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1 | INTRODUCTION

Millions of humans suffer from the loss and injury of organs and tis-
sues each year from diseases, accidents and birth defects. Stem cells

Abstract

There is a need to store very large numbers of conventional human pluripotent stem
cell (hPSC) lines for their off-the-shelf usage in stem cell therapy. Therefore, it is
valuable to generate “universal” or “hypoimmunogenic” hPSCs with gene-editing
technology by knocking out or in immune-related genes. A few universal or hypoim-
munogenic hPSC lines should be enough to store for their off-the-shelf usage. Here,
we overview and discuss how to prepare universal or hypoimmunogenic hPSCs and
their disadvantages. p2-Microglobulin-knockout hPSCs did not harbour human leu-
kocyte antigen (HLA)-expressing class | cells but rather activated natural killer (NK)
cells. To avoid NK cell and macrophage activities, homozygous hPSCs expressing a
single allele of an HLA class | molecule, such as HLA-C, were developed. Major HLA
class | molecules were knocked out, and PD-L1, HLA-G and CD47 were knocked in
hPSCs using CRISPR/Cas? gene editing. These cells escaped activation of not only T

cells but also NK cells and macrophages, generating universal hPSCs.

are considered a valuable source for regenerative medicine through
cell therapy.r Human pluripotent stem cells (nPSCs), such as human
induced pluripotent stem cells (hiPSCs) and human embryonic stem
cells (hESCs), are able to differentiate into any type of cell in the
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human body.""10 Subsequently, the differentiated cells from hPSCs
can be utilized as the cell source for patient therapies (Figure 1).
However, there are immunological barriers to the clinical usage of
hPSCs that restrict the transplantation of allogeneic cells. The immu-
nological barriers originate from the matching of human leukocyte
antigens (HLASs) on the cell surface between patients and allogeneic
transplanted cells. The HLA genes are encoded on chromosome 6
as the major histocompatibility complex (MHC) and harbour foreign
peptides and self-peptides to T cells. These polymorphic loci are
categorized as the major class | genes (class la; HLA-A, -B and -C),
which are expressed on typical nucleated cells, and the major class
Il genes (HLA-DP, -DQ and -DR), which are expressed in T cells, B
cells and antigen-presenting cells (macrophages and dendritic cells).
Furthermore, class Il expression can be induced in other cell types
upon stimulation by interferons.!* Each polymorphic HLA gene har-

bours very large numbers of multiple alleles (Table 1),'?

and there-
fore, it is extremely difficult to find a cell, organ or tissue donor who
matches a specific pair of HLA alleles. Typically, cells, tissues and
organs with mismatched HLA haplotypes are transplanted into pa-
tients treated with immunosuppressive therapy. However, prolonged

treatment with immunosuppressive medicine, which is required to

® hESCs and hiPSC Therapy |

(a)Many cell lines -> one specific patient
(storage of common haplotype hPSCs)

Isolation and
generation of
many cell lines

of haplotype

(b) One specific cell line -> One specific patient
(hiPSC generation from patient specific cells)

Isolation and
generation of
patient specific
hPSCs

(c)One or few cell lines -> Many patients
(Preparation of universal (immunohypogenic) hPSCs)

Isolation and
generation of

hPSCs
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generate
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prevent the rejection of mismatched cells and grafts, often leads to
dangerous side effects.

The disadvantage of hPSC therapies is that many types of hPSCs
with specific HLA class | and class Il molecules need to be stocked
for their banking for hPSC therapies (Figure 1A(a)). Taylor and col-
leagues suggested that the development of approximately 150 hESC
lines with different HLA types would be necessary to provide suf-
ficient HLA types to match hESC derivatives for most patients in
the UK.®® Nakajima and colleagues suggested that 170 hESC lines
with different HLA types would support HLA matching for 80% of
patients in Japan (but not 100% of patients).
150 000 donors must be screened to generate 140 HLA-A, -B and
-DR homozygous hPSC lines.!!

4 However, more than

The extremely high cost needed to
store large numbers of hPSC lines, even 150-170 cell lines, for their
transplantation will lead to a deficit in the national insurance budget
if hPSC therapies are approved for usage by national insurance in
every country.

