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ABSTRACT

Adult mammalian brains have largely lost neuroregeneration capability except for a few
niches. Previous studies have converted glial cells into neurons, but the total number of
neurons generated is limited and the therapeutic potential is unclear. Here, we
demonstrate that NeuroD1-mediated in situ astrocyte-to-neuron conversion can
regenerate a large number of functional new neurons after ischemic injury. Specifically,
using NeuroD1 AAV-based gene therapy, we were able to regenerate one third of the
total lost neurons caused by ischemic injury and simultaneously protect another one
third of injured neurons, leading to a significant neuronal recovery. RNA-sequencing
and immunostaining confirmed neuronal recovery after cell conversion at both the
MRNA level and protein level. Brain slice recordings found that the astrocyte-converted
neurons showed robust action potentials and synaptic responses at 2 months after
NeuroD1 expression. Anterograde and retrograde tracing revealed long-range axonal
projections from astrocyte-converted neurons to their target regions in a time-dependent
manner. Behavioral analyses showed a significant improvement of both motor and
cognitive functions after cell conversion. Together, these results demonstrate that in
vivo cell conversion technology through NeuroD1-based gene therapy can regenerate a

large number of functional new neurons to restore lost neuronal functions after injury.
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INTRODUCTION

Neuronal loss is a major pathological hallmark of brain injury. Regenerating new
neurons to replenish the lost neurons after injury is critical for brain repair. Unfortunately,
adult mammalian brains have largely lost neurogenesis capacity, except a few
neurogenic niches such as the hippocampus and the subventricular zone (SVZz)'=. After
ischemic injury, the number of new neurons generated through the internal
neurogenesis is typically <1% of total lost neurons in adult mammalian brains*®.
Therapeutic approaches have been developed to augment this endogenous
neurogenesis such as the use of various neurotrophic factors®*!. Alternatively,
transplantation of external neural progenitor cells (NPCs) has also been explored as a
potential stroke therapy*®*. In animal models, transplanted NPCs can survive,
proliferate and regenerate new neurons in stroke areas™*’. Even in patients, some
clinical trials showed promising results*®. On the other hand, neural stem cells (NSCs) in
the SVZ are found to mainly produce reactive astrocytes, not neurons, after migrating to
injured cortical areas'®?. Engrafting external NSCs for post-stroke treatment also faces
serious challenges such as immunorejection, tumorigenesis, and long-term survival'®?*
24 Therefore, it is urgent to develop new approaches to regenerate a sufficient number
of new neurons in order to achieve long-term functional recovery after brain injury.

We have recently demonstrated a direct conversion of reactive astrocytes into
functional neurons by a single transcription factor NeuroD1 in the mouse brain®®. Other
groups also reported conversion of glial cells into neurons both in vitro and in vivo?®>*
(Reviewed by Li and Chen®). While the in vivo glia-to-neuron conversion approach can
regenerate new neurons inside mouse brain and spinal cord, it is unclear whether this
technology can generate a sufficient number of new neurons for therapeutic
applications. Here, using an engineered AAV Cre-FLEX system to ectopically express
NeuroD1 in reactive astrocytes in an ischemic injury model, we can regenerate 30-40%
of lost neurons in the motor cortex of adult mice. Behavioral tests indicate that
NeuroD1-treatment significantly rescues both motor and fear memory deficits after

ischemic injury in rodent animals. Together, our studies demonstrate that internal
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neuroregeneration using in situ cell conversion technology may be an effective

approach for functional brain repair after injury.

RESULTS:

Astrocyte-to-neuron conversion in a focal stroke model using NeuroD1 AAV-
based gene therapy

We have recently demonstrated that NeuroD1 acts as a master transcription factor to
directly convert glial cells into functional neurons inside mouse brains®. However, the
total number of neurons generated by retrovirus® or under non-injury condition® is
somewhat limited. In this study, we used focal ischemic injury as a model system to
investigate whether this in situ cell conversion approach can regenerate sufficient
number of functional neurons for brain repair. We initially tried a hypoxia-ischemic
stroke model in adult mice, but found large variations in the injury areas, from striatum
to cortex and hippocampus, making it difficult to compare the effectiveness of in vivo
cell conversion among different animals. After some pilot studies, we decided to use a
focal stroke model induced by the vasoconstrictive peptide endothelin-1 (ET-1) to
produce more consistent local ischemic injury in rodents®*”°. Importantly, we compared
two different ET-1 peptides, one with 21 amino acids (ET-1 (1-21)) and another with 31
amino acids (ET-1 (1-31)). We found that ET-1 (1-31) produced more severe tissue loss
than ET-1 (1-21) (Fig. S1A). We also found that a mouse strain with FVB genetic
background gave more severe stroke injury than the commonly used B6/C57 mice (Fig.
S1A). Notably, we detected a significant cortical tissue loss over a time course of 2
months when injecting ET-1 (1-31) into the motor cortex of FVB mice (Fig. 1A, B),
establishing a severe focal stroke model with consistent tissue loss in adult mice (5-12
months old).

After establishing the ischemic stroke model, we first examined a suitable time
window for NeuroD1 viral injection to induce astrocyte-to-neuron (AtN) conversion in the
stroke areas. We performed GFAP immunostaining at different time points after stroke
to determine when astrocytes became reactive. At 5 days post stroke (dps), we
observed a significant loss of neuronal signal NeuN (Fig. 1C). The GFAP signal, a
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commonly used reactive astrocyte marker, was also very low at 5 dps (Fig. 1C),
suggesting that astrocytes might be injured as well and not activated yet at this early
stage. At 10 dps, however, the GFAP signal was significantly upregulated (Fig. 1D),
indicating that astrocytes had become reactive at this time. We then examined whether
these reactive astrocytes induced by ischemic stroke could be converted into neurons.

Consistent with our previous report®

, injection of retroviruses expressing NeuroD1 at 10
dps resulted in successful conversion of reactive glial cells into NeuN-positive neurons
(Fig. 1E). However, the number of neurons was limited due to the fact that retroviruses
only expressed NeuroD1 in dividing reactive glial cells. To increase the number of
neurons converted from astrocytes, we used adeno-associated virus (AAV) to infect
both dividing and non-dividing astrocytes in the ischemic injured cortex. AAV has high
infection rate and low pathogenicity in humans, and has been approved by FDA for
clinical trials in the treatment of CNS disorders**. To infect astrocytes specifically after
ischemic injury, we constructed an AAV vector (recombinant serotype AAV9)
expressing NeuroD1 under the direct control of a human GFAP promoter
(hGFAP::NeuroD1-P2A-GFP). As a control, AAV hGFAP::GFP was found mainly
infecting astrocytes but not neurons (Fig. 1F, top row). In contrast, AAV
hGFAP::NeuroD1-P2A-GFP infected astrocytes gradually turned into NeuN-positive
neurons in the ischemic injury areas (Fig. 1F, bottom row). Comparing to the NeuroD1
retroviruses (Fig. 1E), AAV hGFAP::NeuroD1-P2A-GFP (Fig. 1F) generated more
neurons. However, we also observed a gradual loss of GFP signal after astrocyte-to-
neuron conversion, possibly due to a gradual downregulation of the hGFAP promoter
during AtN conversion process. The loss of GFP signal after neuronal conversion by
hGFAP::NeuroD1-P2A-GFP makes it difficult to distinguish the converted versus non-
converted neurons in the viral infected areas. To overcome this problem, we separated
the hGFAP promoter and NeuroD1 into two different AAV vectors by using the Cre-
FLEX (flip-excision) homologous recombination system*. One vector contains a human
GFAP promoter to drive the expression of Cre recombinase (hGFAP::Cre) in astrocytes.
The second vector contains two pairs of heterotypic, antiparallel loxP-type
recombination sites flanking an inverted sequence of NeuroD1-P2A-GFP (or NeuroD1-
P2A-mCherry) under the control of a strong promoter CAG (FLEX-CAG::NeuroD1-P2A-
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GFP/mCherry) (Fig. S1B). The advantage of this AAV Cre-FLEX system is that the Cre
expression is controlled by the hGFAP promoter to maintain the specificity towards
astrocytes, while NeuroD1 expression is driven by the strong CAG promoter after Cre-
mediated recombination and therefore avoiding being silenced during AtN conversion.
With this hGFAP::Cre / FLEX-CAG::NeuroD1 system, we found that NeuroD1 was
clearly expressed in GFAP+ astrocytes at 4 days post-viral injection (4 dpi, plus 10 dps,
total 14 days post stroke) (Fig. 1G, top row), which was not detectable if NeuroD1
expression was driven by GFAP promoter (hGFAP::NeuroD1-GFP) for 4 days.
Interestingly, a few CAG::NeuroD1-infected astrocytes were captured in a transitional
stage, showing co-immunostaining of both NeuN and GFAP (Fig. 1G, bottom row),
which had never been observed in the control group (hGFAP::Cre / FLEX-
CAG::mCherry). After 17 days of NeuroD1 expression in the ischemic injury areas, the
majority of CAG::NeuroD1-GFP infected cells were NeuN+ neurons, whereas the
control AAV GFP-infected cells remained GFAP+ astrocytes in the injured mouse cortex
(Fig. 1H, I). Note that the CAG::NeuroD1-converted neurons using Cre-FLEX system
showed more mature neuronal morphology (Fig. 11, bottom row) comparing to the
GFAP::NeuroD1 converted neurons (Fig. 1F, bottom row), suggesting that high
expression of NeuroD1 under CAG promoter can facilitate neuronal conversion and
maturation. Together, these data demonstrate that our engineered hGFAP::Cre / FLEX-
CAG::NeuroD1 system can effectively convert astrocytes into neurons in adult mouse

cortex after ischemic injury.

