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Preclinical assessment of the therapeutic potential of dopamine
(DA) neuron replacement in Parkinson’s disease (PD) has primarily
been performed in the 6-hydroxydopamine toxin model. While
this is a good model to assess graft function, it does not reflect
the pathological features or progressive nature of the disease. In
this study, we establish a humanized transplantation model of PD
that better recapitulates the main disease features, obtained by
coinjection of preformed human a-synuclein (a-syn) fibrils and
adeno-associated virus (AAV) expressing human wild-type a-syn
unilaterally into the rat substantia nigra (SN). This model gives rise
to DA neuron dysfunction and progressive loss of DA neurons
from the SN and terminals in the striatum, accompanied by exten-
sive a-syn pathology and a prominent inflammatory response,
making it an interesting and relevant model in which to examine
long-term function and integrity of transplanted neurons in a PD-
like brain. We transplanted DA neurons derived from human em-
bryonic stem cells (hESCs) into the striatum and assessed their sur-
vival, growth, and function over 6 to 18 wk. We show that the
transplanted cells, even in the presence of ongoing pathology, are
capable of innervating the DA-depleted striatum. However, on
closer examination of the grafts, we found evidence of a-syn pa-
thology in the form of inclusions of phosphorylated a-syn in a small
fraction of the grafted DA neurons, indicating host-to-graft transfer
of a-syn pathology, a phenomenon that has previously been ob-
served in PD patients receiving fetal tissue grafts but has not been
possible to demonstrate and study in toxin-based animal models.
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he core pathology in Parkinson’s disease (PD) involves loss of

dopamine (DA) neurons in the substantia nigra (SN) and a
consequent loss of the neurotransmitter DA in the striatum,
resulting in the development of the characteristic motor symp-
toms of the disease. Because of this relatively focal degeneration,
cell therapy aimed at replacing the lost DA neurons via trans-
plantation has long been regarded as a promising treatment
strategy. Initial proof-of-concept studies for this hypothesis were
first performed in the late 1980s, with the transplantation of DA-
rich fetal ventral mesencephalic (VM) tissue into PD patients (1,
2). While these studies provided evidence for the safety and ef-
ficacy of this strategy, a large variation in clinical outcome was
observed (3). Given the limited access to human fetal tissue, the
treatment has been hard to scale up, optimize, and standardize
(4). In addition, use of tissues from aborted fetuses is ethically
problematic and in some countries also prohibited, and there is a
need to find an alternative and scalable source of DA neurons
specifically designed for transplantation in PD patients. Re-
cently, several protocols for the generation of transplantable and
authentic DA neurons from human pluripotent stem cells
(hPSCs) have been reported (5-12). The first clinical trials using
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induced pluripotent stem cell (iPSC)-derived cells have been
initiated in Japan (13-15) and clinical trials with human em-
bryonic stem cell (hESC)-derived DA neurons are currently
being planned at multiple centers around the world (16).

The majority of preclinical validation studies used to assess the
therapeutic potential of fetally and hPSC-derived DA neurons
have been performed in the 6-hydroxydopamine (6-OHDA) ro-
dent model or the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) primate model of PD. These are toxin-induced models
of acute DA neuron cell death which are suitable for assessing
survival, maturation, DA release, and function of the trans-
planted cells. However, these models do not reflect the key
pathological features or progressive nature of the human disease,
and as such are not ideal to predict the effect of a pathological
host environment on the survival, maturation, long-term func-
tionality, and integrity of the cells in a diseased brain. As an
example, analysis of post mortem tissue from patients trans-
planted with fetal VM tissue has revealed the presence of Lewy
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body-like a-synuclein (x-syn) deposits in the grafted DA neurons
appearing after an extended time period (>10 y) in some of the
transplanted patients (17-23). The appearance of a-syn pathol-
ogy in the grafted neurons has not been replicated in the toxin
models, and therefore its potential impact on graft function has
not been possible to assess experimentally.

In this study, we have sought to establish a novel, humanized
transplantation model of PD that better mimics the disease pa-
thology, including synucleinopathy, inflammation, motor impair-
ment, and progressive DA neuron cell loss, to assess how a
pathological host environment affects the transplanted cells and to
allow for studies of potential host-to-graft transfer of pathology.
The model is based on coinjection of human adeno-associated vi-
rus (AAV)-a-syn and human preformed a-syn fibrils (PFFs) which
induces a rapid and prominent pathology in the host brain in a time
frame suitable to assess the survival, integration, innervation, and
function of transplanted hPSC-derived DA neurons in a “disease-
like” brain. The progressive PD-like pathology seen in this model
makes it an attractive complement to existing toxin-based models
for predicting the clinical performance of transplanted DA neu-
rons. Moreover, the key components of the model—overexpressed
a-syn, PFFs, and grafted neurons—are all human, analogous to the
patient brain environment, and thus provide a “humanized” system
for studies. Using this model, we show that hESC-derived DA
neurons transplanted to the striatum survive, integrate, and in-
nervate the host striatum with a similar efficiency to parallel grafts
in a partial 6-OHDA lesion model. At longer survival times,
however, we observe cytoplasmatic deposits of phosphorylated
a-syn (pSyn) in a fraction of the grafted DA neurons, suggesting
host-to-graft triggering or transfer of pathology, as previously ob-
served in some patients with fetal VM transplants (20, 22). Fur-
thermore, we observe significant infiltration of microglia into the
grafts, and the close apposition of activated microglia to affected
DA neurons suggests that these cells may play an active role in
this process.

