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Abstract

The past decade has witnessed significant advances in can-
cerimmunotherapy, particularly through the adoptive trans-
fer of engineered T cells in treating advanced leukemias and
lymphomas. Despite these excitements, challenges remain
with scale, cost, and ensuring quality control of engineered
immune cells, including chimeric antigen receptor T, natural
killer cells, and macrophages. The advent of human pluripo-
tent stem cells (hPSCs), including human embryonic stem
cells and induced pluripotent stem cells, has transformed
immunotherapy by providing a scalable, off-the-shelf source
of any desired immune cells for basic research, translational
studies, and clinical interventions. The tractability of hPSCs
for gene editing could also generate homogenous, universal
cellular products with custom functionality for individual or
combinatory therapeutic applications. This review will ex-
plore various immune cell types whose directed differentia-
tion from hPSCs has been achieved and recently adapted for
translational immunotherapy and feature forward-looking
bioengineering techniques shaping the future of the stem

Introduction

Cancer immunotherapy utilizes a patient’s immune
system to treat cancer. With the development of immune
checkpoint inhibitors and chimeric antigen receptor
(CAR) T cell therapy, which showed many successful
clinical cases to fight blood malignancies, immunothera-
py has become a firmly established pillar of cancer treat-
ment along with surgery, radiotherapy, and chemothera-
py [Esfahani et al., 2020]. Due to its specificity and effi-
cacy in treating refractory blood cancers, CAR T cell
therapy has attracted significant attention from the public
as well as research groups. As of March 2022, six CAR T
cell therapies have been approved by the US Food and
Drug Administration (FDA) [National Cancer Institute,
2022], and clinical trials utilizing other immune cells such
as natural killer (NK) cells engineered with CARs are also
being conducted. The process of CAR T cell therapy in-
cludes a collection of the patient’s T cells, engineering of
the collected T cells to specifically target cancer cells, and
infusion of the engineered T cells back into the patient.
Such an adoptive therapy is more about the set of multiple
individualized procedures requiring special techniques
and facilities rather than prepared therapeutic products,
which poses problems such as lengthy process, high cost,
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cells has manufacturing issues including difficulties in
getting a sufficient number of immune cells and possible
disease-related dysfunction of patients’ cells [Rafiq et al.,
2020]. The use of allogeneic immune cells has been sug-
gested as an alternative approach to address these limita-
tions. Remarkably, human pluripotent stem cells
(hPSCs), including human embryonic stem cells (hESCs)
and induced pluripotent stem cells (iPSCs), have emerged
as a promising source to obtain off-the-shelf allogeneic
immune cells due to their capability to expand unlimit-
edly and differentiate into all types of immune cells
(Fig. 1). The advances in genome editing techniques have
also allowed broader applications of hPSC-derived im-
mune cells in adoptive immunotherapy. Here, we will re-
view strategies to enhance allogeneic adoptive immuno-
therapy by genetic modification of hPSCs or hPSC-de-
rived cells, directed differentiation of hPSCs into various
antitumor immune cells, and methods for biomanufac-
turing of hPSC-derived immune cells.

Genome Engineering of hPSCs for Adoptive
Immunotherapy

Whereas the use of autologous immunotherapy often
suffers from challenges such as primary immune cells’ re-
sistance to genome editing, low transduction efficiency,
and random integration of inserts, genome modification
in hPSCs is relatively easy and versatile, which allows
more stable and controllable generation of genetically en-
gineered donor cells. Importantly, clone selection of ge-
netically modified hPSCs enables better quality control
for the generation of isogenic donor cells. The advent of
genome editing techniques that take advantage of se-
quence-specific nucleases, such as transcription activa-
tor-like effector nucleases, zinc-finger nucleases, and
clustered regularly interspaced short palindromic repeats
(CRISPR)-based genome editing, has revolutionized the
field of biological research due to their capacity to pre-
cisely edit specific genomic locations for targeted gene
knock-in and knock-out, which have been employed to
enhance adoptive cellular immunotherapy in terms of
their efficacy, function, and safety.

Generation of Hypoimmunogenic Donor Cells

Two major hurdles in allogeneic transplant are the im-
mune rejection by host where a recipient’s immune sys-
tem recognizes grafted cells as foreign subjects and at-
tacks them, and graft-versus-host disease (GvHD) where
transplanted T cells recognize the recipient’s normal tis-
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sue as a target and attack it. Both incidents occur mostly
due to variability in the major histocompatibility com-
plex (MHC) molecules which are highly polymorphic
cell-surface proteins that present antigen peptides to T
cells. The MHC molecules in humans are called human
leukocyte antigens (HLAs), whose diversity across differ-
ent individuals is the main cause of host immune rejec-
tion to the allograft. If HLAs do not match between a do-
nor and a recipient, rejection of the graft is likely to occur
as the host T cells recognize the donor cells’ HLAs as for-
eign antigens. Since the banking of many donor hPSC
lines for HLA matching is a relatively impractical option
to achieve oft-the-shelf cell therapy [Taylor et al., 2005;
Turner etal., 2013], genome engineering of hPSCs to gen-
erate hypoimmunogenic hPSC lines has been widely
studied as a more practical approach (Fig. 2). Initial ef-
forts to circumvent immune rejection of hPSC-derived
cells focused on the elimination of HLA proteins, par-
ticularly HLA class I proteins that are expressed on virtu-
ally all nucleated cells and responsive to CD8" cytotoxic
T cells. Beta 2 microglobulin (encoded by the B2M gene)
is a nonpolymorphic subunit of HLA class I proteins and
has been a target to remove HLA class I proteins from the
surface of hPSCs and hPSC-derived cells [Riolobos et al.,
2013; Feng et al., 2014; Karabekian et al., 2015; Wang et
al., 2015; Borger et al., 2016]. When B2M was knocked out
or suppressed in hPSCs, either reduced CD8* T cell re-
sponse or protection from anti-HLA antibody-mediated
cytotoxicity was observed in hPSCs and hPSC-derived
cells. HLA class II proteins are involved in the response
of CD4" helper T cells and thus play a role in immune re-
jection. While the expression of these proteins is restrict-
ed to antigen-presenting cell types such as macrophages,
dendritic cells, and B lymphocytes, knocking out class II
major histocompatibility complex transactivator (CII-
TA), a transcription factor that activates HLA class II
gene expression, has been proposed to further reduce ac-
tivation of CD4"* T cells against hPSC-derived cells [Mat-
tapally et al., 2018; Petrus-Reurer et al., 2020]. Notably, a
synergistic effect on lowering activation of T cells against
retinal pigment epithelial cells derived from HLA class I/
IT double knock-out hPSC lines was observed compared
to single HLA class knock-out lines [Petrus-Reurer et al.,
2020]. Eliminating all the HLA class I proteins, however,
possibly increases NK cell-mediated cytotoxicity as NK
cells attack target cells that lack HLA class I proteins due
to a “missing self” response [Liao et al., 1991; Kruse et al.,
2015]. As the expression of minimally polymorphic HLA
class Ib proteins including HLA-G and HLA-E can pro-
tect cells from NK cell-mediated lysis [Pazmany et al.,

Jin/Chang/Harris/Bao

620z Atenigad 90 uo 1senb Aq jpd-8e£88ZS000/L ¥E6 | L ¥/6EY/S/Z L Z/4Pd-8loile /030 /w00 1ebiey/:dny woly papeojumoq



Autologous CAR T cell therapy

Leukapheresis
\){/ Activated

T cells T cells

Actlvatlon

Quality control,
formulation,
cryopreservation, ...

Infusion —

hPSC-derived ‘off-the-shelf’ CAR immune cell product

hPSCs Gene

Gene

t Immune cells
leferentlatlon modlflcatlon

Off-the-shelf product 6 % @
Quality control,

EJ E‘ t‘ tl g formulation,

[ ] cryopreservation, ...

00—

CAR hPSCs

CAR
Immune cells

Differentiation

-

Expansion

Fig. 1. Schematic summary of the manufacturing process for adoptive cellular immunotherapy. Typical procedures
of autologous CAR T cell therapy involve leukapheresis, T cell activation, gene modification, expansion, quality
control, formulation, and infusion. The proposed manufacturing process for hPSC-derived immune cells involves
additional procedures such as differentiation and large-scale biomanufacturing of the off-the-shelf products.

