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1 The iPS Cell Therapy Prospect

1.1 Clinical-Grade hiPSC Lines as a
Biomedical Resource

iPS cell therapy refers to the translational use
of induced pluripotent stem (iPS) cells for pur-
poses of providing regenerative freatments
for certain diseases or injuries. The iPSC ther-
apy prospect (currently under many clinical
trials for specific translational applications), if
successful, may herald a capacity to repair
the structure and functionality of tissues and
organs by equipping them with healthy cells
cultured from a pluripotent state.

It is hoped that hiPSC-based (i.e., human
iPSC-based) therapeutics can offer func-
fional and structural regeneration to pa-
fients, such as those suffering from degener-
ation (e.g.. macular degeneration; neurode-
generative disorders such as Parkinson’s),
dystrophy (e.g., inherited retinal dystrophy),
structural damage (e.g., arterial carfiloge
damage), or malignancy (e.g., ovarian car-
cinoma). It is also hoped that hiPSC-based
freatments can provide regenerative thero-
pies to counteract the effects of pathologies
such as ischemia (e.g., ischemic cardiomy-
opathy); stem cell deficiency (e.g., cormneal
opacity from limbal stem cell deficiency); en-
dothelial dysfunction (e.g., bullous keratopa-
thy), or autoimmune destruction (e.g., type
1 diabetes). Clinical trials are ongoing,
planned, or completed.

Upstream from any particular hiPSC-based
therapeutic is the hiPSC line itself, from which
therapy-specific cells can be differentiated
for translational use. hiPSC lines are, in prin-
ciple, a ‘perpetual’ resource, as hiPSCs can
proliferate indefinitely and differentiate to
cells across all three germ layers (i.e., endo-
derm, mesoderm, ectoderm); they have a
trilineage differentiation potential. Itis hoped
that a clinical-grade hiPSC line collection
can serve as a versdatile long-term biomedi-
cal resource for regenerative medicine and
drug discovery, applicable to a broad frans-
lational and therapeutic frontier.
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1.2 Comparing iPSCs to Other Cell
Types

Comparisons can be helpful for distinguish-
ing the prospective advantage of clinical-
grade hiPSC collections afforded by pluripo-
tfency.

Consider neural progenitor cells, forinstance.
They but do not share the indefinite prolif-
eration capability of hiPSCs; they eventu-
ally enter senescence. Furthermore, they
are uni/bi/multipotent (but not pluripotent);
their differentiation potential is restricted to
neuronal and glial cells, whereas hiPSCs, by
merit of pluripotency, enjoy in principle a
full friineage differentiation potential.  This
may afford translational versatility on the
therapeutic side, as the capacity to dif-
ferentiate info many cell types widens the
gamut of candidate injuries or diseases for
which regenerative treatments could per-
haps be developed. Cells subject to greater
constraints, such as mesenchymal stromal
cells (MSCs), whose differentiation poten-
fial is limited to certain cell types (e.g.,
adipocytes, osteoblasts, chondrocytes) are
expected to remain restricted to a more
modest array of therapeutic functions (e.g.,
anti-inflammatory, immunomodulatory).

To take another example: whereas immortal-
ized cell lines can be indefinitely expanded
(i.e.. like hiPSC lines) they do not enjoy the
differentiation versatility afforded by pluripo-
fency. For instance, in 2014, immortalized
megakaryocyte progenitor cell lines (imMK-
CLs) were created, with the aspiration to
augment blood transfusion capabilifies in
Japan. Whereas imMKCL lines can in princi-
ple be subject to indefinite expansion, they
are already morphologically and function-
ally predestined; they form platelets. hiPSC
lines, on the other hand, can in principle dif-
ferentiate along cell fate trajectories to any
cell type. Thus, immortalized cell lines are
expandable, but, unlike hiPSC lines, are not
pluripotent,
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Allografts and the
Hypoimmunity Challenge

From a franslational view, the frilineage differ-
entiation potential, pluripotency, and prolif-
eration capacity of hiPSCs endow them with
the capacity to serve as an upstream re-
source for a broad menu of cellular thera-
pies. (In industrial ferms, one might see pro-
liferation capacity as endowing imperisha-
bility of value, and differentiation potential
as affording fungibility with respect to cellu-
lar therapeutics.) Thus, the promise of the
clinical-grade hiPSC line is one of a wide-
application biomedical capability.

1.3 Allografts and the
Hypoimmunity Challenge

Irrespective of the source of the iPSC-derived
cells — whether it be the patient (in the au-
tfologous case) or a donor (in the allograft
cases) — iPS cell therapy is to be adminis-
tered as a transplantation medicine treat-
ment, with cells cultured in vifro and en-
grafted in vivo. Although autologous meth-
ods are being pursued, it has been antic-
ipated that the development of allograft
therapy capabilities will be necessary to cul-
tivate an industry ready to treat populations
at scale. In the allograft case, successful en-
graffment requires that the cells introduced
evade immune rejection. Thus, establishing
requisite hypoimmunity for mitigation of al-
logeneic immunogenicity is one of the most
basic requirements for hiPSC-based allograft
therapies, and thus will serve as the focus of
this SciSci article.

Hypoimmunity, for our purposes, refers to
risk-reduction in immune reactions to hiPSC
allografts.  Hazards borne of ineffective
hypoimmunity strategies include allogeneic
immunogenicity in the host, transplant re-
jection, requirement of severe immunosup-
pressants, and graft-vs-host disease (GvHD).
Such hazards pose harm to patients or thwart
the prospect of therapeutic engraftment.

Immunogenicity challenges arise in frans-
plantation medicine due to the polymor-
phism of human leukocyte antigen (HLA)
haplotypes across and within populations.
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The HLA loci, forming the human version
of the major histocompatibility complex
(MHC), have been known for decades to be
the most polymorphic of all in the human
genome. HLA molecules process antigen
peptides and present them to to immune
cells such as leukocytes. HLA molecule bind-
ing is governed by HLA polymorphism, thus
diversifying immune reactions among indi-
viduals, and thereby posing a challenge
in fransplantation medicine. In the case
of hiPSC allografts, the hypoimmunity chal-
lenge is one of minimizing complications due
to donor-patient HLA polymorphism.

HLA alleles function as a part of what we
might think of as a critical human ‘biose-
curity apparatus’ guarding the endogenous
systems of the organism against potentially
threatening exogenous elements. Moreover,
they help enforce — at least at an immunore-
jective register — the boundary between self
and non-self.  With this heuristic in mind,
the hypoimmunity challenge can be sum-
marized, at least roughly and conceptually,
as follows. With iPS cells manufactured in
vifro, regenerative therapies for patients re-
quire therapeutic freatments — new cells -
are manufactured extracorporeally.  Thus,
particularly in the allograft case, hypoimmu-
nity strategies have everything to do with set-
fing the conditions such that the patients re-
ceive tfransplanted cells as though they were,
more or less, their own. The hypoimmunity
challenge is one of promoting, to the great-
est extent possible, acceptance on the part
of the host of a fechnology (i.e., an hiPSC-
derived cell) as part of the host’s own physi-
ological structure and functionality.

Herein, two hypoimmunity strategies for iPSC
therapy shall be covered: haplobanking and
HLA cloaking. Haplobanking refers to the
collection of iPS cell lines from HLA homozy-
gous donors in order to facilitate HLA match-
ing with patients requiring treatments involv-
ing cells differentiated from iPSCs.  Thus,
the polymorphism barrier to controlling allo-
geneic immunogenicity is overcome by ac-
cumulating enough iPSC lines to accommo-
date common HLA haplotypes. Thus, one
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Haplobanking and HLA
Cloaking in Kyoto

aims for one’s bank or stock to offer represen-
tation across the most frequent haplotypes
in order to achieve a donor potential for the
bulk of the demographic distribution.

On the other hand, HLA cloaking, which re-
quires greater intervention, involves the use
of gene editing to knock out certain HLA
alleles in iPSC lines in order to mitigate im-
munorejection. That is to say, rather than
overcome mismatch-induced allogeneic im-
munogenicity by matching HLA alleles, one
suppresses allograft alleles via knockout in
order to minimize the immunogenic conse-
quences of a tolerated mismatch. The result-
ing IPSC lines are not HLA-homozygous; they
are "pseudo-HLA-homozygous" iPS lines.

1.4 Haplobanking and HLA
Cloaking in Kyoto

The focus of this piece is coverage of ad-
vances in haplobanking and HLA cloaking
being pursued at the Kyoto University Center
for iPS Cell Research and Application (R85
SIPSHBRAEF 227, or CIRA (# « <), founded in
2010 as a part of Kyoto University (REhAZE):
as well as the CiRA Foundation (iPS#BAeIAfF 7281
&), an dffiliated public interest incorporated
foundation (AT A AN) founded by Kyoto
University and certified by the Cabinet Office
(M B FT) in 2020. CiRA is distinguished from
many institutions engaged in iPSC research
by its commitment to delivering medical ap-
plications of iPS cells ( [IPS#BAE D E &A1 ).

Professor YAMANAKA Shinya (L1 18 3F) —now
Director Emeritus and Professor (& E7T& -
#%) at CIRA and President (122 &) of the CIRA
Foundation — served as CiRA's first Director.
Yamanaka-sensei and colleagues first dis-
covered iPSCs — beginning with the murine
case in 2006 and the hiPSC case in 2007
- for which Yamanaka-sensei was awarded
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the Nobel Prize in Physiology or Medicine in
2012. CiRA was recognized as an indepen-
dent institute by Kyoto University, with its own
building, in 2010, after having originally been
a part of the Institute for Integrated Cell-
Material Sciences (#) & #MiAHS > 2 7 L J
=), 0oriCeMS (7 4 7 L 2).

The full gamut of research conducted at
CiRA, and the full range of activities pursued
under the mandate of the CiRA Foundation,
exceed the scope of this piece. Rather,
SciSci will focus on haplobanking and HLA
cloaking strategies. The former began as
a CiRA initiative and is now facilitated by
the CiRA Foundation as the iPS Cell Stock
Project (PS8 2 ~ v~ 7oy 2 k). Clini-
cal- and research-grade lines are manufac-
tfured at the CiRA Foundation’s Facility for
iPS Therapy (FiT; facility number: FA5150001),
along with a second facility (FiT2; facil-
ity number: FA5170003), which were to-
gether reocngized as a Cell Processing Cen-
ter (FA5200001) and obtained a manufactur-
ing license (26FZ110001) in January 2021 in
accordance with the Act on Pharmaceuti-
cals and Medical Devices (PMD Act). These
lines are then distributed from the CiRA Foun-
dation to non-profit and for-profit organiza-
fions (though with differing policies). Distribu-
tion decisions are reviewed and made by the
members of the iPS Cell Stock Review Com-
mittee (IPS #Bf2 2 b vV EEEES).