Progressive conversion from reactive astrocytes into neurons in stroke areas
We next investigated the time course of NeuroD1-mediated AtN conversion in the
ischemic injured areas with immunostaining of astrocyte marker GFAP and neuronal
marker NeuN (Fig. 2). At 4 dpi, both control AAV (hGFAP::Cre + FLEX-CAG::mCherry
or GFP) and NeuroD1 AAV (hGFAP::Cre + FLEX-CAG::NeuroD1-mCherry or GFP)-
infected cells (red) were mainly GFAP+ astrocytes (green) (Fig. 2A"), as guided by
hGFAP::Cre AAV. It is worth noting that at 4 dpi about 12% of NeuroD1-infected cells
were NeuN positive (Fig 2D). This is surprising but as illustrated in Fig 1g, many of

these NeuN+ cells also were GFAP+, representing transitioning stage from astrocytes
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to neurons rather than off-targeting effect on pre-existing neurons, which should not
have GFAP signal. At 7 dpi (Fig. 2A”), while control AAV mCherry-infected cells were
still GFAP+ astrocytes (top row, yellow), about half of NeuroD1-mCherry-infected cells
had lost GFAP signal (arrowheads). At 17 dpi, control mCherry-infected cells remained
GFAP+, but most of the NeuroD1-mCherry-infected cells showed neuronal morphology
without GFAP signal (Fig. 2A™, arrowheads). When performed NeuN immunostaining at
4 dpi, both control and NeuroD1-infected cells rarely showed NeuN signal (Fig. 2B’),
consistent with their astrocytic property as shown in Fig. 2A’. At 7 dpi, some NeuroD1-
infected cells showed clear NeuN signal with immature neuronal morphology (Fig. 2B”,
arrowheads). At 17 dpi, the majority of NeuroD1-infected cells became NeuN+ neurons
with more mature dendritic morphology (Fig. 2B’”, bottom row, arrowheads), whereas
only a few mCherry-infected cells showed NeuN signal (Fig. 2B’”, top row). Quantitative
analyses revealed that ~70% of control mCherry/GFP-infected cells maintained GFAP+
throughout 4 to 17 dpi (Fig. 2C), but more than 70% of NeuroD1-infected cells adopted
neuronal identity by 17 dpi (Fig. 2D). Importantly, the NeuroD1 AAV-infected astrocytes
gradually lost GFAP signal and gradually acquired NeuN signal within 17 days of viral
infection, suggesting that the AtN conversion process takes ~2-3 weeks to complete in
an injured adult mouse cortex. It is worth to mention that while AAV can infect both
astrocytes and neurons, there were only ~10% neurons showed mCherry signal in our
control AAV Cre-FLEX system (hGFAP::Cre + FLEX-CAG::mCherry, Fig. 1D, 17 dpi),
possibly due to low expression of Cre in injured neurons after stroke. Together, these
results demonstrate that our AAV NeuroD1 Cre-FLEX system (hGFAP::Cre + FLEX-
CAG::NeuroD1-P2A-mCherry) successfully targets NeuroD1 expression in reactive
astrocytes after stroke, and then triggers a gradual transition from astrocytes into

immature neurons and then more mature neurons in 2-3 weeks.

Neuronal recovery in the stroke areas following NeuroD1 AAV treatment

After demonstrating progressive AtN conversion in the stroke areas, we next
investigated how many new neurons could be regenerated in an injured mouse cortex
after AAV NeuroD1 infection. Fig. 3A illustrates the sharp contrast in NeuN staining

between control group and NeuroD1-treated group. At 17 dpi (viral injection at 10 days
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post stroke, total 27 dps), when AtN conversion was largely completed, the control
group showed a wide injury core (indicated by [) with huge NeuN loss, whereas the
NeuroD1 group showed much smaller injury core and thicker cortex than the control
group (Fig. 3A, left low-power images). The high-power images of Fig. 3A (right panels)
showed the composition of neurons and astrocytes in the scar border (boxed in low-
power images): the control GFP-infected cells were mostly astrocytes (top row),
whereas NeuroD1-infected cells were mostly NeuN-positive neurons (bottom row).
Importantly, in NeuroD1-converted areas, many GFAP-labeled astrocytes (purple)
intermingled with NeuroD1-GFP labeled neurons (Fig. 3A, bottom row, right panel),
indicating that astrocytes were not depleted after AtN conversion. We also noted that
besides NeuroD1-GFP labeled neurons (green and yellow in Fig. 3A, bottom row), there
were many NeuN+ neurons (red, no green) that were not converted by NeuroD1,
suggesting a mixture of converted and non-converted neurons intermingled together in
the injured areas. This was further confirmed by NeuroD1-immunostaining (Fig. 3B,
green), showing NeuroD1-converted neurons (yellow) intermingled with non-converted
neurons (red only, arrowhead). Quantitative analysis revealed that the neuronal density
in the peri-injury core areas in control group was 27.1 + 8.1 / 0.1 mm? (Fig. 3C);
whereas in NeuroD1 group, NeuroD1-converted neurons (NeuroD1 and NeuN double
positive) reached 39.9 + 2.4 / 0.1 mm?, and the non-converted neurons (NeuroD1-
negative but NeuN-positive) reached 64.9 + 7.9 / 0.1 mm? (Fig. 3C, n = 3 mice per
group). Compared to non-stroke cortical neuron density of 141 + 6.7 / 0.1 mm?, the total
converted plus non-converted neurons in the NeuroD1-converted areas reached 104.8 /
0.1 mm?, a 74.3% recovery; whereas the control GFP-infected areas only reached
19.2% of non-stroke level (Fig. 3C). Notably, the non-converted neurons in the
NeuroD1-treated stroke areas more than doubled that in the control GFP-infected stroke
areas (Fig. 3C, comparing the white bar vs gray bar), suggesting a significant increase
of neuronal survival in the injured areas following NeuroD1-mediated AtN conversion.
The observation of a significant increase of non-converted neurons intermingled with
converted neurons suggests that in vivo AtN conversion not only regenerates new
neurons but also protects injured neurons, which may have important implications in

neural repair.
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In accordance with a significant increase in NeuN+ neurons after NeuroD1-
treatment, immunostaining of neuronal dendritic markers MAP2 and SMI32 showed
strong and clearly aligned dendrites in the NeuroD1 group, compared to a rather weak
and disorganized pattern in the GFP control group (Fig. 3D, E). Similarly, using axonal
marker SMI312 and NF200 along with myelination marker MBP, we found more
myelinated axons in the NeuroD1 group than the control group (Fig. 3F, G). Quantitative
analyses for the axonal and dendritic markers are shown in Fig. S2. To corroborate with
the immunostaining results, we further performed qRT-PCR experiments with tissue
lysates of the injured cortices. After ischemic injury, the expression level of neuronal
genes including Neun, Robo2, and Syn1 was significantly decreased, but partially
rescued by NeuroD1-treatment (Fig. 3H). Moreover, we quantified the total number of
NeuN+ neurons within the ischemia-injured motor cortex (Fig. 31, 500 um to 2500 ym
lateral from midline). In normal motor cortex without stroke, the total number of NeuN+
cells was around 2614 + 182 (counted within 500-2500 ym lateral from the midline).
After ischemic injury, the total number of NeuN-positive neurons within the same cortical
areas (500-2500 um lateral from the midline) dropped to 20% of the no-stroke level (464
+ 80), indicating that 80% of neurons were lost or injured in our severe focal stroke
model. The total number of NeuN+ neurons in the control AAV group did not change
very much during 60 days post viral injection (due to gradual tissue loss, Fig. 4A), but
steadily increased in the NeuroD1 group, reaching 63% of the no-stroke level at 60 dpi
(Fig. 3I; 60 dpi: control group, 569 * 145; NeuroD1 group, 1641 £ 284). Such a
significant increase in the total number of cortical neurons after NeuroD1-treatment

provides potential building blocks for reconstruction of the disrupted neural circuits.