Results

Progressive Cell Loss and Behavioral Deficits in Animals Simultaneously
Injected with AAV-a-Synuclein and a-Synuclein Fibrils in the Substantia
Nigra. Virally mediated overexpression of a-syn has emerged as a
model of PD that mimics many of the pathological features
(24-27). While virally mediated overexpression of a-syn produces
relevant pathology in the rodent brain, the extent of DA neuron
degeneration and resultant behavioral impairment is highly vari-
able and takes a significant length of time to develop (28), which
limits the model’s usefulness for long-term neuroprotective and
neurorestorative studies. In a previous study, Thakur et al. (29)
have shown that PFFs can be used in combination with the AAV-
a-syn vector to trigger PD-like pathology and DA neuron cell
death. The sequential delivery of vector and PFFs with 3- to 4-wk
intervals, as used by Thakur et al., demands, however, two sepa-
rate surgical sessions, which is experimentally cumbersome and
introduces an extra level of variability in the outcome. Thus, in
order to more efficiently seed the propagation of pathology and
accelerate the induction of pathology and cell loss, we combined
AAV-mediated overexpression of human o-syn (at a level that
alone does not cause overt degenerative effects) with delivery of
human o-syn PFFs in a simultaneous injection to two sites in the
SN (SI Appendix, Fig. S1).

Behavioral deficits were assessed in tests of both spontaneous
and drug-induced motor behavior. Approximately 50% of ani-
mals in the group that received unilateral injections of both
AAV-a-syn and PFFs (the SynFib animals) showed impairment
in all three tests as early as 4 wk after administration (purple bars
in Fig. 1 A-C) [stepping: F(34¢ = 28.37, P < 0.0001; 4 wk:
R aey = 6.221, P < 0.0001; 16 wk: ****1y,e = 5941, P <
0.0001; cylinder: F346) = 3.015, *P < 0.05; rotation: F(346) =
28.37, P = n.s. (not significant)]. The behavioral impairment in
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affected animals was sustained at 16 wk after injection, indicating
a significant, stable, and measurable behavioral deficit in the
SynFib-treated animals, while the animals in the AAV-a-syn—
alone (aSyn) group showed only minor behavioral impairments
at either 4- or 16-wk postinjection (red bars in Fig. 1 A-C).
Histological analysis confirmed that animals in the SynFib
group had a significant loss of tyrosine hydroxylase (TH)-positive
cell bodies in the SN of the injected side [F(332) = 19.19, P <
0.0001, **#32y = 4.221, P = 0.0011, ****f35) = 5.369, P < 0.0001]
(Fig. 1 D and F), and a marked loss of TH+ fibers in the striatum
(Fig. 1 D and E), which was much greater than in the aSyn-alone
group, confirming the additive effect of coinjection of virus and
PFFs for the induction of TH+ nigral cell loss. The presence of
an early, measurable, and sustained behavioral phenotype in the
SynFib model enables prescreening of the animals based on the
behavioral tests in order to selectively intervene and follow these
animals for long-term assessment of changes in motor function.

a-Syn Pathology and Nigral Cell Death Are Accompanied by Marked
Inflammation along the Nigrostriatal Pathway. To further charac-
terize the SynFib model, we studied the pathological changes
induced by coinjection of AAV-a-syn and PFFs in comparison
with the aSyn-alone control group. We first investigated the
presence and pattern of the pathological form of a-syn by
immunostaining using an antibody that detects the phosphory-
lated (at Ser129) form of the protein. In the aSyn—alone group of
animals, we saw some degree of TH+ cell loss at 4 wk; however,
minimal pSyn pathology was observed, both at the level of the
SN (Fig. 2 A and D and SI Appendix, Fig. S2) and at the level of
the striatum (Fig. 2H). In contrast, we found extensive pSyn
pathology in SynFib-injected animals in the SN of the injected
side (Fig. 2 B and E) and at the level of the ipsilateral but not
contralateral striatum (Fig. 2 I and L and Movie S1) at 4 wk.
These pSyn-positive cell bodies in the SN were TH-negative
(Fig. 2E'). Given that the level of DA neuron degeneration
reported in Fig. 1 was based on counting of TH+ cell bodies in
the SN, the large number of TH—/pSyn+ cell bodies indicates
that there is, in addition to acute cell loss, a certain level of TH
down-regulation at this time point (Fig. 3). In comparison, when
we examined the SynFib animals 16 wk after injection, we found
many fewer neurons expressing pSyn+ pathology and an almost
complete absence of TH+ cell bodies (Fig. 2 C and F). This
suggests that the progress of a-syn-induced pathology occurs as
follows: At early stages there is maximal development of pSyn+
inclusions and aggregates, and cells are clearly affected by the
pathology given their loss of TH expression and the accompa-
nying impairment in motor function. However, over time, most
of the affected neurons have died, resulting in a loss of TH+
neurons and an overall reduction in cells expressing pSyn+ pa-
thology (Fig. 2E versus Fig. 2F). This provides a time window
where a therapeutic neuroprotective and disease-modifying in-
tervention could be applied and assessed.

Next, we sought to examine the interplay between pathology
and inflammation along the nigrostriatal pathway, as inflammation
has been strongly implicated in the pathogenesis of PD (30).
Minimal activation of Ibal+ microglia was present in the aSyn-
alone group at 4 wk postinjection (Fig. 24), whereas an aggravated
microglial response (indicated by increased density and morpho-
logical changes) was clearly visible in the SynFib group at the same
time point (Fig. 2B). The microglial cells were localized to areas of
ongoing pathology (Fig. 2 E and E’) and some were found to
surround and engulf the pSyn-positive cell bodies, seemingly
attracted by the degenerating cells (Fig. 2G shows different ex-
amples of this). In the SynFib model at 16 wk, we found that the
microglial response had returned to a level comparable to what
was observed in the aSyn-alone animals at 4 wk (Fig. 2C vs.
Fig. 24), indicating that the active stage of pathology was com-
plete at this stage (Fig. 2F). A similar pattern was observed at the
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Fig. 1. Behavioral impairment and TH+ cell and fiber loss. aSyn and SynFib animals were assessed for behavioral impairment using the stepping test (A),
cylinder test (B), and amphetamine-induced rotations (C) at both the 4- and 16-wk time points. All animals were immunohistochemically stained for TH to
examine the integrity of the dopaminergic system (D). Quantification of TH+ fiber density in the striatum (£) and the number of TH+ cells in the SN (F) are
expressed as a percentage of the contralateral side. Dotted lines in A, B, E, and F below the line indicate impairment/loss, whereas in C the impairment is
above the line. All data are presented as mean + SEM. *P < 0.05, **P < 0.01, ****P < 0.0001, compared with the aSyn group at the same time point. (Scale bar,

1 mm.)

level of the striatum, where SynFib-injected animals after 4 wk
exhibited a heightened level of microglial activation (Fig. 2I).
Also, individual microglial cells were observed containing pSyn-
positive inclusions, indicating either a direct transfer of seeding
fibrillar material from the affected axons or active scavenging of
degenerating axonal debris in the striatum (Fig. 2K shows different
examples of this). This pathological and inflammatory environ-
ment of the striatum is of particular interest when utilizing this
model in a cell-transplantation context, given that the most com-
mon site of transplantation of cells in preclinical PD models (and
in patients) is ectopically in the striatum, where the endogenous
DA fibers normally terminate.

