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SUMMARY

Advances in cell-based therapy, particularly CAR-T cell therapy, have transformed the treatment of hemato-
logical malignancies. Although an important step forward for the field, autologous CAR-T therapies are
hindered by high costs, manufacturing challenges, and limited efficacy against solid tumors. With ongoing
progress in gene editing and culture techniques, engineered stem cells and their application in cell therapy
are poised to address some of these challenges. Here, we review stem cell-based immunotherapy ap-
proaches, stem cell sources, gene engineering andmanufacturing strategies, therapeutic platforms, and clin-
ical trials, as well as challenges and future directions for the field.
INTRODUCTION

Two unique properties of stem cells, their ability to self-renew

and differentiate into multiple cell types, make them an attractive

source for cell-based therapies. Stem cells and stem cell-

derived products have been investigated for diseases such as

muscular dystrophy, heart disease, Parkinson’s disease, Alz-

heimer’s disease, spinal cord injuries, diabetes, and cancer.1

Although much work remains to be done, recent advances in

stem cell engineering underscore the promise of a new genera-

tion of stem cell-based therapies to alter the treatment land-

scape for several clinical indications. One such area is cancer,

where therapies that rely on genetically engineered stem cells

are beginning to enter the clinic and show encouraging signs

of safety and efficacy.

Cell therapy, in the form of non-genetically modified hemato-

poietic stem cell transplantation (HSCT), has been a mainstay

of blood cancer treatment for decades.2 In the late 1900s, as

our understanding and acceptance of the relationship between

the immune system and cancer matured, investigators began

utilizing immune cells to fight cancer.3 Several clinical trials re-

ported the application of ex vivo-expanded tumor-infiltrating

lymphocytes and lymphokine-activated killer cells to treat end-

stage solid tumors, and noteworthy clinical responses were

observed.4,5 Soon after, developments in gene therapy ushered

in another form of cell therapy for cancer, centered on tailor-

made, genetically modified immune cells.6 Chimeric antigen

receptor (CAR)-T cell therapy has transformed the treatment of

hematological malignancies, with six products approved by the

FDA so far. Although instrumental in treating liquid cancers and
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propelling the field of cell therapy forward, the current CAR-T

cell therapies face several limitations.7–11 The products are

autologous, obtained from the patient itself, which impedes their

scalability, affordability, and accessibility. The vein-to-vein

manufacturing process also prevents the administration of

CAR-T cell therapy to patients with rapidly progressing disease,

and individualized starting material coupled with an ex vivo

manufacturing process can result in variable and suboptimal

final products.12–17 For example, patient-derived T cells and cur-

rent expansion protocols can cause the therapeutic cells to enter

a latter differentiation state and express inhibitory receptors. A

growing body of work contends that T cell fitness impacts clinical

activity, with ‘‘younger,’’ less differentiated, less exhausted

T cells correlating with improved responses.18–24 In addition to

production and quality control challenges, CAR-T cell therapies

can cause serious adverse events, namely cytokine release syn-

drome (CRS) and neurotoxicity.25–27 Despite outstanding

response rates, the majority of the CAR-T cell recipients

relapse.28–30 Finally, CAR-T cell therapies have often failed

against solid tumors, except for the anti-glioma activity of

GD2-targeting CAR-T cells31,32 and the success of Claudin-

18.2 CAR-T in treating gastric cancers.33

Allogeneic cell therapies have the potential to overcome some

of the hurdles faced by autologous therapies but are not without

challenges.34,35 Many concerns about safety and potency are

not readily addressed and will remain important considerations

as allogeneic cell immunotherapies advance further. Healthy

donor-derived cells can improve the manufacturability and stan-

dardization of products. They provide readily administrable ‘‘off-

the-shelf’’ cell therapies and can be pre-screened for the desired
30, May 4, 2023 ª 2023 The Author(s). Published by Elsevier Inc. 1
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characteristics. However, they also pose the risk of graft-versus-

host-disease (GvHD) and are subject to host cell-mediated allor-

ejection. GvHD is mediated by alloreactive donor T cells and can

be avoided by T cell receptor (TCR) editing or the use of immune

cells with known specificities or a lack of response to peptide-

MHC mismatches.36–38 Examples are virus-specific T cells, tu-

mor-antigen-specific T cells, innate-like T cells, natural killer

(NK) cells, and macrophages.39–42 Through innate-like TCRs

and/or NK receptors, gamma delta (gd) T, invariant NK T

(iNKT), mucosal-associated invariant T (MAIT), and NK cells

exhibit intrinsic cancer cytotoxicity against many liquid and solid

cancer types.43–46 Equally, macrophages can display innate

cancer phagocytosis.44,47 Multiple tumor-targeting mechanisms

are necessary for durable remission to oppose tumor antigen

escape and antigen heterogeneity. Although it is possible to en-

gineer dual-targeting CARs and other means of tumor recogni-

tion onto conventional T cells, the limits of the current techniques

for genomic alterations must be considered. Lentiviral and retro-

viral vectors remain the most common gene engineering

methods. Given their relatively small gene payload capacity,

the number of genes introduced in a single production round

for mature immune cells is limited.48 Between CARs, safety

switches, immunomodulatory proteins, and other enhance-

ments, selecting the optimal combination for transduction into

mature immune cells is challenging, and viral transduction and

genomic editing affect cell yield and quality.49 Potentially desir-

able immune cell populations, such as iNKT and gd T cells,

have low frequencies in peripheral blood, requiring extensive

expansion for clinical usage. This expansion can introduce vari-

ability, limit manufacturability, and produce highly differentiated

cell products.

Regardless of the allogeneic cell type, recognition and elimina-

tion by the host immune system may limit the persistence and

therapeutic efficacy of the allogeneic cells.50 Interestingly, tar-

geting B cell malignancies is a unique scenario, as B cell aplasia

is a common sequela of CD19 CAR-T cell treatment, and thus,

humoral-mediated immunorejection of an allogeneic cell therapy

will be diminished.51,52 Cord-blood-derived, HLA-mismatched

NK cells transduced to express CD19 CAR and IL-15 were

administered to 11 patients with CD19-positive lymphoid tumors

and resulted in a 73% response rate.29 The infused CAR-NK

cells expanded and persisted at low levels for at least

12 months.29 This long-term persistence was attributed to a

permissive environment created by the lymphodepleting

regimen combined with the ectopic expression of IL-15 by the

CAR-NK cells.29 However, the presence of therapeutic cells

was not sufficient to prevent relapse.29 Particularly for treating

solid tumors, the rational design of allogeneic cells resistant to

host rejection may be necessary to create a therapeutic window.

Immunoevasion can be achieved by HLA ‘‘cloaking,’’ in which

the HLA genes are inactivated using gene editing techniques.53

Cells that lack HLA, however, will be subject to NK ‘‘missing

self-recognition’’ and will require additional genetic modifica-

tions, such as the overexpression of HLA-E, to resist NK killing.54

Despite rapid progress in the development of cell therapies,

the question remains: can we produce off-the-shelf, safe, scal-

able cell products that lead to durable responses in cancers,

including solid tumors? In this review, we discuss the potential

of stem cell-based cell therapies to achieve this lofty goal. We
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start by reviewing stem cell sources, engineering strategies,

and manufacturing details and then examine stem cell engineer-

ing challenges, solutions, and optimizations as well as the cur-

rent stem cell-based therapeutic platforms and clinical trials.

Stem cell sources
The challenges faced by autologous therapy led us to consider

alternative master stocks as therapeutic cell sources. Two major

stem cell resources, HSCs and pluripotent stem cells (PSCs),

have been used to develop therapeutic immune cells and could

provide a sustained supply and bypass the unavailability of

autologous cell materials.55,56 Compared with HSCs, PSCs

could be utilized as an ‘‘unlimited’’ cell source to derive immune

cells for the generation of therapeutic products. However, gener-

ating cells from human PSCs has typically been less efficient.57

Several strategies, such as co-culturing PSCs with stromal cells

(e.g., S17 or OP9 cells) and producing embryoid bodies, can

improve PSC differentiation and immune cell production.58–61

In addition, healthy donor periphery blood mononuclear cell

(PBMC)-derived immune cells, such as conventional ab T,

iNKT, MAIT, gd T, and NK cells, could be reprogrammed to plu-

ripotency and then re-differentiated into rejuvenated immune

cells.62–67 These PBMC-derived induced PSCs (iPSCs) can be

further engineered with CARs for enhanced antitumor efficiency.

