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Abstract. Stem cell-based therapies for Parkinson’s disease are now being applied clinically. Notably, studies have shown
that controlling the graft-induced immune response improves the results. In this mini-review, we concisely summarize current
approaches used for this control. We focus on four modes of stem cell-based therapies: autologous transplantation, allogeneic
transplantation with human leukocyte antigen-matching and allogeneic transplantation without, and finally the application of
“universal” pluripotent stem cells. We also discuss immuno-suppressive treatments and the monitoring of immune reactions
in the brain.
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INTRODUCTION

Clinical cell therapies for Parkinson’s disease (PD)
using dopamine progenitors derived from pluripo-
tent stem cells (PSCs), such as embryonic stem
cells (ESCs) [1] and induced pluripotent stem cells
(iPSCs) [2–4], have begun. Cell therapies like these
in the central nervous system (CNS) are less likely
to cause an immune rejection than in other organs.
Indeed, one double-blind clinical trial showed that
allografts of human embryonic dopamine neurons
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are not rejected following transplant even without
immune suppression [5]. However, although the brain
has been considered a site of immune privilege, this
concept is being revisited [6]. Consistently, past clin-
ical experience of cell therapies using aborted fetal
tissues has shown that the use of immunosuppres-
sants improves the results in Huntington’s disease [7].
Based on studies of organ and bone marrow trans-
plantations, graft and host human leukocyte antigens
(HLA), especially HLA-A, -B, and -DR, determine
the activity of host cytotoxic T cells and B cells, which
can influence graft rejection and survival.

Because the availability of fetal tissue is limited,
cell therapies usually use a mixture of several fetuses
as donor cells, making matching or even typing HLA
haplotypes difficult. Stem cell-based transplantations
may solve this problem.
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PSC-BASED THERAPIES

Autologous transplantation

iPSC technology enables autologous transplanta-
tion, which theoretically prevents an immune resp-
onse or rejection (see Fig. 1, Autologous). In the brain
of non-human primates, autologous transplantations
using iPSCs cause a minimal immune response [8].
To date, one group has reported an autologous iPSC-
based therapy for PD with good results, but only
on one patient [2], and only one other group has
performed an autologous iPSC-based therapy, which
was for age-related macular degeneration [9]. The
reason is that although iPSC-based autologous trans-
plantation is ideal from an immunological point of
view, it currently suffers from high cost. Furthermore,
the large scalability of iPSC lines and their subse-
quent derivatives under good manufacturing practice
(GMP) is still not practical.

Allogeneic transplantation (HLA-mismatch)

Current stem cell banks and stocks permit allo-
geneic transplantations but not autologous ones. In
cases using healthy donor ESCs or iPSCs of which the

Fig. 1. Modes of PSC-based cell therapies. Cell therapies using
PSCs can be divided into two types from the perspective of
the donor origin: allogeneic and autologous transplantations.
Allogeneic transplantations are subdivided into HLA-mismatch
transplantation, HLA-matching transplantation, and universal
PSC-based transplantation. The colors and the patterns in the
schema of the chromosomes indicate the haplotypes of HLA. For
HLA-matching transplantation, cell lines with HLA-homologous
haplotypes (HLA-homo PSCs) are normally used to increase
the probability of matching. For clinical application, different
HLA-homo PSC lines must be banked. Universal PSCs promise
transplantations without inducing an immune response to any
recipient. They can be derived by editing genes for T-cell responses
(e.g., HLA-A, -B, -DR, PD-L1, CTLA4) and NK cells (e.g., HLA-
C, -E, -G).

HLAs do not match the host, immunosuppressants are
recommended [1] (see Fig. 1, HLA-mismatch). This
strategy, HLA-mismatch allograft with immune sup-
pression, is practical for the CNS, because the donor
cells from healthy volunteers are readily available and
well characterized. Accordingly, clinical trials for PD
using this strategy are ongoing [1, 4]. As for other
organs, such as the heart, which are more suscepti-
ble to immune rejection [10], HLA-matching or other
modes should be considered.