1996; Braud et al., 1998; Lee et al., 1998], HLA-E was in-  bodies against hPSCs [Gornalusse et al., 2017]. Addition-
serted into hPSCs at the same time as B2M was disrupted  al knock-out of PVR, aligand of NK cell-activating recep-
to inhibit immune response by NK cells while minimiz- tor DNAM-1, along with HLA-E transduction and HLA
ing CD8* T cell response and binding of anti-HLA anti- class I and II knock-out, allowed better survival of hPSC-
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Fig. 2. Representative strategy to generate hypoimmunogenic hPSCs. HLA class I and II proteins are eliminated
to reduce host immune rejection caused by HLA mismatching. Immunomodulatory molecules are introduced
into hPSCs to minimize host immune response against hPSCs due to the absence of HLA molecules.

derived T cells both in vivo and in vitro by reducing NK
cell activity compared to unmodified hPSC-derived T
cells [Wang et al., 2021]. Constitutive expression of HLA-
G in hPSCs also decreased NK cell-mediated cytotoxicity
[Zhao et al., 2014]. In line with the protective effect of
HLA class 1b proteins, overexpression of immunomodu-
latory molecules that give immune tolerance to cells has
been explored as a strategy to evade immune rejection of
hPSC-derived cells. Candidates for immune inhibitory
molecules such as HLA-G, HLA-E, CD47, and PD-L1 are
mostly found within fetal-maternal immune tolerance
and immune escape mechanisms of “stealth” cancer and
are typically used together with HLA knock-out to gener-
ate universal donor cells [Malik et al., 2019]. Cytotoxic T
lymphocyte antigen 4-immunoglobulin fusion protein
that disrupts T cell costimulatory pathways and PD-L1
thatactivates T cell inhibitory pathway were both knocked
into hPSCs, which gave rise to fibroblasts and cardiomy-
ocytes that were protected from allogeneic immune rejec-
tion in humanized mice [Rong et al., 2014]. Deuse et al.
[2019] reported generation of hypoimmunogenic human
iPSCs by inactivating HLA class I and II proteins and
overexpressing CD47, which is a membrane protein
found in cells at the interface between maternal blood and
fetal tissue and inhibits phagocytosis. Instead of eradicat-
ing all HLA class I proteins by eliminating B2M, specific
ablation of HLA-A, -B, and -C was combined with HLA
class IT knock-out and HLA-G, PD-L1, and CD47 knock-
in to generate universal donor cells [Han et al., 2019].
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Specific bi-allelic deletion of HLA-A and HLA-B and mo-
no-allelic deletion of HLA-C also increased immune
compatibility of hPSC-derived blood cells by avoiding T
and NK cell activity in vitro and in vivo [Xu et al., 2019].
These are valuable approaches to augment therapeutic ef-
fects of allogeneic cell-based treatment with prolonged
survival of transplanted cells not only for adoptive immu-
notherapy but also for other allogeneic cell therapies us-
ing hPSCs. However, as prolonged presence of hPSC-de-
rived cells may cause problems, such as tumor formation
by undifferentiated hPSCs, it is also important to have
safeguards with additional genome engineering. One ex-
ample is the introduction of suicide genes to selectively
ablate undifferentiated hPSCs [Li and Xiang, 2013].

Engineering of CARs

CAR therapy involves genetic modification of im-
mune cells to introduce a CAR construct. Expression of
CARs on the surface of immune cells is an essential part
of adoptive immunotherapy for enhanced cytotoxicity
against specific tumor cells. CARs typically consist of an
extracellular antigen-binding domain, an extracellular
spacer that separates the binding domain and the trans-
membrane domain, a transmembrane domain that an-
chors the extracellular region in the cell membrane, and
intracellular domains that transmit immune cell activa-
tion signals [Guedan et al., 2019]. Extensive studies have
been conducted to develop and optimize each domain for
improved specificity and efficacy of autologous CAR T
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cells [Stoiber et al., 2019]. CAR engineering of hPSC-de-
rived T cells generally adapts common CAR structures
developed for autologous CAR T cells, whereas some
modifications in intracellular domains were made for
CAR engineering of other immune cells such as NK cells
and macrophages [Pan et al., 2022]. The first hPSC-de-
rived CAR T cells reported in a preclinical study were
generated by transduction of iPSCs using lentiviruses
harboring a second-generation CAR construct that con-
sists of CD19-binding extracellular domain and CD28/
CD3({ transmembrane/intracellular domains (19-28z)
[Themeli et al., 2013]. CD19 is a surface antigen predom-
inantly expressed in B-cell leukemias and lymphomas
and has been the most common target for CAR therapy
[June and Sadelain, 2018]. CD3( is an intracellular do-
main that mediates T cell activation signaling upon anti-
gen binding to CAR (recapitulating signal 1), and CD28
is a costimulatory domain that further helps T cell activa-
tion (recapitulating signal 2) [Tai et al., 2018; Stoiber et
al., 2019]. The same CAR construct (19-28z) was used to
generate iPSC-derived CAR T cells by 3D-organoid cul-
ture [Wang et al., 2022] and forward programming [Lv et
al., 2021]. Jing et al. [2022] reported generation of mature
iPSC-derived anti-CD19 CAR T cells by EZHI repres-
sion. In this study, the authors used a CAR construct hav-
ing 4-1BB costimulatory domain instead of CD28 and
this CAR structure was introduced into differentiated
iPSC-T cells, but not undifferentiated iPSCs, by a lentivi-
ral vector. In another study, differentiated iPSC-T cells
were transduced with the retroviruses containing CD19
single-chain variable fragment (scFv), 4-1BB, and CD3(
to produce iPSC-derived anti-CD19 CAR T cells [Irigu-
chi et al,, 2021a]. FT819, currently under clinical trial, is
the first iPSC-derived CAR T cell product candidate
[Chang et al., 2019]. The CD19-targeting CD28/CD3(
CAR of FT819 has a mutant form of CD3( that has a sin-
gle immunoreceptor tyrosine-based activation motif
(ITAM) instead of three ITAMs in the original CD3(. Im-
portantly, this mutant, named 1XX CAR, increased ani-
mal survival rate in a mouse tumor model, possibly due
to the prolonged persistence of CAR T cells in vivo
[Feucht et al., 2019; van der Stegen et al., 2022]. Another
engineered feature of FT'819 is the targeted integration of
CD19 1XX CAR structure into the T cell receptor a con-
stant (TRAC) locus to provide enhanced efficacy, speci-
ficity, temporal CAR expression by an endogenous T cell
receptor (TCR) promoter and a reduced risk of GvHD by
eliminating TCR expression [Eyquem et al., 2017; Chang
etal., 2019].

Stem Cell-Based Immunotherapy

Since the mode of action is different between immune
cell types, the CAR domains designed in the context of T
cells might need to be modified for other immune cells
[Ahmad and Amiji, 2022]. Indeed, Li et al. [2018] dem-
onstrated that human iPSC-derived anti-mesothelin
CAR NK cells mediated strong antigen-specific cytotox-
icity when CAR construct bearing the NKG2D trans-
membrane domain and 2B4 costimulatory domain along
with the CD3( signaling domain was introduced by len-
tiviruses. The NKG2D and 2B4 domains were derived
from the NK cell-activating receptor (NKG2D) that me-
diates cytolytic programs and cytokine/chemokine secre-
tion via ITAMs (2B4). FT596, the first iPSC-derived CAR
NK cell product candidate that is currently under clinical
trial, utilized the same CAR construct to target CD19* B-
cell lymphoma [Goodridge et al.,, 2019]. On the other
hand, CD28 and 4-1BB costimulatory domains and CD3(
intracellular domain were used to generate anti-EpCAM
and anti-GPC3 CAR NK cells derived from human iPSCs
[Ueda et al., 2020; Tang et al.,, 2021]. CD28 and 4-1BB
domains, typically utilized for T cells, were still effective
in mediating cytotoxicity of NK cells against EpCAM*
and GPC3* cancer cells. Macrophage-specific CAR con-
taining CD86 and FcyRI intracellular domains along with
CD8 transmembrane domain was designed to generate
human iPSC-derived anti-CD19 CAR macrophage
[Zhangetal., 2020]. These CAR macrophages showed an-
tigen-dependent phagocytosis and anti-cancer cell func-
tion in vitro and in vivo. More recently, our laboratory
reported generation of chlorotoxin (CLTX)-targeting
CAR neutrophils from hPSCs and showed that CD4
transmembrane domain and CD3( intracellular domain
can mediate cytotoxic effects of neutrophils both in vitro
and in vivo [Chang et al., 2022b].