The iPS Stock Project distributes the fruits of
HLA cloaking research done at CiRA insofar
as it includes gene-edited lines. Thus, the
following article will focus on the iPS Stock
Project and the CiRA research on immuno-
genicity challenges in order to understand
how, jointly, distribution initiatives and transla-
fional research are navigating the immuno-
genicity challenge that attends the prospect
of broadening the accessibility of prospec-
tive iPS therapies.
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Objectives and Methods

1.5 Objectives and Methods

1.5.1 Objectives

Being aware of the often exhilarating antic-
ipation with which iPSC therapy is followed,
SciSci wishes to inquire info frends in hap-
lobanking and HLA cloaking in somewhat
rarefied scientific detail, avoiding both san-
guine romanticization of the iPSC therapy
prospect and fatalist dismissal on account
of setbacks or challenges. Instead, SciSci
opts to give as square and sober an ac-
count of progress and challenges as possi-
ble. Reading over papers published by CiRA
and CiRA Foundation researchers on hap-
lobanking and HLA cloaking, many ques-
fions — regarding methodology, results, and
consequences — arise, which are elicited by,
but not answered within, the text of the pa-
pers themselves. Thus, this report is struc-
tured around interviews with CiRA and CiRA
Foundation personnel concerning the myr-
iad questions that SciSci had after multiple
readthroughs of the papers.

In SciSci’s view, the confent given here
presents — as one might expect in
biomedicine — a very-much variegated pic-
ture of advances and aspirations on the one
hand and complications and outstanding
qguestions on the other. The weighted aver-

age of advances and challenges seems to
SciSci less relevant than a rarefied portrait
of the scientific details, and the positions of
CiRA and CiRA Foundation on such matters.
Moreover, in pursuit of its motto, "Science for
scientists", the purpose of this report is to try to
articulate both advances and challenges for
a scientific readership, such as students, who
might draw inspiration fromn advances and
tfake an interest in attending to current chal-
lenges, as each scientific generation does.
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1.5.2 Method: Interviews

The content presented herein is a product of
multi-format interviews conducted with CiRA
and CiRA Foundation participants, held in
person in Kyoto, conducted via Zoom, and
facilitated through email. Interview ques-
tions referred to the following papers.

Overview of strategies for evading immuno-
genicity (haplobanking and HLA cloaking):

e Yamanaka, Shinya. 'Pluripotent stem
cell-based cell therapy—promise and
challenges." Cell Stem Cell 27.4 (2020):
523-531.

Haplobanking:

e Yoshida, Shinsuke, et al. "A clinical-
grade HLA haplobank of human in-
duced pluripotent stem cells match-
ing approximately 40% of the Japanese
population." Med 4.1 (2023): 51-66.

HLA cloaking:

e Xu, Huaigeng, et al. 'Targeted dis-
ruption of HLA genes via CRISPR-Cas?
generates IPSCs with enhanced im-
mune compatibility.” Cell Stem Cell 24.4
(2019): 566-578.

e Hotta, Akitsu, Sonja Schrepfer, and An-
dras Nagy. "Genetically engineered hy-
poimmunogenic cell therapy." Nature
Reviews Bioengineering (2024): 1-20.

I had the fortunate opportunity to interview
Yamanaka-sensei and Associate Professor
HOTTA Akitsu (38 BB A 2) whilst in Kyoto. Fol-
lowing my visit, thanks to the assistance of
the CiRA Foundation, | was able to conduct
an email inferview with three members of the
CiRA Foundation team:
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o HANATANI Tadaaki ({8 %.88) — Execu-
tive Director, CiRA Foundation

e YOSHIDA Shinsuke (& B154)) — Assistant
Head of Research and Development
Center, CiRA Foundation

e DOHI Hiromi (£ At %) — Manager of
Planning Promotion office, CiRA Foun-
dation

Text from the CiRA Foundation tfeam’s collec-
tive email interview responses will be quoted
as received from "CiRA Foundation" in aggre-
gate.

1.5.3 Summary Resources

The report includes summary tables summa-
rizing the challenges in haplobanking and
HLA cloaking discussed with participants dur-
ing interviews. These summaries are pre-
sented as strategic resources for scientists in-
terested in the field.
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1.5.4 Data Visualization

SciSci has prepared some figures as visual
references to accompany the content of
the interviews and the above-mentioned ta-
bles. The data for these figures was obtained
from the Supplemental Information sections
of the 2019 paper (Xu et al.) and 2023 po-
per (Yoshida et al.). SciSci endeavored 1o vi-
sualize data that had not been so done in
the original papers, or, in the case of Figure
7 of this report, visualize data in a different
way relevant to the report content. SciSci of-
fers the figures to relate the discussions back
to the findings of the original papers as well
as to draw read atftention to these papers
and the data provided in their Supplemen-
tal Information sections. Each figure cap-
tion credits the original paper, specifies the
dataset used, and links to the Supplemental
Informnation section of the paper.
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2 Trends in Haplobanking

2.1 What is Haplobanking?

Haplobanking refers to projects which pursue
the accumulation of clinical- and research-
grade iPSC lines that match common HLA
haplotypes. (The "haplo-" prefix refers to
HLA haplotypes, the polymorphism of which,
among and within populations, necessitates
HLA matching and motivates the pursuit
of stock/banking strategies.) On the ther-
apeutic front, collection of clinical-grade
lines in an HLA-homozygous iPS Cell Stock
(HLAR EiPSABA 2 K v &) — consisting of HLA-
homozygous-donor-derived lines — has been
pursued to support allograft-based hiPSC
therapies for donor-matched patients.

A cursory review of the history of hap-
lobanking at CiRA is as follows. In 2013,
the Japanese Ministry of Education, Culture,
Sports, Science and Technology (3 &R E} =
& MEXT) committed ¥110B to the Research
Center Network for Realization of Regener-
ative Medicine (BAEEEZRIM < v b
o —/2 7JOos <> L) Such was the begin-
ning of the haplobanking initiative. Donor
recruitrent commenced in 2013 in cooper-
ation with the Japanese Red Cross Society
(B A 77+ %t; JRCS), with blood donors re-
cruited from Osaka and Kyoto. The iPS Stock
was launched in 2015 and transferred to the
CiRA Foundation in 2020. As discussed in the
2023 paper, by 2021, thanks to collaboration
with the JRCS, Japan Marrow Donor Program
(BAERE&E/N > & JMDP) and public blood
cord banks, 67 donors (representing 28 hap-
lotypes, or 60% of the domestic Japanese
population) had been recruited, from which
7 donors (representing 28 haplotypes, or 40%
of the domestic Jaanese population) were
selected. As a result, 27 clinical-grade HLA-
homozygous lines were created for the CiRA
Foundation’s iPS Cell Stock Project.

The process by which attainment of 40%
haplobanking coverage was achieved is dis-
cussed in considerable detail in the afore-
mentioned 2023 paper, "A clinical-grade
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HLA haplobank of human induced pluripo-
tent stem cells matching approximately 40%
of the Japanese population”, which served
as the fextual basis for SciSci’s questions for
CiRA and the CiRA Foundation.

2.2 The iPS Stock project

The iPS Cell Stock Project has accumulated
a collection of research-grade cell (bff 7248
ft)) and clinical-grade cell (85 £k /A %8 f2) for
commercial and nonprofit use. The Stock
contains three clinical-grade collections:

e An HLA-homozygous iPS cell stock, cre-
ated from HLA-homozygous donors

e A genome-edited stock (7 / L §m5%
%) of pseudo-HLA-homozygous cells
that have been subject to certain HLA
knockouts

o A Sendai virus (SeV) stock (& % 1 1%),
reprogrammed with SeVs rather than
episomal plasmids

The Project also includes the CFiS stock
(CFiSt%). consisting of 6 research-grade lines
reprogrammed with SeVs from peripheral
blood mononuclear cells (PBMCs). Cells
are made available to companies and non-
profits (free of charge) under a Collabora-
tive Research Agreement, with Kyoto Univer-
sity’s patents, in this case, licensed by iPS
Academia Japan (iPS7 /5 = 7 ¥ v /N Uk
Aeth).

Distribution of materials from the CiRA Foun-
dation iPS Stock is infended to lower barri-
ers o hiPSC line access and facilitate opti-

mal choice among lines for patient needs,
as Yamanaka-sensei described.

Yamanaka-sensei:

We established the CiRA Foun-
dation five years ago in order
to bridge the gap between
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The iPS Stock project

academia and industry. The main
vision of our CiRA Foundation is
to provide the best iPS cells at an
affordable price. [...] We are hop-
ing doctors and companies can
choose the best iPS cell line, not
due to the cost, but [due to] the
requirements of each patient.

The CiRA Foundation iPS Stock has 14 clinical-
grade HLA-homozygous hiPSC lines, manu-
factured using plasmids pCE-hSK, pCE-hUL,
PCE-hOCT3/4, pCE-mpb53DD, and pCXB-
EBNAT, with the StemFit AKO3N medium, from
the peripheral blood cells of 4 donors:

e QHJI (Japanese male; HLA-A: *24:02,
HLA-B: *52:01, HLA-DRB1: *15:02). Lines
available: QHJI 01s01; QHJI 01s04; QHJI
14s03; QHJI 14504 — manufactured in
2015.

e RWMH (Japanese male; HLA-A: *33:03,
HLA-B: *44:03, HLA-DRB1: *13:02). Lines
available: RWMH 09s01; RWMH 15s01;
RWMH 15s02; RWMH 23s01 — manufac-
tured in 2016.

e DRXT (Japanese male; HLA-A: *24:02,
HLA-B: *07:.02, HLA-DRB1: *01:01). Lines
available: DRXT 18s02; DRXT 18s03; DRXT
28s04; DRXT 28s05; DRXT 28517 — manu-
factured in 2017.

e RIWI (Japanese female; HLA-A: *24:02,
HLA-B: *52:01, HLA-DRB1: *04:05). Line
available: RJWI s03 — manufactured in
2018.

The CIiRA Foundation iPS Stock also has 13
hiPSC lines manufactured, using the same
plasmids and medium, from the cord blood
of 3 donors:

o YZWJ (Japanese male; HLA-A: *24:02,
HLA-B: *562:01, HLA-DRB1: *15:02). Lines
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available: YZWJ s513; YZWJ s516; YZWJ
$524; YZ/WJ s527; YZWJ s531 — manufac-
tured in 2017.

o ILCL (Japanese female; HLA-A: *24:02,
HLA-B: *562:01, HLA-DRB1: *15:02). Lines
available: ILCL s14; ILCL s21; ILCL s23;
ILCL s31 — manufactured in 2017

e GLKV (Japanese male; HLA-A: *33:03,
HLA-B: *44:03, HLA-DRB1: *13:02). Lines
available: GLKV s09; GLKV s13; GLKV
s16; GLKV s31 — manufactured in 2017.

HLA-homozygous donors with prevalent HLA
haplotypes were recruited. QHJI, YZWJ, and
ILCL share their HLA haplotype with 8.437% of
the Japanese population; RWMH and GLKV
with 4.448% ; DRXT with 3.843% ; and RJWI
with 2.722% . (See Table 1 of the 2023 Yoshida
et al. paper.)