At Early Time Points, Loss of TH Is Explained by a Combination of Cell
Loss and Cellular Dysfunction Indicated by DA Marker Down-Regulation.
The loss of TH immunoreactivity seen in nigral neurons with pSyn+
inclusions is in line with previous findings in the AAV-a-syn model
and human PD showing that a-syn accumulation and aggregation
are associated with a down-regulation of DA markers (31-33). At
the level of the striatum, we found that there was a significant loss of
TH+ fibers relative to the intact side (Figs. 1D and 3 B, Inset). At the
early time point, 4 wk, we observed a small amount of a-syn—positive
fibers and terminals that were TH-negative (Fig. 3 A-C; quantified
in Fig. 3G), indicating down-regulation of TH in these fibers. We
also found a number of striatal DA fibers that were double-positive
for both TH and o-syn, indicating that they had been spared from
the damage caused by excess a-syn (Fig. 34). Additionally, we found
that there were a number of TH+/a-syn— fibers, indicating that
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these were not targeted by the vector and therefore were unaffected
by the pathology (Fig. 3B; quantified in Fig. 3G).

In the SN, the down-regulation seen at 4 wk in the pSyn+
neurons affected not only TH (quantified in Fig. 3H; visualized
in SI Appendix, Fig. S3) but also the TH-regulating transcription
factor Nurrl (Fig. 3 E and F; double arrows in Fig. 3 I-L).
Intermingled with the pSyn+/TH—/Nurrl— neurons, we found
also cells that were double-positive for TH and pSyn but negative
for Nurrl (arrows in Fig. 3 I-L). Thus, at this early stage, a
significant portion of the affected neurons in the pars compacta
remained intact but in a dysfunctional state, linked to the re-
duced expression of TH and Nurrl. Interestingly, in many
pSyn+/TH— neurons, the expression of the vesicular transporter
VMAT?2 was preserved (arrows in Fig. 3 M-P). Taken together,
these findings suggest a possible sequence of early DA neuron
dysfunction initiated by a loss of Nurrl expression, followed by
loss of TH and maintenance of VMAT?2.

Transplanted hES Cell-Derived DA Neurons Survive and Mature into
Subtype-Specific Dopaminergic Neurons Regardless of the Pathological
Environment. The progressive PD-like pathology expressed in the
SynFib-treated rats, as described above, offers an attractive model
for studies on the performance of grafted DA neurons in a path-
ological environment that replicates aspects of inflammation, pro-
gressive cell death, and synucleinopathy seen in the human disease.
For this purpose, we transplanted hESC-derived DA progenitors
(12) into the striatum 8 wk after the combined a-syn/PFF injection
into the nigra. We also transplanted a group of animals that were
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Fig. 2. Comparison of pSyn pathology and inflammation in the aSyn and SynFib models. Representative photographs of triple-stained nigral sections in the
aSyn and SynFib groups show the presence of pSyn pathology (white), activated microglia (red), and TH loss (green) over time (A-C). Higher-magnification
images of these are shown in D—F. Examples of colocalization of microglia to cell bodies containing pSyn pathology from SynFib 4-wk animals are shown in G.
Representative photographs of the same staining combination in the striatum are shown in H-J. Microglia containing puncta of pSyn+ staining were observed
in the striatum, examples of which from the SynFib 4-wk animals are shown in K. The level of pSyn host pathology is difficult to appreciate in two dimensions,
although shown in H-J. We therefore performed iDISCO clearing and light-sheet microscopy to demonstrate the dense network of pSyn pathology in SynFib
animals. A video of this whole-brain imaging is found in Movie S1, while a still image of this video is shown in L. SN¢, substantia nigra pars compacta; SNr,
substantia nigra pars reticulata; VTA, ventral tegmental area. (Scale bars, 200 pm [A-C], 100 um [D-F and H-J], and 10 pm [G and K].)
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Fig. 3. Dopaminergic dysfunction and down-regulation in the SynFib model. Triple staining of striatal tissue for a-syn (red), TH (green), and pSyn (white)
shown in A-D indicated that there were a number of TH—, a-syn+ fibers in the striatum, indicating TH down-regulation and quantified in G (n = 6 per group
for 4 wk, n =5 per group for 16 wk, and n = 11 for relative intact side controls). Triple staining of Nurr1 (red), TH (green), and pSyn (white) (E and F) also
indicated down-regulation of TH in nigral cell bodies on the injected side, quantified in H (n = 6 per group for 4 wk and n =5 per group for 16 wk). The same
staining in the VTA is shown in high magnification in /-L, with arrowheads indicating TH+, Nurr1+, and pSyn— cells, and arrows indicating TH+, Nurr1—, and
pSyn+ cells. VMAT (red), TH (green), and pSyn (white) triple staining of the SN is shown in high magnification in M-P with an arrow showing a TH+, VMAT+,
and pSyn+ cell. All data are presented as mean + SEM. (Scale bars, 50 pm [A-D], 100 pm [E and F], and 20 pm [/I-P].)

