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Past, present, and future of cell replacement therapy for
parkinson’s disease: a novel emphasis on host immune
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Parkinson’s disease (PD) stands as the second most common neurodegenerative disorder after Alzheimer’s disease, and its
prevalence continues to rise with the aging global population. Central to the pathophysiology of PD is the specific degeneration of
midbrain dopamine neurons (mDANs) in the substantia nigra. Consequently, cell replacement therapy (CRT) has emerged as a
promising treatment approach, initially supported by various open-label clinical studies employing fetal ventral mesencephalic
(fVM) cells. Despite the initial favorable results, fVM cell therapy has intrinsic and logistical limitations that hinder its transition to a
standard treatment for PD. Recent efforts in the field of cell therapy have shifted its focus towards the utilization of human
pluripotent stem cells, including human embryonic stem cells and induced pluripotent stem cells, to surmount existing challenges.
However, regardless of the transplantable cell sources (e.g., xenogeneic, allogeneic, or autologous), the poor and variable survival of
implanted dopamine cells remains a major obstacle. Emerging evidence highlights the pivotal role of host immune responses
following transplantation in influencing the survival of implanted mDANs, underscoring an important area for further research. In
this comprehensive review, building upon insights derived from previous fVM transplantation studies, we delve into the functional
ramifications of host immune responses on the survival and efficacy of grafted dopamine cells. Furthermore, we explore potential
strategic approaches to modulate the host immune response, ultimately aiming for optimal outcomes in future clinical applications
of CRT for PD.

Cell Research (2024) 34:479–492; https://doi.org/10.1038/s41422-024-00971-y

INTRODUCTION
Parkinson’s disease (PD) was first described as ‘shaking palsy’ by
Dr. James Parkinson in 1917.1 Since then, numerous scientists
have investigated the pathological mechanisms of this common
yet incurable neurodegenerative disorder. Despite substantial
efforts, the precise mechanisms underlying the pathogenesis of
PD remain elusive, with no treatment available yet that can slow
down, stop, or reverse its progression.2–5 However, these studies
have consistently highlighted that degeneration of a specific cell
type, midbrain dopamine neurons (mDANs) in the substantia
nigra, is the major pathological feature associated with PD’s
characteristic motor deficits, such as bradykinesia, rigidity, tremor,
and postural instability.2–5

This observation has led many scientists to explore cell
replacement therapy (CRT) as a potential treatment for PD, by
replacing the lost mDANs. Starting from the 1980s, various types
of dopamine-producing cells have been tested in both pre-clinical
and clinical studies, including retinal cells, adrenal medullary cells,
carotid body cells, and human and porcine fetal cells.6–13 Among
these, a groundbreaking study by Lindvall, Björklund, and their
colleagues involved the transplantation of dopamine-rich tissues
dissected from fetal ventral mesencephalon (fVM) into a PD

patient, resulting in substantial recovery and providing the first
“proof-of-concept” for CRT.14 Subsequent open-label studies
reported significant and long-term improvements in some
patients.15–31 However, fVM-based CRT faced numerous chal-
lenges, leading current translational stem cell research to focus on
characterizing human pluripotent stem cells (hPSCs), such as
human embryonic stem cells (hESCs) and induced pluripotent
stem cells (hiPSCs), as potential sources of transplantable midbrain
dopamine (mDA) cells.6–13

Although fVM transplantation revealed serious issues, it
provided not only a “proof-of-concept” but also invaluable insights
and lessons for the future optimization of CRT. A compelling
question arises: Why were the clinical outcomes of previous fVM
transplantation highly variable and inefficient? In this review, we
will discuss important lessons that can be learned from previous
fVM transplantation studies and address critical issues necessary
for the success of hPSC-based CRT. Drawing on recent findings
from our laboratory and others’, we will highlight host immune
responses as major risk factors that limit the survival and
maturation of the grafted mDA cells, as well as the overall clinical
outcomes of CRT in PD. Additionally, we will explore potential
strategic approaches to modify the host immune response and
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other factors for optimal outcomes in future clinical applications
of CRT.

LESSONS FROM FVM TRANSPLANTATION STUDIES
Clinical outcomes of fVM-based CRT varied widely,
occasionally accompanied by graft-induced dyskinesia (GID)
Starting from the late 1980s, stem cell scientists attempted CRT
using fVM tissues dissected from aborted embryos (typically 6 to
9 weeks old) because they showed the most promising outcomes
among various dopamine-producing cells.6–13 In these early open-
label trials using fVM tissues, some patients showed prominent
and long-term improvement including enhanced movement,
reduced rigidity and tremor; decreased ‘off’ periods; reduction of
medication, or in a few cases, a complete cessation; and enhanced
dopamine uptake, as evidenced by 18F-DOPA PET scan analyses
(Table 1).14–35 Subsequent postmortem studies of deceased
transplanted patients further supported these positive clinical
outcomes, revealing successful engraftment of implanted mDANs
with robust outgrowth and innervation to the host striatum,
demonstrating that engrafted mDANs were functionally inte-
grated into neural circuits in the patient’s brain. In summary, these
successful clinical data provided the “proof-of-concept” of CRT in
PD. Despite these positive results, subsequent double-blind, sham-
controlled studies showed clinical benefits were statistically
insignificant and this method was not recommended as a
treatment for PD.36–38 Furthermore, ∼30% of transplanted patients
(18 out of 56) developed a serious side effect: GID,36–38

significantly dampening the initial enthusiasm for the fetal cell-
based approach. These inconsistent and disappointing outcomes,
along with ethical, medical, and practical limitations, rendered this
approach unfeasible as a standard treatment for PD.6–11

The poor and variable survival rates of implanted mDANs may
underlie the inconsistent clinical outcomes observed in fVM-
based CRT
Why were clinical outcomes of fVM transplantation inefficient and
variable? Over the last several decades, more than 400 PD patients
have undergone fVM transplantation and have been thoroughly
analyzed.6–13 Additionally, stem cell scientists conducted exten-
sive pre-clinical studies using rat and mouse embryonic VM tissues
with three objectives: (1) to understand inefficient and variable
clinical outcomes of fVM transplantation; (2) to elucidate the
biological factors influencing the survival of transplanted cells; and
(3) to enhance the survival of implanted mDANs for future
successful CRTs.39–41 These clinical and pre-clinical studies
revealed important insights and diverse potential factors con-
tributing to inconsistent clinical outcomes. These factors encom-
pass a range of variables, including the differing ages and clinical
statuses of patients; varied fetal cell preparation methods; the
heterogenous and variable status of fetuses (typically requiring 6
to 8 fetuses per patient); variable immune suppression regimens;
and target sites of transplantation (putamen, caudate, and/or the
substantia nigra) (Table 1).6–14,18–31,35,37,38,42 While all these donor-
and/or host-specific factors likely play important roles in clinical
outcomes, we speculate that the poor and variable survival of
transplanted mDANs in the graft directly causes inefficient clinical
outcomes. Indeed, this survival issue of grafted mDANs has been a
focal point of CRT research since the conception of fVM
transplantation due to the limited supply of aborted fetuses. As
outlined in an insightful review by Brundin and colleagues,43 the
survival of grafted mDANs in 31 independent studies using rat
embryonic VM transplantation ranged between 0.7% and 23.3%
with an average of 6.86%. Similarly, a consistent survival range
between 5% and 10% was reported in transplantation studies of
human VM grafts in athymic rats44,45 as well as in postmortem
studies of human fVM transplantation.9,12,13,22,23,27,37,38,42

In conclusion, the pivotal lesson from previous clinical and

pre-clinical studies is the highly inefficient and variable survival
of grafted mDANs, which likely constitutes the root cause of the
poor and inconsistent clinical outcomes observed.

When and why do grafted mDANs die during fVM
transplantation?
As described above, the survival of transplanted mDANs was
extensively investigated in pre-clinical studies using rodent
embryonic VM cells to model human fVM transplantation.43,46–52

A salient feature of these studies is that a great majority of mDANs
die shortly after transplantation, typically within one week, and
the number of surviving mDANs in the graft does not increase or
change at later time points. This observation is rather surprising
considering that embryonic VM cells contain a significant number
of early progenitor cells in addition to already differentiated
mDANs. These data suggest two possibilities: (1) progenitor cells
in fVM have very limited capacity for proliferation and differentia-
tion and/or (2) the host environment does not support their
proliferation and differentiation into mDANs. Based on these pre-
clinical studies, four distinct phases have been proposed during
which grafted mDANs may die.43 In Phase 1 (removal of embryos),
mDANs may die of hypoxic and hypoglycemic insults that occur
during embryo removal from the maternal blood supply. In Phase
2 (cell preparation), mDANs may die of axotomy and other
traumatic damages caused by mechanical dissociation. In Phase 3
(intrastriatal injection), mDANs may die during the implantation
procedure and the immediate period following graft injection, and
in Phase 4 (graft maturation), mDANs may die during maturation
and innervation in the host brain.
Extensive studies have been conducted to understand the poor

survival of grafted mDANs and the reasons for their early death
post-transplantation, revealing diverse possibilities. When mDANs,
dissected from embryos, are transplanted into the striatum under
PD conditions, they become deprived of nutrients and growth
factors crucial for their sustenance. Aligning with this concept, pre-
treatment of cells with growth factors like basic fibroblast growth
factor (bFGF) and glial cell line-derived neurotrophic factor (GDNF)
has significantly enhanced the survival of grafted mDANs. Notably,
while bFGF pre-treatment resulted in an approximately 2-fold
increase in survival rate,53,54 continuous delivery through co-
transplantation of bFGF-overexpressing fibroblasts led to a 10-fold
increase, fostering more robust and rapid behavioral recovery.55 In
addition, since neuronal injury is often associated with excitotoxi-
city, oxidative stress, and calcium imbalance, researchers have
explored pathways and molecules associated with these phenom-
ena. Among these, calcium channel blockers (such as flunarizine)
and lipid peroxidation inhibitors (like lazaroids) have shown
notable effects on mDAN survival.56–58 Additionally, inhibition of
cell death pathways, such as caspase inhibitors (e.g., Ac-YVAD-
cmk) significantly enhanced mDAN survival.51

CRITICAL ISSUES FOR SUCCESSFUL AND RELIABLE CRT USING
HPSC-DERIVED MDA CELLS FOR PD
Recognizing the insurmountable obstacles presented by fVM-
based CRT, scientists have shifted their focus to the use of hPSCs,
including hESCs and hiPSCs. One of the most important
advantages of hPSCs is their indefinite self-renewal and pluripo-
tent differentiation potential, enabling the production of unlim-
ited amounts of transplantable cell sources. Although invaluable
lessons and insights are available from previous fVM transplanta-
tion studies, it is evident that dopamine cells from fVM and hPSCs
differ significantly in many aspects. While hESCs and hiPSCs share
similarities, they also retain significant differences, in particular
regarding their immune responses to the host.59 For instance,
hESCs are inherently allogeneic and offer the advantage of being a
single, standard “off the shelf” cell source, which saves time and
expense. However, they require immunosuppression and are
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typically passaged many times, increasing the risk of harmful
mutations.60 In contrast, autologous hiPSCs are derived from PD
patients being treated, without the need for immunosuppres-
sion61 and would be available at earlier passages with less genetic
burdens.