As of 2022, the clinical-grade haplobanked
lines collected by the iPS Cell Stock Project
have been used by 30 institutions, the
research-grade lines having been used by 62
institutions. The most popular clinical-grade
line, circa 2022, was QHJI 01504, used by 19
institutions for 28 projects. Its research grade
correspondent, Ff-l 01s04 p11, was also the
most popular among research-grade hiPSC
lines, used by 25 institutions for 44 projects.
(See Table S9 in the Supplemental Informa-
tion section of the 2023 Yoshida ef al. paper.)

Additionally, 25 hiPSCs are made available
from the RIKEN BioResource Research Center
G/ A 5 )Y — b5 %5 —), or
BRC. HPS0063 : 201B7, from the 2007 iPS pub-
lication and deposited in 2011, has - at the
fime of writing this article - been used in 330
published studies. HPS0002 : 253G 1, which
was induced without MYC, and deposited in
2008, has been used in 154 published studies.
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HLA-Homozygous iPS Stock Donors and Clinical-Grade hiPSC Lines

Demographic Haplotypes Manufactured

Peripheral Blood

Japanese Male HLA-A: *24:02 QHJI 01s01 2015
HLA-B: *52:01 QHJI 01s04
HLA-DRB1: *15:02 QHJI 14s03
QHJI 14504
Japanese Male HLA-A: *33:083, RWMH 09s01 2016
HLA-B: *44.03, RWMH 15s01
HLA-DRBT1: *13:02 RWMH 15s02
RWMH 23s01
Japanese Male HLA-A: *24.02, DRXT 18s02 2017
HLA-B: *07:02, DRXT 18s03
HLA-DRB1: *01:01 DRXT 28s04
DRXT 28s05
DRXT 28s17
Japanese Female HLA-A: *24:02, RJWI s03 2018
HLA-B: *52:01,
HLA-DRB1: *04:05
Cord Blood
Japanese Male HLA-A: *24:02, YZWJ s513 2017
HLA-B: *52:01, YZWJ s516
HLA-DRB1: *15:02 YZWJ s524
YZWJ s527
YZWJ s531
Japanese Female HLA-A: *24.:02, ILCL s14 2017
HLA-B: *52:01, ILCL s21
HLA-DRB1: *15:02 ILCL s23
ILCL s31
Japanese Male HLA-A: *33:03, GLKV s09 2017
HLA-B: *44:03, GLKV s13
HLA-DRBT1: *13:02 GLKYV s16
GLKV s31

Figure 1: Table of clinical-grade iPS Stock information provided in 2.2 of this report, based on
information provided on the CiRA Foundation website.
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Haplobanking Advantages

2.3 Haplobanking Advantages

As shall be discussed herein, haplobank-
ing and HLA cloaking constitute comple-
mentary strategies for mitigating allogeneic
immunogenicity, each with their own re-
spective advantages.  For instance, al-
though playing a pioneering role along the
gene-editing frontier, Hotta-sensei nonethe-
less spoke to the relafive advantages of
the haplobanking approach. It seemed to
be Hofta-sensei’s assessment that the chal-
lenges of haplobanking — namely, adequate
donor screening and clinical-grade HLA-
homozygous hiPSC line development — may
be less cumbersome than the challenges
of producing HLA-pseudo-homozygous lines
via genome editing.

Hotta-sensei:

Even though we mentioned this
[pseudo-homozygous] approach
in the paper, we think that ap-
proach may not be the priority.
[...] This is because the HLA-
homozygous stock, which does
not require genetic engineering, is
advancing already. Even though
screening a large number of po-
tential donors is a very laborious
step, we could get cooperation
from the Japanese Blood Bank,
and the Cord Blood Bank as well.
They already have haplotype in-
formation for ten thousand peo-
ple. We could establish clinical-
grade iPSCs from the most fre-
quent HLA haplotypes.

Furthermore, unlike HLA-pseudo-homozygous
lines, which are subject to knockout of cer-
tain HLA alleles (as discussed in the next sec-
fion), HLA-homozygous lines retain full HLA
expression, as the CiRA Foundation repre-
sentatives described.

CiRA Foundation:

Our HLA haplobank and genome-
edited cells constitute different
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but related approaches. The
haplobank provides HLA-A, -B,
and -DR matches. On the other
hand, the genome-edited cells
are pseudo-HLA-C-homozygous
cells edited to delete HLA-A, -B
and CIITA. However, it is not nec-
essary to edit HLA-C in our hap-
lobank because the lines also
tend to be homozygous for HLA-
C.

Hotta-sensei gave a similar summary.

Hotta-sensei:

If one wants to take advantage of
anfigen presentation from HLA-A,
-B. and -C, then one might want to
just use an HLA-homozygous line,
without gene editing; that's the
utility.

Thus, the logistical demands of donor screen-
ing and recruitment for haplobanking, al-
though nontrivial, appear to be less cum-
bersome, perhaps, than those of de-risking
gene-edited lines, despite the lower dono-
fion costs imposed by the latfter.

Hotta-sensei:

| think prioritizing HLA-homozygous
lines, without genome editing, is
probably easier.

On the other hand, the prospective donor
potential and patient haplotype coverage
range of pseudo-HLA-homozygous lines is ex-
pected to be broader. Until the conse-
quences of HLA-knockouts are fully ascer-
tained, the trade-off between HLA-pseudo-
homozygous and HLA-homozygous stocks is
essentially one between risk uncertainty and
potential breadth of haplotype coverage.

CiRA Foundation:

Whether to use the HLA-
homozygous iPS cell stock or HLA-
A-, -B-, and CIITA-edited lines
will depend on the policy of the
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Reprogramming for
Haplobanking

company or research instfitute us-
ing these iPS cells. Some peo-
ple use genome-edited strains
because they have higher HLA
coverage, while others prefer to
use unedited HLA-homozygous
iPS cells because the safety of
genome-edited iPS cells is still un-
known.

2.4 Reprogramming for
Haplobanking

2.4.1 Reprogramming Factor Choice

From a certain point of view, the process
of manufacturing clinical-grade hiPSC lines
begins with reprogramming, where primary
cells — in this case peripheral blood mononu-
clear cells (PBMCs) and Cord Blood Mononu-
clear Cells (CBMNCs) - serve as inputs. With
that being said, obtainment of the PBMCs
and CBMNCs is a necessary preliminary
phase, involving — among other steps — re-
cruitment, informed consent, inferviews, col-
lection, testing, isolation, and cryopreserva-
fion. Thereafter, establishing the hiPSCs is
a multi-step process: cell reprogramming
to pluripotency, selection of hiPCs for ex-
pansion, and cryopreservation of selected
hiPCs as primary cell stocks (PCSs), which are
then subject to screening and, following suc-
cessful screening, subject to plating, expan-
sion, and cryopreservation as secondary cell
stocks (SCSs). Finally, SCSs that clear final
release tests (e.g., mycoplasma, endotoxin,
and sterility tests) are added to the Master
Cell Bank.

Due to the constraint of passage number
minimization and the facilitation of the work-
flow within the Cell Processing Center (CPC),
a reliable, tested reprogramming method
was desirable. Clinical-grade iPSCs were re-
programmed from roughly 5 million PBMCs
and 1 million CB cells via fransfection with

TRENDS IN HAPLOBANKING

five episomal plasmid vectors, which express
Oct3/4, Sox2, KIf4, and MyclL1 (OSKM), as
well as Lin28A, the dominant-negative form
of TP83, and EBNAT. Use of LIN28 and
EBNAT, in addition to OSKM, has been com-
mon practice for more than a decade, ever
since episomal vector methods were devel-
oped to replace lentiviral vector methods.
Regarding the motivation for the dominant-
negative form of TP53: in two previous CiRA
papers!, it was found that p53 inactivation
provides a significant efficiency advantage
for episomal plasmid reprogramming. In this
case, rather than use an shRNA, the plasmid
pPCE-mp53DD - deposited to the Addgene
nonprofit by the Yamanaka Lab following the
2012 study — was used.

CiRA Foundation:

Since our clinical cell stocks were
manufactured using isolators in
the CPC, we had to select the
simplest and most efficient pro-
cedure. The vector containing
Lin28 and mp&3DD (instead of
TP53 shRNA, which was problem-
atic due to patent issues) in addi-
fion to OSKM, was the most suit-
able method, and we decided to
use this method for manufacturing
the clinical iPS cell stock.

Thus, one can see in the iPS Stock Project as a
certain thread of continuity from reprogram-
ming methodological developments made
by CiRA in the early 2010s.

2.4.2 Residual Plasmids and
Integration-Free Vectors

One reprogramming challenge encoun-
tered in the paper was that of residual plas-
mids. Episomal plasmids are valued as non-
infegrating alternatives to other vectors, such
as lentiviruses. However, as noted in the

Namely, the 2013 paper, "An Efficient Nonviral Method to Generate Integration-Free Human-Induced Pluripotent
Stem Cells from Cord Blood and Peripheral Blood Cells", and the 2012 paper, "A more efficient method to generate

integration-free human iPS cells".

SciSci Interview No. 3
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study, exogenous genetic material from in-
tegrated plasmid DNA was indeed found in
many iPSC lines.

CiRA Foundation:

The frequency of the remaining
residual plasmids was a little sur-
prising, because we thought that
the residual plasmids would be
easily reduced by repeating di-
lution during passaging (about
1/100 per passage between
same-size wells).

However, the study involved multiple meth-
ods. "Method 2", which was used for donors
RWMH, DRXT, and YZWJ, whose screening
process involves a single cell/well plafing
and a limiting dilution process, is believed to
provide sufficient screening against residual
plasmids.

CiRA Foundation:

The data made us decide to
change from method 1 to method
2, as described in the Yoshida ef
al. paper. As a result, we believe
we can simply screen out the risks,
at least for providing a raw mate-
rial for allogeneic therapy.

Although genomic integration is stated as
the expected source of residuality in the pao-
per, non-integrative residuality was noted as
another possible explanation.

CiRA Foundation:
Although the paper states that the

residual plasmids are due to ge-
nomic integration, this does not
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completely deny the possibility
that there may be cases where
the residual plasmids remain with-
out integration due to a high
level of episomal vector replica-
tion. However, both cases would
be the same in that they have es-
sentially the same risk.

With respect to vector methods, Sendai
viruses display promise as a non-integrating,
quickly removable, efficient vector.  Al-
though such characteristics may render
them more suitable, relative to episomal
plasmids, the paramount performance indi-
cator is the quality of the lines themselves,
and it is not yet known which (i.e., Sendai
viruses or episomal plasmids) performs better
in this respect.