Cortical tissue repair after AtN conversion

With a significant number of new neurons generated through AtN conversion, we next
examined whether these new neurons could integrate into the cortical tissue after
ischemic injury. Fig. 4A illustrates the mouse motor cortex at different time points
following viral injection (plus 10 days post stroke). Over a time course of two months,
we observed a gradual cortical tissue loss in the control group injected with AAV GFP

(Fig. 4A, top row), indicating a severe brain injury in our focal stroke model. In contrast,
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the cortical tissue in NeuroD1-treated group was largely preserved (Fig. 4A, bottom
row). Quantitative analysis revealed that the mouse motor cortical volume reduced by
70% over a 2-month period in the control group, whereas only 20% of tissue volume
reduction was observed in NeuroD1-treated group (Fig. 4B). Cortical volume was
guantified from three most severely injured cortical sections, from midline between two
hemispheres to 3 mm lateral cortical region, which covered the entire stroke area (Fig.
4C). It is critical to point out that while the 60 dpi images in Fig. 4A illustrate a sharp
contrast showing a cavity in the control group versus a repaired cortex in the NeuroD1
group, the difference between the two groups is much smaller at 7 dpi. As shown in Fig.
4B, the major difference was due to the continuous tissue loss in the control group,
whereas converting reactive astrocytes into neurons significantly prevented tissue loss
in the NeuroD1 group.

We next investigated what kinds of neurons were regenerated after AtN
conversion in the stroke areas. With immunostaining of cortical neuron markers Cux1
and Ctip2, we found that NeuroD1-GFP positive neurons were distributed in both
superficial layer (layer II-111) and deep cortical layer (layer V-VI) (Fig. 4D, E).
Furthermore, the majority of NeuroD1-converted neurons in the injured motor cortex
were immunopositive for cortical pyramidal neuron markers including Emx1, Tbrl, and
Satb2 (Fig. 4F, G). In contrast, only ~10% of NeuroD1-converted neurons in the injured
cortex were immunopositive for GABAergic neuron markers including parvalbumin and
GABA (Fig. 4G), similar to our previous report®. Therefore, ectopic expression of
NeuroDL1 in the reactive astrocytes after ischemic injury in the motor cortex generated

new neurons with similar neuronal identity to cortical neurons.

Functional characterization of NeuroD1-converted neurons

We further investigated whether NeuroD1-converted neurons are electrophysiologically
functional by conducting patch clamp recordings. Cortical slice recordings were
performed on NeuroD1-converted neurons at 60 dpi (Fig. 5A). Injecting depolarizing
currents into the NeuroD1-GFP labeled neurons triggered repetitive action potentials in
every neuron recorded (GFP+, n = 22) (Fig. 5B). Furthermore, we detected robust

spontaneous synaptic events, both excitatory and inhibitory, in NeuroD1-converted

10



298
299
300
301
302
303
304
305
306

307
308

309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327

neurons (GFP+) in the injury sites after 2 months of AtN conversion (Fig. 5C),
suggesting that these neurons have formed synaptic connections with other neurons.
Quantitative analysis revealed that synaptic responses (both EPSCs and IPSCs)
decreased in the control group (recorded in non-converted neurons) after stroke, but
were significantly rescued in the NeuroD1-GFP group (Fig. 5D; EPSC frequency:
control, 4.3 + 0.6 Hz, n = 22; NeuroD1, 6.7 £ 0.8 Hz, n = 25; p = 0.023. IPSC frequency:
control, 8.6 + 1.3 Hz, n = 22; NeuroD1, 14.0 £ 2.0 Hz, n = 25; p = 0.032. Student’s t
test). Together, these data demonstrate that NeuroD1-mediated AtN conversion can

regenerate functional neurons in the injury sites after stroke.

Long-range axonal projections after AtN conversion

With the demonstration of synaptic input to the NeuroD1-converted neurons, we next
examined where would these newly generated neurons send out their axon projections
in an injured environment. Sagittal sections of the NeuroD1-infected brains at 60 dpi
(Fig. 5E) revealed robust axonal projections from cortex (box 1) to the striatum (box 2),
thalamus (box 3), and hypothalamus (box 4). We also observed significant axon
projections from cortex to the hippocampus. Interestingly, the hippocampal CA2-CA3
region was often infected directly when injecting AAV into the cortex. To further
investigate axonal projection, we injected retrograde tracer CTB (fluorescently labeled
peptide) into the thalamus at 40 dpi (Fig. 5F). After 7 days of CTB injection, many
NeuroD1-converted neurons in the motor cortex were retrograde labeled with strong
CTB signal (Fig. 5F), suggesting that these newly generated neurons had sent their
projections to the thalamic target. How did the newly generated neurons send their
axons to distant targets in an injured adult brain? One possibility is to follow the
preexisting axon pathways. To test this hypothesis, we first injected AAV9 Syn::GFP
into the motor cortex to label cortical neurons with GFP before stroke. As shown in Fig.
S3A, the Syn::GFP-expressing neurons can send their axons to distant targets. One
week after injecting Syn::GFP, ET-1-31 was injected into the motor cortex to induce
ischemic injury. Then, AAV9 NeuroD1-mCherry was injected 10 days after ET-1

induced ischemic injury to convert reactive astrocytes into neurons. One week after

11
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NeuroD1 infection, sagittal sections of the viral infected brains were immunostained with
GFP and mCherry to trace the axon projections of preexisting neurons and newly
converted neurons, respectively (Fig. S3A). Because only a small number of neurons
were converted at the early time point of 7 dpi, we found a consistent weak mCherry
signal in the corpus callosum (box 1), striatum (box 2), and thalamic region (box 3) (Fig.
S3A), which was in sharp contrast to the massive projections observed at 60 dpi (Fig.
5E). Nevertheless, the weak mCherry-labeled new axons appeared to follow the GFP-
labeled preexisting axon bundles along the cortex-striatum-thalamus-hypothalamus
pathway (Fig. S3A). It is important to note that after NeuroD1-mediated conversion, the
astrocyte-converted neurons may also start to express Syn::GFP and became GFP-
positive as well. Fig. S3B illustrates an example of 9 months after NeuroD1 viral
injection, showing a coronal section of the motor cortex with NeuroD1-converted
neurons sending axons to the contralateral cortex through the corpus callosum.
Together, these results suggest that NeuroD1-converted neurons can send out long-
range axon projections to global brain regions, possibly by following preexisting axonal

pathways.

Transcriptome-wide recovery following NeuroD1-mediated AtN conversion in the
ischemic injured cortex

To better understand the global changes of the injured cortical areas after NeuroD1-
mediated AtN conversion, we conducted RNA-sequencing to compare the
transcriptome profile between the control and NeuroD1 groups by extracting mRNA
from the ischemic cortical tissues at 17 dpi (Fig. 6). Based on the overall genome-wide
expression, the dendrogram of sample relations indicates a closer relationship between
the NeuroD1-infected tissues and healthy cortical tissues (no stroke) (Fig. 6A).
Consistently, differential expression analyses revealed a huge difference in gene
expression profile between no stroke healthy tissues and control virus-infected stroke
tissues, with a total of 880 differentially expressed genes (DEGS) identified (Fig. 6B). In
contrast, only 44 DEGs were identified between NeuroD1-infected stroke tissues and no
stroke healthy tissues (Fig. 6B). The heatmap in Fig. 6C illustrates the overview of the

relative changes of DEGs among control virus-infected tissues (n = 2 mice), NeuroD1-

12
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infected tissues (n = 2 mice), and healthy tissues without stroke (n = 3 mice). The DEGs
showed two distinct expression patterns (Fig. 6C): 1) Compared to no stroke tissues,
the control virus-infected tissues showed highly upregulated genes related to immune
response and antigen processing (red color in left control columns); 2) In NeuroD1-
infected tissues, the cluster of highly expressed genes with low level in control group
(top cluster in the NeuroD1 columns) were related to blood circulation, synaptic
transmission and neuropeptide signaling. Overall, the DEG pattern in NeuroD1-infected
stroke tissues is much closer to the healthy tissues than the control virus-infected stroke
tissues (Fig. 6C). Fig. 6D illustrates some representative genes among the DEGs
encoding neuronal proteins, such as neural transcription factors (Neurodl1, Neurod6,
Tbrl, Satb2), typical neuronal markers (Rbfox3 known as Neun, Tubb3 known as Tuj1,
and Map2), channels and receptors (Kcnc2, Gabbr2), as well as synaptic proteins
(Sv2b, Synl, Syn2, Rimbp2, and Sicl17a7). One repetitive pattern observed is that
compared to the no stroke healthy tissues (black bars), the control virus-infected stroke
tissues (red bars) showed a consistent decrease of neuronal gene expression, but
NeuroD1-infected stroke tissues (blue bars) showed a significant recovery of neuronal
gene expression. This is consistent with our immunostaining and RT-PCR experimental
results. Together, our transcriptome analysis demonstrates that NeuroD1-mediated AtN
conversion can largely rescue the neuronal gene expression level following ischemic

injury.