HLA-matching

Stem cell banks and stocks also make HLA-mat-
ched transplantation feasible. To maximize the num-
ber of patients who will benefit from HLA-matched
stem cell products, donors with homozygous HLA
(HLA-homo), i.e., the paternal and maternal alleles
have the same HLA haplotypes (see Fig. 1, HLA-
matching), increase the probability of HLA-matching
for a cell therapy. Regarding CNS cell therapies,
because the expression of HLA-class II on neural
cells is minimal, it may not be necessary to con-
sider HLA-DR. HLA-homo donors can be found by
cooperating with existing cell banks. For example,
in Japan, the Japan Red Cross, Japan Marrow Donor
Program, and several Japanese cord blood banks are
assisting in donor recruitment for an iPSC stock [11].
It is estimated that 1, 10, 75, and 140 HLA-homo
iPSC lines would match approximately 17%, 50%,
80%, and 90% of the Japanese population, respec-
tively [12]. In countries with more diverse HLA
haplotypes, however, these percentages are smaller.

Nevertheless, the benefits are controversial. Major
histocompatibility complex (MHC)-matched allo-
geneic grafts in a non-human primate PD model led
to better survival but were rejected in a non-human
primate Huntington’s disease model [13, 14]. One
possible reason for the rejection was an immune
response via minor antigens or NK cells through killer
cell immunoglobulin-like receptor (KIR) signaling
[15]. Thus, even HLA-matched grafts should be com-
bined with immunosuppressants. For the heart, all
MHC-matched allografts in a non-human primate
myocardial infarction model survived when com-
bined with methylprednisolone and tacrolimus [10].

Universal PSCs with genome editing

Genome editing enables the generation of PSC
lines that do not express HLA molecules, allow-
ing the PSC derivatives to evade the host’s immune
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response (see Fig. 1, Gene editing). One example
is knocking out the beta 2 microglobulin (B2M)
gene, which prevents the expression of HLA-class
I molecules and allows the cells to evade T cell imm-
unity. The same cells, however, may still be attacked
by NK cells, because HLA molecules function as
ligands for NK cell inhibitory receptors, such as
KIR and NKG2A. Many subsets of NK cells express
different combinations of these receptors, complicat-
ing the immune suppression. For example, although
HLA-E is a ligand of NKG2A receptor, its overex-
pression did not inhibit KIR2D-positive NK cells
[16], which are inhibited by HLA-C or HLA-G.
Accordingly, to protect transplanted cells from T cell
and NK cell responses, researchers have knocked
out HLA-A, -B, -C genes while overexpressing
HLA-G gene [17]. In another approach, HLA-A, -
B and HLA-class II genes were knocked out by
CRISPR-Cas9 technology, but HLA-E, -F, and -G
genes were maintained [18]. More study of these
cells is needed before clinical application but ham-
pered by limitations of humanized mice models and
the cost of non-human primate models. Moreover,
because MHC-class I contributes to brain develop-
ment and plasticity, such as neurite outgrowth, the
establishment and function of cortical connections,
activity-dependent refinement in the visual system,
and long-term and homeostatic plasticity [19], any
off-target effects by universal cells need to also be
examined. In addition to HLA editing, “immune
cloaking” may evade rejection. This strategy mim-
ics how cancer cells escape immune rejection and
introduces genes that encode key immunomodulatory
molecules, such as the checkpoint molecules pro-
grammed cell death 1 ligand 1 (PD-L1) and cytotoxic
T lymphocyte antigen 4 (CTLA4) [20].

IMMUNE SUPPRESSION

In current protocols for immune suppression in
organ and bone marrow transplantations, a triple med-
ication strategy is generally used; namely, tacrolimus
or cyclosporine, mycophenolate mofetil (MMF), and
a glucocorticoid. Tacrolimus and cyclosporine are
calcineurin inhibitors that can suppress cytotoxic T-
cell activation and the secretion of various cytokines
including IL-2 and IL-3. Many of their side effects
are dose-dependent and include nephrotoxicity, neu-
rotoxicity (leukoencephalopathy), disturbances in
glucose metabolism, gastrointestinal disturbance and
hypertension. MMF is a prodrug of mycophenolic

acid (MPA) and inhibitor of inosine monophosphate
dehydrogenase (IMPDH). It preferentially inhibits
the de novo pathway of guanosine nucleotide syn-
thesis in T and B lymphocytes, which prevents their
proliferation and suppresses both cell-mediated and
humoral immune responses. The precise mechanism
of action of glucocorticoids is not fully understood.
However, the mechanism seems multifaceted, involv-
ing both direct and indirect mechanisms and affecting
proximal and distal events of T cell activation.

In previous open label trials of fetal transplantation
for PD, several embryos with different HLA types
were transplanted at the same time. In many cases,
triple medication protocols were used and withdrawn
2-3 years post-operatively without any graft rejec-
tion [21]. A milder immune suppression might be
enough for stem cell-based transplantations in the
brain, because 1) an immune response is less likely to
occur in the brain than in other organs, 2) the popu-
lation of donor cells is not mixed with the population
causing graft versus host-disease (GVHD) such as
lymphocytes, and 3) normally one stem cell line is
sufficient to prepare the donor cells [1, 4].