CiRA Foundation:

Sendai virus vectors have advan-
tages over episomal plasmids in
terms of residual risk; for exam-
ple, attempts have been made
to promote removal by tempera-
ture control through the intfroduc-
tion of tfemperature-sensitive mu-
tations. The simple protocol and
high efficiency of reprogramming
are also benefits. However, we
dont have a conclusion regard-
ing which is better in terms of the
quality of the iPSCs produced.

Recall that the CiRA Foundation also main-
tains a collection of two clinical-grade
Sendai Virus hiPSC lines. Perhaps, with time,
the comparative performance of these vec-
tors will become more pronounced.
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Figure 2. Residual vector counts for Trp53DD from column "P" of "Table S7" in the Supplemental

Information section of the 2023 paper.

2.4.3 Chromosome 11 Uniparental Disomy

Another frequent observation during the
screening process was the appearance of
uniparental disomy (UPD), or the inheritance
of two chromosomes from a single parent.
This occurred with respect to chrommosome
11, specifically Chr11922.1-25. With the ex-
ception of QHJI-derived hiPSCs, all others ex-
hibited chromosome 11 UPD.

In the report, it is written that chromosome
11 UPD might be aftributable to the use
of mp&3DD in the reprogramming process.
The report cites a study on myeloid leukemia
in which p53 alterations were associated with
UPD (p17), itself attributed to homologous re-
combination. (The myeloid leukemia report,
in turn, cites another paper from the 1990°s in
which p&3 inactivation is associated with an
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uptick in homologous recombination.)

It has been known for over a decade that
P53 suppression enhances reprogramming
efficiency. p53 functions as a cell cycle reg-
ulator and is implicated in cellular senes-
cence, apoptosis, and cell cycle arrest. At-
tenuating such functionality permits more
cells to aftain pluripotency, improving repro-
gramming vields. Thus, it is desirable to sup-
press pb3.

A direct relationship between pb53 inactiva-
tion and Chr11g UPD has yet to be ascer-
tained. What is more, UPD appeared pre-
dominantly in lines obtained via Method 3
(which was used for cells derived from donors
RJWI, YZWJ, ILCL, and GLKV) whereas QHJI
cells (which did not suffer significant Chr11q
UPD) were obtained via Method 1.
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Differentiation Results

CiRA Foundation:

From the standpoint of reprogram-
ming efficiency, it is preferable to
keep pb3 disruption. Chromo-
some 11 UPD was seen in a small
number of lines from almost every
donor, but what is noteworthy is
that while it was seen in most of
the cell lines derived from periph-
eral blood using method 3, it was
not highly seenin otherlines. There
remains uncertainty regarding the
relationship between the UPD and
P53 disruption.

2.5 Differentiation Results

2.5.1 Differentiation Propensity Assays

hiPSCs are valued for their trilineage differ-
entfiation potential, or capacity to differen-
fiate across all three germ layers (i.e., en-
doderm, mesoderm, ectoderm). The HLA-
homozygous hiPSC lines in the CiRA Foundao-
fion iPS Cell Stock Project were indeed sub-
ject to a trilineage differentiation assay (us-
ing the StemDiff Trilineage Differentiation Kit),
which confirmed a trilineage potential for
lines created from donors QHJI, YZWJ, RWMH,
DRXT, and GLKV. With one exception (i.e., the
SFEBqg test for neuron differentiation poten-
fial) assays were not performed to test differ-
entfiation potential for specific types. How-
ever, as a general matter, rather than have
CiRA Foundation perform cell-type-specific
differentiation assays in-house, it is preferred
for organizations who receive materials dis-
fributed from the iPS Cell Stock to perform as-
says on their own in accordance with their
own needs.

CiRA Foundation:

We think that it is important to pro-
vide our users with the iPSC stock
as quickly as possible so that they
themselves can confirm the differ-
entiation propensity for particular
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cell types because the differentia-
tion protocols are highly individu-
alized.

Onthe otherhand, in certain cases, the CiRA
Foundation has begun to perform cell-type-
specific differentiation potential assays in re-
sponse to common user demands.

CiRA Foundation:

At the same fime, in response
to user needs, cardiac differ-
entfiation potential is tested in
recently manufactured genome-
edited cell lines and the informa-
tionis shared with the users. We will
consider performing further anal-
ysis of differentiation potential as
needed.

In the paper, it is stated that the CiRA Foun-
dation allows users to pre-select hiPSCs, and
perform the requisite differentiation potential
assays for the desired cell type, by distribut-
ing research-grade versions of clinical-grade
lines, which share the same manufacturing
process.

CiRA Foundation:

There seems to be no significant
difference in the manufacturing
process between our research-
grade and clinical-grade iPSC
stock.

2.5.2 Undifferentiated Marker Expression

Quality control (QC) tests and characteri-
zation assessments for hiPSC lines included
— in addition to whole-exome sequencing
(WES), whole-genome sequencing (WGS),
and karyotyping — detection of undifferenti-
afted state markers via flow cytometry. hiP-
SCs were excluded due to residual plas-
mids, single nucleotide variants (SNVs), and
insertions-deletions (indels). Another reason
for exclusion during screening was under-
expression of undifferentiated markers, such
as TRA-1-60, TRA-2-49, and stage-specific
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embryonic antigen-4 (SSEA-4). Intuitively, be-
cause undifferentiated markers are indico-
tive of reprogramming to pluripotency, their
under-expression may suggest the failure of
a given cell fo become an hiPSC. How-
ever, on a methodological note, the ap-
pearance of undifferentiated marker under-
expression may be sensitive to sampling ef-
fects; their appearance may vary accord-
ing to the time at which QC sampling is per-
formed. Moreover, there are indications that
their appearance may lessen under later-
stage sampling.

CiRA Foundation:

The mechanism is not fully under-
stood. We have mainly screened
out cells due to insufficient expres-
sion of TRA-1-60, which is known
to have less stable expression than
the other two markers. Also, there

TRENDS IN HAPLOBANKING

are some cell lines whose TRA-1-
60 expression appears to be de-
creasing when close to conflu-
ence, so it may be improved when
the timing of cell sample collec-
tion is more strictly regulated.

As far as matters of QC are concerned, one
wishes to adopt a sampling method that en-
joys the precision that accompanies stan-
dardization whilst allowing some screen vari-
ability in order to avoid false positive results in
undifferentiated marker detection.

CiRA Foundation:

There may be something to be
discussed regarding the trade-off
between flexibility in timing of QC
sample collection and standard-
ization of testing.

Undifferentiation Factor Expression Percentage Per Clone

TRA-1-60

SSEA-4

T T T T T T
100 50

0

T T T T T T T T T T
0 50 100

Figure 3. Undifferentiated factor expression per clone for SSEA-4 and TRA-1-60, using data from
"Table S7" in the Supplemental Information section of the 2023 paper.
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2.6 "Reverse Translational Research"

The conclusion of the 2022 paper introduces,
briefly, the intriguing concept of ‘reverse
tfranslational research”. The motivation is as
follows. How does one know that one has
developed a pluripotent cell line ready for
industrial-scale cell therapy? One would like
to perform a kind of assay for Critical Qual-
ity Aftributes (CQAs) of a haplobanked line,
which indicate that its satisfies the requisite
scalability desiderata. However, CQAs as
such are difficult to ascertain in vifro.

CiRA Foundation:

In general, it is important to under-
stand what the CQAs are, but they
could not be identified in many
cases due to insufficient in vivo pa-
rameters which indicate frue end-
points for regenerative medicine
products.

This issue is expected to be redressed, in part,
with the availability of clinical trial data. Thus,
one expects to surmise from clinical trial data
not only translational insights regarding the
therapeutic effectiveness of haplobanked,
HLA-homozygous hiPSCs, but also a deeper
basic understanding of the nature of pluripo-
tency and differentiation itself as witnessed
within an in vivo setting. Such is the intriguing
nature of "reverse tfranslational research”.

CiRA Foundation:

We believe that reverse translo-
tional studies are essential to ver-
ify the relationship between cell
quality in vitro and cell behavior in
Vivo.

Certain in vivo data may only appear
in freatment-seeking patients themselves,
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rather than control groups. Thus, it will be
helpful, in reverse translational research, to
gather insights from "an environment with @
pathological condition[;] not [just a] normal
[one]." It is hoped that such in vivo data can
be analyzed in concert with biomanufac-
turing data in order to help realize induced
pluripotency for therapeutic applications at
an industrial scale.

CiRA Foundation:

By comparing cell manufactur-
ing process data with clinical trial
data, it may be possible to iden-
tify the necessary cell quality char-
acteristics of final cell products,
as well as intermediate cell prod-
ucts, and establish an appropriate
— neither excessive nor insufficient
- QbD (Quality by Design) manu-
facturing process.

The commentary on "reverse translational re-
search" given at the conclusion of the pa-
per may be suggestive of new epistemo-
logical directionality — namely from tfransla-
fional to basic research - in the iPSC field,
wherein basic aspects of pluripotency itself
atftain refined definition through the pursuit
of translational imperatives and uptake of in-
sights therefrom. Put differently, the prospect
of reverse translational research reminds us
of the fascinating epistemological charac-
tfer of biomedicine, with our basic under-
standing of biomedical phenomena beingin
many cases understood through the devel-
opment of freatments. By observing the per-
formance of hiPSC therapies in patients, we
may be able to better understand the fun-
damental regenerative character of hiPSCs
— from reprogramming fo engraftment — vis-
a-vis a dual biomanufacturing/clinical lens.
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Haplobanking Challenges
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integrating vectors for Or limited dilution process
MENOIGEESEWAM reprogramming (unlike (contemporary view)
lentiviruses) Non-integrating

residuality due to rapid
episomal replication
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Chromosome 11 abnormality; p53 inactivation during = cell/well plating and a
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Figure 4: Summary of challenges discussed in 2.4-2.5
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3 Trends in HLA Cloaking

3.1 The HLA Cloaking Approach

As discussed previously, HLA cloaking is an-
other hypoimmunity strategy being pursued
parallel to haplobanking. In order fo mo-
fivate this approach, one need only con-
sider the combinatorics of HLA-homozygous
matching and the logistical challenges at
play in screening donors. With HLA cloaking,
one may be able to eschew the task of HLA
matching by knocking out certain HLA alle-
les implicated in allogeneic immunogenicity.
In doing so, one can avoid, perhaps, the re-
guirement of HLA matching by mitigating im-
munogenicity through gene-editing.

Knockout methods are employed to disrupt
specific HLA dlleles in order to equip other-
wise HLA-mismatched allograft iPS cells with
the capability to evade immune responses
once transplanted in vivo. One wishes to
suppress cell-surface presentation of foreign
antigens fo cytotoxic CD8* T cells by HLA
class | molecules (e.g., HLA-A, HLA-B, HLA-
C): antigen presentation to CD4* helper T
cells by HLA class Il molecules (e.g., HLA-
DP, HLA-DQ, HLA-DR); and natural killer (NK)
cell cytfotoxicity in response fo "missing-self
recognition”. One does so by performing
gene knockouts (KOs) that suppress partic-
ular HLA alleles via clustered regularly inter-
spaced short palindromic repeat (CRISPR)
associated protein 9 (Cas?) methods.