Functional rescue of motor deficits

With a significant level of neuroregeneration in the injury areas after NeuroD1-mediated
AtN conversion, we then investigated whether NeuroD1 treatment can rescue motor
deficits caused by ischemic injury in the mouse motor cortex. We analyzed mouse
forelimb functions using three behavioral tests—food pellet retrieval, grid walking, and
cylinder test—at different time points following viral injection (Fig. 7A, see Supplemental
Movie 1, 2, and 3 for behavioral tests). These three tests were designed to focus on the
fine movement of the mouse forelimbs. With injection of ET-1 at both the motor cortex

and the somatosensory cortex on one side of the brain, we were able to induce severe
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tissue loss (Fig. S4B, C) and unilateral deficits of forelimb motor functions with limited

spontaneous recovery in FVB mice (Fig. 7).

To test for food pellet retrieval, mice were deprived of food before the training
and test to increase their motivation for the food pellet. Before ischemic injury, normal
animals could be trained to retrieve 5-6 pellets on average out of total 8 pellets in 5
minutes (see Fig. S4A for food pellet retrieving device). After ischemic injury, their pellet
retrieval capability was severely impaired, dropping to ~1 pellet on average in 5 min
(Fig. 7B). Then, the ischemic injured animals with similar motor deficits were assigned
into two groups for viral injection: one group injected with GFP viruses alone, and the
other injected with NeuroD1-GFP viruses. At 10 days after viral injection, there was no
significant difference between the two groups; but after 20 days of viral injection, the
NeuroD1 group started to show improvement in food pellet retrieval (Fig. 7B). By 60
days after viral injection, the NeuroD1 group reached ~4 pellets/5 min, whereas the
GFP control group could only retrieve <2 pellets/5 min (Fig. 7B, see supplemental movie
1). Similarly, for the grid walking test, normal animals before injury had a low rate of foot
fault, typically ~5% of total steps within 5 minutes, while walking freely on a grid, but the
foot fault rate increased to over 10% after ischemic injury (Fig. 7C). After viral injection,
the NeuroD1 group showed consistent improvement after 20 - 60 days of treatment,
with the foot fault rate decreasing to ~7%, whereas the GFP control group remained at a
high foot fault rate >9% (Fig. 7C, see supplemental movie 2). We also performed a
cylinder test to assess the forelimb function when animals rise and touch the sidewall of
a cylinder. Normal animals typically use both forelimbs to touch and push steadily
against the sidewall, with a normal touching rate ~85% (using both forelimbs). After a
unilateral ischemic injury in the forelimb motor cortex, the function of the impaired
forelimb was significantly weakened and the impaired limb often either failed to touch
the sidewall or dragged along the wall after briefly touching (Fig. 7D, normal touching
rate dropped to ~35%). After 20 - 60 days of viral infection, the NeuroD1 group showed
a significant recovery in touching the sidewall with the injured forelimb (~60%), whereas
the majority of the GFP control mice still had a weak forelimb affected by the ischemic

injury (Fig. 7D, see supplemental movie 3). For all three tests, injection of PBS as a

14



420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450

sham control did not result in any behavioral deficits (black line in Fig. 7B-D), and
injection of ET-1 (1-31) without viral injection produced similar deficits as the GFP
control viral injection (orange line in Fig. 7B-D). Since stroke was induced unilaterally to
impair the contralateral forelimb, we also assessed the non-injured forelimb (dotted lines
in Fig. 7C-D, labeled as Stroke + NeuroD1 Ipsil. and Stroke + Control Ipsil.). As
expected, the non-injured forelimb didn’t show functional deficits. Taken together, by
using three different motor behavioral tests, we demonstrate that NeuroD1-treatment
can rescue motor functional deficits following ischemic injury in the mouse motor cortex.
After behavioral tests, we dissected out brain tissue for immunostaining. As
expected, at 60 dpi, we observed an obvious deep hole in the cortical tissue of the
control group (Fig. S4B, left), but NeuroD1 group showed better preserved cortical
tissue (Fig. S4B, right). This was further confirmed with NeuN and GFP immunostaining
(Fig. S4C). Quantitative analysis after behavioral tests (with two sites of ET-1 injection
to induce more severe injury) revealed significant reduction of cortical volume in the
control group but not NeuroD1 group (Fig. S4D). To investigate whether NeuroD1-
converted neurons contributed to motor functions, we put NeuroD1-injected stroked
mice (4 months post viral injection) into a running wheel for 30 min running and then
rested for one hour in home cage before sacrificing for c-Fos immunostaining (Fig.
S4E). Clearly, many NeuroD1-GFP labeled neurons also showed activity-dependent c-
Fos signal (Fig. S4E), suggesting that the NeuroD1-converted neurons are functionally
integrated into the motor cortex. It is important to point out that both NeuroD1-converted

and non-converted preexisting neurons contribute to functional recovery.

Functional rescue of cognitive deficits

We next used a different animal species (rats instead of mice) and a different behavioral
task (cognitive rather than motor) to further test the effect of NeuroD1-mediated AtN
conversion following ischemic injury in the amygdala (Fig. 8). It is well established that
the associative memory of a conditioned stimulus (tone) and an aversive event
(electrical foot shock) is stored in the basolateral nucleus of the amygdala (BLA)****,
Lesions of the BLA impair both the acquisition and the subsequent retrieval of an

auditory fear memory*>*®. To assess the NeuroD1 effect on cognitive functions, rats
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were injected with ET-1 into the BLA to produce an ischemic injury and then submitted
to auditory fear conditioning three weeks later (Fig. 8A). This interval was based on pilot
studies showing a partial impairment in fear acquisition combined with partial neuronal
injury approximately 21 days after the ET-1 stroke. The 21-day time point also helped to
maximize glial scar formation following ET-1 lesion*’, an important factor to consider
when using cell conversion strategies. ET-1 has been previously used to induce
ischemic lesions in rat models of stroke®”*’. Accordingly, we found that intra-BLA
infusion of ET-1 (1-21) (3 pl/side, 400 pmol) induced a robust lesion in BLA (Fig. S5).
Behaviorally, rats infused with ET-1 showed a significant reduction in the acquisition of
a conditioned freezing response to the tone, in comparison to a saline-infused control
group (Fig. 8B, day 21). Reduced freezing was also observed during the retrieval test
the following day (Fig. 8B, day 22), suggesting that the lesion induced by ET-1 impaired
the formation of an auditory fear memory. One day later, lesioned rats were separated
into two groups receiving infusions of either control virus or NeuroD1 virus (3 pl) into the
BLA. After three weeks of viral infection, animals were returned to the same box for a
fear retrieval test (Fig. 8B, day 45). Rats in the control group continued to show
reduced freezing levels, as expected. In contrast, freezing in the NeuroD1 group
returned to the levels of the saline/saline group, and was significantly higher than the
group receiving the control virus infusion (Fig. 8B, day 45), suggesting a rescue of the
memory deficit by NeuroD1 treatment. There was no effect of NeuroD1 on freezing
during the pre-tone period (pre-CS, “x” symbol in Fig. 8B), suggesting that NeuroD1 did
not induce a general increase in amygdala excitability or non-specific fear. After
completion of behavioral tests, we performed immunostaining to confirm viral infection
in the BLA. As expected, we found that the majority of NeuroD1-GFP-infected cells
were NeuN-positive neurons (Fig. 8C). Together, these results suggest that NeuroD1-
treatment can rescue the fear memory deficits induced by an ischemic lesion of BLA,
possibly through strengthening the residual fear memory via new neurons and

connections within the BLA.
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DISCUSSION

In this study, we demonstrate that in vivo AtN conversion mediated through NeuroD1-
based gene therapy can efficiently regenerate a large number of functional new neurons
in an ischemic injury model and achieve functional rescue of both motor and cognitive
deficits in rodent animals. The newly generated neurons intermingled with preexisting
neurons and prevented tissue loss in the injury sites. Notably, astrocytes persisted
nearby the converted neurons, indicating that astrocytes are not depleted after
conversion. Immunostaining together with RNA-seq revealed substantial neuronal
recovery after NeuroD1-mediated AtN conversion. The astrocyte-converted neurons are
electrophysiologically functional and send out long-range axonal projections to the
target regions. Both motor function and fear memory tests showed significant
improvement after AtN conversion. Together, this study demonstrates that in vivo AtN
conversion can regenerate functional new neurons, form new synaptic circuits, protect
injured neurons, and rescue behavioral deficits. This NeuroD1-based gene therapy may
open a new avenue for brain repair using internal glial cells to regenerate functional new

neurons.