partially lesioned with 6-OHDA using the same cell preparation.
These animals served as a useful control, as the partial 6-OHDA
lesion yields a similar degree of DA neuron degeneration but
without the distinct pathological changes that are present in the
SynFib model. When analyzing the grafts 6 wk after transplantation
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using an antibody recognizing human-specific neural cell-adhesion
molecule (hNCAM), we found good graft survival and innervation
of the surrounding host striatum in both groups (Fig. 4 4 and B).
Out of the transplanted rats, 4/4 in the 6-OHDA group and 5/5 in
the SynFib group had surviving grafts (Fig. 4 A and B). Assessment
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of graft size showed that the graft cores were of comparable size [¢(7)
=1.103, P = n.s.] (Fig. 4C). Analysis of graft-derived fiber outgrowth
by three-dimensional mapping of the hANCAM-positive fibers (using
the method described in ref. 34) showed that the grafted cells had a
similar ability to extend their processes throughout the brain at this
time point, including those areas normally innervated by the mid-
brain DA neurons (Fig. 4D). Additionally, we found no significant
differences in terms of the fiber density or pattern of distribution in
the SynFib-treated animals relative to the 6-OHDA controls. De-
spite slight variations in the size and placement of the grafts, the
innervation patterns were notably consistent between grafted ani-
mals in the two groups (zoomed images in Fig. 4D). Thus, no dif-
ferences in the graft outcome were observed despite the ongoing
inflammatory and pathological environment of the striatum in the
SynFib model at the time of transplantation.

Next, we assessed the potential impact of the host environ-
ment on the maturation of the transplanted hESC-derived DA

progenitors at later time points after transplantation (12 and 18
wk). We found that, in both groups, the cells survived and ma-
tured to authentic DA neurons of the A9 and A10 subtypes, as
indicated by the extensive expression of TH (Fig. 4 E and F) and
TH/Girk2/Calbindin (Fig. 4 I and J), respectively, supported by
the expression of the midbrain DA neuron marker Pitx3
(Fig. 4 G and H), indicating that the host environment did not
affect the ability of the transplanted cells to undergo subtype-
specific maturation in the host striatum.

Previous studies in our laboratory have shown the ability of
transplanted hESC-derived DA neurons to establish extensive syn-
aptic connectivity with the host brain in the 6-OHDA model
(34-36). Here, we used monosynaptic rabies tracing to find out
whether this is the case also in the SynFib model, and whether the
ability of the grafted cells to establish extensive host-to-graft con-
nectivity is influenced by the difference in the host environment
seen in the two models. Using this tracing system, transplanted cells

Cell grafts at 6 wks

6-OHDA

Volume of graft
(hNCAM staining in mm’)
& 2

=)

(1]
6-OHDA  SynFib

SynFib

E N

TH P

Fig. 4. hESC-derived DA transplant survival, innervation, and maturation in the SynFib model. ANCAM staining in A and B shows surviving grafts in both the
6-OHDA and SynFib models, and quantified and showing no significant difference in C. High magnification of this staining showing hNCAM innervation of
the surrounding striatum is also shown in A and B. This hNCAM innervation was mapped throughout the brain in both models, the pattern and level of which
are graphically depicted in D. High-magnification images indicating the maturation of grafts using TH in £ and F, TH (green) and Pitx3 (red) in G and H, and TH
(green), Calbindin (red), and Girk2 (white) in / and J are also shown. Amg, amygdala; cc, corpus collosum; GPe, globus pallidus; Hip, hippocampus; MFB, medial
forebrain bundle; Tha, thalamus; Tx, transplant. All data are presented as mean + SEM. (Scale bars, 1 mm and 50 pm in high magnification [A and B], 50 pm [E

and F], and 20 pm [G-J].)
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can be visualized by nuclear green fluorescent protein (GFP) ex-
pression (Fig. 5 A4, B, and D, arrowheads), and cells that are infected
with the modified rabies vector can be identified by the coex-
pression of both GFP and mCherry (Fig. 5 A and B). Similarly, host
neurons making afferent connections with the transplanted cells will
express mCherry. Since these cells do not express GFP, they can
readily be identified as mCherry+/GFP— by microscope (Fig. 5D,
arrows). Further spread of the modified rabies vector does not
occur, as expression of the rabies glycoprotein is restricted to the
transplanted neuron and therefore only first-order synapses are
traced (37).

Fig. 5C shows the distribution of host neurons that provided
input to the grafts in the SynFib-treated animals (Bottom) and
the 6-OHDA lesioned controls (ZTop). The host connections
originated in the same areas and further quantitative analysis
showed that the traced neurons were similar in number in the
two models (the degree of connectivity from the host region is
indicated by the color chart in Fig. 5C). Neurons innervating the
transplants were found in 11 host brain regions at 6 wk post-
transplantation (Fig. 5H). In both groups, the local connections
from the dorsolateral (DL) and medioventral (MV) striatum
exhibit the highest connectivity ratio [Fig. 5H; caudate putamen
(CPu) DL: 0.393 in 6-OHDA vs. 0.373 in SynFib animals; CPu
MV: 0.221 in 6-OHDA vs. 0.371 in SynFib animals], followed by
the motor cortex (Fig. SE) and the thalamus (Fig. 5G). These
results indicate that the pathological and inflammatory host
environment present in the SynFib model had no negative

Striatum | G

influence on the ability of the transplanted cells to integrate
anatomically into host striatal circuitry.

Significant Pathology Is Observed at the Site of Transplantation, with
aSyn Inclusions Readily Detectable in a Small Number of TH+ Grafted
Cells, Indicating Host-to-Graft Transfer of Pathology. We next sought
to determine if there is any impact of the pathological environ-
ment specific to the SynFib model on the grafted cells, and to
determine if potential spread of pathology to the grafted cells
could be detected in the animals killed at 12 to 18 wk post-
transplantation. The grafts were easily detected in the striatum
based on the human-specific marker STEM121 (Fig. 6 A and E),
and their cellular composition was similar, with areas rich in
TH+ neurons occurring most commonly at the periphery of the
grafts (Fig. 6 C and G in high magnification). Interestingly, in
both groups, we found that there was an infiltration of microglia
into the core of the grafts (Fig. 6 B and F). We have previously
determined that the hESC-derived transplants do not generate
any microglia (38), indicating that the microglia observed here
are host-derived. When examined at higher magnification
(Fig. 6 D and H), we found the microglia to be in a more acti-
vated state and present in higher numbers in the SynFib model
than in the 6-OHDA lesioned animals, possibly indicating their
involvement in patrolling the environment and scavenging pa-
thology. Additionally, in the SynFib-grafted animals, the micro-
glia were seen to contain small deposits of pSyn (Fig. 6H), a
phenomenon that was absent in the 6-OHDA animals (Fig. 6D).