However, it is necessary to explore the usage of the endogenous

promoter to drive transgene expression in PBMC-derived iPSCs,

as the endogenous regulatory elements could still be activated in

iPSCs, thereby affecting differentiation. Inducible expression

systems could be incorporated to address this concern.57

Stem cell-derived therapeutic immune cells
The transformative success of immune checkpoint inhibitors and

CAR-T cells has reinforced the importance of T cells in cancer

immunotherapy. It has further made the creation of stem cell-

derived T cells a primary focus in the field of stem cell engineer-

ing. Genetic engineering of autologous conventional ab T cells to

generate tumor-targeting T cells has been pursued for over two

decades. Two categories of tumor antigen-specific receptors

are applied to grant T cell specificity: physiological TCRs and

synthetic CARs. CD19 CAR- and B cell maturation antigen

(BCMA) CAR-engineered T cells have been approved by the

FDA to treat B cell malignancies and multiple myeloma, respec-

tively.15,68–72 TCR-engineered T cells have shown promise in the

treatment of melanoma, lung cancer, sarcoma, and multiple

myeloma.73,74 Nevertheless, several drawbacks exist for these

approaches that may be addressed by stem cell-derived prod-

ucts. Stem cell-derived T cells have alternate cytokine profiles,

which may reduce CRS and other safety risks.75 Additionally,

the composition of autologous T cells, such as the CD4+:CD8+

ratio, vary greatly between patients and may affect therapeutic

outcomes.15,24 The heterogeneity of starting materials for

CAR-T cell manufacturing may impede therapy efficacy. This

issue could be resolved by adjusting a specific ratio/dose of

CD4+:CD8+ cells76,77 or by using allogeneic sources such as

HSC- or iPSC-derived off-the-shelf T cells. In these sources,

theoretically, CD4+:CD8+ T cells can be tuned and additional ge-

netic engineering performed on the small numbers of starting

stem cells (Figure 1A). Notably, it is challenging to derive CD4+

cells from the current protocols that differentiate stem cells



Figure 1. Stem cell engineering technologies, approaches, and therapeutic immune cells
(A) HSCs and PSCs can be engineered and differentiated into a variety of immune cells, such as conventional ab T cells, innate T (i.e., iNKT, MAIT, and gd T) cells,
NK cells, macrophages, dendritic cells, and myeloid cells. These immune cells could be further engineered with CARs to enhance their tumor targeting capacity.
(B) Various stem cell differentiation culture systems have been developed, such as a humanized bone marrow-liver-thymus (BLT) mouse model, in vitro feeder-
dependent OP9-DL and artificial thymic organoid (ATO) cultures, and in vitro feeder-free cultures.
(C) Genetic engineering strategies have been explored in stem cells and immune cells for antitumor applications, including CAR and TCR engineering, via gene
editing using CRISPR-Cas9, designer nucleases such as ZFN and TALEN, and viral vectors.
(D) In addition to lentiviral or retroviral transduction, delivery systems such as electroporation and nanoparticles achieve stable and efficient gene delivery to stem
cells and their derivative immune cells.
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into T cell lineages.78–81 One possible reason is that the current

stem cell differentiation systems utilize Notch signaling to induce

T lineage development. Notch biases the CD4/CD8 T lineage de-

cision, favoring CD8 over CD4 T cells.82–84

NK cells, potent innate cytotoxic lymphocytes, effectively

target virus-infected cells and cancer cells.45 NK cell-based clin-

ical trials attempt to treat cancers using a variety of NK cell sour-

ces, including NK cell line NK92, autologous patient-derived NK,

allogeneic healthy donor-derived NK, and HSC- and iPSC-

derived NK cells (Figure 1A).29,40,85–95 Unlike conventional ab

T cells expressing rearranged TCRs, NK cells recognize target

cells through the integration of signals from activating and inhib-

itory receptors.88,91,96,97 NK cell recognition is independent of

MHC restriction and prior sensitization, thereby free of GvHD

risk.29,91,98 The efficacy of NK cell-based immunotherapy could
be potentially improved via multiple strategies, such as arming

CARs on NK cells,45,85,88,99 engineering IL-2 or IL-15 to enhance

NK cell antitumor activity and persistence in vivo,40,100 directing

antibody-dependent cellular cytotoxicity (ADCC) through NK Fc

receptor CD16,101 and blocking NK inhibitory receptors such as

NKG2A or killer cell immunoglobulin-like receptor (KIR).102

Unconventional T cells, such as iNKT, MAIT, and gd T cells,

recognize tumor cells via TCRs and NK activating receptors, in-

dependent of MHC restriction. These unique features allow

innate T cells to target tumor cells without inducing GvHD. Gen-

eration of iNKT, MAIT, and gd cells through genetic engineering

and differentiation of HSCs or iPSCs has been successful

(Figure 1A). The resulting innate T cells respond to their agonist

stimulation and display potent tumor-killing abilities in leukemia,

multiple myeloma, and solid tumors.56,62,103–109 These
Cell Stem Cell 30, May 4, 2023 3
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pre-clinical studies support the potential of developing off-the-

shelf innate T cell-based cancer immunotherapies. Other innate

immune cells, such as macrophages, dendritic cells (DCs),

and myeloid cells, can also be generated from iPSCs

(Figure 1A).110–113 These iPSC-derived innate immune cells

display immunostimulatory function and may facilitate vaccina-

tion-based immunotherapy.111

Stem cell engineering: Technologies andmanufacturing
Stem cell culture and differentiation

Various stem cell culture and differentiation systems have been

developed in the past decades, as comprehensively described

in earlier reviews (Figure 1B).55,56 These systems include human-

ized mouse models (e.g., bone marrow-liver-thymus [BLT]

mouse model),105,106,114–116 feeder-dependent cultures (e.g.,

OP9-DL and artificial thymic organoid [ATO]),78–80 and feeder-

free cultures (e.g., ex vivo HSC-iNKT culture).104

Considering the off-the-shelf purpose and safety profile of

cellular products, the mouse origins of humanized mouse models

severely limit their clinical application. Feeder-dependent cultures

containingmouse stromal cells have safety concerns that need to

beaddressed.Onestudy reducedcontaminationbymouse feeder

cells using a porous membrane, with feeder cells seeded at the

bottom of the membrane and stem cells cultured on the other

side of the membrane.117 In addition, human-derived feeder cells

such as foreskin fibroblasts, mesenchymal stem cells, and adi-

pose-derived stromal cells were utilized as feeders for human em-

bryonic stem cell (ESC) and iPSC cultures.118–122 Alternatively,

feeder-free systems were developed to meet the clinically appli-

cable and scalable requirements. For instance, an ex vivo

feeder-free HSC-iNKT culture allowed to generate allogeneic

iNKT cells with high yield and purity.104 The feeder-free culture

adopted a system of plate-bound DLL4 and VCAM-1 to induce

T cell commitment from stem cells.123,124 The generated alloge-

neic HSC-engineered iNKT cells displayed potent antitumor effi-

cacy and antiviral capacity.104 They could be further engineered

with CARs to enhance their tumor targeting and gene-edited

with CRISPR-Cas9 to ablate surface MHC molecules.78 Another

feeder-free differentiation culture system spanned from iPSC

maintenance to T cell proliferation stages, enabling large-scale

iPSC-derived T cell generation for cancer immunotherapy.125

Further improvements on the feeder-free cultures will be neces-

sary toachieveamorestableandefficient immunecell production.