As limited studies have been conducted for optimiza-
tion of CAR construct in the context of cytotoxic immune
cell types derived from hPSCs compared to studies done
for primary T cells, improvement in efficacy of hPSC-
derived CAR immune cells in cancer immunotherapy is
expected, given the previously developed strategies to en-
hance efficacy of CARs, our increased understanding of
killing mechanisms used by different immune cell types,
and rapid advances in CAR design. Additionally, the use
of precise genome editing techniques such as CRISPR/
Cas9 in hPSCs will allow a controlled copy number of
CAR construct compared to the conventional viral trans-
duction, thereby generating safer CAR products as the
copy number of CAR construct affects cell lysis [Ritchie
et al.,, 2013].
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Other Genome Engineering Approaches to Enhance

Efficacy and Safety of Immunotherapy

Genome engineering in hPSCs is readily multiplexed
to make several different genetic modifications in the
same cell source. Through screenings and selections, it is
possible to make a clonally derived master off-the-shelf
hPSC line with improved functionality. This feature is
important as immunotherapy inherently requires the in-
troduction of CARs, but there are many other genome
engineering strategies that further improve the efficacy
and safety of CAR-based immunotherapy. Even though
most genome engineering strategies have been developed
for autologous CAR T cell therapy, they are expected to
be easily translated into hPSC-based allogeneic CAR
therapy due to the versatility of genome engineering of
hPSCs.

As mentioned above, GVHD is one of the significant
barriers to the allogeneic transplantation of T cells. While
HLA matching possibly reduces GYHD, HLA-deleted hy-
poimmunogenic donor cells may still cause GVHD due to
the presence of TCR, which is responsible for the allore-
activity of the donor T cells. As apTCR is a heterodimer
required for the assembly and activity of the TCR com-
plex, ablation of afTCR by disrupting the TRAClocus has
been the most straightforward and common gene editing
method to prevent GVHD of allogeneic CAR T cells [De-
pil et al., 2020; Rafiq et al., 2020]. Most of the allogeneic
CARTT cell products at preclinical and clinical stages use
the TRAC knock-out approach. For example, TRAC is
knocked out by incorporating CAR structure into the
TRAC locus to generate iPSC-derived CAR T cells with
reduced risk of GVHD [Chang et al., 2019; van der Stegen
et al., 2022]. It should be noted that TCR signaling plays
an important role in T cell differentiation [Carpenter and
Bosselut, 2010]; thus, the TRAC deletion may affect T cell
differentiation from hPSCs. Notably, the use of CAR NK
cells reduces the risk of GvHD as NK cells have MHC-
unrestricted cytotoxic activity.

Improving specificity while reducing off-target effects
is important for the efficacy and safety of CAR therapy.
Targeting multiple antigens either with a single CAR con-
struct having two or more antigen-binding domains or
with multiple CAR constructs has been implemented to
prevent antigen escape of CARs. For example, dual tar-
geting of B-cell antigens, CD19 and CD20, was reported
in many CAR T cell studies [Shah et al., 2019; Tong et al.,
2020]. The combination of a CAR, bearing a signaling
domain activated by binding to a tumor antigen, and a
chimeric costimulatory receptor, having a costimulatory
domain activated by binding to a second tumor antigen,
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was proposed to enhance specificity, as more efficient
therapeutic effects of this CAR are only induced when
both signaling and costimulatory domain are stimulated
[Kloss et al., 2013]. Inhibitory CAR also involves two
CAR structures to reduce off-target activity: one with in-
hibitory signaling activated upon binding of non-tumor
cells and the other with normal activation signaling acti-
vated upon binding of tumor cells [Fedorov et al., 2013].
Another strategy for targeting multiple antigens is to
make CAR T cells secrete bi-specific T cell engagers which
have two scFvs that are capable of binding to both by-
stander T cells and cancer cells to physically link the ef-
fector and target cells [Choi et al., 2019a]. A similar ap-
proach was applied to CAR NK cells where the antigen-
binding domain of CAR construct comprises two scFvs
that target NKG2D-expressing effector cells and ErbB2-
positive tumor cells simultaneously [Zhang et al., 2021a].
The synNotch system utilizes combinatorial antigen-
sensing circuits consisting of a synthetic Notch receptor
activated upon binding to a tumor antigen and a CAR
construct expressed upon activation of the Notch recep-
tor. The induced CAR recognizes another tumor antigen
for more precise tumor killing [Roybal et al., 2016]. A re-
cent study demonstrated that dual targeting in iPSC-de-
rived CAR T cells was achieved with CAR engineering in
antigen-specific T cell-derived iPSCs [Harada et al,
2022]. Dual targeting can also be achieved with a combi-
nation of a CAR and a monoclonal antibody (mAb).
CD38 knock-out and BCMA CAR knock-in were per-
formed to generate FT576, an iPSC-derived CAR NK cell
product, to treat multiple myeloma by using BCMA CAR
NK cells and anti-CD38 mAbs [Bjordahl et al., 2019a].
This CD38 knock-out was shown to elevate NAD* and
provide protection against oxidative stress in iPSC-de-
rived NK cells [Woan et al., 2021].

On-target tumor killing can be achieved with the local-
ization of CAR activity to the tumor site, and it has also
been suggested as a method to increase efficacy of CAR
therapy in solid tumors. A light-inducible nuclear trans-
location and dimerization system was developed by
Huang et al. [2020] to control CAR T cell activation by
localized and noninvasive light stimulation which showed
tumor cytotoxicity with high spatial resolution in vivo.
Spatially controlled CAR T cell activation was also
achieved with focused ultrasound that induced gene ex-
pression of CAR construct by a heat-inducible heat shock
protein promoter [Wu et al., 2021]. It led to less “on-tar-
get off-tumor” toxicity than standard CAR T while pro-
viding reversibility as a safeguard. Since hypoxia is a hall-
mark of certain tumors, a fusion of an oxygen-sensitive
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domain of HIF1a and CAR construct was used to gener-
ate CAR T cells that are responsive to a hypoxic environ-
ment to minimize “on-target off-tumor” effects [Juillerat
etal., 2017]. Homing of CAR T or NK cells to tumor site
by introducing chemokine receptors has provided anoth-
er option to localize CAR immune cell activity [Di Stasi
et al., 2009; Craddock et al., 2010; Moon et al., 2011; Kre-
mer et al., 2017]. Other engineering strategies for en-
hanced on-target effects and reduced off-target activity of
CAR T cell therapy include changing affinity of scFv
[Song et al., 2015], inactivating target antigen from nor-
mal cells [Kim et al., 2018], and use of a T cell subset such
as y0 T which has higher specificity against tumor cells
[Fisher and Anderson, 2018].

In vivo persistence of CAR immune cells significantly
affects the outcome of CAR therapy. Genome engineering
for cytokine and cytokine receptor expression is a popular
strategy to enhance persistence and cytotoxic effects of
CAR immune cells. IL-7/CCL19 [Adachi et al., 2018], IL-
12 [Pegram et al., 2015], IL-18 [Avanzi et al., 2016], IL-15
[Hoyos et al., 2010; Hurton et al., 2016; Liu et al., 2018;
Wang et al., 2020], IL-2 [Lee et al., 2010], IL-4af chimeric
cytokine receptor [Wilkie et al., 2010], IL-4/7 inverted cy-
tokine receptor [Mohammed et al., 2017], IL-4/21 invert-
ed cytokine receptor [Wangetal., 2019], and IL-7 receptor
[Shum et al., 2017] have been assessed for their function
in not only improving persistence of CAR T and CAR NK
cells but also remodeling tumor microenvironment
(TME), thereby enhancing efficacy of CAR therapies. For
example, membrane-bound IL-15 was used to augment
antitumor activity of hPSC-derived CAR T cells [Iriguchi
et al,, 2021a]. A similar approach was applied to FT538,
FT576, and FT596, human iPSC-derived CAR NK cell
products that are currently under multiple clinical trials
[Bjordahl et al., 2019a, b; Goodridge et al., 2019]. Insertion
of IL-15/IL-15 receptor alpha recombinant fusion (IL-
15RF) improved persistence, functional maturation, and
CAR activity of these NK cell products. Modulation of
CAR construct has also been widely studied to extend sur-
vival of CAR immune cells. While incorporating costimu-
latory domains (second- and third-generation CARs) has
already been established for most of the preclinical and
clinical studies, modification in other CAR domains such
as transmembrane domain was also shown to affect CAR
T cell persistence [Guedan et al., 2018]. A mutant form of
CD3( (single ITAM instead of three ITAMs) increased
persistence of CAR T cells [Feucht et al., 2019], and nota-
bly, it was translated into FT819, a human iPSC-derived
CART cell product, which is currently under clinical trial
[Chang et al., 2019].