Recently, hPSCs, which have approximately the same charac-
teristics as hESCs, were generated from adult somatic cells through
the “forced” expression of (a) certain pluripotent genes,'® such as

Sox2, Oct3/4, kif-4 and I-myc or c-myc, (b) proteins (protein-induced

hPSCs
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FIGURE 1 Human ESC and hiPSC therapy. A, (a) A single cell line matched to a specific patient's HLA type is selected among many hESC
and hiPSC lines, which will be utilized for cell therapy in a specific patient. (b) Patient cells are collected and reprogrammed into patient-
specific hiPSCs, which will be utilized for cell therapy in a specific patient. (c) A few lines of hypoimmunogenic or universal hESCs and

hiPSCs are stored, which will be utilized for cell therapy in any patient. B, Overview of stem cell therapy using universal hESCs and hiPSCs.
Wild-type hESCs and hiPSCs are prepared to be hypoimmunogenic or universal hESCs and hiPSCs by knocking out certain HLA genes and/
or knocking in immune-related genes. Then, universal hESCs and hiPSCs are differentiated into specific cell types and subsequently used for
cell therapy to treat patients
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TABLE 1 Variation of HLA class | and class Il alles

No. of

Gene Alles
HLA class | (major)

HLA-A 5266

HLA-B 6537

HLA-C 5140
HLA class | (minor)

HLA-E 43

HLA-F 44

HLA-G 69
HLA class Il

HLA-DR 3168

HLA-DQ 1901

HLA-DP 1581

HLA-DM 20

HLA-DO 25

PSCs)*Y or (c) miRNAs,*®'8 which can be prepared from patient
cells.'® These cells were named hiPSCs. However, one of the diffi-
culties associated with the application of hiPSCs for patient-specific
therapy is that much time is required to generate mature and clini-
cal-grade hiPSCs because they require an evaluation to prove that
there is no contamination with viruses or other pathogens and no
genetic abnormality, contributing to the high cost associated with
hiPSC therapies and the time-consuming and laborious procedures
(Figure 1A(b)). However, patient-specific hiPSCs have no immuno-
genicity-related problems after the transplantation of differenti-
ated cells from these hiPSCs because hiPSCs have identical HLA
haplotypes.

2 | PREPARATION METHODS OF
UNIVERSAL (HYPOIMMUNOGENIC) HPSCS

It is necessary to develop hPSCs that do not express HLA class | and
class Il molecules (universal hPSCs) even after differentiation into
specific cell lineages. These universal or hypoimmunogenic hPSCs
can be used for clinical therapy in patients with different types of
HLA class | and class Il molecules (Figure 1A(c) and B). There are
several strategies that can be used to reduce the number of banked
hPSC lines: (a) generation of universal hPSCs by knocking out p2-
microglobulin (B2M), (b) generation of HLA-homozygous hPSCs by
gene editing and (c) generation of universal or hypoimmunogenic
hPSC by knocking in specific genes. We will discuss these meth-
ods, and we will focus on the advantages and disadvantages of
these methods in preparing universal and hypoimmunogenic hPSCs.
Table 2 summarizes some studies that have generated universal and

hypoimmunogenic hPSCs.>1419-3

Proliferation
2.1 | Generation of universal hPSCs by knocking
out B2M

Several investigators have designed hPSCs in which B2M is knocked
out (Table 2).>'?7 This is because the B2M protein forms a heterodi-
mer with HLA class | proteins and is required for HLA class | expres-
sion on the cell surface (Figure 2A).}! Knocking out the B2M gene
can restrict an immune response from cytotoxic CD8* T cells by
depleting all HLA class | molecules (HLA-A, -B, -C, -E, -F and -G), al-
though B2M-knockout hPSCs become sensitive to natural killer (NK)
cell-mediated killing because they lack the missing-self response
(Figure 2B(a)).Y?

Norbnop et al®

generated hematopoietic stem cells (HSCs),
megakaryocytes (platelet-producing cells) and platelets differen-
tiated from B2M-knockout hiPSCs using clustered regularly inter-
spaced short palindromic repeats (CRISPR)/CRISPR-associated
protein 9 (Cas9) gene editing. HLA-universal hiPSC-derived platelets
were found to be activated by enhanced CD62P (activated platelet)
expression and enhanced aggregation by stimulation with thrombin
and arachidonic acid (classic platelet agonists).