Stem cell gene editing

The common premise of engineering immune cells for cancer

immunotherapy is to grant immune cells the ability to specifically

target tumor cells. TCRs and CARs are widely used in stem cell

engineering to enhance immune cell specificity, given their vali-

dation inmature PBMC T cells (Figure 1C).15 Tumor antigen-spe-

cific TCRs are typically obtained from patient-derived, tumor-

responsive T cell clones,15,126 humanized mouse models,127,128

or using phage display technology.129,130 Unlike TCRs that

require CD3 co-expression and are MHC-restricted, synthetic

CARs function independently of MHC restriction and can be

applied to other cells such as NK cells, macrophages, and

myeloid cells,45,113 enhancing tumor targeting capability.131 In

addition to directly engineering mature PBMC-derived or stem

cell-derived immune cells, retroviral or lentiviral vectors are

used to stably introduce TCRs and CARs into stem cells
4 Cell Stem Cell 30, May 4, 2023
(Figure 1D).132 These vectors represent a promising approach

to generate long-lasting immune cells with defined antigen

specificity.133,134

Gene-editing technologies, including zinc-finger nucleases

(ZFNs), transcription activator-like effector nucleases

(TALENs), and CRISPR-Cas9 have been utilized in cancer immu-

notherapy (Figure 1C).36,38,135–138 These technologies enable

efficient gene knockout, site-specific knockin, and genome-

wide screen in target cells, including immune cells and stem

cells. Knockout of TCR genes (e.g., TRAC and TRBC) avoids

T cell-triggered GvHD, knockout of MHC-related genes (e.g.,

B2M and CIITA) reduces host T cell-mediated allorejection,

and knockout of immune checkpoint genes (e.g., PDCD1,

LAG3, CTLA4, and DGKa) improves immune cell antitumor effi-

cacy (Figure 2).38,136,139–149 Knockin of a CAR gene into the

TRAC locus via CRISPR-Cas9 results in a uniform CAR expres-

sion on T cells, lack of endogenous TCR expression, and

enhanced T cell potency.150,151 In addition, CRISPR-Cas9-medi-

ated genome-wide screening of immune and stem cells can help

to identify gene targets for cell-based therapies.152–157

Comparedwith engineering CAR/TCRs or gene editing inmature

immune cells, gene editing in stem cells could mean a reduction

of required materials, such as lentivirus and CRISPR-Cas9/

gRNA. It might also lead to higher gene editing efficiency.78,158

Gene knockouts or knockins that enhance the antitumor ca-

pacity of immune cells are being widely explored. For example,

incorporating IL-15 into NK or iNKT cells improves their in vivo

persistence and tumor killing.159–162 Introducing HLA-E or

HLA-G into MHC knockout cells grants resistance to host NK

cell-mediated allorejection.78,163,164 Disrupting CD52 makes

these cells resistant to lymphodepleting drugs such as alemtuzu-

mab26,165 (Figure 2).

Stem cell clinical manufacturing

Cell-based therapy has revolutionized cancer treatment. Unique

features of cellular products, such as high variability, a long

manufacturing process, low stability, complicated storage and

transportation, insufficient characterization, and an unclear

mechanism of action, make these cells different from other

chemical drugs or antibody products.166 Therefore, a GMP-

grade regulation is especially necessary for cell therapy prod-

ucts. In compliance with official standards, such as the United

States Pharmacopoeia (USP) or the European Pharmacopoeia

(EurPh), the complete characterization of cellular products

should be tested, including identity, yield, purity, viability, and

potency. In addition, tumorigenicity and biocompatibility testing

should be performed, if necessary. Multiple aspects should be

taken into consideration, such as cell origin (autologous versus

allogeneic), safety, immunogenicity, in vivo efficacy, persistence,

administration route, exposure duration, use of combination

products, and others.167

One concern of PSC-derived cell products is the presence of

residual undifferentiated PSCs, which could develop into tera-

tomas in the recipient patients.168 Several preclinical studies

have reported that once PSCs are differentiated into immune

cells, a few residual PSCs persist and form teratomas in animal

studies. These results havebeenconsidered sufficient to demon-

strate the safety of PSC-derived cellular products, and therefore,

these products have entered phase I clinical testing.169 Another

concern of PSC-derived cell products is immune matching and



Figure 2. Applications of viral vector transduction and CRISPR-Cas9 gene editing in stem cell-based immune engineering
Lentiviral or retroviral-vector-mediated delivery of CARs, antigen-specific TCRs, and immune-enhanced genes (e.g., IL-2 and IL-15) enhance the antitumor
response of immune cells. CRISPR-Cas9 gene editing enables multiple gene knockouts to avoid graft-versus-host-disease (GvHD) (e.g., knockout of TCR),
reduce allorejection (e.g., knockout of MHC I and MHC II), and enhance the immune response (e.g., knockout of immune checkpoint proteins such as PD-1,
CTLA-4, TIM-3, and LAG-3). In addition, CRISPR-Cas9 allows the site-specific knockin of genes of interest in target cells.
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tolerance.168Different strategies are being pursued to resolve the

issue of allorejection, and these are discussed below. Addition-

ally, high costs and a time-consuming production process are

other problems in manufacturing. Different from a vaccine or an

antibody, generating human immune cells requires longer pe-

riods in a GMP environment, multiple culture and engineering

steps, and specific sets of reagents and final formulations. This

issue is further complicated, as each patient and condition might

require a different number of cells for treatment.170–172 Neverthe-

less, the rapid development of PSC-related knowledge and tech-

nology will provide more and less expensive alternatives, by-

passing the current limitations in iPSC protocols.

The engineered stem cell product: Challenges and
optimizations
Safety

In addition to the traditional CAR-T cell adverse events, such as

CRS and neurotoxicity,173 stem cell-derived therapies have
other safety concerns that must be addressed.174 The self-

renewal property of stem cells, in particular PSCs, raises con-

cerns about tumorigenicity.175 It is also possible that undifferen-

tiated and/or immature cells are retained in the final cell product.

Even a few residual PSCs could result in teratoma formation.176

In addition, tumorigenic mutations can arise during in vitro

culture, which is prone to cause genetic alterations, such as

chromosomal abnormality, copy-number variation, and single

nucleotide mutations.177 Allogeneic stem cell-based products

are subject to several in vitro and in vivo tumorigenicity-associ-

ated tests.178 Karyotyping is traditionally used to monitor chro-

mosomal abnormalities,179 such as chromosomal deletion,

duplication, or rearrangement. Clones with such alterations are

discarded. Next-generation sequencing can identify single nu-

cleotides and other genomic alterations. The ultimate effect of

these smaller genetic events on the final cell product remains

controversial, and further research will indicate whether these

changes should preclude utilizing specific cell products.176
Cell Stem Cell 30, May 4, 2023 5
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Flow cytometry and quantitative reverse-transcriptase PCR

(qRT-PCR)/droplet digital PCR are also employed to detect

stem cells in the final product.180 In products that rely on the

use of iPSCs, reprogramming factors are at risk to cause tumor-

igenesis.181 The Yamanaka factors, especially c-Myc, are often

overexpressed and known as driver mutations of human can-

cers. Although current practice utilizes Sendai virus transduction

of reprogramming factors for episomal expression,182 care must

be taken to ensure that the reprogramming factors are not inte-

grated as transgenes prior to clinical development.180,182,183

Finally, suicide switches can be included in stem cell-derived

therapies to eliminate the cells in case of tumor formation.184

Although iPSC technology may ultimately unlock the door to

autologous cell therapies of any cell type, the cumbersome

and costly process of iPSC reprogramming and differentiation

currently prohibits the widespread application of individualized

iPSC precision medicine. Thus, stem cell-derived therapies will

likely be allogeneic. An important safety concern for allogeneic

cell therapies, particularly T cell-based therapies, is GvHD.185

Our understanding of GvHD stems largely from the longstanding

use of allogeneic HSCTs to treat hematological diseases.186 It

remains a major cause of patient morbidity and mortality.187–189

Therefore, conventional ab T cell-based allogeneic therapies

require genetic engineering to remove or alter the endogenous

TCR. TCR KO is a common approach for creating universal allo-

geneic T cell therapies (such asUCART). Othermethods, such as

gene insertion into the T cell TRAC locus, can be used to elimi-

nate the risk of GvHD.138,150 Importantly, several alternative im-

mune cell populations obviate the need for genetic manipulation

to avoid GvHD. Germ line-encoded NK receptors and the TCRs

on innate T cells do not respond to peptide-MHCmismatches.55

A growing number of clinical trials validate the safety of these

allogenic cell types for cancer immunotherapy.190 Further sup-

port for the safety of innate and innate-like immune cells comes

from extensive research identifying cellular components of allo-

HSCT grafts that reduce the risk and severity of GvHD without

diminishing normal immunological functions, including NK and

iNKT cells.191,192

Immunogenicity

Immune rejection is a substantial hurdle to the successful appli-

cation of allogeneic cell therapies. Immunosuppressants are

traditionally used to prevent allograft rejection, for instance after

organ transplantations. However, severe side effects, including

infections, can result from continued immunosuppression.193,194

When transplanted into immune-privileged tissues, such as

ocular or neurological tissues, allogeneic stem cell-derived cells

persist for years.176 For non-immune-privileged areas and to

avoid continuous immunosuppression, two strategies can help

to prevent immune rejection in the patient: HLA haplotype banks

that store human stem cells of different haplotypes and the engi-

neering of hypoimmunogenic immune cell products.