.
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Fig. 5. Synaptic integration analysis of transplanted hESC-derived DA neurons. Double staining for GFP (green) and mCherry (red) shows the transplanted
cells after rabies injection to assess the host integration of the grafted cells (A and B). GFP+/mCherry+ cells (arrowheads in D) show transplanted cells whereas
GFP—/mCherry+ cells (arrows in D) show host neurons making synaptic connections with grafted cells. GFP—/mCherry+ were mapped and their number and
location are graphically depicted in C where the darker the color, the greater the number of host-connecting neurons in that region. High-magnification
images of individual mCherry+ host neurons from the areas of the brain most highly synaptically connected with the graft are shown in E-G. A connectivity
ratio of the number of host connections relative to transplanted cells is depicted in H. Ctx, cortex; Hyptha, hypothalamus; mo, motor cortex; PFC, pre-frontal
cortex; si, somatosensory cortex. (Scale bars, 100 pm [A and B] and 50 pm [D-G].)
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Fig. 6. pSyn pathology and inflammation in the grafted striatum. Triple staining of TH (green), Stem121 (red), and pSyn (white) is shown in A and E with high
magnification of TH+ cells in the regions indicated shown in C and G. Iba1 (red) staining of graft cores is shown in B and F with high-magnification triple
staining of TH (green), Iba1 (red), and pSyn (white) shown in D-H. The Inset in H is an Iba1+ cell containing pSyn+ puncta. Double staining of TH (green) and
pSyn (white) is shown in /-P with arrowheads in / indicating double-positive cells, which can be seen more easily in high magnification (J-P). Arrowheads in J
and J' indicate pSyn+ deposits were found within (mostly TH-negative) fibers, while arrows in J and J' indicate pSyn+ deposits extracellularly, outside the TH+
neurons. Double staining within grafted neurons is shown in K-N and P with an orthogonal view in O. Triple staining of TH (green), Iba1 (red), and pSyn
(white) in Q-U shows the colocalization of activated microglia around TH+/pSyn+ cells in the graft core. (C) High magnification of area indicated in A; (G) High
magnification of area indicated in E; (D) High magnification of area indicated in B. (Scale bars, 100 um [A, B, E, F, and /] and 10 pm [C, D, G, H, and J-Ul.)

Upon examination of the SynFib-grafted animals using double
immunostaining of TH and pSyn, we found numerous instances
of colabeling within TH+ neurons in the graft core (indicated by
arrowheads in Fig. 6/) but not in the 6-OHDA lesioned animals
transplanted with the same cells. In addition, pSyn+ deposits
were found within (mostly TH-negative) fibers (arrowheads in
Fig. 6 J and J'), and extracellularly, outside the TH+ neurons, in
structures that may represent distorted axons or cellular debris
(arrows in Fig. 6 J and J'). To ensure that instances of double
labeling of TH and pSyn (examples are shown in Fig. 6 K-P)
were correctly assigned and located within the cell, we generated
confocal z stacks of the double-labeled cells. The orthogonal
images generated in this way confirmed the presence of pSyn
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within the cytoplasm (Fig. 60), and in some cases also the nu-
cleus (Fig. 6P), of grafted TH+ cells. pSyn containing TH+
neurons were found, albeit in low numbers, in all four SynFib
grafts analyzed but absent in the 6-OHDA grafts. pSyn deposits
were also found in cells lacking TH expression. Although the
identity of these cells is unclear, it seems possible that a small
proportion of pSyn+ DA neurons may have lost their TH ex-
pression due to down-regulation of TH, as observed in early-
stage pathology in endogenous SN cells in this model (Fig. 6 K
and O).

Finally, we asked the question whether the appearance of
pSyn+ pathology in the grafted TH+ cells could be related to
the increased presence of activated microglia in the grafts. In
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areas of the graft containing pSyn+/TH+ cells, we observed
pockets of Ibal+ microglia colocalized within that region, and
found several instances where activated microglia occurred in close
apposition to, or surrounding, the pSyn+/TH+ cells (Fig. 6 O-S).
The presence of pSyn+ deposits in some of these activated
microglia provides further support for a role in the scavenging or
destruction of pathological aggregates (Fig. 6 T and U).

Discussion

Pioneering trials where fetal VM tissue was transplanted into
patients with PD have shown an important proof of concept that
intrastriatal DA neuron transplants can restore DA transmission
and mediate clinical improvements (1, 26). In line with clinical
observations, post mortem analyses of transplanted brains have
shown long-term (up to 24 y) graft survival and significant graft-
derived innervation of the host brain (22). However, the post
mortem analysis also showed evidence of Lewy body pathology in
some of the transplants (17-23). Although the pathology ob-
served has not been directly linked to diminished graft function,
it is possible that the appearance of pathology in the transplant
may compromise the function of the graft over time. However,
the presence of pathology in the grafted cells, and indeed any
potential impact that this may have on graft integrity, has been
difficult to assess experimentally due to a lack of appropriate
preclinical in vivo models.

The most common preclinical rodent model for assessing
therapeutic/restorative cell- and gene-based interventions in PD
is the 6-OHDA toxin model. This model results in the rapid
death of DA neurons and significant motor impairment but does
not recapitulate the characteristic pathological features of the
disease, such as inflammation and synucleinopathy. A number of
more disease-relevant models have been developed, including
several transgenic mouse lines and aSyn overexpression rat
models that better recapitulate these pathological features of PD
(39, 40). However, the length of time these models take to de-
velop pathology, coupled with the high variability in DA cell
death and motor impairment, makes them less suitable for
studies of long-term outcomes of cell transplantation (41). To
overcome this hurdle, we have developed a model that combines
overexpression of human a-syn (at a level that does not produce
degeneration on its own) with delivery of preformed human
a-syn fibrils. This model results in an accelerated development of
pathology that progresses over time, accompanied by prominent
axonal pathology and a progressive loss of nigral DA neurons. In
this model, DA dysfunction and measurable motor impairment
become apparent after only 4 wk. Inflammation has long since
been implicated in the pathology of PD (30), and we found that
microglia were activated and recruited to the areas of pSyn pa-
thology, suggesting that inflammation is also present in the
SynFib model generated here. The early activation of microglia
observed in this model in response to the development of a-syn
pathology is consistent with a role of activated microglia as an
early indicator of neuropathological changes in PD (42).