Stem Cell-Based Immunotherapy

Antibody-dependent cellular cytotoxicity (ADCC), a
crucial effector mechanism of NK cells, is mediated by the
Fc receptor CD16a on NK cells. Zhu et al. [2020b] intro-
duced the high-affinity non-cleavable variant of CD16a
(hnCD16) into human iPSCs, and NK cells derived from
these hnCD16-modified iPSCs showed enhanced ADCC
against multiple tumor targets. This feature was intro-
duced into FT538, FT576, and FT596 along with BCMA
(FT576)/CD19 (FT596)-targeting CAR and IL-15RF to
improve functionality of the human iPSC-derived CAR
NK cells [Bjordahl et al., 2019a, b; Goodridge et al., 2019].
These engineering strategies were recently published in
the context of iPSC-derived NK cells without CAR mod-
ification [Woan et al., 2021].

Modulation of immune checkpoint-mediated im-
mune cell inhibition is also an important approach to fur-
ther enhance the efficacy of CAR therapy. Other than ad-
ministration of immune checkpoint inhibitors along with
CAR therapy, genome engineering approaches have been
developed to minimize inhibitory checkpoint signaling
by introducing genetic factors that interfere with this in-
hibitory signaling pathway. They include incorporation
of PD-1-dominant negative receptor [Cherkassky et al.,
2016], a switch receptor construct consisting of a trun-
cated extracellular domain of PD-1 and the transmem-
brane and cytoplasmic signaling domains of CD28 [Liu et
al., 2016], anti-PD-L1 antibody [Suarez et al., 2016], anti-
PD-1 scFv [Rafig et al., 2018], and B7-H3 immune check-
point molecule for NK cells [Yang et al., 2020]. Control-
ling toxicity of CAR immune cells with suicide genes pro-
vides a safer approach for cancer immunotherapies and
has been utilized in many preclinical and clinical studies
[Serafini et al., 2004; Hoyos et al., 2010; Di Stasi et al.,
2011; Liu et al., 2020; Wang et al., 2020; Harada et al,,
2022]. Another engineering approach to increase safety
of the CAR T cell therapy is to knock out granulocyte-
macrophage colony-stimulating factor to reduce cyto-
kine release syndrome [Sachdeva et al., 2019; Sterner et
al., 2019].

Although significant progress has been made in ge-
nome engineering of CAR T and CAR NK cells to en-
hance cancer immunotherapy, only a small portion of
these strategies have been evaluated in the context of oth-
er immune cell types or hPSC-derived immune cells.
More research will be needed to facilitate the develop-
ment of hPSC-derived allogeneic cellular products with
previously developed engineering strategies for adoptive
immunotherapy.
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hPSCs
Monolayer

Hematopoietic
Specification

hPSCs BMP4, Activin A,

Embryoid body (EB)
FGF, IL-3, IL-6,
SB-431542,
CHIR99021

VEGF, SCF, FLT-3L,

T cell differentiation
SCF, FLT-3L, IL-7, IL-15, TPO
OP9/DL1 co-culture

NK cell differentiation
SCF, FLT-3L, IL-3, IL-7, IL-15, IL-2
Expansion via K562-mblL-21-4-1BB co-culture

Hematopoietic
progenitors

Macrophage, neutrophil differentiation
M-CSF, IL-3 (macrophage)
G-CSF, Am580 (neutrophil)

Fig. 3. Simplified differentiation methods for generation of antitumor immune cells from hPSCs. Differentiation
protocols typically involve stage-specific treatment of differentiation factors such as growth factors, cytokines,
small molecules, and cells. Some of the representative factors and co-culture methods are shown for each immune

cell type.

hPSC-Derived Immune Cells for Adoptive Cellular
Immunotherapy

Efficient generation of cytotoxic immune cells, such as
T, NK cells, and macrophages, from hPSCs is the key to de-
velopment of off-the-shelf allogeneic cell products for can-
cer immunotherapy. Significant advances have been made
in differentiating hPSCs into hematopoietic progenitors
and mature immune cells based on the knowledge and tech-
niques obtained from numerous types of research within
the field of developmental biology, stem cell biology, hema-
topoiesis, biomaterials, and others. Progress in differentia-
tion protocols for each immune cell type was reviewed else-
where (T cells [Montel-Hagen and Crooks, 2019; Zhou et
al.,, 2022], NK cells [Chang and Bao, 2020; Hsu et al., 2021],
macrophages [Lyadova and Vasiliev, 2022]) (Fig. 3). Here,
we focus on generation of antigen-specific immune cells,
primarily CAR-modified immune cells, derived from
hPSCs for cancer immunotherapy (Table 1).

446 Cells Tissues Organs 2023;212:439-467

DOI: 10.1159/000528838

Cytotoxic T Cells

Cytotoxic T lymphocytes (CTLs) recognize foreign
antigens via TCRs and selectively exert cytotoxic effects
on the target cells. This characteristic is utilized to gener-
ate antigen-specific “rejuvenated” T cells from human
iPSCs. To make “rejuvenated” T cells, iPSCs are repro-
grammed from antigen-specific CTLs which have anti-
gen-targeting TCRs and then re-differentiated into CTLs
with the retained TCR expression [Nishimura et al,
2013]. Vizcardo et al. [2013] reported generation of
MART-1-specific CD8* T cells from human iPSCs, which
exhibited immune reactivity upon the binding of MART-
1 antigen. These iPSCs were reprogrammed from MART-
1-specific CD8" T cell line JKF6 that has a TCR specific
for MART-1 epitope. To induce more specific cytotoxic-
ity, CD8af* CTLs were differentiated from WT1-specific
CTL-derived human iPSCs [Maeda et al., 2016]. Since the
TCR rearrangement during T cell differentiation from
iPSCs can prevent retention of antigen-specific TCRs,
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RAG2, a protein involved in TCR rearrangement, was
knocked out in iPSCs to preserve antigen-specific TCRs
[Minagawa et al., 2018]. CDaf* T cells differentiated
from GPC3-specific CTL-derived RAG2™ iPSCs exhibit-
ed GPC3-specific cytotoxicity both in vitro and in vivo.
The authors also tested introduction of antigen-specific
TCRs into monocyte-derived iPSCs as an approach to
confer antigen specificity to iPSC-derived CTLs. Montel-
Hagen et al. [2019] demonstrated that generation of
hESC-derived antigen-specific T cells was achieved by in-
troducing antigen-specific TCR to hESCs and differenti-
ating these hESCs into conventional T cells with their or-
ganoid-based differentiation protocol. In another study,
iPSCs were also transduced with WT1-specific TCR to
make antigen-specific CTLs [Maeda et al., 2020].