HLA haplotyping is performed before solid organ transplanta-

tion and widely used in allo-HSCT, with millions of donors regis-

tered in worldwide bone marrow banks.195 With over 26,000

known HLA alleles reported for humans,196 creating stem cell

biobanks that cover thousands of unique haplotypes is not

feasible. However, being able to select specific HLA pairs can

maximize population coverage with a minimal number of HLA

haplotypes.197 The key advantage of a haplobanking strategy
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is that it does not require genetic engineering. Some of the limi-

tations are the need for unique banks for different ethnicities, a

benefit for only part of the population, and incomplete immune

tolerance, even with HLA matching.176

Notably, cells can be engineered to evade the immune system.

Genetic deletion of beta 2-microglobulin (B2M) and class II major

histocompatibility complex transactivator (CIITA) prevent the

expression of MHC class I and II molecules.198 Cells with genetic

B2M andCIITA knockouts resist CD8+ andCD4+ host T cell allor-

ejection, respectively.198 Cells lacking MHC class I expression

are subject to NK ‘‘non-self’’ elimination, and animal and clinical

studies have reported a role for monocytes and macrophages in

graft rejection.199 Moreover, HLA class I and II knockouts were

paired with CD47 overexpression in iPSCs.200 CD47 is the ca-

nonical ‘‘don’t eat me’’ signal and effectively reduces NK and

macrophage-mediated elimination. In fully immunocompetent

preclinical mouse allogeneic recipients, endothelial cells,

smooth muscle cells, and cardiomyocytes derived from mouse

hypoimmunogenic iPSCs were well tolerated. Human B2M�/�

CIITA�/� CD47 iPSC did not incite any detectable cellular

IFN-g response or antibody response in NSG-SGM3 mice and

showed long-term engraftment, whereas non-CD47-engineered

hiPSCs were rejected. Alternative hypoimmunogenic cell thera-

pies, in which iPSCs lack B2M-, CIITA-, and NK-activating ligand

CD155 and express HLA-E were also tested.201 T cells differen-

tiated from the hypoimmunogenic iPSC lines showed longer sur-

vival than unmodified iPSC-derived T cells in the presence of

allogeneic immunity and importantly were more resistant to NK

killing than HLA-edited iPSC-derived T cells. Hypoimmunogenic

iPSC-derived T cells engineered to express CAR displayed

potent antitumor efficacy in mouse models of CD20-expressing

leukemia or lymphoma. These studies indicate that hypoimmu-

nogenic stem cell-derived therapies have the potential to pro-

duce off-the-shelf therapies that exert therapeutic benefits

within reasonable dosing regimens.

Antitumor efficacy

The increasing body of clinical experience confirming the safety

of cell-based cancer therapies encourages a focus on enhancing

antitumor efficacy. Although these efficacy improvements are

primarily developed for mature cells, progress in stem cell

research will allow concurrent investigation of such innovations

in stem cell-derived products.

A critical barrier to the success of engineered cell therapies is

tumor recognition. In hematological malignancies, ubiquitous

lineage-specific markers have engendered the striking success

of CAR-T cells targeting CD19 or BCMA.202 Importantly, the

elimination of all B cells, cancerous and healthy, can be treated

with immunoglobin infusions, providing an advantage over stra-

tegies that eliminate cells expressing solid tumor-associated

antigens. Other hematological markers, such as CD20, CD22,

CD30, CD33, and CD7, are being investigated as CAR-T cell

targets.203 Although CD19 and BCMA CAR-T cells achieve

response rates upward of 90% for certain cancers, relapse is

common.140 One possible explanation for relapse after

CAR19 CAR T cell therapy is modulation of the CD19 antigen

on cancerous cells. For instance, genetic modification leads

to partial or complete downregulation of the CD19 receptor

or truncation of the protein, which then prevents binding by

CD19 CAR-T cells. A lineage switching that leads to the
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development of a CD19-negative phenotype can also result in

relapse.204

Identifying tumor-specific antigens for solid tumors is more

challenging. Solid tumors are highly heterogeneous, and tu-

mor-overexpressed antigens are often present on non-dispos-

able healthy tissues. The first wave of CAR-T cells for solid tu-

mors has targeted HER2, EGFRvIII, mesothelin, CAIX, PSMA,

and GPC3.205 A fatal case of HER2-targeting CAR-T cells,

potentially due to CAR-T cells attacking lung epithelial cells

expressing low levels of HER2, tempered solid tumor CAR-T

cell enthusiasm, but many clinical studies have reported toler-

able safety profiles,206 and HER2 has since been targeted

safely.207 Although antigen escape and antigen heterogeneity

are two critical immunotherapy evasion mechanisms of can-

cer cells, several cell-engineering strategies are being imple-

mented to create therapies that target cancer cells through

multiple antigens/pathways.208 Stem cell-derived products

are uniquely positioned to provide improved tumor recogni-

tion, given their genetic pliability. Importantly, research into ef-

ficacy optimization, such as CAR design and the overexpres-

sion of immunomodulatory proteins, was first performed using

mature immune cells. As such, in most cases, engineered

stem cell-derived products would incorporate enhancements

originally designed for mature cells. Considerations that are

particularly relevant for stem cell engineering remain to be

fully elucidated. Among them are, for instance, the optimal

time frame to introduce the CAR and other molecules (i.e.,

pre- or post-differentiation), the influence of genetic alter-

ations on stem cell differentiation, and how to design stem

cell-optimized CARs.

One way to prevent antigen escape is to target multiple tumor

antigens. Dual-targeting CARs have been reported, and clinical

trials, predominantly for liquid cancers using CD19 3 CD22 or

CD19 3 CD20 CARs, are currently ongoing.25,209,210 Impor-

tantly, the evaluation of costimulatory domains and the orienta-

tion of antigen recognition modalities are necessary to produce

optimized dual-targeting synthetic constructs.211,212 An

example is the synthetic Notch (synNotch) receptor-engineered

cell therapy for the treatment of cancer.213,214 synNotch recep-

tors induce transcriptional activation after recognizing user-

specified antigens. They can be used in a highly modular fashion

to customize cytokine secretion profiles, differentiation, and

local delivery of non-native therapeutic payloads, such as anti-

bodies. SynNotch cellular programming has managed effective

and controlled tumor cell killing by targeting antigens that are ho-

mogeneous but not fully tumor-specific in glioblastoma.215

The antigen sensitivity of engineered receptors can influence

the control of tumor cells expressing low levels of antigen. Native

TCRs initiate T cell activation after recognizing only a few pep-

tide-MHC complexes, whereas CARs require a higher antigen

load.216 HLA-independent T (HIT) cell receptors have been spe-

cifically developed to target tumors with low antigen den-

sities.217 In this study, the authors edited the heavy and light

chains of a traditional CAR scFv into the TRAC locus in human

peripheral blood T cells in place of TCRa and b variable chains,

reconfiguring the TCR, which maintained its natural CD3

engagement, to the CAR scFv target. HIT receptors consistently

afforded superior antigen sensitivity and tumor recognition than

CD28-based CARs, the most sensitive CAR design to date.
Whether the HIT receptor is applicable to stem cell-derived

T cells remains to be demonstrated.