One encounters what we might call ‘*knock-
out/hypoimmunity optfimization” challenges
when implementing HLA KO. If one knocks
out all HLA class | molecules, one achieves
evasion of CD8* T cell cytotoxicity at the
expense of NK cell cytotoxicity: suppression
of HLA-C foments missing-self recognition, to
which NK cells react. Thus, the HLA cloaking
strategy at CiRA and the CiRA Foundation
retains HLA-C in order to achieve hypoim-
munity with respect to CD8*" T cells whilst
also avoiding NK cell responses. One obtains
"pseudo-HLA-homozygous", HLA-A—/B—/CT,
haploid cells.
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Yamanaka-sensei:

First of all, | believe you have heard
about the "missing-self [recogni-
fion]" immune reaction. So, if you
knock out all HLA, the recipient
would recognize [cells from] those
HLA-knocked-out cell lines as in-
vaders, because they do not have
any HLA. [...] Also, by deleting all
HLA we have to worry about viral
infection and tfumorigenicity.

Hotta-sensei made a similar assessment.

Hotta-sensei:

HLA has a very important func-
tion of presenting foreign antigens
to immune cells. Obviously, com-
pletely deleting the whole HLA will
completely abolish antigen pre-
sentation; | think that’s too risky.
HLA-C-retention — only expressing
HLA-C, [without] HLA-A or -B -
[...] would probably be better and
safer for balancing antfigen pre-
sentability and immune compati-
bility.

Notwitstanding considerable HLA polymor-
phism, due to relatively low HLA-C variance
worldwide, Yamanaka-sensei believes that
an HLA-C-retained approach could, if suc-
cessful, achieve global coverage with a
modest collection of lines.

Yamanaka-sensei:

Our strategy is the so-called "HLA-
C-[retained]" approach. We
would knock out HLA-A and -B,
leaving one intact -C allele. HLA-
Cisless diverse. We expect that as
few as 10 lines with different HLA-
C haplotypes will be sufficient to
cover almost the entire world pop-
ulation.
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On the biomanufacturing side, the strategy is
attractive in its capacity to increase the ratio
of lines yielded from a single donor.

Hotta-sensei:

As you mentioned, our HLA-
pseudo-homozygous approach
basically relies on CRISPR-Cas?
knockout. If there is an HLA-
homozygous donor who has 2 mi-
nor HLA haplotypes, we could
create 2 or more HLA-pseudo-
homozygouslines. That’s probably
the biggest advantage.

The CIiRA Foundation currently offers 3
clinical-grade genome-edited cells, all from
donor QHJI, each established using CRISPR-
Cas9-KO and feeder-free media.

e QHJI14504/AB II-KO-03
e QHJIT4504/AB [I-KO-11
e QHJIT4504/AB [I-KO-12

An additional 7 research-grade gene-edited
cells, from two donors (QHJI and DRXT) are
also made available:

e DRXT: Ff-XT28s05-ABo_To

e DRXT: Ff-I01s04-AB II-KO-16
e QHJI: Ff-I01s04-AB [I-KO-50
o QHJI: Ff-I01s04-AB [I-KO-54
o QHJI: Ff-114504-AB II-KO-7

e QHJI: Ff-114s04-AB [I-KO-13
e QHJI: Ff-114504-AB II-KO-24

With gene-edited lines made available in the
iPS Stock, one can see a relationship be-
tween HLA cloaking research at CiRA and
the iPS Cell Stock Project at the CiRA Foun-
dation.
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3.2 Hypoimmunity Testing

3.2.1 HLA-C-Retained hiPSC Hypoimmunity

The sought advantage of the HLA-pseudo-
homozygous strategy is one of securing
donor potential across a global HLA haplo-
type distribution with (at least) an order of
magnitude fewer lines than a haplobank-
ing strategy might require.  Disruption of
HLA alleles, if chosen carefully, might miti-
gate dllogeneic immunogenicity in a man-
ner that would otherwise require extensive
donor matching. However, KO’s do not in
their own right guarantee hypoimmunity. For
instance B2-microglobulin knockout (82M-
KO) is regarded as risk-prone due to KO-
induced innate cytotoxic responses from NK
cells in the complete absence of HLA class
[, as Yamanaka-sensei described in an ear-
lier quote. The chosen HLA-C-retained strat-
egy is favored due to the expectation of hy-
poimmunity optimality, mitigating allogeneic
immunogenicity without ‘knocking out too
much’ and provoking an NK cell response.
Thus, a key demonstration of the prospect of
the HLA-C-retained gene-editing approach,
distinguishing it from 2M-KO, is the demon-
strated evasion of NK cell cytotoxicity.

In the 2019 paper, the clinical-grade hiPSC
line, Ff-XT28s05, was used to produce a gene-
edited line via knockout of HLA-A*24:.02
and HLA-B*07:02 (as well as HLA-C*12:02),
with HLA-C*Q7:02 retained. Genome edit-
ing was performed through CRISPR-Cas? pro-
tein transfection via 4D-Nucleofector. Guide
RNAs (gRNAs) - specifically HLA-A-ex3g]
and HLA-B-ex2-g1 - were selected for the
knockouts.

Another gene-edited, HLA-C7+ cell, was pro-
duced, from iPSC 585A1 (also subject to
knockout using HLA-A-ex3g1 and HLA-B-ex2-
gl) for immunogenicity testing. CD8* T-cell,
CD4+ T-cell, and NK cell immune responses
were tested per cell type, rather than in con-
cert, as is discussed with Hotta-sensei below.

A Chromium-51 release assay was per-
formed to test for CD8* T-cell immunogenic-
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ity, which showed HLA-C7*-cell-derived
blood cells to perform better than g2M-KO-
cell-derived blood cells in evasion of CD8"
T-cell cytolysis. (The HLA-C7*-cell-derived
blood cells also demonstrated better graft
survival;, comparing intraperitoneal trans-
plants in mice of CD43* blood cells differ-
entiated from a HLA-C7 retained line and
a B2M-KO line, the former exhibited better
performance.)

Next, NK cell cytotoxicity was tested. HLA-
C7"-cell-derived blood cells were tested for
expression of the CD107a (LAMP-1) antigen,
which is indicative of exocytotic degran-
ulation by CD8* T-cells and NK cells. A
Chromium-51 release assay was also per-
formed. NK cell cytotoxicity was found to
be significantly lower in the HLA-C7* case
than in the 2M-KO control group cells. The
HLA-C77 cells also exhibited cytotoxic eva-
sion when exposed to a mixture of both NK
cells and CD8* T cells.

Furthermore, HLA-Ct/CITA~ cells were
tested for CD4*T T cell immune responses
via a carboxyfluorescein succinimidyl ester
(CFSE) assay. It was found that, whereas
CD4+ T cell reactions did arise in the HLA-
C*+/CITAt case, it did not in the HLA-
C*/CIITA~ case.

3.2.2 Global Coverage Differentiated Cell
Testing

If such favorable hypoimmunity properties
hold for further HLA-C+ clinical-grade hiPSC
lines, it is foreseen that a global donor po-
tential can be reached with a small HLA-
C* hiPSC collection. It is estimated that
an HLA cloaking strategy can provide 90%
haplotype coverage among Japanese,
European-American, African  American,
Asian American/Pacific Islander, and His-
panic American populations with the addi-
tion of 11 clinical-grade HLA-C*+ hiPSC lines:

SciSci Interview No. 3

TRENDS IN HLA CLOAKING

e HLA-C*01:02 e HLA-C*06:02
e HLA-C*02:02 « HLA-C*07.01
o HLA-C*03:03 e HLA-C*08:01
e HLA-C*03:04 e HLA-C*12:02
* HLA-CT0401 e HLA-C*16:01
e HLA-C*05:01

Aspirations as such help one to appreci-
ate the inferest in HLA cloaking as a poten-
fial strategy for demographically broadening
patient elligibility for hiPSC-based allograft
therapies beyond those that can be accom-
modated via haplobank donor matches.
Testing NK cell responses to the remaining 11
HLA-C7-retained lines is thus a natural course
of action. As Hotta-sensei mentioned, data
on other lines has been collected.

Hotta-sensei:

For other HLA-C-retention strate-
gies, of course, | think it would be
ideal to [test] NK responses. Ac-
tually, we do have some unpub-
lished data [on] additional HLA-C-
retained lines.

Because the ultimate hypoimmunity out-
comes concern not the hiPSCs themselves,
but the specialized cells differentiated there-
from, it is better, in Hotta-sensei’s estimation,
to subject primary cells differentiated from
HLA-C-retained hiPSCs to NK cell cytotoxic-
ity testing. With the CiRA Foundation now a
distributor of pseudo-HLA-homozygous cells,
such testing can be decentralized across a
greater network of institutions.

Hotta-sensei:

[Regarding] the question of
whether or not we have tfo do
that test all the time when we cre-
ate clinical-grade HLA-C-retained
iPSC lines: it may not be the case.
It could be tested after differ-
entiation.  That’s something our
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collaborators [do]. We already are frying to make them differenti-
distributed HLA-C-retained lines ate to the cell type of interest, and
through the CiRA Foundation last testing immune responses.

year. So now, our collaborators

Cumulative Demographic Coverage for HLA-C-Retained hiPSCs
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Figure 5: Plot of estimate of cumulative coverage provided to 5 demographic groups per cu-
mulative availability of the HLA-C-retained lines listed in 3.2.2 of this report, visualizing data from
Table S4 in the Supplemental Information section of the 2019 paper. The same data is visualized
in a different manner in of Figure 6C in that paper.
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3.2.3 Xenograft Limitations

The  above-discussed  immunogenicity
fests were performed under xenograft,
rather than allograft, circumstances; cy-
tfotoxicity was assayed in murine mod-
els. In the absence of clinical trials,
NOD.Cg-Rag 1'mMom|iorgtmIWil Sz, ) (NRG)
mice (JAX:007799) — immunodeficient mice
— have served as preliminary (albeit imper-
fect) subjects for in vivo testing, though with
afttendant limitations.

Hotta-sensei:

It’'s challenging to do an in vivo
assay.  There are immunodefi-
cient mice available. A human
hematopoietic stem cell can be
implanted to reconstitute the hu-
man immune system in mice: so-
called humanized mice.

Nevertheless, even in humanized, immodefi-
cient mice, one cannot fully recapitulate the
human immune system.

Hotta-sensei:

However, dfill, the thymus, lym-
phoid gland, and other [lym-
phatic structures] are derived from
the mice, so it's not possible
to completely reconstitute a fully
marture human immune system in
a mouse. | don’t know if the [hu-
manized mouse] system is enough
to capture a human response;
that’s sfill under debate.