The first hPSC-derived CAR T cells were reported by
Themeli et al. [2013], where they generated CD19-target-
ing CAR T cells from peripheral blood (PB) T lympho-
cyte-derived iPSCs (1928z-T-iPSC-T cell). The CAR con-
struct was introduced into iPSCs by lentiviruses, and suc-
cessfully transduced iPSCs were sorted based on a
fluorescent marker expression followed by T cell differ-
entiation. These iPSC-derived CAR T cells showed a phe-
notype of Y0 T cell, a T cell subpopulation enriched in
peripheral tissues, as well as cytotoxicity against CD19*
lymphoma in vitro and in vivo. Forward programming
with inducible expression of RUNXI and HOXA9 was
used to generate hematopoietic-endothelial cells and sub-
sequent T lymphocytes from iPSCs [Lv et al., 2021]. These
induced T cells were further transduced with retroviruses
for incorporation of CD19 CAR, and the CAR-trans-
duced T cells exhibited in vitro and in vivo cytotoxicity
against B-cell lymphoma cells. Iriguchi et al. [2021a] pro-
posed an improved T cell differentiation protocol in the
absence of a feeder layer to differentiate iPSCs into anti-
gen-specific T cells. This differentiation method was ap-
plied to the generation of antigen-specific T cells with
three different approaches: T cells differentiated from an-
tigen-specific CTL-derived iPSCs, T cells differentiated
from TCR-engineered iPSCs,and CAR T cells engineered
from differentiated T cells. All these antigen-specific T
cells showed cytotoxicity against their targets. In another
independent study, “rejuvenated” T cells from antigen-
specific CTL-derived iPSCs were further engineered with
a CAR to generate dual antigen-targeting iPSC-derived T
cells [Harada et al., 2022]. The capability of hypoimmu-
nogenic hPSC-derived T cells in escaping immune rejec-
tion was evaluated along with CAR engineering [Wang et
al., 2021]. T cells differentiated from hypoimmunogenic
iPSCs with HLA class I, HLA class II, or CD155 knock-
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out, and HLA-E knock-in were further engineered with
either anti-CD19 or anti-CD20 CAR constructs. These
iPSC-derived CAR T cells exhibited antitumor potency
with minimal recognition by the host NK and T cells. A
recent study demonstrated that 3D-organoid culture sup-
ports differentiation of CD19-targeting CAR T cells from
iPSCs [Wangetal., 2022]. These iPSCs were derived from
CD62L* naive and memory T cells which showed promis-
ing therapeutic effects in CAR T cell therapy, transduced
with the lentiviruses encoding 19-28z, and differentiated
into CD8" T cells. The resulting CAR T cells showed an-
titumor activity against CD19* tumor cells in vitro and in
vivo. Repression of EZH1, a negative epigenetic regulator
of lymphoid commitment, in iPSCs along with a feeder-
free T cell differentiation led to the generation of primary
ap T cell-like cells capable of differentiating into cyto-
toxic T cells and memory T cell-like cells [Jing et al.,
2022]. Importantly, these T cells exhibited superior anti-
tumor activities when transduced with a CD19 CAR com-
pared to the CAR T cells differentiated without EZH1 re-
pression. Fate Therapeutics reported the generation of an
iPSC-derived CAR T cell product, FT819, which is in
phase 1 clinical study, with their original and modified T
differentiation protocols [Chang et al., 2019]. In this
product, CD19 1XX CAR was introduced into the TRAC
locus of T cell-derived iPSCs for TCR knock-out and en-
dogenous TCR promoter-regulated CAR expression, and
the CD19 1xx CAR iPSCs were efficiently differentiated
into CTLs (>95% CD45*, CD7*, CD3*, CAR*/>70%
CD8af*) with cytotoxic activities against CD19* tumor
cells in vitro and in vivo. Generation of iPSC-derived
CD19 1XX CAR T cells with the same engineering fea-
tures was recently reported [van der Stegen et al., 2022].
It is noteworthy that almost all antigen-specific T cells
are derived from human iPSCs that were reprogrammed
from T lymphocytes or from iPSCs and hESCs that were
transduced to incorporate antigen-specific TCRs, sug-
gesting the importance of epigenetic memory [Kim et al.,
2010] and TCR signaling [Carpenter and Bosselut, 2010]
during differentiation of hPSCs into cytotoxic T cells.
Unlike this seemingly positive role of an antigen-specific
TCR at the pluripotent stem cell stage in the development
of CD8af* single-positive cytotoxic T cells [Montel-Ha-
gen et al,, 2019], a recent study demonstrated that the
premature expression of rearranged afpTCR genes in T
cell-derived iPSCs interferes with the formation of
CD4*CD8af* double-positive T cells, thus the following
formation of CD8af* single-positive cytotoxic T cells
[van der Stegen et al., 2022]. As these iPSCs were not de-
rived from antigen-specific T lymphocytes, their TCR re-

Cells Tissues Organs 2023;212:439-467 453
DOI: 10.1159/000528838

620z Atenigad 90 uo 1senb Aq jpd-8e£88ZS000/L ¥E6 | L ¥/6EY/S/Z L Z/4Pd-8loile /030 /w00 1ebiey/:dny woly papeojumoq



arrangement may differ from the previous study, result-
ing in a different differentiation pathway. Delta-like li-
gand 4 (DLL4), a Notch ligand, offset this effect of
premature TCR expression and facilitated the formation
of CD4*CD8af* double-positive T cells from the wild-
type iPSCs. More importantly, they found that the consti-
tutive expression of anti-CD19-28z CAR in T cell-derived
iPSCs interfered with the double-positive T cell forma-
tion but led to the generation of CD4"CD8~ double nega-
tive or CD8aa* T cells, even in the presence of DLL4-
mediated Notch signaling. When CAR expression was
induced in the later stage of T cell differentiation by the
TRAC promoter, it facilitated the formation of
CD4*CD8af" double-positive T cells and then matura-
tion to CD8af* single-positive cytotoxic T cells. This
study suggests that the expression of CARs in hPSC stage
can negatively affect the differentiation capability of hP-
SCs into cytotoxic T cells; thus, other strategies such as
inducible expression of CARs are needed to generate
hPSC-derived CAR T cells. More research will be needed to
reveal the role of epigenetic memory, TCR arrangement,
CAR expression, and Notch signaling in T cell differentia-
tion and subsequent subtype specification, thereby devel-
oping a more robust and scalable differentiation protocol
for CAR-engineered cytotoxic T cells from hPSCs.

NK Cells

NK cells are a type of cytotoxic lymphocyte that is part
of the innate immune system. In contrast to the cytotoxic
T cells, they recognize and kill pathogens and stressed
cells in an MHC-independent manner, making them a
promising allogeneic cell source for cellular immuno-
therapy. Not only does an allogeneic NK cell transplant
not require HLA matching to prevent GVHD but NK cells
can also be armed with a CAR construct for improved
antigen-specific cytotoxicity. Many studies at preclinical
and clinical levels have been conducted to evaluate the ef-
ficacy of allogeneic NK cells in cancer immunotherapy,
where NK cells used are mainly NK-92 cell line or derived
from PB and cord blood. This immortalized line and pri-
mary cell sources have several disadvantages such as low
transduction efficiency, heterogeneity, and the need for
irradiation before infusion [Gong et al., 2021]. Recently,
hPSCs have emerged as an alternative cell source for NK
cells to address these issues. Due to their innate killing
ability, many studies have shown the superior antitumor
activities of hPSC-derived NK cells without additional
engineering approaches that confer antigen-specific ac-
tivity [Woll et al., 2005, 2009; Larbi et al., 2012; Knorr et
al., 2013; Hermanson et al., 2016; Zeng et al., 2017; Mat-
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subara et al., 2019; Zhu et al., 2020a, b; Cichocki et al.,
2020; Goldenson et al., 2020; Euchner et al., 2021; Woan
etal., 2021; Du et al., 2022; Jung et al., 2022]. A few strat-
egies were developed to enhance in vivo persistence and
antitumor activities of hPSC-derived NK cells. Elimina-
tion of cytokine-inducible SH2-containing protein (CIS,
encoded by CISH), a negative regulator of IL-15 signaling
in NK cells, improved in vivo persistence and cytotoxic
efficacy of hPSC-derived NK cells as IL-15 stimulates NK
cell functions such as differentiation, proliferation, acti-
vation, and survival [Zhu et al., 2020a]. Another study
from the same group reported that hnCD16 expression
on iPSC-derived NK cells enhanced ADCC against tumor
cells [Zhu et al., 2020b]. Woan et al. [2021] combined
these concepts to produce triple-gene-edited iPSC-de-
rived NK cells, termed iADAPT NK cells, for enhanced
immunotherapy. hnCD16 and membrane-bound IL-15/
IL-15R fusion protein (IL-15RF) were inserted into the
CD38locus to knock out CD38 using CRISPR/Cas9. Not
only did overexpression of hnCD16 and IL-15RF aug-
ment ADCC and persistence as reported in the previous
studies but CD38 knock-out also provided additional
protection of iPSC-derived NK cells against oxidative
stress. These engineering features were used to produce
FT538 and FT576, iPSC-derived NK cell products, which
are currently under multiple clinical trials [Bjordahl et al.,
2019a, b].

CAR modification for hPSC-derived NK cells was re-
ported in a limited number of preclinical studies com-
pared to the studies without CAR engineering. Based on
a previously developed NK cell differentiation method
[Knorr et al., 2013], an anti-CD19 or an anti-mesothelin
CAR was introduced into hPSC-derived NK cells [Her-
manson et al., 2013]. Even with the CD8a hinge region,
CD28 costimulatory/transmembrane domain, 4-1BB co-
stimulatory domain, and CD3( activating domain, which
are typically employed for CAR T cells, hPSC-derived NK
cells engineered with these CAR constructs still exhibited
antitumor activities against targeted cancer cells in vitro.
Li et al. [2018] optimized the CAR design in the context
of NK cells by exploiting the mechanism triggering cyto-
lytic programs in NK cells to enhance antitumor activities
of hPSC-derived NK cells. The transmembrane domain
of NKG2D, a NK cell-activating receptor, costimulatory
domain of 2B4, a mediator of cytotoxicity in NK cells, and
a CD3( signaling domain improved the efficacy of CAR
NK cells in tumor killing. Anti-GPC3 [Ueda et al., 2020]
and anti-EpCAM [Tang et al., 2021] CAR NK cells de-
rived from human iPSCs also exhibited specific cytotox-
icity against targeted tumor cells.
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More than 10 clinical trials are ongoing for hPSC-de-
rived NK cells with or without CAR engineering (Ta-
ble 2). The majority of them utilize combinatorial ap-
proaches with additional drug treatment such as mAbs
and IL-2. Given previously developed strategies for im-
munotherapy in the context of immortalized NK cell
lines, PB/cord blood-derived NK cells, CAR T cells [Gong
et al., 2021], and possible combinations of these ap-
proaches, more studies are expected to be conducted to
enhance the efficacy and safety of hPSC NK cell-based
cancer immunotherapy.