One million megakaryocytes derived from B2M-knockout hiP-
SCs were intravenously transfused into NSG mice. Two hours and
one day after megakaryocyte transfusion, peripheral blood mono-
nuclear cells were collected from the mice, and the expression of
human CD41 and CD42b (megakaryocyte and platelet markers) was
evaluated by flow cytometry. The results indicated that their engi-
neered platelets could survive in vivo 24 hours after the injection of
B2M-knockout megakaryocytes into mice.

However, there is a concern that cells without HLA class | mole-
cules are targeted by NK cell-mediated cell lysis because they lack
the missing-self response. Furthermore, only 6-30 platelets are gen-
erated from a hPSC-derived megakaryocyte, whereas 2000-10 000
platelets are generated from a natural HSC-derived megakaryocyte.
It is necessary to develop a more sophisticated differentiation me-
dium and method for megakaryocyte induction from hPSCs.

Several other researchers have also designed and developed
HLA-universal platelets by disrupting the B2M gene using tran-
scription activator-like effector nuclease (TALEN) engineering in
hiPSCs??%> or RNA interference (RNAJ) engineering in hiPSCs and
CD34"* HSC progenitor cells.?+2>:36:37

Petrus-Reurer et al?° generated B2M-knockout hESCs, class Il
major histocompatibility complex transactivator (ClITA)-knockout
hESCs, and both B2M- and CIITA-knockout hESCs using CRISPR/
Cas9 engineering as well as retinal pigment epithelium (RPE) cells
differentiated from these gene-edited cells. All of their gene-ed-
ited cells suppressed both CD4* and CD8" T-cell activation, but
these edited cells enhanced NK cell activation, although they did
not show a stronger cytotoxic activity than wild-type (WT) hESCs.
Furthermore, the edited cells were transplanted into a rabbit xeno-
graft model without an immunosuppressive regimen, and the cells
suppressed the early rejection response and delayed the production

of anti-human antibodies in the late rejection response.?°
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(Continued)

TABLE 2

Knocking out genes except

B2M

Differentiation lineages Ref.

Cell culture biomaterials

Knocking in genes

Knocking out B2M gene

Cell

Knocking in genes

[33] (2014)

Fibroblasts, cardiomyocytes

MEF, Matrigel

Knocking in CTLA4-Ig,

hESCs (HUES-3,

HUES-8)

PD-L1
Knocking in HLA-G1

[34] (2017)

Neural progenitor cells

MEF

hESCs (H1)

Natural cells

[35] (2017)

Dendritic cell, HSCs, Antigen-

MEF

hiPSCs

presenting cells

Proliferation

No presentation of HLA proteins on cells can activate a response
by NK cells, and furthermore, there is a risk in the proliferation of
cells that are infected by pathogens or a high possibility of tumour
development. Therefore, several researchers designed hPSCs in
which B2M was knocked out or suppressed, but the edited cells es-
caped lysis by NK cells>11:23:26.27

Using an HLA-1 light-chain B2M short hairpin RNA (shRNA),
Karabekian et al?® reported that B2M expression in hESCs was sup-
pressed by lentiviral transduction, where the mRNA levels of B2M
were decreased by 90% (and not 100%). These edited hESCs and
their differentiated cells (cardiomyocytes) did not activate T-cell
proliferation after treatment with allogenic peripheral blood mono-
nuclear cells. This investigation suggested that the continuous
suppression of B2M expression by shRNA might be effective in sup-
pressing not only immune reactions by T-cell activation but also NK
cell responses. This might due to the fact that shRNA expression in
the cells did not lead to a complete elimination of B2M expression in
hESCs with the advantage of escaping NK cell-mediating cell killing.
Residual HLA expression in HLA-silenced cells can protect against
NK cell-mediated lysis.?>*%3? A minimum of 10% residual B2M from
the initial B2M expression level in cells prevented the activation of
NK cells in these studies. 23387

However, gene editing using a lentivirus is associated with a risk
of inserting genes randomly. One solution to insert the gene safely
(the gene of HLA-1 light-chain B2M shRNA) is to insert the gene into
the safe harbour locus of the AAVS1 region using CRISPR/Cas9 gene
editing.

Xu et al*!* designed hiPSCs in which B2M was knocked out and
HLA-C was subsequently knocked in by using a customized guide
RNA (gRNA) for the CRISPR/Cas9 editing system (HLA-C-retained
hPSCs) because of the pivotal role of HLA-C in suppressing NK
cells. Furthermore, HLA-C-retained hPSCs were also combined with
HLA class lI-depleted cells by the targeted knockout of CIITA when
necessary.

