti-HOXA3 (Sigma, H3791), rabbit anti-HOXB4
(Abcam, ab133521), rabbit anti-PAX2 (Biolegend, 901001), rabbit anti-LMX1B (Abcam, ab259926), rabbit anti-BHLHB5 (Thermo, PA5-
64189), rabbit anti-FOXP2 (Abcam, ab16046), rabbit anti-ISLET1 (Abcam, ab109517), rabbit anti-SIM1 (Origene, AP53918PU-N), rabbit anti-
GABA (Sigma—-Aldrich, A2052), rabbit anti-Calbindin (Swant, CB-38a), rabbit anti-Parvalbumin (Abcam, ab181086), rabbit anti-n-NOS (Ab-
cam, ab76067), rabbit anti-NPY (Abcam, ab221145), rabbit anti-RORB (Abcam, ab187657), rabbit anti-NSE (Synaptic System, 230003), rabbit
anti-KCC2 (Millipore, 07-432), rabbit anti-CaMKlla (Abcam, ab92332), rabbit anti-TH (Novus, NB300-109), rabbit anti-human MAP-2 (Abcam,
ab254263), rabbit anti-Tuj-1 (Abcam, ab18207), rabbit anti-Neurofilament 200 kDa (Sigma, N4142), rabbit anti-GAP43 (Millipore, AB5312), rab-
bit anti-MBP (Abcam, ab40390), rabbit anti-Homer1 (Synaptic System, 160003), rabbit anti-GAD65/67 (Abcam, ab183999), rabbit anti-rat
VGLUT2 (Abcam, ab239372), rabbit anti-PKCy (Abcam, ab71558), rabbit anti-Calretinin (Swant, 7697), rabbit anti-NK1R (Sigma, S8305), rabbit
anti-CGRP (Peninsula Lab, T-4032), rabbit anti-laminin (Sigma—-Aldrich, L?393), rabbit anti-vimentin (Abcam, ab92547), rabbit anti-GFAP (Cell
Signaling Technology, 12389), rabbit anti-S100B (Abcam, ab52642), rabbit anti-ALDH1L1 (Abcam, ab300509), rabbit anti-connexin 43 (Abcam,
ab235585), rabbit anti-AQP4 (Millipore, AB3594), rabbit anti-NG2 (Millipore, AB5320), rabbit anti-Ki67 (Abcam, ab16667), rabbit anti-c-Cas-
pase-3 (Cell Signaling Technology, 9661), rabbit anti-OCT4 (Abcam, ab181557), sheep anti-CHX10 (Millipore, AB9016).

The following secondary antibodies were used: donkey anti-mouse Alexa Fluor 488 (Invitrogen, A-21202), donkey anti-mouse Alexa Fluor
647 (Invitrogen, A-31571), donkey anti-rabbit Alexa Fluor 488 (Invitrogen, A-21206), donkey anti-rabbit Alexa Fluor 594 (Invitrogen, A-21207),
donkey anti-goat Alexa Fluor 488 (Invitrogen, A-11055), donkey anti-goat Alexa Fluor 594 (Invitrogen, A-11058), donkey anti-guinea pig Alexa
Fluor 488 (Jackson ImmunoResearch, 706-545-148), and donkey anti-guinea pig Alexa Fluor 647 (Jackson ImmunoResearch, 706-605-148).

Laser scanning confocal microscopy

Epifluorescence images were acquired using an Olympus FLUOR VIEW FV3000 confocal microscope. To avoid bleeding between channels,
Hoechst 33258 and Cy3 were grouped into phase 1, Alexa Fluor 488 and Alexa Fluor 594 were grouped into phase 2, and Alexa Fluor 647 was
set into phase 3. The bandwidth of each channel was set as follows: Hoechst 33258, 430-470 nm, Alexa Fluor 488, 500-540 nm, Cy3, 570-
580 nm, Alexa Fluor 594, 610-630 nm, Alexa Fluor 647, and 650-750 nm. HV was set at 700, gain was set at 1, and offset was set at 10 for
all channels. Under the Hi-Lo viewing mode, the laser intensity of each channel was adjusted to the maximum possible to avoid photobleach-
ing and overexposure. The scanning speed was set at 8 ps/pixel. To capture the entire horizontal spinal cord section, multiple area time lapse
imaging was employed. The matrix was set to 5*10 areas in rows and columns, and each area was acquired under a 10x objective lens with
optical zoom set at 1 and resolution set at 256*256 pixels. For the region of interest, z stacks of images were captured under a 20x or 100x
objective lens, with optical zoom set at 1-5 as needed and resolution set at 1024*1024. Images were postprocessed and analyzed with Fiji.*®
Analysis of RECA1* capillaries was performed with AngioTool.®”

QUANTIFICATION AND STATISTICAL ANALYSIS

No statistics were used to determine strategies for randomization, sample size estimation, and inclusion and exclusion of any data. All data are
represented as the mean + SEM unless otherwise stated. All statistical analyses were performed using GraphPad Prism 8 with the exception
of PCA using R. The Kolmogorov-Smirnov test was used to determine data normality. Statistics used for results analysis were as follows: un-
paired Student’s t test with Welch's correction for Figures 1B-1D, 2D and 3D, 3E, 4H, S1B-S1G, and S4F and S4G; one-way analysis of variance
(ANOVA) followed by Tukey's test for Figures S4J-S4P; two-way repeated ANOVA followed by Tukey's test for Figures 3B and 3C, and mixed-
effects models followed by Tukey's test for Figures 4A-4E, 41-4K, and S4l. Differences were considered significant at p <0.05 (*p < 0.05,
**p < 0.01, and ***p < 0.001).
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