Macrophage, Neutrophils, and Other Innate Immune

Cells

Macrophages are phagocytic cells present in tissues
and blood. Due to their ability to infiltrate into solid tu-
mors and abundance in TME as well as their innate capa-
bility to phagocytose pathogens, macrophages are be-
coming increasingly investigated for their roles in treat-
ing solid cancers [Pan et al., 2022]. A clinical trial for an
autologous CAR macrophage therapy, CT-0508, was re-
cently initiated [Reiss et al., 2022]. The use of allogeneic
macrophages, either derived from cell lines or hPSCs, has
also been evaluated as an approach to develop off-the-
shelf cancer immunotherapy. Similar to NK cells, the in-
nate phagocytic activity of macrophages was exploited to
target cancer cells using hPSC-derived macrophages
without additional genome engineering [Cao etal., 2019].
Miyashita et al. [2016] engineered iPSC-derived myeloid
cells to express type 1 interferons (IFNs) to target human
melanoma cells. These iPSC-derived myeloid cells ex-
pressed macrophage markers, and the expression of type
1 IFNs promoted pro-inflammatory M1 polarization and
antitumor activities against SK-MEL28 melanoma cells
both in vitro and in vivo. Interestingly, introduction of
antigen-specific scFv was used to confer antitumor spec-
ificity to hPSC-derived macrophages. Anti-CD20 scFv
was linked to a C-terminal fragment of mouse FcyRI and
introduced into iPSCs [Senju et al., 2011]. The macro-
phages derived from these genetically modified iPSCs ex-
hibited antitumor activities in vitro and in vivo. In an-
other study, anti-HER2 scFv was introduced to generate
iPSC-derived macrophages targeting gastric and pancre-
atic cancers [Koba et al., 2013]. Incorporation of a mac-
rophage-specific CAR construct into macrophage cell
lines was reported to generate antitumor macrophages.
Intracellular domains such as MEGF10 (human) [Mor-
rissey etal., 2018], mouse CD147 [Zhang et al., 2019], and
MerTK (mouse) [Niu et al., 2021] were tested for their
functions in mediating cytotoxicity of macrophages. Oth-
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er studies demonstrated that CD3( is still effective in me-
diating antitumor activity of human macrophages, pos-
sibly due to its similarity to the Fc common y-chain,
FceRI-y, a signaling mediator for antibody-dependent
phagocytosis in macrophages [Klichinsky et al., 2020;
Chenetal., 2022]. Zhang et al. [2020] reported generation
of hPSC-derived CAR macrophages using CD86 and
FcyRI as an intracellular part of CAR targeting CD19 or
mesothelin. These cells showed antigen-specific cytotox-
icity against cancer cells in vitro and in vivo. Interesting-
ly, an increase in M1 pro-inflammatory cytokine expres-
sion was observed after they were incubated with tumor
cells, possibly suggesting that antigen binding to CAR in-
duces pro-inflammatory activity in hPSC-derived CAR
macrophages.

Neutrophils are phagocytes and the most abundant
white blood cells. Their cytolytic function was shown by
neutrophils engineered with CD4( chimeric immune re-
ceptor against HIV envelop-transfected cells in vitro, but
the lysis efficiency was minimal [Roberts et al., 1998].
While they possess cytotoxicity, antitumor, and protu-
mor function and play a role in other cancer therapies
[Stockmeyer et al., 2000; Guettinger et al., 2010; Nakaga-
wa et al,, 2010; Zilio and Serafini, 2016], autologous or
allogeneic neutrophils have not been proposed as effector
cells for cancer immunotherapy possibly due to their
short circulating half-life (6-8 h) [Summers et al., 2010].
Given their similar innate antitumor response and tu-
mor-infiltrating ability to macrophages, neutrophils are
expected to be effector cells in cancer immunotherapy
[Zilio and Serafini, 2016]. A recent study from our labo-
ratory showed chemically defined, feeder-free generation
of neutrophils from hPSCs along with additional CAR
engineering to target glioblastoma cells by hPSC-derived
CAR neutrophils [Chang et al., 2022b]. CD3( signaling
domain and CD4 transmembrane domain were able to
mediate cytotoxic activity of CAR neutrophils both in vi-
tro and in vivo, and this tumor lysis involved phagocyto-
sis, reactive oxygen species generation, and neutrophil
extracellular trap formation. As primary neutrophils are
short-lived, hPSC-derived neutrophils might serve as a
safer allogeneic cell source for cancer immunotherapy.

Innate immune cells react to microbes and injured
cells by causing inflammation and directly killing patho-
gens. This property has been utilized for hPSC-derived
innate immune cells such as NK cells to target tumors
without engineering of antigen-specific elements. Muco-
sal-associated invariant T (MAIT) cells are an abundant
subset of T cells in humans and play an important role in
antimicrobial functions [Le Bourhis et al., 2011]. Differ-
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entiation of hPSCs into MAIT cells, mostly by redifferen-
tiation of reprogrammed MAIT cell-derived iPSCs, has
been reported [Wakao et al., 2013; Sugimoto et al., 2016;
Saito et al., 2017]. Recently, tumor inhibitory activity of
mouse iPSC-derived MAIT cells was evaluated against
MRI1* cancer cells [Sugimoto et al., 2022]. The authors
not only showed the activated MAIT cells produced T
helper (Th)1, Th2, and Th17 cytokines and inflammatory
cytokines but also inhibited tumor growth via NK cell-
mediated reinforcement of cytotoxicity. It indicates the
indirect and collaborative antitumor activity of MAIT
cells as an innate immune cell type. Va24* invariant nat-
ural killer T (iNKT) cells, a subtype of T cells that express
a single invariant TCRa chain (Va24-Jal18) and limited
TCRB chains (VB11), exhibit antitumor immunity by ac-
tivating other effector cells and directly mediating NK
cell-like cytotoxicity [Wingender et al., 2010; Fujii et al.,
2013]. Like macrophages and neutrophils, iNKT cells are
tumor-infiltrating innate immune cells [Langa and Silva-
Santos, 2012]. These characteristics of iNKT cells have
been exploited in several clinical trials for cancer immu-
notherapy [Motohashi et al., 2006; Yamasaki et al., 2011;
Richter et al., 2013; Cheng et al., 2022]. Human iPSC-
derived iNKT cells also displayed antitumor effects via
their adjuvant and direct cytotoxic activity [Kitayama et
al., 2016; Yamada et al., 2016]. Similar to MAIT cells,
these iNKT cells were differentiated from iNKT cell-de-
rived iPSCs. This reprogramming-redifferentiation ap-
proach along with unique invariant TCR chains found in
MAIT and iNKT cells suggests the importance of TCR
rearrangement during T cell subset differentiation [Ya-
mada et al.,, 2016]. Eosinophils are granulocytes that play
arole in fighting against parasites and inducing allergies.
Like other innate immune cells such as macrophages and
neutrophils, eosinophils display antitumor or protumor
effects by either direct cytotoxic function or indirect reg-
ulatory function toward other immune cells [Simon et al.,
2019]. Lai et al. [2021] demonstrated that hPSC-derived
eosinophils had cytotoxicity against various solid tumors
both in vitro and in vivo. Importantly, these cells exhib-
ited synergistic antitumor activities when they were com-
bined with CAR T cells, possibly suggesting their adju-
vant function in immunotherapy.