ADCC is mediated by the Fc receptor CD16a on immune cells

and is the key effector mechanism of therapeuticmonoclonal an-

tibodies.218 Natural CD16a undergoes activation-induced

surface cleavage, and different CD16a alleles have a range of

antibody-binding affinities, which can limit the therapeutic

benefit of CD16a expression.219,220 Researchers incorporated

high-affinity, non-cleavable CD16a expression into PSC-derived

NK cells and observed enhanced antitumor activity in combina-

tion with antibody therapy.95

In addition to genetically engineered tumor cell recognition,

several immune cell-intrinsic tumor-targeting mechanisms can

be harnessed for anticancer therapy. Tumor antigen-specific

T cells can be reprogrammed into iPSCs, although TCR-medi-

ated tumor targeting of the differentiated final cell therapies will

be HLA restricted.221 The natural TCRs of iNKT, MAIT, and gd

T cells endow these T cell subpopulations with innate tumor

cytotoxicity.222 Adoptive transfer of engineered and non-engi-

neered iNKT and gd T cells for the treatment of cancer is

ongoing.160,223 NK cells and macrophages also possess

inherent antitumor activities and are promising cell types for

adoptive cancer treatment.222

Critical bottlenecks in the widespread clinical application of

innate and innate-like immune cells are their scarcity, fecundity,

and genetic pliability. Starting at the stem cell state mitigates

these issues by exploiting stem cell-engineering techniques

and expansion potential. For example, a single cord blood dona-

tion can be expanded to generate upward of ten thousand doses

of HSC-derived iNKT (HSC-iNKT) cells that retain iNKT TCR

functionality and tumor targeting, and furthermore, CAR engi-

neering results in superior antitumor efficacy.78 In 2019, Zeng

et al. used an ‘‘NK cell-promoting’’ protocol to differentiate gd

T-iPSCs, which produced ‘‘gd NK T cells’’ that were cytotoxic

to a broad spectrum of cancers through gd TCR and NK killing

mechanisms.224 CAR-engineered, PSC-derived macrophages

also exhibit potent cancer cytotoxicity in vitro and in vivo.113

Therefore, utilizing stem cells to produce unique cell populations

can potentially expand the armamentarium for cancer treatment

and may be instrumental in combatting tumor antigen heteroge-

neity and escape mechanisms.

Persistence

Their enhanced ability to expand and persist might endow less-

differentiated T cells with better antitumor effects compared with

fully differentiated effector T cells.225,226 Increasing the persis-

tence of innate and innate-like immune cells and their stem

cell-derived counterparts may be especially important, given

their traditionally short lifespans. Several stem cell engineering

strategies have been developed to improve the long-term dura-

bility of these cells.

Autonomous cytokine secretion is one way to boost the

persistence of engineered cell products. Transducing CAR-T

cells to express IL-15, IL-12, IL-2, IL-18, and other cytokines pro-

motes in vitro and in vivo survival.227 IL-15 signaling is especially

important for the maintenance of NK and innate-like T cells228

and has been incorporated into NK, iNKT, and gd T cell-based

therapies.40,160,229 IL-15 signaling can be potentiated by incor-

porating IL-15 secretion, membrane-bound IL-15 expression,

and/or genetic modifications targeting the IL-15 pathway.230–232
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Genetic knockout of cytokine-inducible SH2-containing protein

(CIS; encoded by the gene CISH), a negative regulator of IL-15

signaling, in iPSC-NK cells increased IL-15-mediated Janus

kinase-signal transducer and activator of transcription (JAK-

STAT) signaling activity. CISH�/� iPSC-NK cells displayed

improved in vivo persistence and inhibition of tumor progression

in a leukemia xenograft model, which coincided with CISH KO-

mediated metabolic fitness advantages.95 Other transcription

factors, such c-Jun and basic leucine zipper ATF-like transcrip-

tion factor (BATF),233,234 protect CAR-T cells from exhaustion

and enhance persistence. Further research will be needed to

assess the feasibility of these methods in stem cell products.

Modifications to improve cell persistence and survival will have

to be optimized for each stem cell product and effects on differ-

entiation must be assessed. Thus far, IL-15 signaling modifica-

tions have not been reported to negatively influence the differen-

tiation, production, or phenotype of stem cell-derived NK and

iNKT cells.

Heterogeneity

Each PSC line differs from others in gene profiling, epigenetic

status, and differentiation propensity.176,235–237 A comparison

of the differentiation potential of 17 human ESC lines found

that some lines exhibited >100-fold differences in the propensity

to differentiate into specific lineages.236 Others reported distinct

differentiation capacities of multiple PSC lines and indicated that

PSC lines with lower differentiation potential exhibit an abnormal

epigenetic status and are prone to teratoma formation.235,238

The heterogenicity of PSC lines may limit the broad application

of PSC-derived immune cell therapy. Researchers have devel-

oped approaches to convert primed into naive PSCs to eliminate

PSC heterogeneity. The induction of naive ESCs was reported

through treatment with a combination of five kinase inhibitors,

specifically inhibitors of mitogen-activated protein kinase

(MEK), glycogen synthase kinase 3 (GSK3), v-raf murine sar-

coma viral oncogene homolog B1 (BRAF), Rho-associated pro-

tein kinase (ROCK), and proto-oncogene tyrosine-protein kinase

Src (SRC).239 Equally, short-term expressions of NANOG and

KLF2 reset the human pluripotent state, and the naive state of

PSC cells is maintained in the presence of a protein kinase C

(PKC) inhibitor.240 Although these methods are promising, the

potential loss of genetic integrity and imprinting in naive PSCs

needs to be carefully considered to avoid problems.241,242

Therapeutic platforms and clinical trials
iPSC-derived NK cells

The use of iPSC-derived NK cells is receiving increased interest.

iPSCs are a renewable cell source that can be expanded indef-

initely to produce homogeneous NK cells, addressing the

manufacturing and supply chain bottlenecks associated with pri-

mary NK cells. Preclinically, iPSC-NK cells have shown powerful

antitumor functions against a variety of cancers in xenograft

models.85,90,95 Hermanson et al. showed that the antitumor ac-

tivity of iPSC-NK cells against MA148 and A1847 ovarian tumor

cells was as effective as primary NK cells.87 In a representative

study, non-KIR expressing NK cells derived from donor periph-

eral blood-iPSCs had greater cytotoxicity against ovarian cancer

SKOV3, colorectal cancer SW480 and HCT-8, breast cancer

MCF7, and head and neck cancer SCC-25 cells compared

with primary NK cells.67 Engineered iPSC-NK cells that express
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CARs targeting CD19, CD33, or GPC3 demonstrated improved

anti-tumor efficacies against CD19+, CD33+, or GPC3+ tumor

cells.92,243,244 Furthermore, the antigen-specific NK cell

signaling and anti-tumor activity of iPSC-NK cells could be

enhanced by utilizing a CAR containing the transmembrane

domain of NKG2D.85 iPSC-NK cells with a deletion of the IL-15

signaling regulatory protein CISH demonstrated an improved

metabolic profile, increased expansion and persistence, and

enhanced cytotoxicity in human AML xenograft tumor models.95

Phase I clinical trials are underway for universal off-

the-shelf iPSC-NK cell products, including several of Fate

Therapeutics’ iPSC-NK cell therapies (Clinicaltrials.gov

Identifier NCT03841110, NCT04023071, NCT05182073, and

NCT04245722). Fate Therapeutics showed the safety and

tolerability of allogeneic iPSC-NK cells in liquid and solid can-

cer patients245 and has advanced to clinical investigations

with engineered iPSC-NK cell products. iPSC-NK cells engi-

neered with CD19-targeting CAR, high-affinity, non-cleavable

CD16 Fc receptor, and IL-15/IL-15 receptor fusion promoting

cytokine-autonomous persistence iPSC NK cell therapy,

showed promising results for treating B cell lymphoma,246

with 13 of 19 patients achieving an OR with a single dose of

the cell therapy. In multiple myeloma patients, Fate Therapeu-

tics’ BCMA-targeting cell product resulted in 10 of 14 patients

achieving objective responses. These trials provide clinical

support for the high tolerability of allogeneic iPSC-NK cell

therapies and show signs of antitumor efficacy.