Mattapally et al?® designed hiPSCs (BC-hiPSCs) in which two key
components (B2M and CIITA) were knocked out, which caused the
absence of HLA class | and Il expression, respectively, using CRISPR/
Cas9 genome editing technology. Cardiomyocytes differentiated
from BC-hiPSCs generated extremely low levels of T-cell activation.
Furthermore, BC-hiPSCs, which express HLA-G, escaped NK cell
recognition and killing in this study.?® This is because HLA-G sup-
presses NK cell recognition and killing (Figure 2B(c)).

The maternal immune system is tolerant to allogeneic pater-
nal antigens during pregnancy. In this case, the interface between
foetal-maternal blood and foetal tissues, which are composed of
cytotrophoblast cells, expresses a low level of HLA class | and Il mol-
ecules and a high level of CD47, which is a ubiquitous membrane
protein and interacts with certain cell surface receptors to escape
phagocytosis (Figure 2B(e)).>*° Therefore, Deuse et al’ designed
hiPSCs (BCC-hiPSCs) in which B2M and CIITA were both knocked
out using CRISPR/Cas9 gene-editing technology, and subsequently,
the CD47 gene was knocked in into hiPSCs using a lentiviral vector
(Figure 2B(e)). BCC-hiPSCs retained their hPSC characteristics and
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FIGURE 2 Strategic gene editing of hPSCs to suppress the immune response. A, Schematic structure of HLA class | and class Il
molecules. f2-Microglobulin is an essential component of HLA class | molecules. B, Strategic gene editing of hPSCs to suppress the immune
response. (a) hPSCs in which B2M is knocked out can escape CD8'T-cell activation but promote NK cell-mediated hPSC killing by inhibiting
the missing-self response. (b) Homozygous hPSCs are generated by knocking out certain HLA class | (HLA-A, HLA-B and/or HLA-C) alleles.
(c) hPSCs in which the HLA-G gene is knocked in inhibit CD8'T-cell activation, macrophage activity and NK cell activity. (d) hPSCs in which
the HLA-E gene is knocked in inhibit CD8'T-cell activation and NK cell activity. () hPSCs in which the CD47 gene is knocked in inhibit NK
cell activity and macrophage activity. (f) hPSCs in which the PD-L1 gene is knocked in inhibit CD8T-cell activation and macrophage activity

differential abilities. Cardiomyocytes and endothelial cells derived
from BCC-hiPSCs did not express HLA class | and class Il molecules
based on the flow cytometry assay and escaped the immune re-
sponse in allogeneic recipients and survived long term without the
usage of immunosuppression medicine in humanized mice. In partic-
ular, the overexpression of CD47 on BCC-hiPSCs inhibited NK cell
activity and killing potential in vitro and in vivo, and contributed to
extremely lower levels of released inflammatory cytokines (IFN-y)
than that of hiPSCs in which only B2M and CIITA were knocked out.

B2M knockout eliminated the surface expression of all HLA class
| proteins. However, these cells were targeted by NK cell lysis, as
they lacked the missing-self response. Gornalusse et al?’ also re-
ported that a deficiency in the missing-self response could be pre-
vented not only by CD47 overexpression (Figure 2B(e)) but also by
the forced expression of HLA-E (Figure 2B(d)). HLA-E was knocked
in into hESCs using adeno-associated virus (AAV)-mediated gene
editing at the B2M locus, where the HLA-edited hESCs showed no
surface expression of HLA-A, -B or -C.?” The HLA-edited hESCs and
their differentiated cells (RPE cells and HSCs) did not show an alloge-
neic response by CD8" T cells and resisted lysis by NK cells.?” HLA-E
binds to the receptor of NKG2A and CD94, which are expressed in
human NK cells.*! Therefore, the overexpression of HLA-E inhibits

cell lysis by NK cells. This study demonstrated that HLA-E expression

in hESCs and their differentiated cells that do not express polymor-
phic HLA class | molecules except for that HLA-E can prevent the
inhibition of the missing-self response by NK cells. This approach
may provide a potential universal or hypoimmunogenic cell source

for future clinical applications.