As described above, the role of innate immune cells
within TME is largely biphasic. However, these antitu-
mor and protumor phenotypes can be directed by cell-
extrinsic factors or feasibly by other engineering ap-
proaches. For example, macrophages can be “educated”
to have the pro-inflammatory M1 or anti-inflammatory
M2 under the presence of IFN-y or TGF-p, respectively,
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and this M1/M2 polarization is reversible [Lyadova and
Vasiliev, 2022]. More studies are needed to be conducted
to reveal the mechanisms of innate immune cell polariza-
tion and develop strategies to sustain their antitumor
phenotype within TME. It is encouraging that CAR engi-
neering can be applied to prime hPSC-derived macro-
phages and neutrophils for their directed cytotoxicity to-
ward target tumors [Zhang et al,, 2020; Chang et al,
2022b], which opens the possibility for targeted cancer
immunotherapy using other innate immune cells. Anoth-
er aspect of innate immune cell-mediated cancer treat-
ment is to utilize their adjuvant activity such as secretion
of inflammatory cytokines to activate other effector im-
mune cells [Yamada et al., 2016; Cichocki et al., 2020; Lai
etal., 2021]. Particularly, the use of hPSCs will allow gen-
eration of various immune cell types with the same ge-
nomic profiles, enabling researchers to study interactions
between different immune cell types in an isogenic man-
ner during cancer immunotherapy. This will lead to the
development of strategies that further enhance cancer
immunotherapy via combinatorial approaches using a
mixture of different immune cell types.

Biomanufacturing of hPSC-Derived Immune Cells for
Cancer Immunotherapy

Large-scale production of hPSC-derived immune cells
under current good manufacturing practices is one of the
most important elements to achieve bona fide off-the-
shelf cellular products for allogeneic cancer immunother-
apies. Given the self-renewing and differentiation capa-
bilities of hPSCs and the requirement of scalable produc-
tion of hPSC-derived cells for their applications in drug
development and cell therapy, numerous studies have
been conducted for hPSC manufacturing (previously re-
viewed elsewhere [Adil and Schaffer, 2017; Vassilev and
Oh, 2021; Tannenbaum and Reubinoff, 2022]). Such ad-
vances include development of chemically defined, xeno-
free substrate and medium that support hPSC self-renew-
al as well as the use of 3D culture systems to expand
hPSCs [Adil and Schaffer, 2017]. However, the expansion
of hPSCs and subsequent differentiation require an in-
crease in differentiation factors such as growth factors
and cytokines, which maylead to a decrease in the robust-
ness of differentiation, since most of the protocols were
developed based on laboratory-scale experiments and
may not be well translated into scaled-up platforms. Thus,
the expansion of undifferentiated hPSCs may not be ap-
propriate to achieve cost-effective and robust manufac-
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turing of hPSC-derived cell products. Instead, the expan-
sion of progenitor cells or fully differentiated cells with
robust differentiation protocols may serve as a more prac-
tical approach. Whereas limited studies have been con-
ducted for biomanufacturing hPSC-derived immune
cells, some of the manufacturing strategies developed for
primary autologous and allogeneic immune cells are ex-
pected to be translated into the context of hPSCs. In this
section, we will review not only clinical-scale derivation
of immune cells from hPSCs but also representative
methods for the expansion of autologous and allogeneic
immune cells. Other aspects of biomanufacturing such as
quality control and manufacturing devices (bioreactors)
were extensively reviewed elsewhere with a focus on lym-
phocytes [Koehl et al., 2016; Vormittag et al., 2018; Gar-
cia-Aponte et al., 2021].

Expansion of T Cells

While the expansion of primary T cells has been ac-
tively studied due to its application in CAR T cell therapy,
most of the studies about differentiation of hPSC-derived
T cells focused on their functional activity rather than the
manufacturing aspect. Recently, Iriguchi et al. [2021a]
developed a clinically applicable and scalable differentia-
tion method to generate iPSC-derived T cells. The au-
thors showed that immobilized DLL4 protein, lympho-
poietic cytokines, and supplements induce robust T cell
differentiation from iPSC-derived hematopoietic pro-
genitor cells which are generated by embryoid body-
based differentiation. While this feeder-free differentia-
tion platform is a promising advance in the generation of
T cells, expansion of fully differentiated hPSC-derived T
cells may be a more practical alternative as numerous
studies have already been conducted to expand primary
T cells. Indeed, a modified rapid expansion method
(REM) [Wang et al., 2011], which was originally devel-
oped for primary T cells, was applied to expand iPSC-
derived T cells differentiated by 3D-organoid culture. It
achieved about 75-fold expansion in 2 weeks during REM
expansion and yielded clinically relevant cell numbers
(600 million CAR T cells per 1 million iPSCs) [Wang et
al., 2022].

Cytokines are cell signaling proteins secreted by im-
mune cells that modulate physiological function of other
cells. IL-2 is commonly used as a cytokine to promote T
cell proliferation [Liao et al., 2013]. Activation of IL-2 sig-
naling induces initiation of three main intracellular sig-
naling pathways: phosphoinositide 3-kinase, mitogen-ac-
tivated protein kinase, and signal transducer and activa-
tor of transcription 5 pathways which are involved in cell
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cycle entry, growth, survival, and differentiation of T cells
[Cheng et al., 2011]. Other cytokines such as IL-6, IL-7,
IL-15, and IL-21 have been utilized to expand cytotoxic T
cells [Zeng et al., 2005; Xu et al., 2014; Zhou et al., 2019;
Jiang et al., 2021]. It is important to note that these cyto-
kines can also induce differentiation and subtype specifi-
cation of T cells which possibly affect the efficacy of im-
munotherapy; thus, uncoupling of expansion and differ-
entiation is necessary when using these cytokines
[Crompton et al., 2014]. In the case of T cell differentia-
tion from hPSCs, appropriate time points for the treat-
ment of these cytokines should be chosen to generate T
cells with desired functions and proper expansion. Even
though cytokine activation is typically achieved by simply
adding cytokines to the culture medium, engineering ap-
proaches can be used to exploit the cytokine signaling for
expansion of T cells. For example, Zhang et al. [2021b]
engineered T cells with a human orthogonal IL-2 receptor
along with CD19 CAR and observed a 1,000-fold increase
in in vivo expansion of CAR T cells upon administration
of human orthogonal IL-2. Recombinant human IL-7
fused with a hybrid constant fragment (Fc) for a pro-
longed in vivo serum half-life promoted in vivo prolifera-
tion, persistence, and cytotoxicity of human CAR T cells
[Kim et al., 2022]. Overexpression of IL-7 by introducing
IL-7 transgene into the CAR backbone also increased
proliferation of CD8* T cells as well as increased cytotox-
icity against targeted cancer cells [He et al., 2020].

TCR signalingis a critical element in modulating T cell
function. Upon binding to an antigen, TCR and costimu-
latory molecules are activated to induce differentiation,
cytokine production, proliferation, and cell-mediated cy-
totoxicity [Courtney et al., 2018]. One of the well-known
mechanisms of TCR signaling in promoting expansion of
T cells is via secretion of IL-2 [Kemp et al., 2007], but IL-
2-independent proliferation mechanisms were also re-
ported [Appleman et al., 2000; Colombetti et al., 2006].
To induce activation and subsequent expansion of T cells
via TCR signaling, mAbs bind to TCR co-receptors or
costimulatory molecules have been used. Anti-CD3 and
anti-CD28 antibodies either immobilized to a substrate
such as beads or as a soluble form were shown to promote
expansion of antigen-specific T cells [Riddell and Green-
berg, 1990; Hollyman et al., 2009; Keskar et al., 2020]. The
use of an OX40 agonist and a CD83 ligand also induced
T cell expansion via TCR signaling [Hirano et al., 2006;
Ruby et al., 2009]. Another commonly employed T cell
expansion method based on TCR activation is to reca-
pitulate the activity of antigen-presenting cells via artifi-
cial antigen-presenting cells (aAPCs). aAPCs are gener-
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ated by introducing receptors for antibody binding and/
or stimulatory ligands into feeder cells along with a sub-
sequent coating of feeder cells with antibodies targeting
TCR signaling molecules. For example, Maus et al. [2002]
engineered K562 erythromyeloid cell line to express the
low-affinity Fcy receptor, CD32, and 4-1BB ligand for
binding of anti-CD3 and anti-CD28 antibodies to CD32
and for activation of 4-1BB costimulatory molecule by
4-1BB ligand to promote expansion of cytotoxic T cells.
Incorporation of CD64, a high-affinity Fcy receptor, for
antibody coating, and CD80/CD86, ligands for CD28 ac-
tivation, into K562 was also shown to induce T cell expan-
sion [Suhoski et al., 2007; Gong et al., 2008; Ye et al,
2011]. As described above, this TCR signaling is exploited
to develop CAR T cells that mediate antigen-specific cy-
totoxicity. Similarly, CAR signaling is employed to pro-
mote proliferation of T cells upon antigen binding. Addi-
tion of costimulatory domains and other engineering ap-
proaches to modify CAR construct for T cell expansion
have been widely studied [Ghorashian et al., 2019; Gue-
dan et al., 2019]. Activation of CAR signaling can also be
achieved by an additional antigen presentation to the cells
[Reinhard et al., 2020; Ukrainskaya et al., 2021]. For ex-
ample, Ukrainskaya et al. [2021] developed antigenic ves-
icles displaying recombinant antigens to CAR T cells and
demonstrated that CAR T cells incubated with these ves-
icles resulted in proliferation and an increase in cell pop-
ulation. It should be noted that certain engineering strat-
egies for hPSCs alter TCR signaling and expression; thus,
precautions are needed when exploiting TCR signaling to
induce proliferation in the context of engineered hPSCs.