Besides Fate Therapeutics, several companies are developing

next-generation iPSC-NK cells for cancer treatment. Shoreline

Biosciences generate CISH knockout iPSC-NK cell products

with increased durability and activity for use in hematologic

and solid tumor contexts.95 Century Therapeutics develop

iPSC-NK cells with multiple targets such as CD19, CD19 3

CD79b, CD133 3 EGFR, and Nectin-4 to treat B cell malig-

nancies, glioblastoma, acute myeloid leukemia, and other solid

tumors.247 Overall, by being easily engineered, cultivated on a

large scale, and adapted to diverse cancers with high safety,

iPSC-NK cells have become a viable alternative to conventional

CAR-T cells for cancer immunotherapy.29,97,113,248–250 Never-

theless, in vivo persistence and viability of iPSC-NK cells, as

well as their efficiency in conjunction with other immune check-

point inhibitors, are still unclear and must be elucidated before

iPSC-NK cell therapies can be widely used in the clinic.

iPSC-derived immune cells

In 2013, two Japanese research groups generated rejuvenated

iPSC-derived, antigen-specific T cells.64,65 Human HIV-1 or

MART-1-specific CD8+ T cells were reprogrammed to pluripo-

tency by transducing retroviral vectors encoding OCT3/4,

SOX2, KLF4, and c-MYC. The T-iPSCs were then redifferenti-

ated into CD8+ T cells, which displayed the same antigen-spe-

cific killing activity and TCR rearrangement pattern as the original

CD8+ T cell clone from the patient.63–65 A safeguard system,

inducible caspase-9, was introduced into the iPSCs to amelio-

rate the tumorigenic potential of undifferentiated iPSCs.251 Using

a similar technology, Wakao et al. reprogrammed human MAIT

cells into iPSCs and redifferentiated the iPSCs to MAIT cells

with antimycobacterial activity.66 In the same year, Themeli

et al. combined T-iPSC and CAR technologies to develop

CD19 CAR-T to treat B cell malignancies.75 These CD19

http://Clinicaltrials.gov
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CAR-T cells displayed a phenotype closely resembling that of gd

T cells.75 Following the T-iPSC technology, several groups

generated rejuvenated iNKT,62 NK cells,67 and DCs111 from re-

programmed iPSCs. Owing to the unlimited availability of iPSCs,

these technologies provide a valuable source of off-the-shelf,

allogeneic cell products. Further research also confirmed the

translational relevance of iPSC-based strategies. In 2018, Mina-

gawa et al. utilized CRISPR-Cas9 to deleteRAG2 in T-iPSCs and

prevent an unwanted TCR rearrangement and then transduced

the T-iPSCs with an antigen-specific TCR to endow T cells

with tumor-targeting capacity.252 The resulting TCR-stabilized,

regenerated cytotoxic T cells displayed an effective antitumor

ability in xenograft cancer models.252 In 2021, the same group

reported a clinically applicable and scalable technology to

regenerate T cells from iPSCs derived from an antigen-specific

cytotoxic T cell clone or from TCR-transduced iPSCs, as starting

materials.125 A feeder-free, serum-free differentiation culture

protocol was also developed to achieve an efficient iPSC differ-

entiation procedure that can be adapted toward clinical applica-

tion.125 Overall, these are promising approaches to generate

large numbers of tumor-targeting immune cells for the study of

T cell differentiation and potential clinical application.

iPSC-derived CAR-T cells

iPSC-derived CAR-T cells have the potential to be an infinite

source of phenotypically defined, expandable, and functional

CAR-T cells for off-the-shelf cancer therapy.253 However,

compared with iPSC-NK cells, the generation of iPSC-derived

CAR-T cells has been challenging and typically requires a preex-

isting TCR that directs in vitro T cell differentiation.61,64,65,80,252 In

addition, T cell differentiation requires notch ligand engagement

and can be impaired by CAR expression.75

Recently, highly functional CAR T cells were generated

through iPSC reprogramming from CD62L+ naive and memory

T cells, followed by CD19-CAR engineering and MS5-DLL4

stromal cell-dependent 3D-organoid system differentiation.254

The primary CD62L+ T cells have superior persistence and ther-

apeutic potential in CAR-T cell treatment, and the pre-existing

TCR induces T cell differentiation in a directed manner.226 The

resulting iPSC-derived CD19 CAR-T cells demonstrated con-

ventional ab T cell phenotypes, homogeneous TCR repertoire,

and strong antitumor reactivity.254 Another iPSC-derived

CAR-T cell product was generated by combining histone meth-

yltransferase EZH1 repression, stromal-free T cell differentia-

tion from iPSCs, and CAR engineering.255 Repression of

EZH1 promotes in vitro differentiation and maturation of

T cells derived from iPSCs. The mature iPSC-T cells are similar

to peripheral blood ab T cells in phenotype and functionality.255

In addition, CAR-engineered iPSC-T cells showed enhanced

cytokine production, potent cytotoxicity, and superior persis-

tence in preclinical mouse models.255 Overall, these iPSC-

derived CAR-T cell platforms lay the groundwork for future

efforts targeted at creating an infinite number of potent, alloge-

neic off-the-shelf CAR-T cells.

HSC-derived iNKT cells

iNKT cells are another potentially promising cell population for

cancer immunotherapy. However, the low frequency and high

variability of iNKT cells in humans limit their clinical applica-

tions.256 To overcome these challenges, an HSC-iNKT cell

platform was developed (Figure 3A). The first generation was
based on autologous HSC genetically engineered to express

the iNKT TCR that were transferred back into the patient,

potentially providing therapeutic levels of iNKT cells for a life-

time (Figure 3B).105 However, this approach is expensive and

difficult to deliver to all patients in need.37 Subsequent devel-

opment of the HSC-iNKT cell platform has centered on pro-

ducing off-the-shelf HSC-iNKT cells, and it was recently

shown that HSC engineering followed by in vitro differentiation

resulted in allogeneic HSC-iNKT cells with high yield and pu-

rity (Figures 3C and 3D).78,257 Allogeneic HSC-iNKT cells have

innate cancer-killing capacity and a low risk of GvHD, and to

enhance their therapeutic potential, these cells can be engi-

neered to express CARs and undergo ablations of HLA clas-

ses I and II.78 Furthermore, HSC-iNKT cells can modulate

the tumor microenvironment, as they can effectively target

and eliminate tumor-associated macrophages and other

immunosuppressive cells.104,258,259

Conclusions
The remarkable success of CAR-T cells in treating hematological

malignancies has ignited the field of cell therapy. In 2012, at the

age of 6 years old, Emily Whitehead was the first patient to

receive CAR-T cells for acute lymphoblastic leukemia and

recently celebrated 10 years of cancer-free survival. By all evi-

dence, she is cured.260 Our goal is to make Emily’s story a reality

for all cancer patients. However, CAR-T cell therapies are limited

by their autologous nature, suboptimal long-term efficacy for

many patients, and lack of potency in solid tumors. Off-the-shelf

cell therapies that overcome tumor antigen plasticity, heteroge-

neity, and the immunosuppressive tumor microenvironment can

advance the current cell therapy paradigm. Work to date sug-

gests that many immune cell subtypes, such as innate-like

T cells, NK cells, and macrophages, might be useful in cancer

therapy. The benefits of applying unconventional T and innate

immune cells are 2-fold: they have intrinsic antitumor capabilities

and pose little risk of causing GvHD. Unfortunately, isolation,

gene engineering, and expansion of mature immune cells still

represent several bottlenecks in the development of these

therapies. Maintaining the desired cell phenotype during expan-

sion, generating sufficient cell numbers for multiple doses, and

performing extensive genetic manipulation are all remaining

challenges.