2.2 | Generation of universal hPSCs by knocking
out or knocking down HLA-A, -B and/or -C

Torikai et al?’ developed hESCs in which HLA-A was knocked out
using designer zinc finger nucleases. Although they showed no
HLA-A expression in their genetically edited hESCs, they did not
evaluate the allogeneic response by CD8" T cells or lysis resistance
by NK cells. Therefore, it is not clear whether it is enough that only
one type of HLA, HLA-A, is knocked out in hPSCs or whether we
should knock out multiple types of major types of HLA class | (HLA-
A, HLA-B and/or HLA-C) genes to avoid an allogeneic response by
CD8" T cells, although the knockout of all major types of HLA class
| genes causes lysis by NK cells due to the lack of missing-self re-
sponse. In this case, the overexpression of HLA-G, HLA-E, CD47
and/or PD-L1 (Figure 2B(c)-(f)) can allow escape from NK cell-medi-

ated lysis and T-cell activation.?
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FIGURE 3 Schematic illustration of
HLA pseudo-homozygous hPSCs and
hypoimmunogenic hPSCs generation.

A, HLA pseudo-homozygous hPSC
generation. (a) WT hPSCs. (b) B2M-
knocked out hPSCs. (c) HLA pseudo-
homozygous hPSCs by knocking out
single alles of HLA-A, HLA-B and HLA-C.
(d) HLA pseudo-homozygous hPSCs by
knocking out HLA-A and hLA-B as well as
single alles of HLA-C where single HLA-C
alle was remained. B, Hypoimmunogenic
hPSCs. (a) WT hPSCs. (b) hPSCs knocked
out HLA-A, HLA-B and HLA-C. (c) hPSCs
knocked out HLA-A, HLA-B and HLA-C
where PD-L1 and CD47 genes were
knocked in. (d) hPSCs knocked out HLA-A,
HLA-B and HLA-C where PD-L1, CD47

and HLA-G genes were knocked in
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On the other hand, Jang et al®® knocked out heterozygous
HLA-B from hiPSCs with homozygous HLA-A utilizing CRISPR/
Cas9 genome editing engineering to obtain homozygous HLA-A
hiPSCs with no HLA-B expression. The HLA-B-knockout hiPSCs
did not express HLA-B but expressed pluripotent stem cell mark-
ers that were similar to those of the mother hiPSCs. Furthermore,
HLA-B-knockout hiPSCs exhibited a weaker immune response than
the mother hiPSCs according to HLA-targeted complement-depen-
dent cytotoxicity assays.>° These results indicate that HLA-edited
hiPSCs represent a source of immunocompatible and off-the-shelf
hiPSCs as well as their differentiated cells for patient therapies.

However, we still need to prepare many hPSC lines with only par-
tial knockout of HLA-A, HLA-B or HLA-C, although edited hPSCs
with partial HLA-A, HLA-B or HLA-C expression can escape lysis by
NK cells.

Deuse et al?®

prepared hESCs in which HLA class | molecules
were knocked down using intrabody technology to generate hy-

poimmunogenic hESCs. They demonstrated that their engineered

—F]
HLA class | genes

(b) KO HLA-A, HLA-B,
HLA-C hPSCs

(d) KI PD-LI, CD47, HLA-G
(KI-PHC)

hESCs induced an extensively reduced immune response from T
cells, NK cells and macrophages thus extended the survival of the
engineered hESCs. However, the knockdown of HLA class | mole-
cules using siRNA and intrabody technology is currently not popular
for the preparation of hypoimmunogenic hESCs. This is because it is
unclear whether the differentiated cells from hPSCs in which HLA
class | molecules are knocked down as well as engineered hPSCs can
maintain the absence of HLA class | molecule expression on a time
scale of 1-50 years.

2.3 | Generation of HLA-homozygous cell lines by
gene editing

HLA-homozygous cell lines can reduce the number of hPSC cell
banks. Therefore, several researchers aimed to generate HLA-
homozygous hPSCs from HLA-heterozygous hPSCs through a gene
editing process (Figure 2B(b)).!*
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All HLA genes share sequence similarity with one another, which