Safety of hPSC-based CRT
Addressing the potential for tumor formation: the risk of tumor
formation represents the most significant concern in any CRT
utilizing hPSCs.62 Notably, there has not been a single case of
tumor formation reported in fVM-based CRT among over 400
transplanted PD patients, nor in numerous embryonic VM-based
pre-clinical studies.6–13 Currently, most CRT approaches favor the
use of hPSCs, owing to their unlimited capacity for proliferation
and differentiation.63 Ironically, this distinct advantage of hPSCs
also presents a critical challenge due to their potential for
neoplastic growth. In light of this, several important aspects must
be considered for the clinical application of hPSC-based CRT.
Firstly, given their tumorigenic potential, it is crucial to remove

any residual undifferentiated hPSCs from the transplantable cell
source. For example, if merely 0.01% of cells remain undiffer-
entiated during in vitro differentiation, this would theoretically
result in 1000 undifferentiated hPSCs in a batch of 10 million cells
used for transplantation. Therefore, the complete removal of any
undifferentiated cells is imperative. A promising strategy for
achieving this goal involves using small molecules that can
selectively target and eliminate undifferentiated hPSCs without
affecting differentiated cells. For example, Lee et al.64 discovered
that undifferentiated hPSCs selectively express the anti-apoptotic
gene BIRC5 (encoding Survivin), unlike their differentiated
counterparts. Based on this finding, a chemical method was
developed using quercetin (a BIRC5 inhibitor) which can eliminate
undifferentiated hPSCs with > 99.99% efficiency.65 Using qRT-PCR
analysis of OCT4 expression as a surrogate marker, the estimated
presence of undifferentiated cells post-quercetin treatment is
approximately 0.0017 per 10 million differentiated cells,65 a rate
lower than the spontaneous incidence of glioma.66 This chemical
method was successfully used in the first hiPSC-based CRT for a
sporadic PD patient.61

Secondly, ensuring the genomic and epigenomic stability of
hPSC-derived cell products is critical. It is well known that hPSCs
contain and accumulate diverse mutations of various sizes (from
point mutations to karyotype abnormality).67,68 These mutations
may have different origins, including pre-existing somatic muta-
tions in original cells used for reprogramming,69–73 the repro-
gramming process to generate hiPSCs,71,74–76 passaging,71,77 and
in vitro differentiation process78 to produce transplantable cell
source. Various technologies such as whole genome and exome
sequencing, bulk RNA-seqencing (RNA-seq) and single-cell RNA-
seq analyses utilizing next-generation sequencing technology,
have been employed to screen for genomic mutations and assess
their functional consequences. Significantly, Merkle et al. con-
ducted screenings on multiple hESC lines, discovering five of these
lines, including the widely used H9, carry six mosaic mutations in
TP53, which could confer a potential growth advantage.60

Therefore, periodic monitoring of putative tumorigenic mutations
in hPSCs and their cell products is essential for their clinical
application.79

Finally, the immunogenicity of hPSC-derived cell products is a
crucial consideration in their clinical application. While iPSC-
derived cells are generally believed to exhibit "negligible"
immunogenicity,80–82 the emergence of aberrant immunogenic
antigens during the differentiation process can induce immune
responses.83 Therefore, there has been a recent emphasis on
periodically monitoring potential immunogenic factors in hPSCs
and their derivatives to ensure their suitability for clinical use. This
includes assessing the expression levels of immunogenic-related
genes such as human leukocyte antigens (HLAs), CD80/CD86/CD40,

and PD-L1/PD-L2/CD47.84–86 Such vigilance in monitoring immu-
nogenicity is critical for the safe and effective translation of hPSC-
based therapies into clinical settings.

When do hPSC-derived mDANs die during the transplantation
process?
A major advantage of hPSCs lies in their potential to produce
unlimited amounts of transplantable cell sources, such as mDANs.
Possibly due to this advantage, cell survival in hPSC-based CRT,
unlike fVM-based CRT, has not garnered sufficient attention and
remains less investigated. Given the significant differences in
cellular, developmental, and proliferation properties between fVM
and hPSCs, both similar and distinct factors must be considered
for successful CRT in PD. To address these issues, we investigated
the cell survival issue of hPSC-based CRT using several rodent
models such as wild type (with immunosuppression) and athymic
rats as well as immunocompromised NOD SCID gamma (NSG)
mice and humanized NSG mice.84 Interestingly, the majority
(∼90%) of mDANs (derived from both hESCs and hiPSCs) died
within the first 1–2 weeks after transplantation, which is very
similar to fVM transplantation.43,46–52 In addition, this study
revealed that the transplantation procedure itself triggered an
acute host inflammatory response. Remarkably, the host immune
response was triggered even when only media was injected
without any cell, indicating that this is induced by the host innate
immune response. Because the immune response pattern was
very similar to that of traumatic brain injury (TBI) (Fig. 1),87,88 we
have termed this phenomenon “needle trauma”.84 This needle
trauma appears to physically damage the host brain, leading to
acute cell death of host neuronal cells around the injection path,
which is thought to trigger subsequent immune responses such as

Fig. 1 Dynamic profiles of molecular and cellular changes
following needle trauma. Upon needle injection, the brain
experiences physical damage, leading to the rupture of resident cells
such as neurons, astrocytes, microglia, and oligodendrocytes. This
rupture results from the impact of the needle, causing these cells to
burst. Subsequently, the ruptured cells release damage-associated
molecular patterns (DAMPs) rapidly, which affect neighboring cells
and trigger the production and secretion of cytokines and chemo-
kines due to activation. Among the cells sensing this response,
neutrophils are quickly recruited to the damaged site, playing a
pivotal role in promptly eliminating the debris. Concurrently,
astrocytes and microglia become increasingly activated and migrate
toward the damaged area over time. Approximately by the third day,
peripheral monocytes infiltrate, and depending on the severity of the
brain damage, T and B cells may also infiltrate, engaging in reparative
functions. This sequence of inflammatory processes is crucial for the
removal of cell debris resulting from needle trauma, facilitating
essential steps for the repair and homeostasis of the damaged area. At
the same time, however, this event appears to cause substantial
damage and death to engrafted mDANs.
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immediate secretion of proinflammatory cytokines (e.g., TNF and
IL-1β), activation of astrocytes/microglia, and robust infiltration of
Iba-1+ and major histocompatibility complex (MHC)II+ inflamma-
tory cells near the needle track, which peaked at day 7 before
declining at 1 month and disappeared at 6 months. Importantly,
this needle trauma preferentially led to the death of most mDANs,
rather than midbrain dopamine progenitors (mDAPs), within the
graft. Furthermore, unlike fVM-based CRT, the total number of
mDANs (and grafted cells) significantly increased during the later
stage, suggesting that some mDAPs proliferated and differen-
tiated into new mDANs in the host brain post-transplantation.84 In
light of these new findings, coupled with insights from previous
fVM transplantation studies,43,46–52 we propose that hPSC-derived
mDANs may die during one of three phases in the hPSC-based
CRT procedure (Fig. 2).
In Phase 1, hESCs/hiPSCs are cultured and subsequently

differentiated in vitro over a specific period using optimized
procedures (Fig. 2). While various laboratories employ diverse
optimized protocols,65,89–96 these methods typically use dual
inhibition of SMADs, targeting BMP and TGFβ signalings, and dual
activation of WNT and SHH signalings, based on previous
developmental studies. This in vitro differentiation process leads
to the generation of mDA cells, predominantly comprising mDAPs
and mDANs, in the range of 60%–95% and 5%–25%, respectively,
depending on individual protocols.65,89–96 These protocols vary in
detailed methods and media components. For instance, some
protocols utilize a 2D monolayer method, while others employ a
combination of 2D and 3D cultures, such as embryoid bodies and
floating neurosphere cultures. There is a possibility that mDA cells
differentiated in vitro may lose viability during the differentiation
process. For example, we observed that a significant portion of
cells die and/or become apoptotic on evenly distributed mono-
layer culture and that dividing the monolayer into smaller isolated
portions, known as the “spotting method”, significantly reduced
the percentage of these unhealthy or apoptotic cells during
in vitro differentiation process.65,97 Phase 1 is analogous to the
initial step of fVM-based CRT, where donor embryos are dissected
and prepared as either cell suspension or tissue blocks for
transplantation.43 Previous studies demonstrated that the cell
viability was substantially affected by different conditions and
types of the grafting medium used for the preparation of fVM-
derived cells.98–100 Therefore, in vitro differentiation conditions
and culture media should be rigorously tested and optimized to
maximize the viability. This optimization is crucial as the non-
viable/apoptotic component of these final cell products will
persist until transplantation and could negatively impact clinical
outcomes. For instance, in conjunction with needle trauma-
induced neuroinflammation, this dead or apoptotic component of
transplanted cell product may trigger an additional host immune
response in Phase 3. Although one can design a FACS procedure

to exclude dead/dying cells, it may impose additional harmful
effects on viable cells.
In Phase 2, in vitro differentiated mDA cells are harvested and

cryopreserved in liquid nitrogen until transplantation (Fig. 2).
Recent studies indicate that hPSC-derived mDA cells can be
cryopreserved without losing their viability, cellular phenotypes,
and in vivo function.65,93,101–103 Consequently, most groups are
planning to incorporate this cryopreservation step in hPSC-based
CRT. Phase 2 comprises three key steps: (i) harvesting and
cryopreserving the in vitro differentiated mDA cells using an
optimal cryopreservation medium in cryovials; (ii) storing multiple
cryovials in liquid nitrogen; and (iii) thawing the cryovials and
loading mDA cells into a surgical syringe before transplantation. In
theory, mDA cells can undergo cell death at any of these steps. For
example, although hPSC-derived mDA cells have been reported to
maintain their viability and function, the duration for which they
can be stored in liquid nitrogen without compromising their
viability and function remains an area of uncertainty. Given that
needle trauma has been observed to preferentially affect mDANs
more than mDAPs, it is plausible that the impact of cryopreserva-
tion and subsequent handling varies significantly depending on
cell types.84 Therefore, revisiting this issue and systematically
analyzing the viability of different cell types at each step could be
crucial for the final optimization of the process.
Phase 3 constitutes the final in vivo transplantation step and

encompasses (i) surgical transplantation, (ii) the early stage (<
2 weeks), and (iii) the late stage (> 2 weeks) of graft establishment
(Fig. 2). Host immune responses operate at these steps and may
lead to the death of mDA cells. During the initial step of graft
injection, mDA cells may retain viability in the syringe for a limited
period (e.g., 10–20 min). However, prolonged delays during the
injection process, exceeding the norm in clinical procedures, may
result in the death of a portion of mDA cells (especially mDANs)
even before they are injected into the host brain. Thus, minimizing
delay in the surgical procedure is advisable. Notably, the surgical
procedure itself appears to trigger acute innate immune
responses, culminating in a hostile neuroinflammation environ-
ment. Injected mDANs are consequently subjected to early and
preferential cell death. Furthermore, an adaptive immune
response between grafted cells and the host immune system
may occur, potentially leading to graft rejection in the absence of
immunosuppression. In the later stage of engraftment in Phase 3,
surviving mDA cells undergo maturation, differentiation, and
integration into the host brain to establish new functional circuits.
However, it is plausible that a portion of new and/or maturing
mDANs may succumb even at this late stage due to various factors
such as continued host immune responses, insufficient essential
factors (e.g., blood supply, growth factors, and oxygen), and an
unfavorable PD environment characterized by neuroinflammation,
oxidative stress, and α-synucleinopathy.