A recent study reported the use of oncolytic virus-
loaded CAR T cells led to an increased in vivo expansion
and reactivation of these cells [Evgin et al., 2022]. Devel-
opment of expansion medium [Medvec et al., 2018] and
the use of biomaterials (extensively reviewed elsewhere
[Isseretal.,2021]) are also reported to enhance expansion
of T cells for cancer immunotherapy. These strategies are
typically combined together to further support T cell ex-
pansion [Marchingo et al., 2014; Wolfl and Greenberg,
2014]. For example, the REM, one of the T cell expansion
standards, involves the use of anti-CD3 antibody and IL-2
in the presence of irradiated allogeneic feeder cells [Dud-
ley et al., 2003; Baudequin et al., 2021].

Expansion of NK Cells

Similar to T cells, most of the studies on hPSC-derived
NK cells for cancer immunotherapy emphasized their cy-
totoxic activity and adopted existing expansion methods
developed for primary NK cells. The most common ex-
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pansion method employed for hPSC-derived NK cells is
the use of membrane-bound IL-21-expressing aAPC
(K562-mbIL-21-4-1BB) [Knorr et al., 2013; Hermanson
et al., 2016; Zhu and Kaufman, 2019; Zhu et al., 2020a, b;
Cichocki et al., 2020; Goldenson et al., 2020; Woan et al.,
2021]. When primary NK cells were co-cultured with
K562-mblIL-21-4-1BB and low concentration of IL-2 for
3 weeks, a 47,967-fold expansion was achieved [Denman
et al.,, 2012]. aAPCs were also engineered with mem-
brane-bound IL-15 for NK cell expansion [Fujisaki et al.,
2009; Gong et al., 2010]. Other feeder cells such as irradi-
ated human feeder cell line (HFWT) [Ishikawa et al.,
2004], NK" fraction of PBMCs [Kim et al., 2013], Epstein-
Barr virus-transformed lymphoblastoid cell line [Gran-
zin et al., 2016], irradiated tumor cells (Jurkat) [Lim et al.,
2013], and irradiated PBMCs [Min et al., 2018] were em-
ployed to promote NK cell proliferation. The REM stan-
dard that was originally developed for T cells by exploit-
ing irradiated PBMCs, IL-2, and anti-CD3 antibody also
worked for NK cell expansion [Min et al., 2018]. This sim-
ilarity applies to the use of cytokines for NK cell expan-
sion. Like T cells, IL-2 is the most common cytokine to
induce the expansion of NK cells. Other cytokines includ-
ing IL-15, IL-18, IL-21, and IL-27 were also used for NK
cell expansion [Koehl et al., 2013; Granzin et al., 2016;
Choietal., 2019b; Heinze et al., 2019; Tanaka et al., 2019].

Larbi etal. [2012] proposed the use of HOXB4 homeo-
protein, an important regulator of hematopoietic stem
cell expansion, to enrich hPSC-derived NK cells. HOX4B
protein was actively secreted by engineered MS5 mouse
stromal cells and acted on differentiating progenitor cells
rather than on terminally differentiated NK cells. This re-
sult suggests alternative approaches for expansion of
hPSC-derived immune cells where the expansion of pro-
genitors is targeted during differentiation. A recently pat-
ented method for hPSC-derived NK cell expansion uti-
lizes a 3D bioreactor platform which allows generation of
~10'" pure NK cells with a 300 mL bioreactor [Feng et al.,
2021; Lu and Feng, 2021].

Expansion of Macrophages and Other Immune Cells

Very limited studies have been done for exploring the
expansion methods of other immune cells derived from
hPSCs. Available information for the proliferation of
these cell types is mainly obtained from the studies on
their physiological states rather than induced expansion
for therapeutic purposes. For example, G-CSF and IL-4
have been identified as cytokines promoting proliferation
of neutrophils and macrophages, respectively [Von Viet-
inghoff and Ley, 2008; Riickerl and Allen, 2014].

Cells Tissues Organs 2023;212:439-467 459
DOI: 10.1159/000528838

620z Atenigad 90 uo 1senb Aq jpd-8e£88ZS000/L ¥E6 | L ¥/6EY/S/Z L Z/4Pd-8loile /030 /w00 1ebiey/:dny woly papeojumoq



Ackermann et al. [2018, 2022] reported massive pro-
duction of iPSC-derived macrophages in a bioreactor.
First, the authors evaluated the feasibility of massive pro-
duction in a small-scale suspension culture on an orbital
shaker. They found embryoid body-derived myeloid cell
forming complexes continuously produced macrophages
up to 3 months with weekly harvesting. When they trans-
lated this differentiation method into stirred tank biore-
actor, production of ~1-3 x 10”7 macrophages per week
was observed as early as in week 3 and this production
rate was maintained for more than 5 weeks. The resulting
iPSC-derived macrophages rescued mice from Pseudo-
monas aeruginosa-mediated acute infections of the lower
respiratory tract upon transplantation. This is an interest-
ing result as a translation from a small-scale differentia-
tion to a bioreactor-scale differentiation was achieved
without a significant modification in the differentiation
protocol as well as a significant impact on outcomes.

Conclusion

The impact of CAR T cell therapy is revolutionizing
the field of cancer therapy. Successful clinical cases in the
treatment of relapsed and refractory leukemia and lym-
phomas have encouraged researchers to apply the CAR
platform to other malignancies. Over 1,000 CAR-related
clinical trials are ongoing, employing not only CAR T
cells but also other immune cells engineered with CARs
[Pan et al., 2022; Zhou et al., 2022]. Furthermore, CAR-
based therapy is expanding its realm of applications into
other diseases such as infection, autoimmunity, and in-
flammation [Maldini et al., 2018; Aghajanian et al., 2019;
Rurik et al., 2022]. Even with this excitement, challenges
remain for CAR therapy, including the poor efficacy
against solid tumors, high cost, and manufacturing prob-
lems. Development of off-the-shelf CAR-engineered im-
mune cells is gaining attention to address the existing
problems of CAR therapy, and hPSCs have emerged as a
promising cell source to achieve this. Advances in engi-
neering strategies, such as generation of hypoimmuno-
genic hPSCs, have provided more opportunities for
hPSC-derived immune cells to be used as therapeutic
agents. Unlike primary immune cells, the use of hPSCs
can generate a wider variety of engineered immune cell
types with the same genomic profile, which may be com-
bined to induce synergistic antitumor effects. For exam-
ple, whereas primary neutrophils are short-lived and gen-
erally resistant to genome editing, hPSC-derived neutro-
phils can be genetically engineered to target specific tu-
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mor cells, being another option as tumor-infiltrating im-
mune cells [Chang et al., 2022b]. Additionally, many
engineering strategies to enhance efficacy and safety of
immunotherapy have not yet been assessed for hPSC-de-
rived immune cells. This means potential improvement
in efficacy and safety of hPSC-derived immune cells may
be readily achieved with previously developed approach-
es. Cell-based therapies typically require a large number
of cells (108-10'°) per patient [Garcia-Aponte etal., 2021],
and these numbers are not easily achievable using labora-
tory-scale differentiation and expansion. For bona fide
generation of off-the-shelf cellular products, translation
of laboratory-scale studies into bioreactor-based expan-
sion is needed. Some of the expansion methods of im-
mune cells still involve the use of feeder cells or a ligand-
presenting substrate, and this substrate-mediated signal-
ing may not work well in a 3D suspension bioreactor.
Genome engineering techniques and improved under-
standing of the extrinsic factors that activate expansion-
signaling pathways may permit feeder-free methods more
suitable in a bioreactor. Another growing field of immu-
notherapy is to use extracellular vesicles (EVs), such as
exosomes, harvested from immune cells. NK EVs were
shown to induce antitumor effects both in vitro and in
vivo [Lugini et al., 2012; Zhu et al., 2017], and hPSC-de-
rived immune cells can be used to produce therapeutic
EVs. Collectively, hPSC-derived immune cells will pro-
vide more opportunities to realize off-the-shelf cellular
products which will transform the whole field of cancer
immunotherapy from an individualized and costly treat-
ment to a universal and affordable manner.
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