Achieving high neuroregeneration efficiency with NeuroD1 AAV-based gene
therapy

Many neurological disorders are associated with severe neuronal loss. How to replenish
the lost neurons in order to restore the lost brain functions has been proven a very
difficult task in the past. We demonstrate here that AAV NeuroD1-based gene therapy
can regenerate 400 NeuN+ cells / mm? in the injured adult mouse cortex, about one
third of the cortical neurons (141 + 6.7 NeuN+ cells / mm?). Unexpectedly,
accompanying AtN conversion, we observed a significant neuroprotection of the
preexisting mature neurons that would have been lost in the control group. It is therefore
the neuroregeneration plus neuroprotection, together with reduction of reactive
astrocytes, that results in a significant neural repair. Such induced neuroregeneration
efficacy is orders of magnitude higher than the spontaneous adult neurogenesis™”’.
Generating a large number of functional new neurons in the injury sites may be critical

for their survival, because previous studies have reported that the majority of adult
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newborn neurons failed to survive in injured areas*®. When we used retroviruses to
convert only the dividing reactive glial cells into neurons, we also observed a decline of
the newly converted neurons within several weeks®. In this study, we used AAV system
to significantly increase the total number of converted neurons. AAV has been
extensively used in the CNS for gene expression and circuit mapping due to its high
infection rate and low pathogenicity*®>°. Compared to retroviruses that mainly target
dividing cells, AAV has the advantage of infecting both dividing and non-dividing glial

cells so that cell conversion is not limited by the number of dividing cells.

On the other hand, because AAV can infect both dividing and non-dividing cells,
it becomes critical to target glial cells specifically with glia-specific promoters. Our
engineered AAV GFAP::Cre and FLEX-CAG::NeuroD1 system used in this study is
trying to balance specificity versus efficacy when developing a suitable viral system as a
research tool for long-term tracking of the converted neurons. Because AAYV itself is not
specific for a particular cell type, we did observe some viral infection of neurons in the
control AAV group (GFAP::Cre and FLEX-CAG:: mCherry). GFAP::Cre can safeguard
the expression of Cre initially in astrocytes, but Cre might “leak” into nearby neurons
through direct contacts or exosomes™". Injured or diseased neurons might also have

their glial promoters partially reactivated as reported before®?>?

, resulting in low
expression of Cre in infected neurons. Infection by high titre of AAV may lead to higher
“leakage”, while low titre will have less “leakage” but the conversion efficiency is also
low, creating a dilemma between specificity and efficacy. To solve this problem, it is
pivotal to perform side-by-side control experiments such as mCherry vs NeuroD1-
mCherry used in this study and examine at different time windows. Different viral
systems should also be used to independently verify cell conversion. For example,
retroviruses only express target genes in dividing glial cells but not neurons, which will
give a clean result as shown in this study (Fig. 1E) and our earlier work®®. Another
approach is to use glial promoter to directly drive the expression of target genes in glial
cells, as shown in Fig. 1F, although the conversion efficiency may be affected by the
expressed transcription factors. Therefore, it is important to balance the specificity and
efficacy when choosing the viral system (retrovirus, AAV, lentivirus) and promoters

(general promoters vs cell-specific promoters) for particular type of neural repair.
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Unlike classical gene therapy that overexpresses a missing protein to treat
genetic defect, we overexpress a neural transcription factor NeuroD1 to change a glial
cell into a new neuron. Therefore, our NeuroD1-based in vivo cell conversion
technology is a unique approach: a gene therapy-based cell therapy. NeuroD1 is an
endogenous neural transcription factor that is not only expressed during early brain
development but also in the adult neural stem cells>**°. Even in adult mouse cortex and
hippocampus, we can detect a low level of NeuroD1 expression in mature neurons,
which triggered us to pick NeuroD1 for in vivo glia conversion in the first place?®.
Besides our group, NeuroD1 has also been reported to convert or help the conversion

of fibroblast cells or glial cells into neurons by several other groups>®°**’.

Functional integration of NeuroD1-converted neurons

Many clinical trials on CNS disorders such as stroke and Alzheimer’s disease have
largely failed over the recent years®*°. While different reasons are behind each failed
clinical trial, one potential common problem might be the lack of neuroregeneration to
support functional recovery. Regenerating a large number of functional new neurons to
replace the lost neurons might be the fundamental first step toward neural repair. The
high neuroregeneration efficiency presented in this study may solve the long-term
problem of how to replenish the lost neurons with sufficient number of functional new
neurons. Although adult brains show plasticity and remapping in response to ischemic
injury®®, the capacity of such compensation may not be sufficient to overcome the loss
of massive number of neurons caused by injury. On the other hand, simply having a
massive cluster of new neurons may not be sufficient to rebuild a highly organized
neural circuit. The long-range axonal projections from NeuroD1-converted neurons
reported here suggest that newly generated neurons might rely upon preexisting axon
bundles to reach their target regions. We cannot exclude the possibility that newly
converted neurons might send axons to wrong targets, like that during early brain
development. However, we predict that the wrong projections will be eliminated through
experience-dependent plasticity if there are no adequate activities to support the
connections. Our behavioral tests indicate that NeuroD1-converted neurons contribute

toward functional recovery after ischemic stroke. This is consistent with recent reports
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on in vivo conversion of striatal astrocytes into dopaminergic neurons®’ and Muller glia
into retinal neurons in adult mice®®?, both of which achieved functional improvement as
well. Our electrophysiological analysis and c-fos staining further support the notion that
NeuroD1-converted neurons integrate into preexisting brain circuits and participate in
brain functions. Of course, many more studies are needed to answer precisely how the
newly converted neurons establish functional neural circuits with preexisting neurons

after injury or disease.

Advantages of in situ cell conversion

Current therapy for acute ischemia stroke is focusing on restoring blood flow through
intravenous administration of tissue plasminogen activator (tPA) or mechanical
thrombolysis within a narrow time window of 3 - 4.5 hours following stroke®*®*. After
restoring blood flow, physical rehabilitation of the affected area has been proven to be
effective®, but functional recovery is often limited. One of the most significant
advantages of our in vivo cell conversion technology is that we can potentially extend
the treatment time window from hours to days and weeks or even months after stroke.
This study demonstrates that after 10 days of ischemic injury, reactive astrocytes in the
adult mouse cortex can still be efficiently converted into functional neurons with
significant tissue repair and behavioral improvement. In our previous work, we
demonstrated that reactive astrocytes in 14-month old 5xFAD mice can still be
converted into functional new neurons by NeuroD1%. Therefore, a broad treatment
window might have a major impact on patients who are not able to access immediate
treatment after stroke.

Besides a significant increase of treatment time window, our in vivo cell
conversion technology also has advantages over the classical cell therapies for stroke
treatment. For example, by making use of brain internal glial cells to generate new
neurons, the in vivo cell conversion approach is more similar to modulating endogenous
adult neurogenesis. However, different from the restricted NSC niches in the adult
brain’, reactive glial cells are widely distributed throughout the central nervous system
(CNS). Wherever a neural injury occurs, the local glial cells neighboring to the lost

neurons can be used to generate new neurons for replacement, as shown by different
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groups in different brain and spinal cord regions already?>>>®°. Such in situ cell
conversion approach is an economical way to generate new neurons for neural repair,
with almost unlimited cell source for regeneration purpose.

Of course, transplantation of external stem cells can also be carried out
throughout the CNS via intracranial or intraspinal delivery method, similar to our in vivo
cell conversion technology. However, the majority of transplanted cells cannot survive
very well in stroke areas and not many functional neurons can be detected after long-
term engraftment'®%*, While many preclinical studies have shown promising functional
recovery following stem cell transplantation and some even enter clinical trials, one
great challenge is to better understand the precise mechanisms before launching large-
scale clinical trials'®?*. In contrast, our in vivo cell conversion approach shows highly
efficient neuroregeneration with long-term survival and functional integration, which may

represent the next generation of cell therapy to treat neurological disorders.