Herein lies the allure of stem cell engineering, which promises

scalable, easily modifiable, and homogeneous cell products that

are optimized for safety and efficacy. As of yet, hypoimmuno-

genic, persistent, and potent stem cell-derived therapies are un-

der development. Despite this promise, several outstanding

questions still need to be addressed. It was recently shown

that iPSC-derived CAR-T cells exhibit a reduced CAR expres-

sion compared with PBMC-derived CAR-T cells.254 In addition,

previous work indicated that ab iPSC-derived CAR-T cells are

closely related to gd T cells based on the gene expression anal-

ysis.75 It is noteworthy that multiple stem cell engineering and

differentiation protocols have been documented, which have

the potential to yield considerable variability in the resultant

cell products, even when such products are classified as being

of the same cellular subtype. We also do not know whether cells

created in vitro are comparable with their naturally occurring

counterparts. Stem cell-derived products might be more
Cell Stem Cell 30, May 4, 2023 9



Figure 3. Development of HSC-engineered iNKT (HSC-iNKT) cell therapies for cancer HSC-iNKT cells are presented as an immune cell
example
The different stem cell differentiation and culture strategies could be easily applied to generate other TCR-engineered T cells, such as MAIT, gd, and antigen-
specific ab T cells. The proposed autologous and allogenic cell therapy could also use other TCR-engineered T cells as cell carriers, depending on the tu-
mor types.
(A) Generation of HSC-iNKT cells in a bone marrow-liver-thymus (BLT) humanized mouse model.
(B) Development of an autologous HSC-iNKT cell therapy for cancer.
(C) Generation of allogeneic HSC-iNKT cells in an ATO or a feeder-free culture.
(D) Development of an allogeneic HSC-iNKT cell therapy for cancer. CAR engineering and CRISPR-Cas9 gene editing could be incorporated into HSC-iNKT cells
to enhance their immune response and safety profile.
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affected by the changes in gene regulation, such as epigenetic

silencing. Importantly, most of the engineering and optimization

strategies applied to stem cells were developed in mature

T cells. Are there any modifications, such as different CAR de-

signs or cytokine secretion patterns, that could enhance specific

features of stem cell-derived products? It will also be important

to assess whether stem cell engineering influences the differen-

tiation potential, identity, and function of the final product. CARs,

for example, can cause tonic signaling, which could impact stem

cell differentiation. Leveraging cutting-edge technologies, such

as multi-omics, CRISPR screens, and automated culture sys-

tems, will enable researchers to better understand the underly-

ing mechanisms of engineered stem cell functionality and

perform high throughput screens to optimize the potential of

stem cell therapies.261,262

Given the complexity of diseases such as cancer, combination

therapies will likely be necessary to achieve durable therapeutic

benefits.263 Engineered stem cell products, with their off-the-

shelf nature, hold promise as a component of treatment

regimens that include established cancer treatments, such as
10 Cell Stem Cell 30, May 4, 2023
surgery, radiation, chemotherapy, and targeted therapies, as

well as emerging cancer immunotherapies, such as immune

checkpoint inhibitors, oncolytic viruses, cancer vaccines, and

adoptive cellular therapies.15,56 The versatility of engineered

stem cell products and their ability to be tailored and scaled

for specific cancer types make them a promising addition to

the oncology arsenal, with potential to enhance treatment out-

comes and improve patients’ quality of life. As the field continues

to evolve, it is crucial that wemaintain a cautious and meticulous

approach to ensure the safe and effective translation of stem

cell-based therapies to clinical settings.
ACKNOWLEDGMENTS

This work was supported by a Director’s New Innovator Award from the NIH
(DP2 CA196335, to L.Y.), a series of Partnering Opportunity for Translational
Research Projects Awards and Discovery Stage Awards from the California
Institute for Regenerative Medicine (CIRM TRAN1-08533, TRAN1-12250,
DISC2-11157, DISC2COVID19-12020, and DISC2-13505 to L.Y.), a Stem
Cell Research Award from the Concern Foundation (to L.Y.), a Research
Career Development Award from the STOP CANCER Foundation (to L.Y.), a



ll
OPEN ACCESSReview

Please cite this article in press as: Li et al., Advancing cell-based cancer immunotherapy through stem cell engineering, Cell Stem Cell (2023), https://
doi.org/10.1016/j.stem.2023.02.009
BSCRC-RHF Research Award from the Rose Hills Research Foundation
(to L.Y.), and an Ablon Scholars Award (to L.Y.). Y.-R.L. is a postdoctoral fellow
supported by a UCLA MIMG M. John Pickett Post-Doctoral Fellow Award.
Z.S.D. is a predoctoral fellow supported by a USC Rose Hills Foundation
Fellowship.

AUTHOR CONTRIBUTIONS

Y.-R.L. and Z.S.D. wrote the manuscript with assistance from Y.Y. and M.L.
L.Y. and P.W. reviewed and edited the manuscript.

DECLARATION OF INTERESTS

Y.-R.L., Z.S.D., P.W., and L.Y. are inventors on patents relating to this manu-
script. Y.Y. is currently an employee of the Fate Therapeutics. P.W. is a co-
founder, stockholder, consultant, and advisory board member of HRain
Biotechnology, TCRCure Biopharma, and Appia Bio. L.Y. is a scientific advisor
to AlzChem and Amberstone Biosciences and a co-founder, stockholder, and
advisory board member of Appia Bio. None of the declared companies
contributed to or directed any of the writing of this manuscript.

REFERENCES

1. Wilson, J.M. (2009). Medicine. A history lesson for stem cells. Science
324, 727–728. https://doi.org/10.1126/science.1174935.

2. Singh, A.K., and McGuirk, J.P. (2016). Allogeneic stem cell transplanta-
tion: A historical and scientific overview. Cancer Res. 76, 6445–6451.
https://doi.org/10.1158/0008-5472.CAN-16-1311.

3. Dunn, G.P., Old, L.J., and Schreiber, R.D. (2004). The immunobiology of
cancer immunosurveillance and immunoediting. Immunity 21, 137–148.
https://doi.org/10.1016/j.immuni.2004.07.017.

4. Rosenberg, S.A., Yang, J.C., Sherry, R.M., Kammula, U.S., Hughes,
M.S., Phan, G.Q., Citrin, D.E., Restifo, N.P., Robbins, P.F., Wunderlich,
J.R., et al. (2011). Durable complete responses in heavily pretreated pa-
tients with metastatic melanoma using T-cell transfer immunotherapy.
Clin. Cancer Res. 17, 4550–4557. https://doi.org/10.1158/1078-0432.
CCR-11-0116.

5. Radvanyi, L.G. (2015). Tumor-infiltrating lymphocyte therapy: addressing
prevailing questions. Cancer J. 21, 450–464.

6. June, C.H. (2007). Adoptive T cell therapy for cancer in the clinic. J. Clin.
Invest. 117, 1466–1476. https://doi.org/10.1172/JCI32446.

7. Kansagra, A., Farnia, S., and Majhail, N. (2020). Expanding access to
chimeric antigen receptor T-cell therapies: challenges and opportunities.
Am. Soc. Clin. Oncol. Educ. B. 40, e27–e34. https://doi.org/10.1200/
EDBK_279151.

8. Mirzaei, H.R., Rodriguez, A., Shepphird, J., Brown, C.E., and Badie, B.
(2017). Chimeric antigen receptors T cell therapy in solid tumor: chal-
lenges and clinical applications. Front. Immunol. 8, 1850.

9. Roddie, C., O’Reilly, M., Dias Alves Pinto, J., Vispute, K., and Lowdell, M.
(2019). Manufacturing chimeric antigen receptor T cells: issues and chal-
lenges. Cytotherapy 21, 327–340. https://doi.org/10.1016/j.jcyt.2018.
11.009.

10. Srivastava, S., and Riddell, S.R. (2018). Chimeric antigen receptor T cell
therapy: challenges to bench-to-bedside efficacy. J. Immunol. 200,
459–468. https://doi.org/10.4049/jimmunol.1701155.

11. Xia, A.-L., Wang, X.-C., Lu, Y.-J., Lu, X.-J., and Sun, B. (2017). Chimeric-
antigen receptor T (CAR-T) cell therapy for solid tumors: challenges and
opportunities. Oncotarget 8, 90521–90531. https://doi.org/10.18632/on-
cotarget.19361.