In the xenograft case, xenogeneic graft-
versus-host disease (xeno-GvHD) is also an
issue, though one that is a focus of recent
publications. It was reported in a 2024 po-
per that hiPSC-derived CD4+ T cells, induced
with high expression levels of the regulatory T
cell TF FOXP3, both mitigate CD8* T cell re-
sponses and xeno-GvHD in immunodeficient
NOD-SCID IL2Rycnull (NSG) mice that had
received a xenograft of HLA-A2* human
PBMCs. Nevertheless, murine models are not
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the only xenograft candidates; nevertheless,
other models, such as those of NHPs, are sfill
subject to similar risks.

Hotta-sensei:

NHPs also [pose] xeno-GvHD
risk[s], similar to [those of] mouse
models.

3.2.4 In Vitro Assay Limitations

When performing in vitro assays, method-
ological choices span a considerable para-
metric range, and it is difficult o establish
experimental conditions that simulate, within
said range, the immunological conditions
germane to the patient.

Hotta-sensei:

The challenge of investigating
immune responses [is]: there’s
a lack of precise measurement,
We mainly use an in-vitro-based
mixed [lymphocyte reaction] as-
say, which means the differenti-
ated iPS cell product could be
mixed with a human peripheral
immune cell. We want to see the
human immunoresponse, not the
mouse response. The in vifro test is
the gold standard method, but we
find the sensitivity and degree of
immune response depend on the
experimental conditions, [such as]
how many cells one mixes or how
long one incubates, or how much
one stimulates the cell with cy-
tokines. It's kind of hard to make
the right dose completely mimic
the in-vivo-patient situation, be-
cause that can also vary patient-
to-patient, disease-to-disease.

One can come closer fo recapitulation, on
a per-cell basis, by infroducing human cy-
tokines; though doing so for T, B, and NK cells
in fandem remains a challenge.

Hotta-sensei:
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There’s no humanized mouse
model that can fully reconstitute
mature T cells, B cells, and NK cells
altogether. One has fo supple-
ment certain human cytokines to
activate certain cell types. If peo-
ple are interested in T cells, people
can [...] stimulate human T cells,
but in this case, NK and B cell con-
tributions are much smaller. For NK
cell reconstitution, there are NK-
cell-specific cytokines available,
but in that case, T cell and B cell
numbers are much lower than the
usual case. [...] | don’t think there
is a single sufficient animal model
at this moment. The immune sys-
tem is very complicated.

Thus, at present, the first step taken is that of
demonstrating hypoimmunity on the basis of
individual lymphocyte types.

Hotta-sensei:

That’s why, in the paper, we did
the individual T cell assay and NK
cell assay in vitro, with [...] highly
stimulated cells so that they are
primed to attack each allogeneic
cell. We demonstrated that there
was NO immunoresponse against
the HLA-C-retained line.

In light of such constraints, clinical trial re-
sults for HLA-pseudo-homozygous cells are
greatly anficipated.

3.3 Knockouts and Genomic
Integrity

3.3.1 Custom Guide RNAs

In the 2019 study, customn gRNAs were de-
signed for performing HLA knockouts. Such
design involved both HLA sequence align-
ment searches for identifying candidate
SgRNA templates and in vifro tfranscription for
synthesizing them. Candidate gRNAs were
found using the Johns Hopkins Bowtie short
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read aligner on HLA haplotype sequences
in the IPD-IMGT/HLA database. The sgR-
NAs were then synthesized using MEGAshort-
script. sSgRNAs were selected for targeting ex-
ons 2 and 3.

Hotta-sensei:

In the first part of the paper, we
performed an in silico analysis of
potential guide RNA designs for all
possible HLA haplotypes.

Prior to meeting Hotta-sensei, | had won-
dered if sgRNA template requirements will
vary by patient HLA haplotype, such that
custom sgRNAs must be designed for each
pseudo-HLA-homozygous line. Indeed -

Hotta-sensei:

That’s one of the questions we had
when we initiated that project.

In fact, multiple sgRNA design is necessitated
when a consensus region for the multiple KOs
involved is unavailable.

Hotta-sensei:

What we foundis[...] technically, it
is possible to design a single guide
RNA that fargets HLA-A, -B, and
-C all together, but the consen-
sus regions are not [conveniently]
located[.] [...] The HLA gene
consists of 5 exons, and antigen-
presenting extracellular domains
are located mainly on exon 2 and
3, so it’s important to knock out 2
and 3; but sometimes, the consen-
sus region is located on exon 4 or
5.

(Multiple KO requires consensus among
9RNA sequences. HLA class-I gene loci can
be found on chromosome 6 (its short arm), it’s
heavy chain being encoded by 8 exons.) In
light of the exon issue, sgRNAs are tailored o
each pseudo-HLA-homozygous hiPSC line.

Hotta-sensei:
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Knockouts and Genomic

Integrity TRENDS IN HLA CLOAKING
What we're currently doing is cus- duct off-target tests for each line, whereas,
tom design of guide RNAs for indi- in the haplobanking case -

vidual iPS lines; that way, we can

identify the region that we want to Hofta-sensei:

target. , )
We don’t have to do extensive
off-target genomic integrity anal-
This might illustrate a possible disadvantage ysis if no gene editing is per-
of the HLA cloaking approach relative to the formed. Sfill, minimal tests (kary-
haplobanking approach. Inthe former case, otyping and WGS) are required for
one may need to design sgRNAs and con- clinical-grade iPSC lines.

Figure 6: Array Plot visualizing the target sequences for the HLA-targeting CRISPR-Cas? sgRNAs
considered during in silico analysis, as shared in Table S1 in Supplemental Information section in
the 2019 paper. Here, each nucleotide base is given a color, as shown in the legend.
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Knockouts and Genomic
Integrity

3.3.2 Checking for Off-Target Effects

After disrupting the targeted class | HLA al-
leles, one seeks to confirm the absence of
deleterious off-target edits. One wishes to
ensure that the CRISPR-Cas? knockouts only
edit the sites pertinent to the targeted al-
leles; one wishes to confirm genomic in-
tegrity. During the sgRNA design phase, pos-
sible off-target behavior was identified using
CRISPOR and GGGenome. In the study it-
self, infegrity was assessed via karyotyping
and whole-exome sequencing (WES) - the
latter identifying single nucleotide variations
(SNVs) and insertion-deletions (indels) — and

Number of Possible Off-Target Sites (According to Cas-OFFinder)

TRENDS IN HLA CLOAKING

Cas-OFFinder, which was used to determine
the extent to which the SNVs and indels were
off-target (up to 9 basepairs (bps)), given
the great number of possible off-target sites
within a 9bp range. Setting aside the on-
tfarget SNVs/indels, which were indeed lo-
cated within 3 basepair proximity of the pro-
tospacer adjacent motif (PAM) site where
the CRISPR-Cas? cleavage occured, the dis-
fribution of the remaining SNVs/indels was
found to be cleavage-independent. Thus,
their appearance was attributed to muto-
genic processes involved in the handling of
hiPSCs themselves, such as culturing and
subcloning.

108 —

10° —

104 =

1000

Possible Mismatches

100 =

6 8 10

| — A-ex3-g1
— B-ex2-9g1

Number of Base Pairs

Figure 7: Number of possible off-target sites for sgRNAs A-ex3-g1 and A-ex2-g1, plotted on a
logarithmic scale, and color-coded in the legend. Data is from Table S6B from "Document S2.
Article plus Supplemental Information” in the Supplemental Information section of the 2019 pa-
per.
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3.3.3 Cultural Mutagenicity

In order to perform genomic integrity analy-
sis, one must produce cells to test. Thus, one
must expand one’s hiPSCs in vifro. One does
so at a cost, however, for the expansion pro-
cess itself can be mutagenic, as Hotta-sensei
described.

Hotta-sensei:

Just isolation and cultivation of iPS
cells accumulates genomic error.
That has been known.

Moreover, one cannot hope fo eliminate
such mutagenicity; it is an ineluctable acci-
dent of in vitro expansion.

Hotta-sensei:

Tissue culture is a quite artificial sys-
tem: we culture cells as a mono-
layer in a plastic dish, which is fo-
tally different from in vivo [condi-
fions]. Even cells dividing in a plas-
tic dish is surprising; it's unbeliev-
able to me. The situation of grow-
ing cells in a dish is very different
from the in vivo situation. Similarly
to other cell lines, iPS cells can be
expanded unlimitedly; they have
a very active proliferation profile.
So, acquisition of genomic copy
errors is expected. The human
genome is 3 gigabytes; copying
every two days. It would be sur-
prising if there was no error at all.

Nevertheless, one wishes to reduce muta-
genicity by minimizing the risk-prone param-
eters involved in expansion, such as passage
number and culture time.

Hotta-sensei:

The important thing is minimizing
the culture period - what we call
the passage number — with as few
cell divisions as possible. That's
critical. [...] Tissue culture time
should be minimal.
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Determining the risk severity of mutations is it-
self difficult, and confounded further by the
unique genomic profiles of individuals.

Hotta-sensei:

If you have a chance to look
at individual genomic sequences,
you'll be surprised by how di-
verse they are. There are 3
million SNPs [(single nucleotide
polymorphisms)] between individ-
uals. Each person has a unique
genomic sequence. Mutations
could even be found in onco-
genes or tumor suppressor genes.
[..] We establish iPS cells from
healthy volunteers [but] [...] ac-
tually, in iPS genomic sequences,
there’s a large variation. No one
knows the individual meaning of
a mutation, even when there’s a
large copy number variation or a
mutation in a well known gene.
Deciding how benign or danger-
ous a mutation is: that’s still a chal-
lenge in the field.

Nonetheless, such does not relieve practi-
fioners of implementing due diligence proto-
cols, such as oncogene assays.

Hotta-sensei:

At least, after sequencing, we
check for well known cancer-
driver genes. If there was a loss-
of-function mutation in a famous
tumor suppressor gene, we would
stop shipping that line for clinical
applications.  That’s one of the
standards of the CiRA Foundation.

3.4 Other Antigens

HLA class | proteins (e.g., HLA-A, -B, and -
C) are not the only anfigens of possible in-
terest. For instance, the 2019 paper consid-
ers knockout of the class Il major histocom-
patibility complex transactivator (CIITA) in or-
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der to evade CD4™ T cell responses. (CD4*
T cells are activated via HLA class Il anti-
gen presentation.) Although CD4* T cells
do not directly pose a cytolytic risk to allo-
graft cells, they nonetheless pose an indirect
threat as "helper cells" capable of marshal-
ing other cells (e.g., B cells, cyototoxic T cells)
via cytokine release. The sgRNA CIITA-ex3g5
was used to create HLA-C7-retained, CIITA-
KO lines.

Beyond CIITA, other MHC class Il proteins may
influence engraffment in the case of cer-
tain therapies. HLA class Il molecules dif-
fer from those fromm HLA class | in that they
are expressed mostly by antigen-presenting
cells (APCs). Thus, in the 2019 paper, it is
suggested that further class II KO may only
be needed for hiPSC-derived therapies in-
volving the tfransplantation of APC allografts,
such as T cells or macrophages.