Limitations of in situ cell conversion

Like any new technology, in vivo cell conversion approach also has its own limitations
and challenges. The precondition for in vivo cell conversion is the presence of reactive
glial cells after neural injury. If injury is so severe that even glial cells are lost in a
massive way, such as that occurs in middle cerebral artery occlusion (MCAO) model, it
might require additional therapies to first reduce cell death in order to preserve some
glial cells for conversion purpose. Therefore, in vivo cell conversion technology is
complementary to all the acute treatments aiming at neuroprotection immediately after
the stroke. The more neurons and glial cells are preserved, the more efficient the cell
conversion approach will be. For severe injury that has already resulted in a big tissue
loss, such as the empty hole in the mouse cortex at 10 weeks after ET-1 induced
ischemic injury (Fig. 1A), it may require cell transplantation to fill the hole first before
starting a regeneration process. Another challenge is that if an ischemic injury involves
multiple brain regions, such as the cortex, striatum, and hippocampus in the MCAO
model, it may require different transcription factors to generate different subtypes of
neurons in different brain regions for effective repair. Even after successful neuronal

conversion, whether the newly generated neurons in different brain regions can form
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right connections to replace the previously lost connections is also a challenge. Recent
studies reported encouraging results that transplanted embryonic neurons or brain
organoids in the adult mouse cortex can form wide synaptic connections with their

hosts®”%8

, suggesting that newborn neurons are capable to integrate into preexisting
brain circuits. Finally, even if rodent animal models show successful neural repair after
cell conversion, it is not a guarantee that it will translate into a successful clinical
therapy. Non-human primate models may be necessary to further test critical
parameters on in vivo cell conversion in order to gain insights into the dosage and time
windows for future clinical applications.

In conclusion, our NeuroD1-based gene therapy opens a new path toward
efficient in vivo neuroregeneration for brain repair. While many challenges line ahead,
this study provides the proof-of-principle that injured adult mammalian brains can be at

least partially repaired through in vivo cell conversion approach.
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MATERIALS AND METHODS

ANIMALS
Mouse. All experiments were performed in the AAALAC-accredited Huck Institute of

Life Sciences at The Pennsylvania State University. Animal procedures were performed
in accordance with the National Institutes of Health’s Guide for the Care and Use of
Laboratory Animals, and all experimental protocols were approved and overseen by the
Pennsylvania State University’s Institutional Animal Care and Use Committee (IACUC).
5-12 months old adult mice were used. Mice were housed in a 12 hr light/dark cycle
and supplied with sufficient food and water. Both male and female mice were used
except the behavioral experiments in which only male mice were used.

Rat. Male Sprague-Dawley rats (Harlan Laboratories) aging between 3-5 months
and weighing 300-360 g at the time of the experiment were housed and handled as
previously described®. Rats were maintained on a restricted diet of 18 g per day of
standard laboratory rat chow, and trained to press a bar for food on a variable interval
schedule of reinforcement (VI 60 s) for one week. All experimental procedures in rats
were approved by the Institutional Animal Care and Use Committee of the University of
Puerto Rico School of Medicine, in compliance with National Institutes of Health’'s Guide

for the Care and Use of Laboratory Animals.

Mouse model of ischemic injury and virus injection. Wild type (WT) FVB/NJ and
GFAP-GFP transgenic mice were employed for the majority of the experiments
described in this study. Endothelin-1 (1-31) was injected into the motor cortex of the
adult WT FVB/NJ or GFAPA-GFP transgenic mice (28—-40 g, 5-10 months old) to
produce focal ischemic injury as previously described® . Briefly, under anesthesia by
intra-peritoneal injection of ketamine/xylazine (100 mg/kg ketamine; 12 mg/kg xylazine),
mice were placed in a stereotaxic apparatus with the skull and bregma exposed by a
midline incision. A small hole of ~1mm was drilled in the skull at the coordinates of the
forelimb motor cortex (relative to the bregma): +0.2 mm anterior-posterior (AP), £1.5
mm medial-lateral (ML). ET-1 (1-31) was dissolved at 2 pg/ul in 1x PBS (phosphate-
buffered saline, OSM ~320, PH ~7.3). A total volume of 0.5 ul (1 pg) was injected into

each site starting from -1.6 mm dorsal-ventral (DV). The injection was performed by

23



685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715

infusion pump throughout 10 min and the injection needle was withdrawn slowly at the
speed of 0.1 mm/min. After injection, the needle was kept at 1.1 mm DV for additional 3
min before fully withdrawn. Viral injection followed the similar procedure, except that
viral injection was typically performed around 10 days after ET-1 injection through the

same hole drilled for ET-1 injection at same depth.

Rat model of ischemic injury and virus injection. Rats were anaesthetized with
isoflurane (5% for induction, 2.5% for maintenance) and positioned in a stereotaxic
frame (Kopf Instruments). Prior to surgery, rats were randomly assigned to receive
infusion of either saline or ET-1 into the basolateral amygdala (BLA). A single guide
cannula (26 gauge, 9 mm of length, Plastics One) was implanted bilaterally into the BLA
(coordinates: anteroposterior (AP), 2.6 mm from bregma; mediolateral (ML), 4.9 mm
from midline; dorsoventral (DV), 8.7 mm from the skull surface). The cannula was fixed
to the skull using ortho acrylic cement and four anchoring screws. Immediately following
this, an injector extending 1 mm past the tip of the cannula was used to infuse 3 pul/side
(400 pmol) of either saline or ET-1 at a rate of 0.15 pl/min. The injector was kept inside
the cannula for an additional 10 min to reduce back-flow. The injector was then
removed and a stainless-steel obturator (33 gauge) was inserted into the guide cannula
to avoid obstruction after infusions were made. Rats were allowed to recover for 3
weeks after surgery, before initiating the experiments. This interval was based on pilot
studies performed by our group showing a significant impairment in fear acquisition
combined with significant neuronal death approximately 21 days after the ET-1 stroke.
The 21-day time point also helped to maximize scar glial formation following ET-1

lesion*’, an important factor to consider when using reprogramming strategies.

AAV vector construction. The hGFAP promoter was obtained from pDRIVE-hGFAP
plasmid (InvivoGen, inc) and inserted into pAAV-MCS (Cell Biolab) between Mlul and
Sacll to replace the CMV promoter. The Cre gene was obtained by PCR from hGFAP-
Cre (Addgene plasmid # 40591, qift of Dr. Albee Messing) and inserted into pAAV MCS
between EcoRI and Sall sites to generate pAAV-hGFAP::Cre vector. To construct
pAAV-FLEX-mCherry-P2A-mCherry and pAAV-FLEX-NeuroD1-P2A-mCherry (or pAAV-
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FLEX-NeuroD1-P2A-GFP) vectors, the cDNAs coding NeuroD1, mCherry or GFP was
obtained by PCR using the retroviral constructs described previously®. The NeuroD1

gene were fused with P2A-mCherry or P2A-GFP and subcloned into the pAAV-FLEX-
GFP vector (Addgene plasmid # 28304, gift of Dr. Edward Boyden) between Kpnl and

Xhol sites. Plasmid constructs were sequenced for verification.

AAYV virus production. Recombinant AAV9 was produced in 293AAYV cells (Cell
Biolabs). Briefly, polyethylenimine (PEI, linear, MW 25,000) was used for transfection of
triple plasmids: the pAAV expression vector, pAAV9-RC (Cell Biolab) and pHelper (Cell
Biolab). 72 hrs post transfection, cells were scrapped in their medium and centrifuged,
frozen and thawed four times by placing it alternately in dry ice/ethanol and 37 C water
bath. AAV crude lysate was purified by centrifugation at 54,000 rpm for 1 hr in
discontinuous iodixanol gradients with a Beckman SW55Ti rotor. The virus-containing
layer was extracted and viruses were concentrated by Millipore Amicon Ultra Centrifugal
Filters. Virus titers were 1.2 x 10'* GC/ml for hGFAP::Cre, hGFAP::NeuroD1-GFP and
hGFAP::GFP, 1.4 x 10* GC/ml for CAG::FLEX-NeuroD1-P2A-GFP and CAG::FLEX-
NeuroD1-P2A-mCherry, and 1.6 x 10'* GC/ml for CAG::FLEX-mCherry-P2A-mCherry
and CAG::FLEX-GFP-P2A-GFP, determined by QuickTiter™ AAV Quantitation Kit (Cell
Biolabs).

Retrovirus production. The pCAG-NeuroD1-IRES-GFP and pCAG-GFP were
constructed as described previously®. To package retroviral particles, gpg helper-free
human embryonic kidney (HEK) cells were transfected with the target plasmid together
with vesicular stomatitis virus glycoprotein (VSV-G) vector to produce the retroviruses
expressing NeuroD1 or GFP. The titer of retroviral particles was about 10 particles/ml,

determined after transduction of HEK cells.