Fig. 2 Three different phases of hPSC-based CRT when mDANs may die. Schematic representation of the three phases in which mDANs can
die. Phase 1 involves the in vitro differentiation of hPSCs into mDA cells, predominantly comprising mDAPs and mDANs, using optimized
procedures. Phase 2 encompasses the harvesting and cryopreservation of in vitro differentiated mDA cells, emphasizing the critical steps of
cryopreservation, storage, and thawing. In Phase 3, the final in vivo transplantation occurs, consisting of surgical transplantation, the early
stage (< 2 weeks), and the late stage (> 2 weeks) of graft establishment. The potential challenges and considerations at each phase, including
cell viability, immune responses, and environmental factors, are discussed for a comprehensive understanding of the optimization process in
hPSC-based CRT for PD.
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HOST IMMUNE RESPONSES IN HPSC-BASED CRT
The survival of engrafted mDA cells is significantly influenced by
various levels of host immune responses. A fundamental
requirement for the survival of transplanted cells is to evade graft
rejection, a process regulated by the host’s adaptive immune
system. Traditionally, certain specialized organs such as the brain
and the eye have been considered immune-privileged,104 which
might explain why an earlier fVM transplantation study did not
use immunosuppressants (Table 1). Conversely, an opposing
viewpoint suggests that even autologous cells can elicit an
immune response if differentiated cell products express immuno-
genic antigens.83,105 To investigate this contentious issue of
immunogenicity in autologous vs allogeneic intracerebral grafts,
we conducted transplantation experiments involving patient-
derived and allogeneic mDA cells into the striatum of NSG mice,
patient-humanized NSG mice, and allogeneic humanized NSG
mice. Our findings revealed that while autologous mDA cells were
rejected in allogeneic humanized mice, they were accepted in
autologous humanized mice,61 indicating that allogeneic mDA
cells would likely be rejected without immunosuppression when
transplanted into the brain. It is noteworthy that the brain’s
immune privilege may require an intact blood–brain barrier (BBB),
which could be compromised in PD brains106 as well as by the
surgical procedure. Additionally, our recent study suggests that
the host immune system interacts not only with grafted cells but
also with the surgical instrument, namely the needle, under-
scoring the critical role of the host innate immune response in the
process,84 as described below.

Adaptive immune response and immunosuppression
The adaptive immune response plays a pivotal role in the rejection
of allogeneic or xenogeneic grafts.107 This adaptive immunity is
characterized by the precise and sensitive reactions of T and B
cells to MHCs, also known as HLA, expressed by all nucleated cells.
Even slight differences in the expression of HLA molecule(s) by
grafted cells can trigger active elimination by the body. Therefore,
significant immunosuppression is required even for intracerebral
transplantation of allogeneic mDA cells. Indeed, all current and
future clinical trials involving allogeneic hPSC-derived mDA cells
plan to use substantial levels of immunosuppression.90,93,95,108 It is
crucial to acknowledge that long-term immunosuppression is
associated with diverse side effects, including susceptibility to
infections and malignancies, along with additional costs and
inconvenience. Previous studies have demonstrated a correlation
between infection risk and the dose and duration of immuno-
suppressants,109,110 with risks and severity of infection increasing
when used in combination with other immunosuppressants.111

Additionally, immunosuppression with cyclosporine is known to
elevate the risk of malignancies such as lymphoma or skin
cancer.112,113 Other side effects may include loss of appetite,
vomiting, nausea, and tremors, although these symptoms typically
subside as the body adapts to immunosuppressants. Given these
various side effects, researchers are actively exploring ways to
optimize the administration route, dosage and duration of
immunosuppression. For example, a promising strategy involves
leveraging local immunosuppression to circumvent the systemic
side effects associated with standard immunosuppression.114

Innate immune response
Innate immunity constitutes the body’s initial line of defense,
encompassing physical, chemical, and cellular mechanisms to
promptly counteract or eliminate foreign antigens introduced
from external sources.107,115 Unlike adaptive immunity, which is
acquired through exposure to invaders, innate immunity is
inherently present at birth and relies on antigen-nonspecific
defense mechanisms. The primary function of innate immunity
is to directly eliminate pathogens, and most importantly, to
rapidly recruit immune cells to the site of infection and

inflammation.116,117 This is achieved through sensing pathogens
and producing cytokines (e.g., TNFα, IL-1β, IFNγ) and chemokines
(e.g., CXCL, CCL). Additionally, innate immunity responds to
physical damage resulting from external mechanical forces. A
representative example is neuroinflammation induced by TBI,
where initial traumatic insults trigger disruption of both macro-
barriers (e.g., the skin) and micro-barriers (e.g., cell membranes),
leading to secretion of diverse immune molecules.118

Our recent study showed that the transplantation procedure
using a needle prominently triggers host innate immune
responses, which was termed “needle trauma’ due to its similarity
to TBI (Fig. 1).84 Primary TBI occurs immediately after the impact,
damaging physical structures of the brain, including meningeal
and neuronal contusion, axonal shearing, and blood vessel
damage. Secondary TBI develops gradually, involving various
cellular processes, such as BBB disturbance, excitotoxicity,
mitochondrial dysfunction, oxidative stress, inflammation, and
cell loss.115 Since needle trauma similarly induces these down-
stream pathways, further elucidation may provide promising
molecular targets to mitigate its effects on the survival of grafted
mDA cells, thereby potentially enhancing the outcomes of hPSC-
based CRT (see below). It is worth noting that PD patients typically
exhibit elevated levels of both brain inflammation and systemic
inflammation compared to healthy individuals.119–121 This heigh-
tened inflammatory state in PD patients may potentially exert a
more pronounced adverse impact on the outcome of CRT.
Furthermore, it is essential to recognize that the systemic immune
system varies significantly among individuals, including those with
PD, which may lead to differences in treatment outcomes due to
these immunological differences. However, it is important to
acknowledge that the primary factor influencing the survival of
transplanted mDANs is the inflammation triggered by brain
damage resulting from the transplantation procedure itself.
Consequently, further research efforts are needed to fully under-
stand the distinct roles of intrinsic inflammatory states and
surgery-induced inflammation in determining the survival of
grafted mDANs.

POTENTIAL STRATEGIES TO ENHANCE CELL SURVIVAL FOR
SUCCESSFUL HPSC-BASED CRT
Although hPSC-based CRT offers the advantage of generating an
unlimited number of transplantable cells, it also faces the
challenge of poor survival hPSC-derived mDANs, as evidenced
by previous pre-clinical studies (Table 2).96,122–131 Therefore,
developing novel strategies to enhance the survival of mDANs
during CRT is imperative. One promising approach is modifying
the host immune responses to create a more favorable environ-
ment for the transplanted cells.

Strategies targeting adaptive immunity
A prerequisite for the survival of grafted cells is to circumvent graft
rejection. Consequently, all allogeneic transplantations require a
significant level of immunosuppression, although the duration of
immunosuppression required for each patient remains uncertain.
Recent studies in nonhuman primates132–134 and humans61 have
demonstrated that autologous transplantations do not require
immunosuppression. However, this autologous approach entails
substantial time and expense. An alternative strategy to mitigate
the need for immunosuppression involves using HLA-matched
iPSCs. Supporting evidence for this approach comes from a recent
primate study indicating that transplantation of mDA cells from
HLA-matched primate iPSCs reduced host immune responses and
increased the survival of mDANs.12 Consequently, numerous
groups are striving to establish HLA-matched hiPSCs as a bank
from common HLA-homozygous donors, aiming to minimize graft
rejection post-transplantation and reduce the time and effort
compared to the autologous approach (Fig. 3).135,136 Yamanaka’s
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Table 2. List of representative preclinical studies using PSC-derived mDA cells.

Graft Host Application Number of grafted
cells

Number of survived TH+ cells Ref.

hESC-mDA
precursors

NSG mouse N/A 150,000 4500 ± 1000 94

SD rat 250,000 14,500 ± 5000

hiPSC-NPC NOD-SCID
mouse

N/A 1 × 105 7500 ± 3500 (D28 without Shh and FGF8)
2000 ± 1500 (D28 with Shh and FGF8)
< 500 (D42 without Shh and FGF8)
< 500 (D42 with Shh and FGF8)

131

Cynomolgus
monkey

2.4 × 106 (right)
2.4 × 106 (left)

3.07 × 104 (right, d28 spheres),
1.26 × 105 (left, d42 spheres)

hESC-NPC Cynomolgus
monkey

N/A 4.8 × 106 1.3–18.6 × 103 in each side 130

PiPSC-mDANs SD rat N/A 100,000–200,000 2791–18,684 (sorted NCAM+/CD29low)
4835–22,666 (unsorted)

129

hESC-mDANs Athymic rat N/A 150,000 986 ± 333 128

hiPSC-mDAPs SD rat Sorting: CORIN+ 4 × 105 Unsorted:
3436 ± 2384 (D28)
N/A (D42)

CORIN+ sorted:
6747 ± 2341 (D28)
1900 ± 658 (D42)

127

CM-iPSC-mDANs Cynomolgus
monkey

N/A MF25–04 : 1 × 107 13,029 (MF25–04) 134

MF27-04, MF66-02 :
4 × 107

8551 (MF27-04), 7938 (MF66-02)

hESC-mDANs SCID mouse N/A 2 × 105 7555 ± 913 (hM4Di-), 7245 ± 517 (hM3Dq-),
6110 ± 254 (EGFP-expressing cell)