The progressive time course is an attractive feature of this model,
making it possible to distinguish between an early symptomatic
stage that develops within the first month after vector injection,
characterized by axonal pathology and down-regulation of both TH
and Nurrl in the pSyn+ DA neurons, and a later manifest stage
that develops over the subsequent months, when a significant por-
tion (>50%) of the nigral DA neurons have degenerated and part
of the still-surviving neurons remain with the expression of pSyn+
pathology.

Importantly, we have demonstrated an early and stable motor
impairment in at least 50% of the animals. This motor impair-
ment was observed using two spontaneous and one drug-induced
motor tests indicating a measurable motor impairment at a time
when the pathology of the model is developing, thus providing
the opportunity to interfere with the subsequent pathological
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process and prevent the ultimate cell death. Due to the pro-
gressive nature of the model and the fact that the pathology
develops within a relatively short time, a therapeutic time win-
dow is opened in which to assess interventions such as cell-
replacement therapy.

When using this model to assess the survival, maturation, in-
tegration, and integrity of hESC-derived DA cells after trans-
plantation into the ongoing pathological and degenerative
environment that develops in this model, we found no significant
effect on the grafts: The survival and size of the grafts were
similar in the SynFib and the standard toxin models, and the
same extensive fiber outgrowth and afferent host connectivity
were seen in both models. At later time points, however, 12 to 18
wk postgrafting, we observed marked differences in two disease-
related pathological changes, namely the presence of pSyn+
inclusions and aggregates and the increased numbers and size of
activated glia that occurred in the SynFib-treated animals but not
in the toxin model.

At 6 wk posttransplantation, we found an increased incidence
of pSyn+ deposits in the grafts. However, given that grafted cells
at this time point are still relatively immature, it was difficult to
determine if the pSyn staining observed was due to host pa-
thology infiltrating the graft tissue or whether the pathology was
actually within grafted cells. Thus, we proceeded to look at a
number of animals at 12, 15, or 18 wk after transplantation, at a
stage when the DA neurons are phenotypically mature although
not yet functionally mature (12). Indeed, we found TH+/pSyn+
cells in all SynFib animals that we examined, and in none of the
6-OHDA animals. Confocal microscopy of double-stained sec-
tions showed unequivocally that the pSyn-stained inclusions were
located in the cytoplasm, and in some cases also the nucleus, of
the TH+ neurons. While this occurred in all grafts in the SynFib
group, it is important to note that the appearance of this pSyn
pathology was still a relatively rare event and seen in only a small
percentage of the TH+ neurons. We also found a small number
of grafted cells that were TH—/pSyn+. These cells were found
clustered around other TH+ cells and thus may potentially be
dopaminergic neurons that had down-regulated TH; however, it
is also possible that this signifies the presence of pathology in
nondopaminergic grafted cells. Previous studies have shown the
spread of a-syn to grafts of rat fetal VM DA neurons trans-
planted in the AAV-a-syn overexpression model (43-45). These
studies, however, did not observe the phosphorylated patholog-
ical form of a-syn, pSyn, in grafted neurons, and the mismatch of
species, that is, overexpression of high levels of human aSyn in
combination with rat fetal tissue grafts, may not be optimal for
studies of this kind. Oligomeric or protofibrillar a-syn is able to
transfer between cells, as seen both in cell culture and in the brain
(46-48), but it has been shown that the seeding and development
of pSyn pathology are more efficient when the PFFs and the
monomeric a-syn are from the same species (49). Therefore, our
study of a-syn host-to-graft transfer utilizes a humanized model
where both the a-syn and the grafted cells are human, and where
the a-syn expression is closer to physiological levels, in order to
replicate the clinical setting as closely as possible.

Microglia are known to be activated by a-syn aggregates and
oligomers, and they are also the primary cells to clear extracel-
lular a-syn (50, 51), indicating that they may be involved in the
a-syn—triggered pathological process as well as in the removal of
toxic a-syn species (see ref. 52 for a review). Consistent with this
view, we observed activated microglia in areas of pSyn+ pa-
thology within the graft, in some cases closely apposed to pSyn+
DA neurons, and we also observed cases where microglial cells
were seen to engulf TH+/pSyn+ cells and processes. Microglia
have been proposed to act as a mediator of a-syn—induced tox-
icity in midbrain DA neurons (51), and a recent study has sug-
gested that they may play a protective role in the transfer of
a-syn pathology to grafted cells (44). However, this protective

PNAS | June 30,2020 | vol. 117 | no.26 | 15217

NEUROSCIENCE



role is brought into question when, in the George et al. study
(44), the transfer of pathology was increased by activation of the
microglia with lipopolysaccharide. This suggests an alternative
possibility, namely that microglia may play an active role in the
transfer process, triggered by the release of a-syn oligomers or
aggregates from the dystrophic and degenerating nigrostriatal
axons present in the pathological environment surrounding the
grafted cells. This possibility is strengthened by the fact that cell-
released o-syn has been shown to act as an agonist for TLR2 re-
ceptors through which microglia become neurotoxic (53) and re-
cently published post mortem data showing that microglial
activation in fetal DA-grafted patients actually precedes the a-syn
pathology in grafted cells, indicating that activated microglia may
play a role in the propagation and spread of a-syn pathology (54).