Statistics and Blind analysis. Statistical analyses were performed using Prism 6
(GraphPad) software. All experiments shown were repeated in at least three animals,
and representative data are shown. To determine the significance between groups,

comparisons were made using paired two-tailed Student's t test, or repeated-
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measurement ANOVA test as indicated. After primarily screening for severe ischemic
injury before viral injection, animals were randomly assigned into groups with a
matching deficit level. All the images for quantification were taken by one researcher
and were quantified by a different researcher who was blind to the animal condition and
identity. As mentioned above, mouse behavioral tests were done in a blind fashion. For
rat fear conditioning test, freezing was automatically scored using a commercially

available video tracking system (Any-Maze, Stoelting).

For additional materials and methods, please see supplemental material.
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FIGURES and LEGENDS:

Figure 1. NeuroD1-mediated astrocyte-to-neuron conversion in a focal stroke
model.

(A) Tissue loss caused by focal ischemic injury. Injection of endothelin-1 (ET-1, 1-31)
into mouse motor cortex led to a gradual tissue loss in 10 weeks. Dashed lines indicate
cortical areas. White bar (3 mm) indicates the cortical areas being quantified for tissue
loss. Scale bar, 3 mm

(B) Quantification of the remaining cortical tissue (from the midline to 3 mm lateral area,
white bar) at 1, 4 and 10 weeks after ischemic injury in the motor cortex (n = 3 for each
time point).

(C, D) Assessing reactive astrocytes after ischemic injury. Immunostaining of NeuN and
GFAP at 5 days (C) and 10 days post stroke (dps) (D) revealed reactive astrocytes at
10 dps. c.c., corpus callosum. ctx, cortex. Scale bar, left panel 200 um, right panel 40
pm.

(E) Retroviruses expressing GFP alone (top row) or NeuroD1-GFP (bottom row),
illustrating neuronal conversion by NeuroD1. Viral injection at 10 dps and
immunostaining at 17 days post viral injection (dpi). Scale bar, 20 pym.

(F) Injection of AAV9 expressing GFP alone (hGFAP::GFP, top row) or NeuroD1-GFP
(hGFAP::NeuroD1-P2A-GFP, bottom row), illustrating more neurons generated by AAV
than retroviruses. Scale bar, 40 um.

(G) Capture of the transitional stage from astrocytes (GFAP) to neurons (NeuN) at early
time points of NeuroD1 expression (4 dpi). Injection of AAV9 hGFAP::Cre and
CAG::FLEX-NeuroD1-P2A-mCherry resulted in significant NeuroD1 expression in
GFAP-labeled astrocytes (top row). Interestingly, some NeuroD1-mCherry labeled cells
showed both NeuN and GFAP signal (bottom row), suggesting a transition stage from
astrocytes to neurons. Scale bar, upper 40 ym, lower insets 20 ym.

(H) Experimental outline for ischemic injury, AAV injection (Cre-FLEX system), and
immunostaining analysis. Scale bar, 40 pm.

(I) Detection of a large number of NeuroD1-converted neurons using AAV Cre-FLEX

system. At 17 dpi, the GFP control group showed many GFAP+ reactive astrocytes (top
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row, GFAP in purple), whereas the majority of NeuroD1-GFP labeled cells became

NeuN-positive (red) neurons (bottom row).

Figure 2. NeuroD1 gradually converts reactive astrocytes into neurons after
stroke.

(A’, A”, A’”) Identification of astrocytes with GFAP immunostaining at 4 (A’), 7 (A”) or 17
(A) days post viral injection (dpi) in control (mCherry alone, top row) and NeuroD1-
mCherry (bottom row) infected areas; Scale bar, 40 ym.

(B’, B”, B'”) Identification of neurons with NeuN immunostaining at 4 (B’), 7 (B”) or 17
dpi (B'”). Arrowheads indicate some of the NeuroD1-converted neurons. Scale bar, 40
pm.

(C, D) Quantification of GFAP+ cells (C) or NeuN+ cells (D) among all viral infected
cells. Note a significant decrease of astrocytes (c) accompanied with a significant
increase of neurons (d) in NeuroD1 group. ** P < 0.01, *** P < 0.0001, Two-way
ANOVA followed by Sidak’s multiple comparison test. n = 3 mice per group. 3 images
were randomly taken in cortical areas with viral infection. Data are represented as mean

ts.em..

Figure 3. High efficiency of neuroregeneration achieved by NeuroD1-mediated
astrocyte-to-neuron conversion.

(A) Comparison of the NeuN signal in the motor cortex (17 dpi) between the control (top
row) and NeuroD1 groups (bottom row). Left panels showing the overall NeuN
distribution after ischemic injury and viral injection; Right panels showing enlarged
images of the peri-injury core areas. Note that NeuroD1-infected cells (green) were
mostly converted into NeuN+ neurons (yellow), but GFAP+ astrocytes (purple) still
persisted in the same areas. Scale bar, 500 uym for left panels, 40 ym for right panels.
(B) NeuroD1-converted neurons (green and yellow) were intermingled with non-
converted neurons (red, arrowheads) in the injury areas. Scale bar, 40 ym.

(C) Quantification of total NeuN+ cells in the peri-injury core areas of control group and
NeuroD1 group, as well as non-injured cortical areas. Note that the number of non-

converted neurons in the NeuroD1 group (white bar) more than doubled the number in
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the control group, suggesting a neuroprotective effect of NeuroD1 conversion. n = 3
mice in each group. * P < 0.05. Two-way ANOVA followed by Sidak’s multiple
comparison tests. Data are represented as mean + s.e.m.

(D, E) Immunostaining of neuronal dendrite markers SMI32 (d) and MAP2 (e) showing
much improved neuronal morphology in the NeuroD1 group (bottom row) compared to
the control group (top row). Scale bar, 40 pm.

(F, G) Immunostaining of axonal marker SMI312 (F), NF200 (G) and axon myelination
marker MBP (G) showed increased axons and axonal myelination in the NeuroD1 group
(bottom row) compared to the control group (top row). Scale bar, 20 uym.

(H) RT-PCR analysis revealed a significant increase of neuronal mRNA level including
NeuN, Robo2 and Syn1l after NeuroD1 treatment. * P < 0.05. n = 4 mice each group.
Unpaired t test. Data are represented as mean + s.e.m.

() Quantification of the total number of NeuN+ cells in the motor cortical areas (500-
2500 um lateral from the midline). Note a significant increase of the total number of
neurons in the NeuroD1 group by 60 dpi. n = 3 mice in each group. * P < 0.05, ** P <
0.01, Two-way ANOVA followed by Sidak’s multiple comparison tests. Data are

represented as mean xs.e.m.

Figure 4. Regeneration of cortical neurons after NeuroD1-mediated AtN
conversion.

(A) Low magnification images illustrating gradual tissue loss in the GFP control group
(top row), and the rescue by NeuroD1 treatment (bottom row). Note layered structures
in NeuroD1 group at 60 dpi. Dashed lines delineate the cortical areas. Scale bar, 400
pm.

(B) Quantification of the motor cortical areas (from midline to 3 mm lateral) in the control
versus NeuroD1 group. * P < 0.05, *** P < 0.001, Two-way ANOVA followed by Sidak’s
multiple comparison test. n = 3 mice per group.

(C) Serial brain sections from anterior (A) to posterior (P) further illustrating severe
tissue injury in the control group. ctx, cortex; c.c., corpus callosum. Red, NeuN. Blue,
DAPI. Scale bar, 400 pm.

30



872
873
874
875
876
877
878
879
880
881
882
883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902

(D, E) Recovery of laminated structure of motor cortex indicated by layer marker Cux1
(D) and Ctip2 (E). Scale bar, 300 pm.

(F) Representative images illustrating NeuroD1-converted neurons (NeuroD1-GFP+)
expressing cortical marker Tbrl. Scale bar, 40 um.

(G) Quantification of the neuronal markers among NeuroD1-converted neurons in the
ischemic injured cortex. Many converted neurons were immunopositive for cortical
markers of glutamatergic neurons including Emx1, Tbrl, and Satb2, while only 10%
were GABAergic neurons (PV+ and GABA+). n = 3 mice for each group. Data are

represented as mean £ s.e.m.

Figure 5. Local and global connections after AtN conversion.

(A, B) Brain slice recording on NeuroD1-converted neurons (GFP) detected repetitive
action potential firing (60 dpi, n = 22).

(C) Representative traces of spontaneous excitatory (SEPSCs) and inhibitory synaptic
events (SIPSCs) recorded in NeuroD1-GFP labeled neurons (60 dpi).