126

hESC/hiPSC-
mDAPs

SD rat Sorting: LRTM1+ 1.3 × 105 Unsorted:
1102 ± 349

LRTM1+ sorted:
11,702 ± 2566

125

Cynomolgus
monkey

1 × 106 N/A LRTM1+ sorted:
~2.4 × 106

hiPSC-mDAPs Cynomolgus
monkey

N/A 4.8 × 106 Healthy : 5.4 ± 4.7 × 104

PD : 7.3 ± 5.3 × 104
124

hESC-mDAPs Fischer 344 rat Encapsulation: HA-
heparin-RGD
hydrogel

89,500 (2D) 2D, Suspension: ∼1200 170

93,800 (3D) 3D, HA hydrogel: ∼6400

hiPSC-mDAPs Athymic rat N/A 100,000 5621 ± 1029 per 100,000 65

hESC-PITX3/
LMX1A-GFP VM
mDAPs

Athymic rat AAV-GDNF 100,000 PITX3-GFP+ cells:
4092 ± 602

+ GDNF:
PITX3-GFP+ cells
7986 ± 1375

123

LMX1A-GFP+ cells:
19,810 ± 2828

+ GDNF:
LMX1A-GFP+ cells
30,381 ± 6513

hiPSC-mDAPs F344-
Il2rgem2Kyo X-
SCID rat

Zonisamide 5 × 105 3.17 ± 1.64 × 103 (vehicle)
7.5 ± 1.95 × 103 (+ZNS 30 mg/kg)
8.16 ± 3.43 × 103 (+ZNS 60 mg/kg)

122

hiPSC-mDAPs F344 Njc1-rnu/
rnu rat

N/A 4 × 105 2835 ± 2534 90

hESC-mDAPs Athymic rat N/A 400,000 49,250 (male), 42,480 (female) 93

hiPSC-mDA
neurospheres

F344 Njc1-rnu/
rnu rat

N/A 400,000 (fresh)
400,000
(cryopreservedX1)
800,000
(cryopreservedX2)

4601 ± 1189 (fresh)
1306 ± 480 (cryopreservedX1)
3988 ± 1961 (cryopreservedX2)

102

hiPSC-PITX3-GFP
mDAPs

Athymic rat AAV-GDNF 100,000 18,910 ± 1853
(Homotopic)
20,550 ± 1616
(Ectopic)

+ GDNF:
28,088 ± 2618
(Homotopic)
24,396 ± 1180
(Ecotopic)

177

hiPSC-mDAPs NSG mouse TREG 100,000 + Saline:
1825 ± 287 (2
weeks)
5421 ± 534 (20
weeks)

+ TREG :
4427 ± 189 (2
weeks)
9523 ± 835 (20
weeks)

84
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group estimated that hiPSC lines derived from approximately 140
unique HLA-homozygous donors would be sufficient to cover up
to 90% of the Japanese population.137 Due to genetic diversity,
large-scale hPSC banks are currently being established in the
United States to cover diverse ethnic groups such as European
Americans, African Americans, Hispanics, and Asians.138 Despite
these efforts, the immune response may still occur even with HLA-
matched cells due to indirect pathway caused by H-Y minor
histocompatibility antigens or innate immunity resulting from
natural killer (NK) cells.139,140

Efforts to develop “universal donor stem cells” that evade
immune rejection have garnered significant attention.141,142 This
approach primarily aims to eliminate HLA molecules in donor cells,
which are pivotal for adaptive immunity and graft rejection. The
initial endeavor aimed to eliminate HLA molecules, specifically
targeting HLA class I, which predominantly expresses β2-
microtubulin (B2M), a structurally non-polymorphic heavy chain,
across most cell types.143,144 However, cells lacking HLA class I,
generated through the genomic engineering approach, exhibited
limitations as they were susceptible to lysis by NK cells via a
‘missing self’ response.145 Notably, the lysis mechanism is averted
when the CD94/NGK2A complex on NK cells engages with any
HLA class I molecule, including HLA-E, recognized for its minimal
polymorphism and expression solely in B2M knockout cells.145,146

Recently, through the process of technology development and
optimization, Schrepfer and colleagues147 devised a method to
generate hypoimmunogenic donor iPSCs through three steps: (1)
CRISPR/Cas9-mediated knockout of the B2M gene (a component
of HLA class I), and (2) the CIITA gene (the master regulator of HLA
class II), and (3) the lentiviral overexpression of the immune
receptor CD47 transgene. They demonstrated that various cell
types derived from these engineered donor iPSCs (e.g., endothelial
cells, smooth muscle cells, and cardiomyocytes) effectively evade
immune rejection in fully HLA-mismatched host animals and
survive long-term without immunosuppression. Additionally,
Hotta and colleagues created pseudo-homozygous iPSC lines by
disrupting HLA-A and HLA-B bi-allelically while retaining a single
HLA-C allele using CRISPR-Cas9.148 It is estimated that 12 HLA-C-
retained iPSC lines with HLA-class II knockout could be
immunologically compatible with > 90% of the world’s popula-
tion. While these strategies hold promise for iPSC-based
regenerative medicine applications, it remains uncertain whether
these engineered cells would retain full functionality and
hypoimmunogenicity post-transplantation into patients.149 Exten-
sive genetic manipulation (e.g., ectopic CD47 expression) may lead
to unforeseen adverse effects like oncogenic transformation and
compromised immune responses.150,151 Moreover, in instances
where a cell becomes infected with a virus, prompt removal may
not be feasible, prompting the need for the development of

genetic integration of kill-switches. Taken together, this strategy
could potentially induce unintended adverse reactions, necessitat-
ing further research to refine and implement safety strate-
gies.152,153 Furthermore, even if these genetic alterations
successfully evade immune rejection by adaptive immunity, the
transplanted grafts may still be susceptible to innate immune
responses by needle trauma.

Strategies targeting innate immunity
The host innate immune response triggered by TBI or needle
trauma initiates acute inflammation after injury. This response is
characterized by the secretion and upregulation of DAMPs,
cytokines, chemokines, immune cell infiltration (e.g., neutrophils
and myeloid cells), and subsequent activation of glial cells
(astrocyte and microglia) and recruitment of leukocytes.107,115,154

Numerous studies have demonstrated that these molecules
including DAMPs, cytokines, and chemokines, are acutely secreted
after TBI within 6 h.155 Consequently, various research endeavors
have sought to target innate immunity for therapeutic develop-
ment in TBI. These investigations have revealed that blocking
those molecules using specific inhibitors resulted in prominent
effects to treat TBI in animal models.156–159 It will be intriguing to
determine whether these inhibitors and/or neutralizing antibodies
can produce similar effects in needle trauma and improve the
survival of engrafted mDA cells. This avenue warrants future
investigation (Fig. 4). Moreover, considering that needle trauma
acutely triggers the secretion of various cytokines, chemokines,
and DAMPs (within minutes to hours post-injury), an intriguing
approach could involve delaying the grafting of cells post-needle
insertion (without cells). Indeed, previous studies have shown that
neuronal survival markedly increased when the injection of
dopaminergic cell suspension was delayed for more than one
hour following cannula insertion.160,161

Regulatory T (TREG) cells play a vital role in maintaining
immunological tolerance and homeostasis.162,163 They are impli-
cated in numerous autoimmune and inflammatory diseases and
have been clinically utilized to improve survival rates in various
organ transplantations through adoptive transfer after ex vivo
expansion.164 In TBI, TREG cells infiltrate the damaged area following
initial inflammatory cell infiltration to facilitate the repair pro-
cess.165,166 Therefore, it was hypothesized that autologous TREG cells
might mitigate the innate immune response triggered by needle
trauma and enhance the survival of grafted mDANs. In testing the
effect of TREG cells via conventional adoptive transfer,164,167

approximately 1,000,000 ex vivo expanded autologous TREG cells,
were intravenously injected, leading to a modest but significant
reduction in the innate immune response, as indicated by
decreased infiltration of MHCII+ cells. However, due to the rapid
onset of needle trauma-induced neuroinflammation in the brain,

Table 2. continued

Graft Host Application Number of grafted
cells

Number of survived TH+ cells Ref.

hESC-mDAPs Athymic rat N/A 30,000 ∼1900 95

60,000 ∼3700
120,000 ∼8000

hESC-mDAPs Athymic rat N/A 5000 758.86 ± 286.00 96

10,000 1477.71 ± 529.79

25,000 2820.00 ± 1378.86

100,000 17,598.40 ± 5451.54

hESC human embryonic stem cell, mDA midbrain dopaminergic, NSG NOD SCID gamma, SD Sprague Dawley, hiPSC human induced pluripotent stem cell, NPC
neural progenitor cell, NOD nonobese diabetic, SCID severe combined immunodeficient, Shh sonic hedgehog, FGF8 fibroblast growth factor 8, PiPSC primate
induced pluripotent stem cell, mDANs midbrain dopaminergic neurons, NCAM neural cell adhesion molecule, CM Cynomolgus monkey, mDAPs midbrain
dopaminergic progenitor cells, PD Parkinson’s disease, ZNS Zonisamide, GDNF Glial cell line-derived neurotrophic factor, RGD Arginylglycylaspartic acid, HA
Hyaluronic acid, TREG Regulatory T cells, Ref. reference.
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the adoptive transfer method may be inefficient as it requires time
for the TREG cells to infiltrate and function. Direct intra-striatal
transplantation of only 2% (20,000) TREG cells, on the other hand, led
to robust suppression of needle trauma-induced inflammation and
significantly increased the survival of grafted mDANs (Table 2),
accompanied by faster and more pronounced behavioral improve-
ment in rodent models of PD.84 Nevertheless, the rescue of mDANs
was incomplete, suggesting that further optimization of intra-

striatal co-transplantation of TREG cells is necessary. One potential
approach could involve encapsulating TREG and mDA cells using
hydrogel systems before transplantation (Fig. 4).168–170 Additionally,
considering that needle trauma may occur in CRT for other CNS and
non-CNS diseases, it is of significant interest to test whether TREG cell
co-transplantation can similarly reduce needle trauma-induced
inflammation and enhance the survival of desired therapeutic cell
products in general.171

Fig. 4 Strategies targeting innate immunity. In CRT, the standard procedure involves the injection of cells into the brain using a needle,
which induces needle trauma and subsequent secretion of various innate immune response factors, including DAMPs, pro-/anti-inflammatory
cytokines, and chemokines. These factors activate surrounding glial cells and lead to the infiltration of peripheral immune cells into the brain,
contributing positively to damage repair. However, they also exert a detrimental effect on grafted cells, resulting in severe cell death of
mDANs. A potential strategy to enhance the survival of grafted cells involves obtaining autologous TREG cells from the patient, increasing their
quantity and functionality, and confirming improved therapeutic effects through co-transplantation into the brain. Additionally, exploring the
efficacy of inhibitors, neutralizing antibodies, and encapsulation methods to enhance the survival of grafted cells within the inflammatory
microenvironment, combined with the application of TREG technology, represents a promising direction for future advancements in CRT.