In summary, we have developed a humanized and accelerated
a-syn model that recapitulates many of the cardinal features of
PD. The pathology develops within a short time frame, rendering
it suitable for long-term assessment of therapeutic interventions
such as cell-replacement therapy. We show that hESC-derived
DA neurons, transplanted into the pathological environment
present in the SynFib-treated animals, survive, mature, and in-
nervate the host brain just as well as in the standard toxin model,
with the same extensive integration into host striatal circuitry.
However, we have also shown, as a result of the pathology pre-
sent in this model system, the appearance of pathological pSyn+
inclusions in grafted dopaminergic cells, mimicking what has
been observed in some of the PD patients receiving transplants
of fetal tissue. While as yet we do not know the long-term con-
sequences of the presence of pathology in grafted neurons, the
humanized and accelerated xenograft model developed herein
provides unique possibilities to do so. In addition, future cell-
based therapies for PD may be based on autologous grafting
using the patient’s own cells to prevent graft rejection by the
immune system and mitigating the need for immunosuppressive
drug therapy. This raises the question, however, whether cells
derived from reprogrammed patient cells may be inherently
more vulnerable to the disease process than cells from healthy
donors. The humanized a-syn model described here may provide
the opportunity to assess to what extent cells from different
patient groups, for example, sporadic or genetic causes, are more
vulnerable to the pathological host environment. Such studies
would be valuable for the preclinical evaluation of the suitability
of patient-derived cells for cell-replacement therapy in the clinic.

Materials and Methods

Animals. The studies were performed in accordance with the European Union
Directive (2010/63/EU) and approved by the local ethical committee for the
use of laboratory animals and the Swedish Department of Agriculture
(Jordbruksverket). Female Sprague-Dawley rats (225 to 250 g; Charles River
Germany) were housed with ad libitum access to food and water under a
12-h light/dark cycle.

Experimental Design. The rats were injected with either AAV-a-syn or AAV-
a-syn combined with PFFs at two sites in the substantia nigra. For the
transplant studies, animals received either unilateral AAV-a-syn combined
with PFF injection, as above, or an intrastriatal 6-OHDA lesion, and were
immunosuppressed with daily injections of ciclosporin (10 mg-kg="-d~", in-
traperitoneally; Apoteksbolaget) to prevent graft rejection, starting 2 d
prior to transplantation and continuing until the end of the experiment. All
animals received a unilateral striatal cell transplantation of hESC-derived DA
cells at 8 wk and were perfused between 6 and 18 wk later. hESC-derived DA
cells containing the rabies helper constructs were used for monosynaptic
rabies tracing. These animals received an injection of EnvA-pseudotyped AG
mCherry rabies to the graft site 5 wk after transplant and were perfused 7
d later.

Animals used for establishing the SynFib model: aSyn alone 4 wk (n = 6),
aSyn alone 16 wk (n = 6), SynFib 4 wk (n = 8), SynFib 16 wk (n = 16), and
SynFib 12 wk for iDISCO analysis (n = 4). Animals used for transplant study:
6-OHDA + transplant 6 wk (n = 12, n = 8 used for rabies tracing), 6-OHDA +
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transplant 12 to 18 wk (n = 4), SynFib + transplant 6 wk (n = 16, n = 10 used
for tracing), and SynFib + transplant 12 to 18 wk (n = 4).

AAV and Fibril Production. An AAV6 vector expressing human wild-type a-syn
under the human synapsin-1 promoter was used in this study, as described
(55). The viral titer was 4.7 x 10" genome copies/mL, used at a working
dilution of 10 to 20%. Human a-syn PFFs (5 ug/uL) were prepared from full-
length recombinant human a-syn, as described (56).

hESC Differentiation. RC-17 hESCs differentiated into dopaminergic ventral
mesencephalically patterned progenitors according to a standardized pro-
tocol known to generate functionally mature DA neurons after 5 to 6 mo
in vivo (10, 12, 34, 57) were used in all experiments (described in detail in ref.
12). RC-17 hESCs expressing the rabies helper construct (generated by len-
tiviral infection as described in ref. 34) were used for monosynaptic
rabies tracing.

Rabies Virus Production. EnvA-pseudotyped AG-rabies was produced as de-
scribed in ref. 36. Vector titers were 20 to 30 x 10° transducing units/mL. A
working dilution of 5% was used for experiments.

Surgery. Surgery was performed under general anesthesia using a solution of
fentanyl and medetomidine (20:1) (Apoteksbolaget). Animals were secured
in a stereotaxic frame with the tooth bar adjusted to the flathead position.
For aSyn animals, 4 pL 10% AAV-a-syn was injected unilaterally into the SN at
two sites (anteroposterior [A/P] -5.3, M/L —1.6, D/V -7.2 and A/P -5.3,
M/L -2.6, D/V —6.7). For SynFib animals, 4 uL of a mixture of 20% AAV-a-syn
and 5 pg/uL sonicated a-syn PFFs (to yield a final concentration of 10% AAV-
a-syn and 2.5 pg/pl) was injected unilaterally into the SN at two sites (A/
P -5.3, M/L —1.6, D/V -7.2 and A/P -5.3, M/L -2.6, D/V —6.7). All injections
were made at a rate of 0.2 uL/min, and the needle was left in place for 2 min
before being slowly removed. 6-OHDA (3.5 pg/uL, free base) was injected at
a rate of 1 pl/min at two sites in the striatum (A/P —0.5, M/L —-2.5, D/V -5.0
and A/P +0.5, M/L —4.2, D/V -5.0), 2.8 pL per site.

For cell-transplantation surgery (at 8 wk postlesion), 4 L of cell suspen-
sion containing 75,000 cells per microliter was unilaterally injected at four
sites into the striatum (A/P +0.5, M/L -3.0, D/V -5.5/-4.5 and A/P +1.2,
M/L -2.6, D/V =5.5/-4.5) (1 puL per site) at a rate of 1 pL/min. Animals with
transplants of hESC-derived DA neurons containing rabies helper construct
received 4 pL AG-rabies at the same four sites (1 pL per site) at a rate of
1 pL/min.

Behavioral Analysis. Behavioral tests were performed at 4 and 16 wk post-
lesion by the same researcher, blind to the rats’ treatment group.