Other side effects when performing immune sup-
pression include infection, cancer, renal dysfunction,
and leukoencephalopathy. Impaired renal function
may limit the surgical indications of a cell therapy
due to the risk of renal failure during the immune
suppression. During a pandemic, such as COVID-19,
it is necessary to consider the increased risk of infec-
tion, the reactivation of latent virus, and the failure of
vaccination due to immune suppression, which could
postpone the surgery until after the pandemic has sub-
sided. We also have to take it into consideration that
immune suppression might affect the disease status.

MONITORING IMMUNE REACTIONS

In liver transplantation, liver function markers
obtained from blood examinations are used to mon-
itor the immune response and as indices of graft
rejection. In kidney transplantation, histological mo-
nitoring is performed by needle biopsy. In PD, how-
ever, it is difficult to monitor the immune response
in the brain after the cell therapy. At present, a
combination of neurological evaluation of motor
functions and diagnostic imaging (functional imag-
ing of dopamine metabolism and inflammation) is
used. Animal studies have shown the possibility
of monitoring graft-derived immune responses by
positron emission tomography (PET) [8, 13]. PET
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Table 1
Modes of PSC-based cell therapies

allogeneic allogeneic autologous universal PSCs
HLA-mismatch HLA-match

risk of immune rejection ++ + - - (?)
NK cell activation + ++ - - (?)
immune suppression necessary recommended unnecessary unnecessary (?)
off-the-shelf yes yes no yes
relative cell production low (but high immune middle high low
cost per patient suppression costs)
widely usable yes, but immune depends on no yes

suppression limits population
patient eligibility

clinical application for ref. [4] ref. [4] ref. [2]
Parkinson’s disease ref. [1]

(?) indicates more research is needed.

scans with a translocator protein (TSPO) tracer are
used clinically to detect inflammation in the brain
[22]. TSPO is a protein that accumulates on the outer
membrane of mitochondria in activated microglia
and is capable of capturing the immunoinflammatory
response of the brain. Other PET biomarkers under
development include P2X ligand-gated ion channel
type 7 (P2X7R), cannabinoid receptor 2 (CB2R),
cyclooxygenase (COX) enzymes, colony-stimulating
factor 1 receptor (CSF1R), purinergic metabotropic
12 receptor (P2Y12R), triggering receptor expressed
on myeloid cell 1 (TREM1), cluster differentiation
factor (CD)19, and CD20 [23]. Clinical responses to
graft-induced immune responses in the brain include
increasing the dose of the immunosuppressants or
adding other drugs. However, PET studies are expen-
sive and not practical to perform on all patients at
multiple time points. Therefore, cheaper and easier
monitoring of the immune response, such as blood
tests, is desired. One group showed the benefits of
blood tests to detect donor specific antibodies and
also of lymphocytes-grafts immune reaction (LGIR)
tests, in which the proliferation of the patient’s blood
cells is estimated in a co-culture with donor cells in
vitro after the cell therapy [24–26]. Donor-derived
cell-free DNA (dd-cfDNA) in the plasma is another
potential marker of allogeneic graft injury [27, 28].
Currently, however, the amount of cfDNA in a cell
therapy for PD that marks the rejection state has not
been established.

COMPARISONS OF CELL THERAPY
STRATEGIES

In principle, an autologous transplantation only
requires one cell line be characterized extensively and
confirmed for efficacy and safety. However, establish-

ing a cell line that is optimized for the cell therapy
is not trivial and takes some time, during which the
patient’s condition may worsen. As for allogeneic
HLA-mismatch transplantations, one cell line is also
enough, because the protocol has been optimized
beforehand for that line. The cell lines and protocols
used in the HLA-matched strategy have also been
optimized beforehand, but multiple lines are required.
This adds to cost, but is still cheaper than the autolo-
gous strategy, since one line can serve many patients
(as much as 17% of a population, as stated above).
Ultimately, off-the-shelf products made from univer-
sal PSCs are expected to provide all the benefits of
the above three strategies (see Table 1).