increases the risk of targeting non-specific HLA alleles.!* Therefore,
Xu et al*! prepared a customized gRNA database for the CRISPR/
Cas9 system. A total of 2388 gRNAs were found to target single
HLA alleles. They also generated hiPSCs with HLA class | haploids by
the allele-specific HLA knockout of normal (heterozygous) hiPSCs as
HLA-homozygous hiPSCs (Figure 3A). Typically, the HLA matching
of HLA-A and HLA-B but not HLA-C is evaluated in organ transplan-
tation. Therefore, hiPSCs in which single alleles of HLA-A and HLA-B
were simultaneously knocked out were generated by CRISPR/Cas9
gene editing. These HLA-homozygous hiPSCs were differentiated
into CD43" (a T-cell associated marker in this case) blood cells. The
differentiated blood cells did not stimulate CD8" T-cell prolifera-
tion. Xu et al further generated pseudo-homozygous hiPSCs of not
only HLA-A and -B but also HLA-A, -B and -C (Figure 3A(c)). Their
HLA-A, -B, and -C pseudo-homozygous cells escaped T-cell cyto-
lytic activities. However, a minimum of 50 different types of HLA-
homozygous hiPSCs should be prepared, although only 70% or less
of the population is covered*? if we consider preparing off-the-shelf
HLA-homozygous hiPSCs for clinical usage. Therefore, the genera-
tion of pseudo-homozygous hiPSCs by gene editing is not realistic
for clinical applications.

Xu et al'? also prepared hiPSCs (hiPSCs-C) in which HLA-A and
HLA-B were knocked out, but only a single allele of HLA-C was
knocked out by CRISPR/Cas9 gene editing (Figure 3A(d)). CD43" (a
T-cell associated marker) blood cells differentiated from these hiP-
SCs were able to escape CD8" T cell-mediated cytolytic activity,
which was evaluated from the treatment of CD8" T cells isolated
from allogeneic peripheral blood and treated with IFN-y obtained
from donors who had the same HLA-C allele.

The hiPSCs-C cells with HLA-C expression but no HLA-A and -B
expression suppressed NK cell activity.'? Interestingly, hiPSCs with
HLA-E but no HLA-A, -B and -C (Figure 2B(d)) could not suppress
the activation of NK cells in this study. Therefore, one of the major
class | genes (class la; HLA-A, -B and -C) should be retained on HLA-
homozygous hiPSCs to evade NK activation. They also evaluated
the graft survival of hiPSCs-C in vivo using humanized mice.!* The
number of B2M-knockout hiPSCs (Figure 3A(b)) quickly decreased
after NK cells transplantation, whereas hiPSCs-C cells (Figure 3A(d))
survived extensively in vivo.

CD8" killer T cells recognize HLA class | molecules for cytotoxic
activities,and CD4" helper T cells recognize HLA class |l molecules to
regulate other immune cells through cytokine release. To obtain im-
mune biocompatibility of hiPSCs-C, HLA class Il-deficient hiPSCs-C
were also prepared by knocking out the CIITA gene!! which leads
to cells deficiency in HLA class Il molecules because of the lack of
antigen-presentation function via HLA class Il molecules. HLA class
Il mismatched WT hiPSCs and hiPSCs-C activated the proliferation
of CD4" helper T cells, whereas CIITA-deficient hiPSCs-C did not
stimulate the proliferation of CD4" helper T cells when CD4" helper
T cells in which the HLA-C allele was matched to that of hiPSCs-C
were cocultured with several hPSCs.!! These observations indicate
that hPSCs, in which the HLA-A and HLA-B genes are knocked out

and a single allele of HLA-C as well as CIITA are knocked out using
CRISPR/Cas9 gene editing, show no response to CD8" killer T cells,
NK cells or CD4" helper T cells.

The number of variant HLA-C alleles is much smaller than the
number of HLA-A and HLA-B variant alleles. It has been reported
that only 8, 9, 10 and 11 lines of HLA-C homozygous hPSCs are
required for Asian, African American, European American and
Hispanic populations, respectively, which cover more than 95% of
each population.’* Furthermore, only 12 common HLA-C homozy-
gous hPSCs (HLA-C *16:01, *12:02, *08:01, *07:02, *07:01, *06:02,
*05:01, *04:01, *03:04, *03:03, *02:02 and *01:02) without HLA-
A, -B and class Il molecules can cover 90% of European American,
African American, Asian and Hispanic people.* This is because the
matching of more than four alleles from HLA-A, HLA-B and HLA-DR
is typically considered for organ transplantation, such as bone mar-
row transplantation. Therefore, not only universal hPSCs but also
HLA-C-homozygous hPSCs without HLA-A, -B and class || molecules
should be useful in the clinic.