For instance, class I KO may be needed in
the case of certain cancer therapies.

Hotta-sensei:

HLA class Il is mainly expressed by
antigen-presenting immune cells
such as macrophages, dendritic
cells, and NK cells. In the case of
anti-cancer therapy, iPSC-derived
NK cells have been investigated.
S0, | do think there are some cases
where cell types expressing HLA
class Il can be utilized for cell ther-
apy applications.

Attention is also paid to HLA-DR, a class |l
allele that is implicated in graft-vs.-host dis-
ease (GvHD) in fransplantation medicine.
Even in the haplobanking cases, donors are
screened for HLA-DR homozygosity.

Hotta-sensei:

HLA-DR is one of the important
HLA haplotypes that is under in-
vestigation in a clinical setting:
HLA-A, -B, -C, and -DR haplo-
types match [in] basically any
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cord blood or organ transplan-
tation [...] because, as has
been shown, HLA-DR-matching is
advantageous for minimizing im-
mune rejections in tissue or organ
transplantation.

Nonetheless, one might not expect cer-
tain kinds of immunogenicity or engraftment
complications that arise in organ or tissue
fransplants to pose comprable risks in the
case of hiPSC allografts.

Hotta-sensei:

Inmy view, there’s a difference be-
tween organ fransplantation and
iPS cell transplantation, because
with iPS cell fransplantation, you're
making relatively pure cell popu-
|ations.

Overall, the hypoimmunity advantage of
class Il disruption remains still unknown. How-
ever, because, unlike HLA-C-KO, class I-KO
can in principle be executed without NK cell
response risks; it can thus, perhaps, com-
plement a HLA-C-retained cloaking strategy.
However, the benefits remain undetermined.

Hotta-sensei:

It's actually still a hypothetical dis-
cussion. No one knows how ben-
eficial matching HLA class Il will
be in the case of iPS cell-derived
products.  But one could eas-
ily check whether HLA-DR is ex-
pressed in the final cell product or
not. If there is HLA-DR expression, |
still think there’s a benefit in remov-
ing class Il from the cell. Class Il is
not involved in NK cell suppression,
so there could be a benefit.

However, such considerations might ulfi-
mately be taken on a cell-by-cell basis, de-
pending on class Il expression.
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Hotta-sensei:

At the same time, if the cell - like
a motor neuron — does Not express
class Il at all, one may not need to
do additional genome editing.

Setting aside HLA class | and Il, the MHC does
feature further minor antigens, which are not
accounted for in existing matching strate-
gies. However, it may be the case that they
may be left unmatched without significant
imMunogenic consequences.

Hotta-sensei:

Even in the current HLA-
homozygous iPSC trials, minor anti-
gens cannot be fully matched,
but they are not associated with
severe immune rejection reac-
tions. Therefore, | think the mis-
matches in minor antigens can be
tolerable.

3.5 HLA Cloaking Advantages

Yamanaka-sensei expressed his confidence
in the HLA cloaking approach. Given the still-
partial coverage, domestic and global alike,
estimated for the current state of haplobank-
ing. and in light of the ongoing status of clin-
ical tfrials, Yamanaka-sensei regards the par-
allel pursuit of haplobanking and HLA cloak-
ing to be advantageous.

Yamanaka-sensei:

At least in theory, the HLA cloak-
ing approach should work, but
we have to test it by clinical
trial. As an alternative approach,
we have been working on HLA-
homozygous iPS cell lines, and are
already providing [coverage for] 4
[common] HLA haplotypes. With
those 4, we can cover up to 40%
[of the Japanese population], but
in order to cover the remaining
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60%, and in order to cover the en-
tire world population, we would
need a lot more — maybe more
than 100. [However], it's next to
impossible to produce more than
100 GMP[-grade] iPS cell lines at
the moment. [..] So, we are
taking both approaches sfill, be-
cause we have to wait for the out-
come of clinical trials.

Furthermore, even if future iPSC stocks ex-
tend coverage more broadly across patient
haplotypes, Hotta-sensei expects that HLA-
pseudo-homozygous hiPSC line production
may nonetheless serve as a secondary resort
for serving patients with rarer haplotypes.

Hotta-sensei:

If we establish a huge number
of HLA-homozygous lines, [buf]
need a very rare HLA haplotype,
a pseudo-homozygous approach
might become realistic. That’s my
own interpretation.

The prospect of pseudo-HLA-homozygous
strategy is often compared with that of the
pursuit by other organizations of a "univer-
sal" hiPSC line; that is, a single hiPSC line
from which derived cell allograft freatments
that can be received by any patient with-
out immunogenic risk. A candidate "uni-
versal' gene-editing technique is KO of the
B2-microglobulin (82M) gene. The p2M
polypeptide light chain and alpha heavy
chain form the HLA class-I heterodimer. Thus,
B2M disruption compromises the entire HLA
class | architecture; B2M-KO is wholesale
HLA-class-I-KO. As discussed previously, com-
plete HLA class | disruption leaves one at the
mercy of NK cells. Thus, weighing production
efficiency and hypoimmunity fradeoffs, one
should, in Yamanaka-sensei’s view, produce
multiple HLA-C-retained lines rather than vie
fo establish a universal line via 52M-KO.

Yamanaka-sensei:

29/36


https://www.nature.com/articles/s41577-019-0200-1
https://www.nature.com/articles/s41577-019-0200-1

HLA Cloaking Advantages

Other groups, and some compa-
nies, take a different approach
in which they knock out all mo-
jor HLA dalleles, including HLA-C.
With that approach, they argue
that they would need one iPS cell
line to cover the world popula-
tion. They call that line the "uni-
versal cell line". At the moment,
we don’t know which [approach]
is better. [...] [By] avoiding missing-
self recognition, we believe HLA-
C [retention] is better than other
approaches. [...] [Also], we're
hoping that by having one intact
HLA-C, we can maintain some re-
sponses against viral infection and
tumor formation. But we have a
downside: we have to produce
more than one - [perhaps] 10
lines.

Furthermore, if one’s KO strategy leaves al-
lografts vulnerable to NK cells, additional
fransgene techniques for NK suppression are
needed. These, in turn, are undermined by
the nature of iPSC-based cell biomanufac-
turing itself.

Hotta-sensei:

Most other hypoimmune ap-
proaches require transgene over-
expression to suppress NK cells.
During iPS cell culture and differ-
enfiation, transgenes tend to be
silenced. So, maintaining trans-
gene expression in a constant
manner is very challenging. De-
pending on how one tfransfers the
fransgene [...] one has fo check
the integration site for genomic in-
tegrity. Also, those types of vectors
tend to have multi copy insertions,
SO one has to make sure that one
is not disrupting important genes,
such as tumor suppressor genes,
or activating oncogenes.

As one can surmise, the prospective bene-
fit, notwithstanding the NK cell risks, of the
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B2M-KO approach is its broad coverage. By
comparison, the HLA-C-retained is favored
due fo the global coverage prospect it poses
with rather parsimonious KO requirements, as
Hotta-sensei reviewed.

Hotta-sensei:

[The] hypoimmune approach
[via] genomic engineering is a
very hot field currently. Various
groups [across] the world are try-
ing different approaches. | do
think there are pros and cons for
each. Ours, the HLA-C-retention
approach, has the advantage
that it only relies on gene knock-
out: HLA-A and HLA-B, and, if nec-
essary, CIITA.

Such parsimony, in turn, is expected to ease
the manufacturing process.

Hotta-sensei:

Manufacturing is also simple[r]. If
one doesn’t need class Il knock-
out, we actually have a guide
RNA that can knock out HLA-A
and -B genes simultaneously. Just
fransfecting one Cas? guide RNA
info the iPS cell [...] in just one
step, we can create a final cellular
product. The ease of manufactur-
ing is an advantage.

However, for a decisive verdict, one must
await the results of clinical trials in order to
compare the HLA-C-retained HLA cloaking
strategy to other gene-editing approaches,
as Yamanaka-sensei emphasized.

Yamanaka-sensei:

| don’t know which is better —in the
beginning, we have fo fest it.

Hotta-sensei made a similar point — he awaits
the outcome of the clinical trials with great
anfticipation.
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Hypoimmunity and
Immunosuppressants

Hotta-sensei:

Ultimately, which methodology
will be the most beneficial, in
terms of avoiding host immunore-
sponses, is still an open question.
We have to wait for the results of
clinical trials, which will take sev-
eral years. I'm really excited to
see how the progress goes. [...]
| think there are still many things
that need to be investigated. Ulti-
mately, the real answer could be
provided by the clinical frial. I'm
really looking forward to it.

3.6 Hypoimmunity and
Immunosuppressants

From a pragmatic viewpoint, it is perhaps
betfter to speak of fostering hypoimmu-
nity than ‘eliminating” immunogenicity fout
court. As Hotta-sensei described, in practice,
the sought outcome is one in which hypoim-
munity is sufficiently accomplished by hap-
lobanking or HLA cloaking such that conven-
fional immuosuppressant regiments can be
administered. Above all, of paramount im-
portance is the patient experience, not im-
munogenicity per se.

Hotta-sensei:

[By] now, HLA-homozygous line
tfransplantation has been done
safely in real human patients. In
many cases, actually, immuno-
suppressants are also used. That's
clinically practical in any cell
tfransplant study. The combino-
tion of HLA editing with immuno-
suppressants [is] also an important
strategy.

Put differently, one wishes to establish the
requisite hypoimmune conditions for obviat-
ing a severe or prolonged immunosuppres-
sant regiment.
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Hotta-sensei:

Immunosuppressants  sometimes
do cause side effects. Too much
immunosuppression for too long
could be a disadvantage. So, I'm
hoping that HLA genome editing
could reduce the requirements
of immunosuppressants, reducing
the amount or the period of ad-
ministration.  That’s another ad-
vantage of the HLA editing ap-
proach.

Moreover, one should not lose sight of en-
graftment as the ultimate transplantation
goal. One seeks a viable therapy whose allo-
grafts evade rejection by merit of a patient-
folerable hypoimmunity strategy.

Hotta-sensei:

The problem is not necessarily
avoiding immune rejection com-
pletely. To me, the important thing
is having enough cells engrafted.
Avoiding immune rejection is just a
part of a long list.

Engraftment, in the absence of immuno-
genicity, has indeed been demonstrated al-
ready; for instance, in the case of a Parkin-
son’s study performed on a macaca fascic-
ularis model.

Hotta-sensei:

Actually, Jun Takahashi-sensei’s
group previously demonstrated,
by using a non-human primate
(NHP) model, that even in the
HLA-mismatch case, a neuron
could be engrafted, though HLA
matching was beneficial; but,
there was no significant immune
rejection observed in the NHP
brain.

Thus, in view of the offen vexing immunolog-
ical quagmires confronted in transplantation
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medicine, achieving satisfactory hypoimmu-
nity may not require mastery over the inftri-
cacies of the human immune system; per-
haps one need only produce results that re-
duce the immunogenicity risk fo a familiar
level that can be tractably redressed with im-
munosuppressants.