Fig. 3 Strategies targeting adaptive immunity. In general, allogeneic transplantation using mDA cells derived from hESCs still necessitates
immunosuppression, whereas autologous transplantation with mDA cells from hiPSCs is characterized by immune tolerance, eliminating the
need for immunosuppressants. An alternative strategy, distinct from utilizing autologous cells, involves the application of HLA-matched
hiPSCs to reduce the risk of graft rejection, with ongoing efforts to establish an HLA-matched iPSC bank encompassing a diverse array of
donors. Another approach focuses on the development of "universal donor stem cells," incorporating genetic modifications, such as CRISPR/
Cas9-mediated knockout of HLA class I and II components, along with lentiviral overexpression of the immune receptor CD47 or HLA-E/G
transgene.
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Strategies targeting long-term differentiation and maturation
at the later stage of graft establishment
Even if grafted mDA cells manage to evade the initial immune
attacks post-transplantation and survive the early stage, they face
a suboptimal environment unlike early brain development, where
all necessary nutrients, oxygen, growth factors, relevant transcrip-
tion factors, and developmental signals are provided or induced in
a precise temporal and spatial manner. Instead, the new
environment of grafted mDA cells is characterized by aged PD
pathological conditions such as elevated neuroinflammation,
oxidative stress, α-synucleinopathy, and limited/no supply of
essential factors.172,173 Indeed, recent single-cell RNA-seq analyses
have revealed that grafted cells often exhibit inadequate and
inefficient differentiation into mDANs, favoring instead the
differentiation into alternative cell types such as astrocytes and
vascular leptomeningeal cells.174 These inadequate and hetero-
geneous graft cell populations may be non-functional and could
potentially induce unwanted immunogenicity. This challenge is
compounded by the lengthy process for these mDA cells to
mature into mDANs with neuronal outgrowth, reinnervate to host
brain, and eventually establish functional new networks. This
process can take considerable time ranging from 4–6 months in
rodent brains to 1–3 years in human brains (Table 1). Therefore, it
is crucial to develop and implement therapeutic strategies aimed
at enhancing the survival, differentiation, and/or maturation of
grafted mDA cells. Supporting this idea, pre-treatment of fVM cells
with growth factors such as bFGF and GDNF increased the survival
of grafted mDANs about 2-fold,53,54 while long-term supply of
bFGF led to a 10-fold increase in the number of survived mDANs.55

Furthermore, recent studies have demonstrated that pretreatment
or viral delivery of GDNF enhanced the survival and differentiation
of hPSCs (Table 2).123,175–177 Building upon these promising
findings, a potential strategy involves facilitating the sustained
supply of relevant growth factor(s) and/or transcription factor(s),
which may not only enhance the survival of grafted mDA cells but
also promote their differentiation into new mDANs.

CONCLUSIONS AND PERSPECTIVE
Since the hallmark pathological feature of PD is the selective loss
of mDANs in the substantia nigra, CRT has been the focus of
extensive studies for over four decades. In particular, fVM-based
CRT has provided not only proof-of-concept but also invaluable
lessons. Among these, the most significant lesson is that the
survival of implanted mDANs is very limited, potentially under-
lying the variable and often inefficient clinical outcomes. Despite
significant research efforts, the molecular and cellular mechanisms
underlying the acute and extensive death of mDANs post-
transplantation remain only partially understood.
Recent advancements in stem cell technology offer promise for

hPSC-based CRT, with various hPSC sources (e.g., allogeneic hESCs,
allogeneic hiPSCs, HLA-matched hiPSCs, and autologous hiPSCs)
being explored for scalable production of transplantable mDA
cells in ongoing or upcoming clinical trials. However, several
critical issues must be addressed for the successful implementa-
tion of hPSC-based CRT. Firstly, improving the survival of
implanted mDANs is paramount, drawing from lessons learned
from fVM-based CRT. Secondly, addressing the multiple phases
and steps of CRT where mDANs are at risk of dying is essential.
Thirdly, understanding and manipulating both host adaptive and
innate immune responses are crucial, with recent evidence
highlighting the role of the surgical procedure in triggering host
innate immune responses. Future research efforts should focus on
developing effective strategies to manipulate host immune
responses to enhance the survival of implanted mDANs and
improve clinical outcomes.
It is important to note that, although grafted mDANs may

survive post-transplantation, they face the unfavorable PD host

environment including neuroinflammation, α-synucleinopathy,
and limited supply of essential factors. These challenges make
their prolonged survival and maturation very difficult, necessitat-
ing further research in this aspect. Additionally, PD patients often
exhibit degeneration of other neurons beyond mDANs, such as
noradrenergic and/or serotonergic neurons,178–181 contributing to
various non-motor deficits. Therefore, even the most successful
hPSC-based CRT may not provide a ‘cure’ for PD. Instead, it is
expected to be an integral component of a comprehensive
treatment strategy, complementing other approaches such as
novel drug treatment (e.g., anti-inflammatory and neuroprotec-
tive) and gene therapy.

REFERENCES
1. Fahn, S. The 200-year journey of Parkinson disease: Reflecting on the past and

looking towards the future. Parkinsonism Relat. Disord. 46, S1–S5 (2018).
2. Kalia, L. V. & Lang, A. E. Parkinson’s disease. Lancet 386, 896–912 (2015).
3. Poewe, W. et al. Parkinson disease. Nat. Rev. Dis. Primers 3, 17013 (2017).
4. Obeso, J. A. et al. Missing pieces in the Parkinson’s disease puzzle. Nat. Med. 16,

653–661 (2010).
5. Meissner, W. G. et al. Priorities in Parkinson’s disease research. Nat. Rev. Drug

Discov. 10, 377–393 (2011).
6. Barker, R. A., Barrett, J., Mason, S. L. & Bjorklund, A. Fetal dopaminergic trans-

plantation trials and the future of neural grafting in Parkinson’s disease. Lancet
Neurol. 12, 84–91 (2013).

7. Sonntag, K. C. et al. Pluripotent stem cell-based therapy for Parkinson’s disease:
Current status and future prospects. Prog. Neurobiol. 168, 1–20 (2018).

8. Parmar, M., Grealish, S. & Henchcliffe, C. The future of stem cell therapies for
Parkinson disease. Nat. Rev. Neurosci. 21, 103–115 (2020).

9. Barker, R. A., Drouin-Ouellet, J. & Parmar, M. Cell-based therapies for Parkinson
disease-past insights and future potential. Nat. Rev. Neurol. 11, 492–503 (2015).

10. Skidmore, S. & Barker, R. A. Challenges in the clinical advancement of cell
therapies for Parkinson’s disease. Nat. Biomed. Eng. 7, 370–386 (2023).

11. Cha, Y., Park, T. Y., Leblanc, P. & Kim, K. S. Current status and future perspectives
on stem cell-based therapies for Parkinson’s disease. J. Mov. Disord. 16, 22–41
(2023).

12. Lindvall, O. Clinical translation of stem cell transplantation in Parkinson’s disease.
J. Intern. Med. 279, 30–40 (2016).

13. Li, J. Y. & Li, W. Postmortem studies of fetal grafts in Parkinson’s Disease: What
lessons have we learned? Front. Cell. Dev. Biol. 9, 666675 (2021).

14. Lindvall, O. et al. Grafts of fetal dopamine neurons survive and improve motor
function in Parkinson’s disease. Science 247, 574–577 (1990).

15. Defer, G. L. et al. Long-term outcome of unilaterally transplanted parkinsonian
patients. I. Clinical approach. Brain 119, 41–50 (1996).

16. Mendez, I. et al. Simultaneous intrastriatal and intranigral fetal dopaminergic
grafts in patients with Parkinson disease: a pilot study. Report of three cases. J.
Neurosurg. 96, 589–596 (2002).

17. Peschanski, M. et al. Bilateral motor improvement and alteration of L-dopa effect
in two patients with Parkinson’s disease following intrastriatal transplantation of
foetal ventral mesencephalon. Brain 117, 487–499 (1994).

18. Freed, C. R. et al. Survival of implanted fetal dopamine cells and neurologic
improvement 12 to 46 months after transplantation for Parkinson’s disease. N.
Engl. J. Med. 327, 1549–1555 (1992).

19. Freeman, T. B. et al. Bilateral fetal nigral transplantation into the post-
commissural putamen in Parkinson’s disease. Ann. Neurol. 38, 379–388 (1995).

20. Hagell, P. et al. Sequential bilateral transplantation in Parkinson’s disease: Effects
of the second graft. Brain 122, 1121–1132 (1999).

21. Kefalopoulou, Z. et al. Long-term clinical outcome of fetal cell transplantation
for Parkinson disease: Two case reports. JAMA Neurol. 71, 83–87 (2014).

22. Kordower, J. H. et al. Functional fetal nigral grafts in a patient with Parkinson’s
disease: chemoanatomic, ultrastructural, and metabolic studies. J. Comp. Neurol.
370, 203–230 (1996).

23. Kordower, J. H. et al. Fetal nigral grafts survive and mediate clinical benefit in a
patient with Parkinson’s disease. Mov. Disord. 13, 383–393 (1998).

24. Lindvall, O. et al. Human fetal dopamine neurons grafted into the striatum in
two patients with severe Parkinson’s disease. A detailed account of methodol-
ogy and a 6-month follow-up. Arch. Neurol. 46, 615–631 (1989).

25. Lindvall, O. et al. Evidence for long-term survival and function of dopaminergic
grafts in progressive Parkinson’s disease. Ann. Neurol. 35, 172–180 (1994).

26. Lindvall, O. et al. Transplantation of fetal dopamine neurons in Parkinson’s
disease: one-year clinical and neurophysiological observations in two patients
with putaminal implants. Ann. Neurol. 31, 155–165 (1992).

T. Park et al.

489

Cell Research (2024) 34:479 – 492



27. Mendez, I. et al. Cell type analysis of functional fetal dopamine cell suspension
transplants in the striatum and substantia nigra of patients with Parkinson’s
disease. Brain 128, 1498–1510 (2005).

28. Piccini, P. et al. Dopamine release from nigral transplants visualized in vivo in a
Parkinson’s patient. Nat. Neurosci. 2, 1137–1140 (1999).

29. Spencer, D. D. et al. Unilateral transplantation of human fetal mesencephalic
tissue into the caudate nucleus of patients with Parkinson’s disease. N. Engl. J.
Med. 327, 1541–1548 (1992).

30. Wenning, G. K. et al. Short- and long-term survival and function of unilateral
intrastriatal dopaminergic grafts in Parkinson’s disease. Ann. Neurol. 42, 95–107
(1997).

31. Widner, H. et al. Bilateral fetal mesencephalic grafting in two patients with
parkinsonism induced by 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP).
N. Engl. J. Med. 327, 1556–1563 (1992).

32. Li, W. et al. Extensive graft-derived dopaminergic innervation is maintained 24
years after transplantation in the degenerating parkinsonian brain. Proc. Natl.
Acad. Sci. USA 113, 6544–6549 (2016).