2.4 | Universal hPSC generation by knocking in
some specific genes

Han et al®! generated hypoimmunogenic hESCs using CRISPR/Cas9
gene editing in which HLA-A, -B and -C as well as CIITA (a HLA
class Il molecule) were knocked out (Figure 3B). These cells were
named KO cells (Figure 3B(b)). Subsequently, PD-L1 (Figure 2B(f)),
HLA-G (Figure 2B(c)) and CD47 (Figure 2B(e)) were knocked in into
the safe harbour locus of AAVS1 in these HLA-deficient KO cells
(Figure 3B(d)),*® which were named KI-PHC cells. They also prepared
KI-PC cells in which only the PD-L1 and HLA-G genes were knocked
in as a reference (Figure 3B(c)).>! These KI-PHC cells were based on
the fact that T-cell checkpoint inhibitors of PD-L1 can protect hPSCs
from rejection in humanized mice®® and that cells expressing PD-L1
protect transplanted cells from the immune response by inhibiting
PD-1" macrophages** and PD-1" NK cells.*>*¢ Furthermore, HLA-G
is an NK cell inhibitory ligand that is typically found at the foetal-
maternal interface during pregnancy via multiple inhibitory recep-
tors.314748 The expression of CD47, which is a “do not eat me” signal,
can control macrophage activities during the rejection of trans-
planted cells. These engineered hESCs, KI-PHC cells and KI-PC cells,
can maintain pluripotency, differentiate into cells derived from the
three germ layers, and maintain a normal karyotype as WT hESCs.%!
The differentiation ability of KI-PHC and KI-PC cells into endothelial
cells and vascular smooth muscle cells (VSMCs) was found to be sim-
ilar to that of their WT hESCs. Endothelial cells differentiated from
KO cells and KI-PHC cells with IFN-y stimulation, T-cell proliferation,
activation and killing abilities were generated when allogeneic T cells
from healthy donors were cocultured with endothelial cells differen-
tiated from WT hESCs, KO cells and KI-PHC cells.®! The total prolif-
eration of T cells as well as CD8" cytotoxic T cells was reduced when
cocultured with endothelial cells differentiated from KO hESCs and
KI-PHC cells compared to endothelial cells differentiated from WT
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hESCs.%! CD8" T cells proliferated far less in the presence of en-
dothelial cells derived from KI-PHC cells compared with endothelial
cells derived from KO cells. These results indicate that CD8" T-cell
activation is further reduced by the overexpression of PD-L1 in KO
cells (KI-PHC cells).

The T-cell activation markers CD154 (CD40L) and CDé69 were
significantly reduced when endothelial cells differentiated from KO
cells and KI-PHC cells were cocultured with T cells compared to that
endothelial cells derived from WT hESCs were cocultured with T
cells. However, there was no T-cell activation difference between
cells cocultured with endothelial cells differentiated from KO cells
and those differentiated from KI-PHC cells.3* CD8" T-cell cytotoxic-
ity was the lowest in the coculture of VSMCs derived from KI-PHC
with CD8" T cells. These results indicate that CD8* T-cell cytotoxic-
ity is reduced by the expression of PD-L1 in KO cells, which gener-
ates KI-PHC cells.

Allogeneic NK cells from healthy donors were cocultured with
VSMCs derived from KI-PHC, KO or WT cells, where CD56" NK
cells were measured for CD107a (an NK cell activation marker) ex-
pression using flow cytometry.®! The number of activated NK cells
in the coculture with VSMCs derived from KI-PHC cells was ex-
tensively less than that of KO cells and WT hESCs, suggesting that
NK cell activity (CD107a expression) as well as NK cell cytotoxicity
can be suppressed by the expression of HLA-G in VSMCs derived
from KI-PHC cells. Furthermore, macrophage engulfment was
minimal upon coculture with VSMCs derived from KI-PHC cells (as
measured from red signal detection) compared to when allogeneic
macrophages were cocultured with WT cells, KO cells and VSMCs
derived from KI-PHC cells that were labelled with pHrodo-Red
after stimulation with staurosporine to induce apoptosis.3! The
overexpression of PD-LI as well as CD47 seems to be the main
reason for which macrophage engulfment on VSMCs derived from
KI-PHC cells was reduced. The hypoimmunogenic hESCs, KI-PHC
cells, displayed minimum immune activation and killing by alloge-
neic NK cells or T cells and further showed minimal engulfment by
allogeneic macrophages.31