RISKS

All the above stem cell therapies for PD have sur-
gical risks, such as bleeding, donor cell-related risks,
such as graft induced dyskinesia and tumorigenicity,
and risks related to host immune responses, such as
graft dysfunction and rejection. Immunosuppressants
risk susceptibility to infection and cancer generation
and also drug toxicity. It should be remembered that
the immune rejection of a PD cell therapy is not
always lethal, which is unlike bone marrow and organ
transplantation rejections. Therefore, sometimes the
discontinuation of the immune suppressive therapy is
advised even if it results in graft rejection.

CONCLUSION

Compared with fetal tissues, stem cell technologies
are providing cells that have more predictable effects
and survival in a cell therapy, leading to more uni-
form clinical results. Currently, HLA-matching and
immunosuppressants to control the immune response

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp



A. Morizane and J. Takahashi / Evading the Immune System S171

are recommended to improve neural graft survival [1,
4, 8, 13]. At the same time, sometimes mismatched
allogeneic grafts survive without immunosuppres-
sants [5, 8, 13], demonstrating that protocols to
control the immune response are to be decided per
patient. Ultimately, because they are expected to com-
bine the benefits of autologous and allogeneic strate-
gies, universal PSCs are being pursued.

ACKNOWLEDGMENTS

We thank all lab members and collaborators, esp-
ecially Dr. Ryosuke Takahashi, Dr. Nobukatsu Saw-
amoto (Neurology, Kyoto University), Dr. Takero
Shindo (Hematology/Oncology, Kyoto University),
and Dr. Takayuki Anazawa (Surgery, Kyoto Uni-
versity). We also thank Dr. Peter Karagiannis
(CiRA, Kyoto University) for critical reading of
the manuscript. The authors have received funding
from the Highway Project for Realization of Regen-
erative Medicine from the Ministry of Education,
Culture, Sports, Science and Technology (MEXT),
the Research Center Network for Realization of
Regenerative Medicine from the Japan Agency for
Medical Research and Development (AMED), and
the Research Project for Practical Applications of
Regenerative Medicine from AMED.

CONFLICT OF INTEREST

Jun Takahashi receives a grant for collaborative
research by Sumitomo Dainippon Pharma Co., Ltd.
Asuka Morizane has no conflict of interest to report.

REFERENCES

[1] Piao J, Zabierowski S, Dubose BN, Hill EJ, Navare M,
Claros N, Rosen S, Ramnarine K, Horn C, Fredrickson C,
Wong K, Safford B, Kriks S, El Maarouf A, Rutishauser U,
Henchcliffe C, Wang Y, Riviere I, Mann S, Bermudez V,
Irion S, Studer L, Tomishima M, Tabar V (2021) Preclinical
efficacy and safety of a human embryonic stem cell-derived
midbrain dopamine progenitor product, MSK-DA01. Cell
Stem Cell 28, 217-229.e7.

[2] Schweitzer JS, Song B, Herrington TM, Park TY, Lee N,
Ko S, Jeon J, Cha Y, Kim K, Li Q, Henchcliffe C, Kaplitt
M, Neff C, Rapalino O, Seo H, Lee IH, Kim J, Kim T,
Petsko GA, Ritz J, Cohen BM, Kong SW, Leblanc P, Carter
BS, Kim KS (2020) Personalized iPSC-derived dopamine
progenitor cells for Parkinson’s disease. N Engl J Med 382,
1926-1932.

[3] Doi D, Magotani H, Kikuchi T, Ikeda M, Hiramatsu S,
Yoshida K, Amano N, Nomura M, Umekage M, Morizane
A, Takahashi J (2020) Pre-clinical study of induced

pluripotent stem cell-derived dopaminergic progenitor cells
for Parkinson’s disease. Nat Commun 11, 3369.

[4] Takahashi J (2020) iPS cell-based therapy for Parkinson’s
disease: A Kyoto trial. Regen Ther 13, 18-22.

[5] Freed CR, Greene PE, Breeze RE, Tsai WY, DuMouchel
W, Kao R, Dillon S, Winfield H, Culver S, Trojanowski
JQ (2001) Transplantation of embryonic dopamine neu-
rons for severe Parkinson’s disease. N Engl J Med 344,
710-719.

[6] Louveau A, Smirnov I, Keyes TJ, Eccles JD, Rouhani SJ,
Peske JD, Derecki NC, Castle D, Mandell JW, Lee KS, Har-
ris TH, Kipnis J (2015) Structural and functional features
of central nervous system lymphatic vessels. Nature 523,
337-341.

[7] Krystkowiak P, Gaura V, Labalette M, Rialland A, Remy
P, Peschanski M, Bachoud-Lévi A-C (2007) Alloimmuni-
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