3.7 Immune-Privileged Tissues

Although the considerable investments in
both haplobanking and HLA cloaking strate-
gies indicate a great concern for immuno-
genicity, it should be noted that immuno-
genicity risks are anfticipated to be signifi-
cantly reduced for certain fissue types. In
particular, immunogenicity risk may perhaps
be weaker in certain cases by virtue of "im-
mune privilege".

There exists an ongoing medical discourse on
the immune privilege enjoyed by the vessels
of certain organs — such as the brain or testis
— due to "barriers" formed by junctions (e.g..
fight, gap., adherens) whose selectivity fo-
cilitates protection against, for our purposes,
the cytotoxic elements that parficipate in im-
mune reactions.

Possible examples include the blood-brain
barrier (BBB) and blood-testis barrier (BTB).
Avascular tissues such as cartiloge are re-
garded to enjoy similar immune privilege. As
Yamanaka-sensei shared, it is hoped that
immune-privileged organs and tissues impli-
cated in diseases targeted by iPSC thero-
pies may not pose hypoimmunity challenges
requiring treatments beyond conventional
immunosuppressants, thereby obviating the
necessity of HLA matching.

Yamanaka-sensei:

| have to fell you that, for many
applications, we can just use HLA-
unmatched iPS cell lines, because
many [fissues and] organs, like
cartilage and - it's controversial,
but maybe - the brain have, we
expect, [...] weakerimmune reac-
tions. So, by using some immuno-
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suppressants like steroids, even lo-
cal steroid injections, we may
[only] have to use just one line [...]
without considering HLA match-

ing.

Hotta-sensei offered a similar outlook.

Hotta-sensei:

The brain is protected by the so-
called blood-brain barrier; so, a
regular T cell, B cell, or NK cell can-
not penetrate the brain region.
[...] [In the case of ] fransplanting
cells for neuro[degenerative] dis-
orders, the concern of allogeneic
immune rejection [due to] HLA
mismatch is much less.

Thus, with HLA polymorphism potentially de-
coupled from immunogenicity risk in the
case of therapies treating immune privileged
tissues, one wonders if, perhaps, a universal-
line-type approach may be feasible in such
cases.

One might also take note of the diseases
and injuries for which hiPSC therapies have
been subject o clinical trials: articular car-
tilage damage, Parkinson’s, refinis pigmen-
tosa, macular degeneration... Many appear
to pertain to tissues that, perhaps, might en-
joy protection from the BBB, the blood-retinal
barrier (BRB), or cartilaginous immune privi-
lege.

Thus, although CiRA has been both devel-
oping therapies for clinical trial and devel-
oping hypoimmunity strategies for attending
to immunogenicity induced by HLA polymor-
phism among patients, one might wonder to
what extent the first wave of iPS cell therapies
will require hypoimmunity strategies in order
to advance forward.

However, it should be noted that such privi-
lege may not be conferred to patients faced
with a disease or injury that compromises
barrier functionality. Thus, in certain cases,
degenerative progressions in patients may
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require that hiPSC treatments adhere to HLA
matching (or editing).

Hotta-sensei:

If one doesn’t have to care about
HLA mismatches, one does not
need fo use hypoimmune iPS cells.
[...] [However] in the case of se-
vere neurodegeneration, [for in-
stance] [...] there might be a dis-
ruption of the blood-brain barrier
structure. In that case, there is a
risk of immune infiltration. To avoid
unnecessary immune responses,
HLA-matched or genome-edited
iPSC lines are beneficial.

Nevertheless, as stated previously, the ulti-
mate goal of hypoimmunity allograft ther-
apy is not mitigation of immunogenicity risk
for its own sake; hypoimmunity is pursued to
support engraftment.  With this in mind, it
may be the case that HLA matching will re-
main a desideratum, even for immune privi-
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leged tissues, in order to foster engraftment.

Hotta-sensei:

Even with the NHP study, HLA
matching was beneficial:  graft
sizes were significantly better than
the HLA-mismatch case.  Also,
that study was based on a healthy
animal, not a diseased animal
model.

On the other hand, with the advent of
organoids, it has been speculated in a re-
cent review paper by Hotta-sensei, Dr. Sonja
Schrepfer, and Professor Andras Nagy that
barriers could be fashioned to engineer im-
mune privilege. However, as Hotta-sensei
noted.

Hotta-sensei:

This is still a hypothetical statement
with a future perspective.
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HLA Cloaking Challenges and Open Questions

Immunogenicity
Testing and Global
Therapy Coverage

Question/Issue

for other HLA-C-
retained lines

NK cell response tests

Context Possible Approaches

A HLA-C*07:02—
retained line was
tested in the paper. It
is reported that 11
additional HLA-C-
retained lines can
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Figure 8: Summary of challenges discussed in 2.3.2-2.3.3 of this SciSci report
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4 Conclusion: Further
Developments

4.1 The International Stage

4.1.1 Global iPSC Banking

Worldwide, haplobanking endeavors are un-
derway or under consideration. A recent
paper by Hotta-sensei and colleagues men-
tions several nations in which similar initiatives
are underway. As of 2020, the Korea No-
fional Stem Cell Bank has 19 hiPSC lines, ex-
pected to provide 51% domestic coverage.
As of 2020, the Banco Nacional de Lineas
Celulares (BNLC) in Spain reports reports an
inventory of 171 hiPSC lines. Not all of these
inifiatives are being pursued for therapeutic
purposes. In certain cases, such as the Euro-
pean Bank forinduced pluripotent Stem Cells
(EBISC), the objective is to provide a reposi-
tory of research-grade lines (e.g., for disease
modeling).

It is remarked by some that haplobanking,
insofar as it is feasible in Japan, is infeasi-
ble in other nations due to greater domes-
fic genetic diversity.  40% domestic hap-
lobanking coverage in Japan may, for those
of that view, be taken to buttress their po-
sition. On the other hand, the 90% projec-
fion (for US/Japan) aftached to the gene-
editing paper is prima facie intriguing, and
indeed partly motivated the inquiries pur-
sued in this piece. However, notwithstanding
the haplobanking challenge in Japan, sim-
ilar initiatives are under consideration even
in nations whose HLA polymorphism hurdles
are much more formidable. For instance,
in Brazil — a natfion with complex demog-
raphy and broad HLA haplotype diversity
— a preliminary study on haplobanking was
conducted, in which it was estimated that
95% population coverage would require 559
(triple-)HLA-homozygous lines (and screen-
ing some ~4 million citizens, or 1.9% of the
population).

Given the significant line carrying require-
ments estimated for certain foreign hap-
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lobanking initiatives, one might wonder if it
would be better to prioritize an HLA cloak-
ing strategy for domestic coverage in no-
fions with highly HLA-polymorphic popula-
fions. Hoftta-sensei is of the view that it can
still be valuable for national haplobanking
projects to offer lines representative of the
haplotype frequencies among their domes-
fic populations, so long as the requisite sup-
port infrastructure is in place.

Hotta-sensei:

[Different] nations have different
HLA haplotype distributions, so
| think it is beneficial [for each
nation] to have their own iPSC
stocks or banks. Running and op-
erating such cell stocks requires
nation- wide support, including
an HLA- haplotyped blood/cord
blood bank and financial support.

4.1.2 International Regulation

The development of national regenerative
medicine capabilities necessarily depends
on domestic regulatory environments; and
the development of an internatfional regen-
erative medicine depends on the interna-
fional regulatory climate. Naturally, the first
step is domestic; for instance, CiRA Foundao-
tions compliance with the PMD Act was dis-
cussed previously. Although national hap-
lobanking inifiatives may each differ in cer-
tain respects in accordance with domestic
regulations, the global prospect of gene-
editing strategies, which have the potential
to redress lapses in haplobanking HLA cov-
erage, might benefit from regulatory coordi-
nation among nations, such that they can
more efficiently cooperate to provide hiPSC
lines for individuals with HLA haplotypes not
covered by available stocks.

Multilateral discussions between working sci-
entists and regulatory bodies remain ongo-
ing. One notable forum is the Infernational
Society for Stem Cell Research (ISSCR), which
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offers an independent, nonprofit setting for
such discussions.

Hotta-sensei:

Regulatory decisions are made
by regulatory agencies in each
country (FDA in the USA and
PMDA in Japan). Therefore, inter-
natfional collaboration between
the regulatory agencies will be
critical to achieve global harmo-
nization. | am working as a
member of ISSCR to meet with
PMDA and FDA to discuss what
kind of regulatory requirements
and safety tests are commonly
needed to assess genome-edited
hypoimmune iPSCs.

In the case of Japan-US developments, one
can detect signs favoring, albeit gradually,
the permissibility of use of Japanese hiPSC
lines — notably, haplobanked lines - for US
clinical trials.  For instance, in 2022, the
US Food and Drug Administration (FDA) in-
formed the CiRA Foundation that QHJI sat-
isfied its requirements for QHJI-IPSC-derived
dopaminergic neurons to be used in a prod-
uct (CT1-DAPQOQT) by Sumitomo Pharma Co.,
Ltd. (fEk 7 7 — ¥ #k244t), an Osaka-based
multinational company, in a Parkinson’s ther-
apy clinical trial. Two QHJI lines, QHJI01s04
and QHJI14s04, were added by the FDA to
its Drug Master File (DMF). In 2023, the In-
vestigational New Drug (IND) application for
a clinical trial at the UC San Diego Sanford
Stem Cell Institute CIRM Alpha Clinic was ap-
proved.
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4.2 Developments in Autologous
hiPSC Biomanufacturing

Recall that the very issue of immunogenic-
ity is, to a large extent, a fait accompli
of allograft transplantation methods, which
are in turn motivated by the expectation
of scalability limitations for autologous thera-
pies. Nevertheless, such an expectation has
not precluded investment in autologous ca-
pabilities. In fact, as Yamanaka-sensei de-
scribed, new initiatives are forthcoming.

Yamanaka-sensei:

We haven’t given up on the autol-
ogous approach. We are working
on the so-called "'my iPS Project”,
in which we are trying to reduce
the cost and time to produce au-
tologous iPS cell lines[.] [...] [W]e
are hoping that, by as early as
[2025], we can provide that third
approach as well.

The Yanai Facility for my iPS Cell Therapy
( I'Yanai my iPS&EI/EFT | ), or "Y-FiT" (named
after donor YANAI Tadashi (#1#+1F)) will oper-
ate in Osaka as a manufacturing facility for
automated production.

Given that allograft  fransplantation,
premised on the scalability challenges of
autologous therapy, has been a key moti-
vator for hypoimmune strategies, it will be
highly informative to see how the hypoim-
mune strategies of haplobanking and HLA
cloaking progress, over the coming years,
relative o autologous hiPSC biomanufactur-
ing undertaken by the my iPS project.
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