Rong et al®® generated gene-edited hESCs (PC-hESCs) that
constructively express PD-L1 and cytotoxic T lymphocyte anti-
gen 4 (CTLA4)-immunoglobulin (Ig) even after differentiation into
fibroblasts and cardiomyocytes. CTLA4 has high binding affinity
to CD86 and CD80, which are the primary signalling pathways in-
volved in the activation of T cells. Then, a fusion protein of CTLA4
and Ig was designed to inhibit the T cell-mediated immune re-
sponse.®**’ PD-L1 has high binding affinity to programmed cell
death 1 (PD-1), which is displayed on T-cell surfaces where the
interaction between PD-L1 and PD-1 leads to the inhibition of
T-cell activities.>®*° The differentiated cells from PC-hESCs did
not generate an immune response when transplanted into human-
ized mice, whereas the genetically non-edited original hESCs were
extensively rejected in humanized mice. The overexpression of
PD-L1 leads to inhibition of the T-cell activation pathway, and the
expression of CTLA4-1g disrupts the T-cell costimulatory signalling
pathway. The expression of both PD-L1 and CTLA4-Ig on hESCs

Proliferation

is necessary for immune protection, and the expression of one
of these genes is insufficient for immune protection.®® Notably,
knocking out only PD-L1 and CTLA4-lg suppressed the T-cell re-
sponse but did not suppress the NK cell killing response nor the
macrophage phagocytosis response in this study. However, these
results suggest that knocking in specific genes related to the in-
hibition of the immune response in hPSCs can also be used to
generate universal or hypoimmunogenic hPSCs without inducing
systemic immune suppression.

It is known that maternal immune tolerance to the foetus is
partially based on HLA-G expression in maternal tissue, which can
be detected in placental cells during pregnancy. Therefore, Zhao
et al®* prepared hESCs (G-hESCs) in which HLA-G was overex-
pressed using a lentiviral vector (Figure 2B(c)). Their engineered
hESCs maintained hESC characteristics, including pluripotent pro-
tein expression and differentiation ability into cells derived from
the three germ layers. The hESCs overexpressing HLA-G and their
differentiated cells into neural progenitor cells showed some im-
mune tolerance protection against CD8" T cells and NK cells.®*
However, immune tolerance ability was not significant based on
their results. Furthermore, lentiviral vector infection may induce
the generation of malignant cancer cells because of randomly in-
corporated cDNA into host cells. Therefore, more sophisticated
gene editing methods, such as CRISPR/Cas9 gene editing, should
be considered in this area of research.

3 | CONCLUSION AND FUTURE
PERSPECTIVES

Hypoimmunogenic hPSCs in which only a single HLA-C allele is ex-
pressed but HLA-A, HLA-B and CIITA are knocked out, prepared
using CRISPR/Cas9 gene editing by Xu et al,'! and hPSCs in which
HLA-A, HLA-B, HLA-C and CIITA are knocked out and PD-L1, HLA-G
and CD47 are knocked in at the AAVS1 safe harbour locus, prepared
using CRISPR/Cas9 gene editing by Han et al,%! are currently the
most promising universal and hypoimmunogenic hPSCs.

For stem cell therapy in the future, the genome editing pro-
cess must follow the regulatory guidelines for the preparation of
clinical-grade gene-edited hPSCs.! It is also necessary to select
a hPSC line from a donor with blood type O to minimize the im-
mune response against ABO antigens. The genomic integrity of
edited hPSCs must be determined from not only karyotyping but
also whole-exome sequencing (WES) analysis, which identifies sev-
eral single nucleotide variations (SNVs) as well as indels, including
on-target and off-target indels, on the targeted HLA genes. Although
several humanized murine models have been developed to evalu-
ate the immunogenicity of transplanted cells, these humanized mice
are still limited to recapitulating a full immune response in humans.
It should be extremely important to develop more plausible, realis-
tic and less expensive humanized mouse models for the evaluation
of graft versus host disease (GVHD) and the mechanism of GVHD

when the cells are transplanted into patients. Long-term usage of
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immune-suppressive medicine leads to allograft rejection. In partic-

ular, general immunosuppressant regimens are sometimes toxic to
patients with chronic disabling inflammation diseases. Furthermore,
chronic immune suppression using immune-suppressive medicine
greatly enhances the risk of cancer and viral infections. Therefore,
universal hPSCs, homozygous hPSCs and their differentiated cells
are valuable cell sources as off-the-shelf cell lines in future stem cell-
based therapy for clinics.
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