33. Kordower, J. H., Chu, Y., Hauser, R. A., Freeman, T. B. & Olanow, C. W. Lewy body-
like pathology in long-term embryonic nigral transplants in Parkinson’s disease.
Nat. Med. 14, 504–506 (2008).

34. Li, J. Y. et al. Lewy bodies in grafted neurons in subjects with Parkinson’s disease
suggest host-to-graft disease propagation. Nat. Med. 14, 501–503 (2008).

35. Mendez, I. et al. Dopamine neurons implanted into people with Parkinson’s
disease survive without pathology for 14 years. Nat. Med. 14, 507–509 (2008).

36. Greene, P. E. et al. Persistent dyskinesias in patients with fetal tissue trans-
plantation for Parkinson disease. NPJ Parkinsons Dis. 7, 38 (2021).

37. Freed, C. R. et al. Transplantation of embryonic dopamine neurons for severe
Parkinson’s disease. N. Engl. J. Med. 344, 710–719 (2001).

38. Olanow, C. W. et al. A double-blind controlled trial of bilateral fetal nigral
transplantation in Parkinson’s disease. Ann. Neurol. 54, 403–414 (2003).

39. Thompson, L. & Bjorklund, A. Survival, differentiation, and connectivity of ventral
mesencephalic dopamine neurons following transplantation. Prog. Brain Res.
200, 61–95 (2012).

40. Ramachandran, A. C., Bartlett, L. E. & Mendez, I. M. A multiple target neural
transplantation strategy for Parkinson’s disease. Rev. Neurosci. 13, 243–256
(2002).

41. Castilho, R. F., Hansson, O. & Brundin, P. Improving the survival of grafted
embryonic dopamine neurons in rodent models of Parkinson’s disease. Prog.
Brain Res. 127, 203–231 (2000).

42. Bjorklund, A. & Kordower, J. H. Cell therapy for Parkinson’s disease: what next?
Mov. Disord. 28, 110–115 (2013).

43. Brundin, P. et al. Improving the survival of grafted dopaminergic neurons: a
review over current approaches. Cell Transpl. 9, 179–195 (2000).

44. Brundin, P. et al. Human fetal dopamine neurons grafted in a rat model of
Parkinson’s disease: immunological aspects, spontaneous and drug-induced
behaviour, and dopamine release. Exp. Brain Res. 70, 192–208 (1988).

45. Frodl, E. M., Duan, W. M., Sauer, H., Kupsch, A. & Brundin, P. Human embryonic
dopamine neurons xenografted to the rat: effects of cryopreservation and
varying regional source of donor cells on transplant survival, morphology and
function. Brain Res. 647, 286–298 (1994).

46. Barker, R. A., Dunnett, S. B., Faissner, A. & Fawcett, J. W. The time course of loss of
dopaminergic neurons and the gliotic reaction surrounding grafts of embryonic
mesencephalon to the striatum. Exp. Neurol. 141, 79–93 (1996).

47. Duan, W. M., Widner, H. & Brundin, P. Temporal pattern of host responses
against intrastriatal grafts of syngeneic, allogeneic or xenogeneic embryonic
neuronal tissue in rats. Exp. Brain Res. 104, 227–242 (1995).

48. Emgard, M., Karlsson, J., Hansson, O. & Brundin, P. Patterns of cell death and
dopaminergic neuron survival in intrastriatal nigral grafts. Exp. Neurol. 160,
279–288 (1999).

49. Wenker, S. D. & Pitossi, F. J. Cell therapy for Parkinson’s disease is coming of age:
current challenges and future prospects with a focus on immunomodulation.
Gene Ther. 27, 6–14 (2020).

50. Zawada, W. M. et al. Growth factors improve immediate survival of embryonic
dopamine neurons after transplantation into rats. Brain Res. 786, 96–103 (1998).

51. Schierle, G. S. et al. Caspase inhibition reduces apoptosis and increases survival
of nigral transplants. Nat. Med. 5, 97–100 (1999).

52. Mahalik, T. J., Hahn, W. E., Clayton, G. H. & Owens, G. P. Programmed cell death
in developing grafts of fetal substantia nigra. Exp. Neurol. 129, 27–36 (1994).

53. Zeng, B. Y., Jenner, P. & Marsden, C. D. Altered motor function and graft survival
produced by basic fibroblast growth factor in rats with 6-OHDA lesions and fetal
ventral mesencephalic grafts are associated with glial proliferation. Exp. Neurol.
139, 214–226 (1996).

54. Mayer, E., Fawcett, J. W. & Dunnett, S. B. Basic fibroblast growth factor promotes
the survival of embryonic ventral mesencephalic dopaminergic neurons–II.
Effects on nigral transplants in vivo. Neuroscience 56, 389–398 (1993).

55. Takayama, H. et al. Basic fibroblast growth factor increases dopaminergic graft
survival and function in a rat model of Parkinson’s disease. Nat. Med. 1, 53–58
(1995).

56. Schierle, G. S. & Brundin, P. Excitotoxicity plays a role in the death of tyrosine
hydroxylase- immunopositive nigral neurons cultured in serum-free medium.
Exp. Neurol. 157, 338–348 (1999).

57. Nakao, N., Frodl, E. M., Duan, W. M., Widner, H. & Brundin, P. Lazaroids improve
the survival of grafted rat embryonic dopamine neurons. Proc. Natl. Acad. Sci.
USA 91, 12408–12412 (1994).

58. Kaminski Schierle, G. S., Hansson, O. & Brundin, P. Flunarizine improves the
survival of grafted dopaminergic neurons. Neuroscience 94, 17–20 (1999).

59. Schweitzer, J. S., Song, B. & Kim, K. S. A step closer to autologous cell therapy for
Parkinson’s disease. Cell Stem Cell 28, 595–597 (2021).

60. Merkle, F. T. et al. Human pluripotent stem cells recurrently acquire and expand
dominant negative P53 mutations. Nature 545, 229–233 (2017).

61. Schweitzer, J. S. et al. Personalized iPSC-Derived dopamine progenitor cells for
parkinson’s disease. N. Engl. J. Med. 382, 1926–1932 (2020).

62. Lee, A. S., Tang, C., Rao, M. S., Weissman, I. L. & Wu, J. C. Tumorigenicity as a
clinical hurdle for pluripotent stem cell therapies. Nat. Med. 19, 998–1004 (2013).

63. Yamanaka, S. Pluripotent stem cell-based cell therapy-promise and challenges.
Cell Stem Cell 27, 523–531 (2020).

64. Lee, M. O. et al. Inhibition of pluripotent stem cell-derived teratoma formation
by small molecules. Proc. Natl. Acad. Sci. USA 110, E3281–E3290 (2013).

65. Song, B. et al. Human autologous iPSC-derived dopaminergic progenitors restore
motor function in Parkinson’s disease models. J. Clin. Invest. 130, 904–920 (2020).

66. Ostrom, Q. T. et al. The epidemiology of glioma in adults: a "state of the science"
review. Neuro. Oncol. 16, 896–913 (2014).

67. Lund, R. J., Narva, E. & Lahesmaa, R. Genetic and epigenetic stability of human
pluripotent stem cells. Nat. Rev. Genet. 13, 732–744 (2012).

68. Yoshihara, M., Hayashizaki, Y. & Murakawa, Y. Genomic Instability of iPSCs:
Challenges Towards Their Clinical Applications. Stem Cell Rev. 13, 7–16 (2017).

69. Abyzov, A. et al. Somatic copy number mosaicism in human skin revealed by
induced pluripotent stem cells. Nature 492, 438–442 (2012).

70. Cheng, L. et al. Low incidence of DNA sequence variation in human induced
pluripotent stem cells generated by nonintegrating plasmid expression. Cell
Stem Cell 10, 337–344 (2012).

71. Gore, A. et al. Somatic coding mutations in human induced pluripotent stem
cells. Nature 471, 63–67 (2011).

72. Howden, S. E. et al. Genetic correction and analysis of induced pluripotent stem
cells from a patient with gyrate atrophy. Proc. Natl. Acad. Sci. USA 108, 6537–6542
(2011).

73. Quinlan, A. R. et al. Genome sequencing of mouse induced pluripotent stem
cells reveals retroelement stability and infrequent DNA rearrangement during
reprogramming. Cell Stem Cell 9, 366–373 (2011).

74. Ji, J. et al. Elevated coding mutation rate during the reprogramming of human
somatic cells into induced pluripotent stem cells. Stem Cells 30, 435–440 (2012).

75. Sugiura, M. et al. Induced pluripotent stem cell generation-associated point
mutations arise during the initial stages of the conversion of these cells. Stem
Cell Reports 2, 52–63 (2014).

76. Yoshihara, M. et al. Hotspots of de novo point mutations in induced pluripotent
stem cells. Cell Rep. 21, 308–315 (2017).

77. Liu, P. et al. Passage number is a major contributor to genomic structural var-
iations in mouse iPSCs. Stem Cells 32, 2657–2667 (2014).

78. Lezmi, E., Jung, J. & Benvenisty, N. High prevalence of acquired cancer-related
mutations in 146 human pluripotent stem cell lines and their differentiated
derivatives. Nat. Biotechnol. https://doi.org/10.1038/s41587-023-02090-2 (2024).

79. Trounson, A. Potential pitfall of pluripotent stem cells. N. Engl. J. Med. 377,
490–491 (2017).

80. Wang, L. et al. Immunogenicity and functional evaluation of iPSC-derived organs
for transplantation. Cell Discov. 1, 15015 (2015).

81. Guha, P., Morgan, J. W., Mostoslavsky, G., Rodrigues, N. P. & Boyd, A. S. Lack of
immune response to differentiated cells derived from syngeneic induced plur-
ipotent stem cells. Cell Stem Cell 12, 407–412 (2013).

82. Araki, R. et al. Negligible immunogenicity of terminally differentiated cells derived
from induced pluripotent or embryonic stem cells. Nature 494, 100–104 (2013).

83. Zhao, T. et al. Humanized mice reveal differential immunogenicity of cells
derived from autologous induced pluripotent stem cells. Cell Stem Cell 17,
353–359 (2015).

84. Park, T. Y. et al. Co-transplantation of autologous T(reg) cells in a cell therapy for
Parkinson’s disease. Nature 619, 606–615 (2023).

85. Ozaki, M. et al. Evaluation of the immunogenicity of human iPS cell-derived
neural stem/progenitor cells in vitro. Stem Cell Res. 19, 128–138 (2017).

86. Kimura, T., Yamashita, A., Ozono, K. & Tsumaki, N. Limited immunogenicity of
human induced pluripotent stem cell-derived cartilages. Tissue Eng. Part A 22,
1367–1375 (2016).