(D) Quantification of the frequency of both SEPSCs and sIPSCs in cortical slices without
injury (white bar), or with ischemic injury (black bar, GFP control; striped bar, NeuroD1
group). Note that NeuroD1 group showed significantly higher frequency of both SEPSCs
and sIPSCs than the control group. Neurons in the control group were the surviving
neurons after ischemic injury, not labeled by GFP. Amplitude showed no difference
between the control group and NeuroD1 group: EPSC, control, 19.3 £ 2.6 pA; NeuroD1,
16.6 + 1.3 pA; p > 0.05. IPSC, control, 20.6 £ 1.6 pA; NeuroD1, 21.7 + 2.0 pA; p > 0.05.
n = 22 for control group, and n = 25 for NeuroD1 group. Student’s t-test.
Electrophysiological properties: Input resistance, non-stroke group 133.8 + 11.9 MQ,
GFP control group 236.8 £ 27.3 MQ, NeuroD1 group 180.2 + 23.3 MQ; Capacitance,
non-stroke group 139.2 + 10.2 pF, GFP control group 108.0 + 19.4 pF, NeuroD1 group
128.4 + 8.5 pF; Resting membrane potential, non-stroke group -70.0 £ 1.9 mV, GFP
control group -67.4 + 1.0 mV, NeuroD1 group -68.1 + 0.9 mV. n = 21 for non-stroke
group, n = 28 for GFP control group, and n = 42 for NeuroD1 group.

(E) Representative images illustrating distal axonal projections from NeuroD1-converted

neurons. Serial sagittal sections (17 dpi), from medial (M, lower left) to lateral (L, upper
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right), showing converted neurons in the cortex (inset 1), axonal bundles in the striatum
(inset 2), thalamus (inset 3), and hypothalamus (inset 4). Scale bar, 1000 ym for sagittal
images, 40 ym for inset images.

(F) CTB retrograding tracing experiment (shown in upper panel, see detail in suppl.
material) indicate the NeuroD1 converted cells could be labeled by CTB dye. Scale bars,

10 pm.

Figure 6. Transcriptomic analysis of the gene expression profile at 17 dpi.

(A) Sample relationship based on global gene expression profile revealed a closer
relation between NeuroD1-infected tissues and healthy tissues without stroke. Control
group (n = 2 mice), NeuroD1 group (n = 2 mice), no stroke group (n = 3 mice).

(B) Venn diagram shows the number of differentially expressed genes (DEGs) from
pair-wise comparisons among control, NeuroD1, and no stroke groups. Note that the
number of DEGs between NeuroD1-group and no stroke group is rather small. DEGs
are defined as at least 50 base mean value (normalized read counts across all the
samples using DESeq2 method) with > 3 fold change among samples, and adjusted p
value < 0.01.

(C) Hierarchical clustering of all the 1,058 DEGs and heatmap of the relative expression
level of 1,058 DEGs in all the samples. Red indicates high read count level whereas
blue indicates low read count level. Note the similarity of heatmap pattern between
NeuroD1 group and no stroke group.

(D) RNA-seq read counts of neuronal genes among different samples. NeuroD1
expression was significantly increased in NeuroD1-infected stroke tissues, as expected.
Note a consistent pattern of decreased neuronal gene expression level in stroke tissues
infected by control viruses (red bars) but a significant recovery in NeuroD1-infected

stroke tissues (blue bars).

Figure 7. Motor functional improvement after NeuroD1-treatment.
(A) Experimental design for mouse forelimb motor functional tests. Behavioral tests
were conducted before ischemic injury to obtain baseline control, and then 9 dps but

one day before viral injection to assess injury-induced functional deficits. AAV were
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934 injected at 10 dps, and behavioral tests were further performed at 20, 30, 50, and 70
935 dps to assess functional recovery.

936 (B) Pellet retrieval test. NeuroD1 group (magenta) showed accelerated functional

937 recovery compared to the control group (blue). Ischemic injury at the motor cortex

938 severely impaired the food pellet retrieval capability, dropping from 5-6 pellets/5 min
939 pre-stroke down to 1 pellet/5 min at 9 dps. After NeuroD1 treatment, pellet retrieval

940 ability recovered to 4 pellets/5 min by 60 days post infection. Note that for food pellet
941 retrieval test, only the motor cortex contralateral to the dominant side of forelimb was
942 injured and tested. ** P < 0.01, *** P < 0.001. Two-way ANOVA followed by Tukey

943 multiple comparison test. Data are represented as mean + s.e.m. n = 12 mice for ET-1
944  plus control AAV group; n = 12 mice for ET-1 plus NeuroD1 AAV group; n = 6 mice for
945 ET-1 plus no virus group; and n = 6 mice for PBS control group.

946 (C) Grid walking test. NeuroD1 group showed lower foot fault rate compared to the

947  control group. Ischemic injury of the motor cortex significantly increased the foot fault
948 rate, which was patrtially rescued by NeuroD1 treatment. ** P < 0.01, *** P < 0.001.

949 Two-way ANOVA followed by Tukey multiple comparison test. Data are represented as
950 mean +s.e.m. n =9 mice for ET-1 plus control AAV contralateral (injured) side; n =9
951 mice for ET-1 plus NeuroD1 AAV contralateral (injured) side; n =5 mice for ET-1 plus
952 NeuroDL1 ipsilateral (non-injured) side; and n = 4 mice for ET-1 plus control ipsilateral
953 (non-injured) side; n = 6 mice for ET-1 plus no virus contralateral group; and n = 6 mice
954  for PBS contralateral group.

955 (D) Cylinder test. NeuroD1-treated mice showed considerable recovery of rising and
956 touching the sidewall with both forelimbs compared to the control group. ** P < 0.01, ****
957 P < 0.0001. Two-way ANOVA followed by Tukey multiple comparison test. Data are
958 represented as mean +s.e.m. n = 9 mice for ET-1 plus control AAV contralateral

959 (injured) side; n = 11 mice for ET-1 plus NeuroD1 AAV contralateral (injured) side; n =9
960 mice for ET-1 plus NeuroD1 ipsilateral (non-injured) side; n = 7 mice for ET-1 plus

961 control ipsilateral (non-injured) side; n = 6 mice for ET-1 plus no virus contralateral

962 group, n =5 mice for PBS contralateral group.
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Figure 8. Recovery of fear conditioning memory after NeuroD1 treatment.

(A) Experimental design of fear conditioning test in rats. ET-1 or saline was injected into
the basolateral amygdala (BLA), followed by fear conditioning 3 weeks later. Fear
memory tests were performed before viral injection and 3 weeks after viral injection to
assess the retention of fear memory. Right two panels illustrate the amygdala lesion
induced by the infusion of ET-1. Gray areas represent the minimum (dark) and
maximum (light) spread of the lesion across different anterior-posterior levels of BLA (-
2.12, -2.56, and -2.80 from bregma), condensed in one level for illustration. BLA,
basolateral nucleus of the amygdala; CeA, central nucleus of the amygdala, op., optical
tract.

(B) ET-1 lesion reduced freezing during fear conditioning (F2,31)= 3.98, p = 0.02, day
21) at both ET-1/Control (blue, p = 0.021, n = 10) and ET-1/NeuroD1 (magenta, p =
0.019, n = 14) groups, compared to Saline/Saline group (black, n = 10). Reduced
freezing (F.31y= 3.45, p = 0.044) was also observed on the next day (day 22) in both
ET-1/Control (p= 0.030) and ET-1/NeuroD1 (p = 0.031) groups. Rats were then infused
with control virus or NeuroD1 and re-tested 3 weeks later (F,31)= 5.86, p = 0.006, day
45). In the ET-1/NeuroD1 group, freezing returned to the levels of the Saline/Saline
group (p= 0.81), and was significantly higher than ET-1/Control group (p = 0.004). “X”
denotes baseline pre-tone freezing levels. Hab, habituation; Cond, conditioning; pre-CS,
pre-conditioned stimulus. One-way ANOVA followed by Duncan’s post-hoc test. Data
are expressed as mean £ s.e.m. in blocks of two trials. * P < 0.05.

(C) Atfter fear conditioning test, immunostaining of rat brain sections confirmed the
injection of NeuroD1-GFP viruses into the BLA (green, left panel), and the NeuroD1-

infected cells were mostly NeuN-positive neurons (right panels). Scale bar: 1000 um.
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After ischemic brain injury, many neurons die but surviving astrocytes become activated and
proliferative. Using NeuroD1 AAV-based gene therapy, Chen and colleagues demonstrate
robust neuroregeneration through direct astrocyte-to-neuron conversion and significantly

improved functional recovery. This study provides a new paradigm for brain repair using in vivo
cell conversion technology.