Test of forelimb akinesia was performed as described previously (58). The
number of steps taken by the left and right paws when passively moved
along a 90-cm trajectory was recorded in forehand and backhand directions.
Rats were trained to complete the test 1 d prior to testing. To avoid bias, the
median of 3 consecutive days was used. Forelimb use in the cylinder test was
completed as described previously (59). The number of forelimb paw touches
against the wall of the glass cylinder was counted until a total of 20 had been
performed, and the percentage of touches made with the left paw (contra-
lateral side) was recorded. Amphetamine-induced rotation (2.5 mg/kg; Apo-
teksbolaget) was recorded over 90 min using an automated system as
previously described (60). Data were expressed as net full body turns per
minute toward the lesion side.

Immunohistochemistry. Rats were transcardially perfused under sodium
pentobarbitone anesthesia with 0.9% saline solution followed by ice-cold 4%
paraformaldehyde (PFA). The brains were postfixed for 24 h in 4% PFA, in-
cubated in 25% sucrose for 48 h, and sectioned using a freezing microtome to
a thickness of 35 pm in a 1:8 series. Immunohistochemistry was performed on
free-floating sections after incubation in Tris-ethylenediaminetetraacetate for
30 min at 80 °C for antigen retrieval. Staining was performed as previously
described (61), using antibodies listed in S/ Appendiix, Fig. S4. Tyramide signal
amplification (TSA) was used as described (62) to increase the detection of
Nurr1-positive cell bodies. Following incubation in ABC solution (VECTASTAIN
Elite ABC-HRP Kit, PK-6100) for 30 min, the sections were treated with biotinyl
tyramide (1:2,500 in K-phosphate-buffered saline (PBS) containing 0.009%
H,0,) for 30 min and labeled by a 2-h incubation with fluorophore-conjugated
streptavidin (1:500).

Bright-field images were captured at low magnification using a flatbed
scanner (Epson Perfection V850 PRO) and an Olympus AX microscope.
Fluorescence imaging was performed with a Leica DMI6000B microscope
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and a Leica SP8 confocal microscope. Three-dimensional images were gen-
erated from z stacks of pictures captured from 35-pm-thick sections using
Volocity v.5.4.2 software (PerkinElmer). Stitching of images was performed
in Figs. 2 A-C, 5 A and B, and 6 A, B, E, and F).

Light-Sheet Microscopy. A proportion of SynFib animals (n = 4, 12 wk post-
injection) were processed for light-sheet microscopy using the iDISCO
clearing method (63). Animals were perfused with 2% PFA and the brains
were postfixed on ice for 1 h, transferred to PBS, and divided by a midline
sagittal cut, allowing each hemisphere to be processed individually. Pro-
cessing was performed as previously described (35), using mouse polyclonal
anti-pSyn81A (1:1,000) as the primary antibody, and Alexa Fluor
647-conjugated donkey anti-mouse (1:750) as the secondary antibody. The
cleared hemispheres were imaged on an Ultra Microscope Il (LaVision Biotec)
equipped with an sCMOS camera (Andor Neo model 5.5-CL3) using a 1.3x
objective lens (LaVision LVMI-Fluor 1.3x/0.08 MI Plan) and 680/30 emission
for Alexa Fluor 647. Stacks were acquired with ImspectorPro64 (LaVision
Biotec) using 5-pm z steps. Stacks were taken with 10% overlap and stitched
using Arivis Vision 4D 3.01 software. Rendered movies were compiled in
Final Cut Pro-10.4.3 (Apple).

Densitometry. TH+ fiber density was measured bilaterally at three sites in the
medial, central, and lateral parts of the striatum, expressed as a percentage
of the intact side. The optical density readings were corrected for back-
ground density, as measured from unstained areas of the same sections.
Analysis was performed blind, the images were converted to 8-bit black and
white within ImagelJ, and the mean gray value was recorded.

Stereology. DA neuron loss in the substantia nigra pars compacta (SNpc) was
quantified by unbiased stereological estimations of the TH+ cells using the
optical fractionator principle (64). A count was performed on every eighth
section (section sampling fraction = 8) covering the full extent of the SNpc,
yielding seven or eight sections per animal for analysis. The average
mounted section thickness (height) was 20 pm and no guard zones were
implemented. Stereo Investigator software (MBF Bioscience) was used with a
Leitz DMRBE microscope. Regions of interest were traced using a 5x objec-
tive and counting was performed using a 100x oil-immersion objective. A
maximal coefficient error of 0.08 was accepted for cells to be counted.
Analysis was performed blind and data were expressed as a percentage of
the intact side.
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Graft Volume Quantification. To determine graft volume, photomicrographs
of striatal sections containing an hNCAM+ cell core were taken, and Image)
was calibrated using a graticule image by associating the number of pixels
with a known distance. The area of the graft in each striatal section was
determined in a 1 in 8 series using the Imagel) freehand drawing tool and
the graft volume was assessed according to Cavalieri's principle, given the
known distance between each section and the known section thickness (65).

Graphical Representation of Graft Innervation and Synaptic Integration. For
representation of graft fiber outgrowth, an entire 1:8 series of hNCAM 3,3'-
diaminobenzidine (DAB)-stained sections was scanned and images corre-
sponded to the matching coronal section from the Paxinos and Watson rat
brain atlas (66). The area of hNCAM+ fiber outgrowth was mapped onto
each anatomical plane. For the representation of host synaptic inputs to the
graft, the process was repeated with mCherry DAB-stained sections.

Statistics. Behavioral and immunohistochemical data were analyzed using a
one-way ANOVA followed by a post hoc Bonferroni test or unpaired Stu-
dent’s t test where appropriate. Results were deemed statistically significant
if P < 0.05. All data are expressed as mean + SEM. Representative images
were chosen based on extensive confocal sampling of the material available,
with the number of sampling regions based on 63x magnification in the z
stack. Fig. 2: n =9 animals, 2 to 8 sampling regions per animal; Fig. 3: n =3
animals, 5 to 8 sampling regions per animal; Fig. 6: n = 6 animals, 3 to 30
sampling regions per animal.

Data Availability. All data supporting the findings of this study are available
within the article and its S/ Appendix.
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