T. Park et al.

490

Cell Research (2024) 34:479 – 492

https://doi.org/10.1038/s41587-023-02090-2


87. Alam, A. et al. Cellular infiltration in traumatic brain injury. J. Neuroinflammation
17, 328 (2020).

88. Karve, I. P., Taylor, J. M. & Crack, P. J. The contribution of astrocytes and microglia
to traumatic brain injury. Br. J. Pharmacol. 173, 692–702 (2016).

89. Kirkeby, A. et al. Predictive markers guide differentiation to improve graft out-
come in clinical translation of hESC-based therapy for Parkinson’s disease. Cell
Stem Cell 20, 135–148 (2017).

90. Doi, D. et al. Pre-clinical study of induced pluripotent stem cell-derived dopa-
minergic progenitor cells for Parkinson’s disease. Nat. Commun. 11, 3369 (2020).

91. Gantner, C. W., Cota-Coronado, A., Thompson, L. H. & Parish, C. L. An optimized
protocol for the generation of midbrain dopamine neurons under defined
conditions. STAR Protoc. 1, 100065 (2020).

92. Xiong, M. et al. Human stem cell-derived neurons repair circuits and restore
neural function. Cell Stem Cell 28, 112–126.e6 (2021).

93. Piao, J. et al. Preclinical efficacy and safety of a human embryonic stem cell-
derived midbrain dopamine progenitor product, MSK-DA01. Cell Stem Cell 28,
217–229.e7 (2021).

94. Kriks, S. et al. Dopamine neurons derived from human ES cells efficiently engraft
in animal models of Parkinson’s disease. Nature 480, 547–551 (2011).

95. Kirkeby, A. et al. Preclinical quality, safety, and efficacy of a human embryonic
stem cell-derived product for the treatment of Parkinson’s disease, STEM-PD.
Cell Stem Cell 30, 1299–1314.e9 (2023).

96. Park, S. et al. Preclinical and dose-ranging assessment of hESC-derived dopa-
minergic progenitors for a clinical trial on Parkinson’s disease. Cell Stem Cell 31,
25–38.e8 (2024).

97. Kim, J. et al. Spotting-based differentiation of functional dopaminergic pro-
genitors from human pluripotent stem cells. Nat. Protoc. 17, 890–909 (2022).

98. Nikkhah, G., Eberhard, J., Olsson, M. & Bjorklund, A. Preservation of fetal ventral
mesencephalic cells by cool storage: in-vitro viability and TH-positive neuron
survival after microtransplantation to the striatum. Brain Res. 687, 22–34 (1995).

99. Barker, R. A., Fricker, R. A., Abrous, D. N., Fawcett, J. & Dunnett, S. B. A com-
parative study of preparation techniques for improving the viability of nigral
grafts using vital stains, in vitro cultures, and in vivo grafts. Cell Transplant. 4,
173–200 (1995).

100. Watts, C., Caldwell, M. A. & Dunnett, S. B. The development of intracerebral cell-
suspension implants is influenced by the grafting medium. Cell Transplant. 7,
573–583 (1998).

101. Wakeman, D. R. et al. Cryopreservation maintains functionality of human iPSC
dopamine neurons and rescues Parkinsonian phenotypes in vivo. Stem Cell
Reports 9, 149–161 (2017).

102. Hiramatsu, S. et al. Cryopreservation of induced pluripotent stem cell-derived
dopaminergic neurospheres for clinical application. J. Parkinsons Dis. 12,
871–884 (2022).

103. Niclis, J. C. et al. Efficiently specified ventral midbrain dopamine neurons from
human pluripotent stem cells under xeno-free conditions restore motor deficits
in Parkinsonian rodents. Stem Cells Transl. Med. 6, 937–948 (2017).

104. Forrester, J. V., McMenamin, P. G. & Dando, S. J. CNS infection and immune
privilege. Nat. Rev. Neurosci. 19, 655–671 (2018).

105. Zhao, T., Zhang, Z. N., Rong, Z. & Xu, Y. Immunogenicity of induced pluripotent
stem cells. Nature 474, 212–215 (2011).

106. Lee, H. & Pienaar, I. S. Disruption of the blood-brain barrier in Parkinson’s dis-
ease: curse or route to a cure? Front. Biosci. 19, 272–280 (2014).

107. Waisman, A., Liblau, R. S. & Becher, B. Innate and adaptive immune responses in
the CNS. Lancet Neurol. 14, 945–955 (2015).

108. Park, S. C. et al. Does age at onset of first major depressive episode indicate the
subtype of major depressive disorder?: the clinical research center for depres-
sion study. Yonsei Med. J. 55, 1712–1720 (2014).

109. Cutolo, M. et al. Use of glucocorticoids and risk of infections. Autoimmun. Rev. 8,
153–155 (2008).

110. Stuck, A. E., Minder, C. E. & Frey, F. J. Risk of infectious complications in patients
taking glucocorticosteroids. Rev. Infect. Dis. 11, 954–963 (1989).

111. Aberra, F. N. & Lichtenstein, G. R. Methods to avoid infections in patients with
inflammatory bowel disease. Inflamm. Bowel Dis. 11, 685–695 (2005).

112. Price, M. L., Tidman, M. J., Ogg, C. S. & MacDonald, D. M. Skin cancer and
cyclosporine therapy. N. Engl. J. Med. 313, 1420 (1985).

113. Muellenhoff, M. W. & Koo, J. Y. Cyclosporine and skin cancer: an international
dermatologic perspective over 25 years of experience. A comprehensive review
and pursuit to define safe use of cyclosporine in dermatology. J. Dermatolog.
Treat. 23, 290–304 (2012).

114. Alemdar, A. Y., Sadi, D., McAlister, V. & Mendez, I. Intracerebral co-
transplantation of liposomal tacrolimus improves xenograft survival and redu-
ces graft rejection in the hemiparkinsonian rat. Neuroscience 146, 213–224
(2007).

115. Huber-Lang, M., Lambris, J. D. & Ward, P. A. Innate immune responses to trauma.
Nat. Immunol. 19, 327–341 (2018).

116. Duan, T., Du, Y., Xing, C., Wang, H. Y. & Wang, R. F. Toll-Like receptor signaling
and its role in cell-mediated immunity. Front. Immunol. 13, 812774 (2022).

117. Akira, S., Uematsu, S. & Takeuchi, O. Pathogen recognition and innate immunity.
Cell 124, 783–801 (2006).

118. Zheng, R. Z. et al. Neuroinflammation following traumatic brain injury: Take it
seriously or not. Front. Immunol. 13, 855701 (2022).

119. Collins, L. M., Toulouse, A., Connor, T. J. & Nolan, Y. M. Contributions of central
and systemic inflammation to the pathophysiology of Parkinson’s disease.
Neuropharmacology 62, 2154–2168 (2012).

120. Yacoubian, T. A. et al. Brain and systemic inflammation in de novo Parkinson’s
disease. Mov. Disord. 38, 743–754 (2023).

121. Tansey, M. G. et al. Inflammation and immune dysfunction in Parkinson disease.
Nat. Rev. Immunol. 22, 657–673 (2022).

122. Miyawaki, Y., Samata, B., Kikuchi, T., Nishimura, K. & Takahashi, J. Zonisamide
promotes survival of human-induced pluripotent stem cell-derived dopami-
nergic neurons in the striatum of female rats. J. Neurosci. Res. 98, 1575–1587
(2020).

123. Gantner, C. W. et al. Viral Delivery of GDNF promotes functional integration of
human stem cell grafts in Parkinson’s disease. Cell Stem Cell 26, 511–526.e5
(2020).

124. Kikuchi, T. et al. Human iPS cell-derived dopaminergic neurons function in a
primate Parkinson’s disease model. Nature 548, 592–596 (2017).

125. Samata, B. et al. Purification of functional human ES and iPSC-derived midbrain
dopaminergic progenitors using LRTM1. Nat. Commun. 7, 13097 (2016).

126. Chen, Y. et al. Chemical Control of Grafted Human PSC-Derived Neurons in a
Mouse Model of Parkinson’s Disease. Cell Stem Cell 18, 817–826 (2016).

127. Doi, D. et al. Isolation of human induced pluripotent stem cell-derived dopa-
minergic progenitors by cell sorting for successful transplantation. Stem Cell
Reports 2, 337–350 (2014).

128. Grealish, S. et al. Human ESC-derived dopamine neurons show similar preclinical
efficacy and potency to fetal neurons when grafted in a rat model of Parkinson’s
disease. Cell Stem Cell 15, 653–665 (2014).

129. Sundberg, M. et al. Improved cell therapy protocols for Parkinson’s disease
based on differentiation efficiency and safety of hESC-, hiPSC-, and non-human
primate iPSC-derived dopaminergic neurons. Stem Cells 31, 1548–1562 (2013).

130. Doi, D. et al. Prolonged maturation culture favors a reduction in the tumor-
igenicity and the dopaminergic function of human ESC-derived neural cells in a
primate model of Parkinson’s disease. Stem Cells 30, 935–945 (2012).

131. Kikuchi, T. et al. Survival of human induced pluripotent stem cell-derived mid-
brain dopaminergic neurons in the brain of a primate model of Parkinson’s
disease. J. Parkinsons Dis. 1, 395–412 (2011).

132. Emborg, M. E. et al. Induced pluripotent stem cell-derived neural cells survive
and mature in the nonhuman primate brain. Cell Rep. 3, 646–650 (2013).

133. Tao, Y. et al. Autologous transplant therapy alleviates motor and depressive
behaviors in parkinsonian monkeys. Nat. Med. 27, 632–639 (2021).

134. Hallett, P. J. et al. Successful function of autologous iPSC-derived dopamine
neurons following transplantation in a non-human primate model of Parkin-
son’s disease. Cell Stem Cell 16, 269–274 (2015).

135. de Rham, C. & Villard, J. Potential and limitation of HLA-based banking of human
pluripotent stem cells for cell therapy. J. Immunol. Res. 2014, 518135 (2014).

136. Ford, E. et al. Human Pluripotent stem cells-based therapies for neurodegen-
erative diseases: current status and challenges. Cells 9, 2517 (2020).

137. Akabayashi, A., Nakazawa, E. & Jecker, N. S. Endangerment of the iPSC stock
project in Japan: on the ethics of public funding policies. J. Med. Ethics 44,
700–702 (2018).

138. Gourraud, P. A., Gilson, L., Girard, M. & Peschanski, M. The role of human leu-
kocyte antigen matching in the development of multiethnic "haplobank" of
induced pluripotent stem cell lines. Stem Cells 30, 180–186 (2012).

139. Morizane, A. et al. MHC matching improves engraftment of iPSC-derived neu-
rons in non-human primates. Nat. Commun. 8, 385 (2017).

140. Mizukami, Y. et al. MHC-matched induced pluripotent stem cells can attenuate
cellular and humoral immune responses but are still susceptible to innate
immunity in pigs. PLoS One 9, e98319 (2014).

141. Lanza, R., Russell, D. W. & Nagy, A. Engineering universal cells that evade
immune detection. Nat. Rev. Immunol. 19, 723–733 (2019).

142. Simpson, A., Hewitt, A. W. & Fairfax, K. A. Universal cell donor lines: A review of
the current research. Stem Cell Reports 18, 2038–2046 (2023).

143. Riolobos, L. et al. HLA engineering of human pluripotent stem cells. Mol. Ther.
21, 1232–1241 (2013).

144. Lu, P. et al. Generating hypoimmunogenic human embryonic stem cells by the
disruption of beta 2-microglobulin. Stem Cell Rev. Rep. 9, 806–813 (2013).

145. Bix, M. et al. Rejection of class I MHC-deficient haemopoietic cells by irradiated
MHC-matched mice. Nature 349, 329–331 (1991).

146. Gornalusse, G. G. et al. HLA-E-expressing pluripotent stem cells escape allo-
geneic responses and lysis by NK cells. Nat. Biotechnol. 35, 765–772 (2017).

T. Park et al.

491

Cell Research (2024) 34:479 – 492



147. Deuse, T. et al. Hypoimmunogenic derivatives of induced pluripotent stem cells
evade immune rejection in fully immunocompetent allogeneic recipients. Nat.
Biotechnol. 37, 252–258 (2019).

148. Xu, H. et al. Targeted disruption of HLA genes via CRISPR-Cas9 generates iPSCs
with enhanced immune compatibility. Cell Stem Cell 24, 566–578.e7 (2019).

149. Shani, T. & Hanna, J. H. Universally non-immunogenic iPSCs. Nat. Biomed. Eng. 3,
337–338 (2019).

150. Trounson, A., Boyd, N. R. & Boyd, R. L. Toward a universal solution: Editing
compatibility into pluripotent stem cells. Cell Stem Cell 24, 508–510 (2019).

151. Kosicki, M., Tomberg, K. & Bradley, A. Repair of double-strand breaks induced by
CRISPR-Cas9 leads to large deletions and complex rearrangements. Nat. Bio-
technol. 36, 765–771 (2018).

152. Liang, Q. et al. Linking a cell-division gene and a suicide gene to define and
improve cell therapy safety. Nature 563, 701–704 (2018).

153. Harding, J., Vintersten-Nagy, K. & Nagy, A. Universal stem cells: Making the
unsafe safe. Cell Stem Cell 27, 198–199 (2020).

154. Morganti-Kossmann, M. C., Rancan, M., Otto, V. I., Stahel, P. F. & Kossmann, T.
Role of cerebral inflammation after traumatic brain injury: a revisited concept.
Shock 16, 165–177 (2001).

155. Helmy, A., Carpenter, K. L., Menon, D. K., Pickard, J. D. & Hutchinson, P. J. The
cytokine response to human traumatic brain injury: temporal profiles and evi-
dence for cerebral parenchymal production. J. Cereb. Blood Flow Metab. 31,
658–670 (2011).

156. Yang, S. H., Gangidine, M., Pritts, T. A., Goodman, M. D. & Lentsch, A. B. Inter-
leukin 6 mediates neuroinflammation and motor coordination deficits after mild
traumatic brain injury and brief hypoxia in mice. Shock 40, 471–475 (2013).

157. Clausen, F. et al. Neutralization of interleukin-1beta modifies the inflammatory
response and improves histological and cognitive outcome following traumatic
brain injury in mice. Eur. J. Neurosci. 30, 385–396 (2009).

158. Kabadi, S. V. et al. S100B inhibition reduces behavioral and pathologic
changes in experimental traumatic brain injury. J. Cereb. Blood Flow Metab. 35,
2010–2020 (2015).

159. Chio, C. C. et al. Therapeutic evaluation of etanercept in a model of traumatic
brain injury. J. Neurochem. 115, 921–929 (2010).

160. Zietlow, R., Sinclair, S. R., Schwiening, C. J., Dunnett, S. B. & Fawcettt, J. W. The
release of excitatory amino acids, dopamine, and potassium following trans-
plantation of embryonic mesencephalic dopaminergic grafts to the rat striatum,
and their effects on dopaminergic neuronal survival in vitro. Cell Transplant. 11,
637–652 (2002).

161. Sinclair, S. R., Fawcett, J. W. & Dunnett, S. B. Delayed implantation of nigral grafts
improves survival of dopamine neurones and rate of functional recovery. Neu-
roreport 10, 1263–1267 (1999).

162. Vignali, D. A., Collison, L. W. & Workman, C. J. How regulatory T cells work. Nat.
Rev. Immunol. 8, 523–532 (2008).

163. Wood, K. J. & Sakaguchi, S. Regulatory T cells in transplantation tolerance. Nat.
Rev. Immunol. 3, 199–210 (2003).

164. Bluestone, J. A., McKenzie, B. S., Beilke, J. & Ramsdell, F. Opportunities for Treg
cell therapy for the treatment of human disease. Front. Immunol. 14, 1166135
(2023).

165. Shi, L. et al. Treg cell-derived osteopontin promotes microglia-mediated white
matter repair after ischemic stroke. Immunity 54, 1527–1542.e8 (2021).

166. Ma, X. et al. Regulatory T cells protect against brain damage by alleviating
inflammatory response in neuromyelitis optica spectrum disorder. J. Neuroin-
flammation 18, 201 (2021).

167. Duggleby, R., Danby, R. D., Madrigal, J. A. & Saudemont, A. Clinical grade reg-
ulatory CD4(+) T Cells (Tregs): Moving toward cellular-based immunomodula-
tory therapies. Front. Immunol. 9, 252 (2018).

168. Penna, V. et al. Extracellular matrix biomimetic hydrogels, encapsulated with
stromal cell-derived factor 1, improve the composition of foetal tissue grafts in a
rodent model of Parkinson’s disease. Int. J. Mol. Sci. 23, 4646 (2022).

169. Moriarty, N., Cabre, S., Alamilla, V., Pandit, A. & Dowd, E. Encapsulation of young
donor age dopaminergic grafts in a GDNF-loaded collagen hydrogel further
increases their survival, reinnervation, and functional efficacy after intrastriatal
transplantation in hemi-Parkinsonian rats. Eur. J. Neurosci. 49, 487–496 (2019).

170. Adil, M. M. et al. Engineered hydrogels increase the post-transplantation survival
of encapsulated hESC-derived midbrain dopaminergic neurons. Biomaterials
136, 1–11 (2017).

171. Tang, Q. Regulatory T cells aid stem-cell therapy for Parkinson’s disease. Nature
619, 470–472 (2023).

172. Hoban, D. B. et al. Impact of alpha-synuclein pathology on transplanted hESC-
derived dopaminergic neurons in a humanized alpha-synuclein rat model of PD.
Proc. Natl. Acad. Sci. USA 117, 15209–15220 (2020).

173. Nolan, Y. M., Sullivan, A. M. & Toulouse, A. Parkinson’s disease in the nuclear age
of neuroinflammation. Trends Mol. Med. 19, 187–196 (2013).

174. Tiklova, K. et al. Single cell transcriptomics identifies stem cell-derived graft
composition in a model of Parkinson’s disease. Nat. Commun. 11, 2434 (2020).

175. Di Santo, S., Meyer, M., Ducray, A. D., Andereggen, L. & Widmer, H. R. A Com-
bination of NT-4/5 and GDNF is favorable for cultured human nigral neural
progenitor cells. Cell Transplant. 27, 648–653 (2018).

176. Studer, L. & Tabar, V. Parkinson’s disease grafts benefit from well-timed growth
factor. Nature 582, 39–40 (2020).

177. Moriarty, N. et al. A combined cell and gene therapy approach for homotopic
reconstruction of midbrain dopamine pathways using human pluripotent stem
cells. Cell Stem Cell 29, 434–448.e5 (2022).

178. Nahimi, A., Kinnerup, M. B., Sommerauer, M., Gjedde, A. & Borghammer, P.
Molecular imaging of the noradrenergic system in idiopathic Parkinson’s dis-
ease. Int. Rev. Neurobiol. 141, 251–274 (2018).

179. Espay, A. J., LeWitt, P. A. & Kaufmann, H. Norepinephrine deficiency in Parkin-
son’s disease: the case for noradrenergic enhancement. Mov. Disord. 29,
1710–1719 (2014).

180. Samanci, B., Tan, S., Michielse, S., Kuijf, M. L. & Temel, Y. The habenula in Par-
kinson’s disease: Anatomy, function, and implications for mood disorders - A
narrative review. J. Chem. Neuroanat. 136, 102392 (2024).

181. Vegas-Suarez, S. et al. Dysfunction of serotonergic neurons in Parkinson’s dis-
ease and dyskinesia. Int. Rev. Neurobiol. 146, 259–279 (2019).

ACKNOWLEDGEMENTS
This work was supported by the NIH grants (NS127391 and NS129188), the Parkinson’s
Cell Therapy Research Fund at McLean Hospital and Massachusetts General Hospital,
and the Masson Family Endowed Scholar in Neurosurgery. We are grateful to Dr. Pierre
Leblanc for his thorough review of the manuscript, and we would like to extend our
thanks to Ms. Hannah Ryu for her artistic contributions in creating the figures.

AUTHOR CONTRIBUTIONS
T.Y.P. and K.S.K. conceptualized, and T.Y.P., J.J., Y.C., and K.S.K. wrote and edited the
review. Figures were created with BioRender.com.

COMPETING INTERESTS
The authors declare no competing interests.

ADDITIONAL INFORMATION
Correspondence and requests for materials should be addressed to Kwang-Soo Kim.

Reprints and permission information is available at http://www.nature.com/
reprints

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain permission
directly from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

T. Park et al.

492

Cell Research (2024) 34:479 – 492

http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Past, present, and future of cell replacement therapy for parkinson’s disease: a novel emphasis on host immune responses
	Introduction
	Lessons from FVM transplantation studies
	Clinical outcomes of fVM-based CRT varied widely, occasionally accompanied by graft-induced dyskinesia�(GID)
	The poor and variable survival rates of implanted mDANs may underlie the inconsistent clinical outcomes observed in fVM-based�CRT
	When and why do grafted mDANs die during fVM transplantation?

	Critical issues for successful and reliable CRT using HPSC-Derived mDA cells�for PD
	Safety of hPSC-based�CRT
	When do hPSC-derived mDANs die during the transplantation process?

	Host immune responses in HPSC-Based�CRT
	Adaptive immune response and immunosuppression
	Innate immune response

	Potential strategies to enhance cell survival for successful HPSC-Based�CRT
	Strategies targeting adaptive immunity
	Strategies targeting innate immunity
	Strategies targeting long-term differentiation and maturation at the later stage of graft establishment

	Conclusions and perspective
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