12. Lim, W.A., and June, C.H. (2017). The principles of engineering immune
cells to treat cancer. Cell 168, 724–740. https://doi.org/10.1016/j.cell.
2017.01.016.

13. Mikkilineni, L., and Kochenderfer, J.N. (2017). Chimeric antigen receptor
T-cell therapies for multiplemyeloma. Blood 130, 2594–2602. https://doi.
org/10.1182/blood-2017-06-793869.
14. Ramos, C.A., Heslop, H.E., and Brenner, M.K. (2016). CAR-T cell therapy
for lymphoma. Annu. Rev. Med. 67, 165–183. https://doi.org/10.1146/
annurev-med-051914-021702.

15. Themeli, M., Rivière, I., and Sadelain, M. (2015). New cell sources for
T cell engineering and adoptive immunotherapy. Cell Stem Cell 16,
357–366. https://doi.org/10.1016/j.stem.2015.03.011.

16. Ruella, M., Xu, J., Barrett, D.M., Fraietta, J.A., Reich, T.J., Ambrose, D.E.,
Klichinsky, M., Shestova, O., Patel, P.R., Kulikovskaya, I., et al. (2018). In-
duction of resistance to chimeric antigen receptor T cell therapy by trans-
duction of a single leukemic B cell. Nat. Med. 24, 1499–1503. https://doi.
org/10.1038/s41591-018-0201-9.

17. Good, C.R., Aznar, M.A., Kuramitsu, S., Samareh, P., Agarwal, S., Dona-
hue, G., Ishiyama, K., Wellhausen, N., Rennels, A.K., Ma, Y., et al. (2021).
An NK-like CAR T cell transition in CART cell dysfunction. Cell 184, 6081–
6100.e26. https://doi.org/10.1016/j.cell.2021.11.016.

18. Deng, Q., Han, G., Puebla-Osorio, N., Ma, M.C.J., Strati, P., Chasen, B.,
Dai, E., Dang, M., Jain, N., Yang, H., et al. (2020). Characteristics of anti-
CD19 CAR T cell infusion products associated with efficacy and toxicity
in patients with large B cell lymphomas. Nat. Med. 26, 1878–1887.
https://doi.org/10.1038/s41591-020-1061-7.

19. Arcangeli, S., Bove, C., Mezzanotte, C., Camisa, B., Falcone, L., Man-
fredi, F., Bezzecchi, E., El Khoury, R., Norata, R., Sanvito, F., et al.
(2022). CAR T-cell manufacturing from naive/stem memory
T-lymphocytes enhances antitumor responses while curtailing cytokine
release syndrome. J. Clin. Invest. 132, e150807. https://doi.org/10.
1172/JCI150807.

20. Fraietta, J.A., Lacey, S.F., Orlando, E.J., Pruteanu-Malinici, I., Gohil, M.,
Lundh, S., Boesteanu, A.C., Wang, Y., O’Connor, R.S., Hwang, W.-T.,
et al. (2018). Determinants of response and resistance to CD19 chimeric
antigen receptor (CAR) T cell therapy of chronic lymphocytic leukemia.
Nat. Med. 24, 563–571. https://doi.org/10.1038/s41591-018-0010-1.

21. Fraietta, J.A., Nobles, C.L., Sammons, M.A., Lundh, S., Carty, S.A.,
Reich, T.J., Cogdill, A.P., Morrissette, J.J.D., DeNizio, J.E., Reddy, S.,
et al. (2018). Disruption of TET2 promotes the therapeutic efficacy of
CD19-targeted T cells. Nature 558, 307–312. https://doi.org/10.1038/
s41586-018-0178-z.

22. Majzner, R.G., andMackall, C.L. (2018). Tumor antigen escape fromCAR
T-cell therapy. Cancer Discov. 8, 1219–1226. https://doi.org/10.1158/
2159-8290.CD-18-0442.

23. Sabatino, M., Hu, J., Sommariva, M., Gautam, S., Fellowes, V., Hocker,
J.D., Dougherty, S., Qin, H., Klebanoff, C.A., Fry, T.J., et al. (2016). Gen-
eration of clinical-grade CD19-specific CAR-modified CD8+ memory
stem cells for the treatment of human B-cell malignancies. Blood 128,
519–528. https://doi.org/10.1182/blood-2015-11-683847.

24. Turtle, C.J., Hanafi, L.-A., Berger, C., Gooley, T.A., Cherian, S., Hudecek,
M., Sommermeyer, D., Melville, K., Pender, B., Budiarto, T.M., et al.
(2016). CD19 CAR-T cells of defined CD4+:CD8+ composition in adult
B cell ALL patients. J. Clin. Invest. 126, 2123–2138. https://doi.org/10.
1172/JCI85309.

25. Shah, N.N., Zhu, F., Taylor, C., Schneider, D., Krueger, W., Worden, A.,
Yim, S., Fenske, T.S., Hamadani, M., Johnson, B., et al. (2018). A Phase
1 study with point-of-care manufacturing of dual targeted, tandem anti-
CD19, anti-CD20 chimeric antigen receptor modified T (CAR-T) cells
for relapsed, refractory, non-Hodgkin lymphoma. Blood 132, 4193.
https://doi.org/10.1182/blood-2018-99-110194.

26. Benjamin, R., Graham, C., Yallop, D., Jozwik, A., Ciocarlie, O., Jain, N.,
Jabbour, E.J., Maus, M.V., Frigault, M., Boissel, N., et al. (2018). Prelim-
inary data on safety, cellular kinetics and anti-leukemic activity of
UCART19, an allogeneic anti-CD19 CAR T-cell product, in a pool of adult
and pediatric patients with high-risk CD19+ relapsed/refractory B-cell
acute lymphoblastic leukemia. Blood 132, 896. https://doi.org/10.1182/
blood-2018-99-111356.

27. Murthy, H., Iqbal, M., Chavez, J.C., and Kharfan-Dabaja, M.A. (2019).
Cytokine release syndrome: current perspectives. ImmunoTargets
Ther. 8, 43–52. https://doi.org/10.2147/ITT.S202015.

28. Labanieh, L., Majzner, R.G., and Mackall, C.L. (2018). Programming
CAR-T cells to kill cancer. Nat. Biomed. Eng. 2, 377–391. https://doi.
org/10.1038/s41551-018-0235-9.
Cell Stem Cell 30, May 4, 2023 11

https://doi.org/10.1126/science.1174935
https://doi.org/10.1158/0008-5472.CAN-16-1311
https://doi.org/10.1016/j.immuni.2004.07.017
https://doi.org/10.1158/1078-0432.CCR-11-0116
https://doi.org/10.1158/1078-0432.CCR-11-0116
http://refhub.elsevier.com/S1934-5909(23)00070-X/sref5
http://refhub.elsevier.com/S1934-5909(23)00070-X/sref5
https://doi.org/10.1172/JCI32446
https://doi.org/10.1200/EDBK_279151
https://doi.org/10.1200/EDBK_279151
http://refhub.elsevier.com/S1934-5909(23)00070-X/sref8
http://refhub.elsevier.com/S1934-5909(23)00070-X/sref8
http://refhub.elsevier.com/S1934-5909(23)00070-X/sref8
https://doi.org/10.1016/j.jcyt.2018.11.009
https://doi.org/10.1016/j.jcyt.2018.11.009
https://doi.org/10.4049/jimmunol.1701155
https://doi.org/10.18632/oncotarget.19361
https://doi.org/10.18632/oncotarget.19361
https://doi.org/10.1016/j.cell.2017.01.016
https://doi.org/10.1016/j.cell.2017.01.016
https://doi.org/10.1182/blood-2017-06-793869
https://doi.org/10.1182/blood-2017-06-793869
https://doi.org/10.1146/annurev-med-051914-021702
https://doi.org/10.1146/annurev-med-051914-021702
https://doi.org/10.1016/j.stem.2015.03.011
https://doi.org/10.1038/s41591-018-0201-9
https://doi.org/10.1038/s41591-018-0201-9
https://doi.org/10.1016/j.cell.2021.11.016
https://doi.org/10.1038/s41591-020-1061-7
https://doi.org/10.1172/JCI150807
https://doi.org/10.1172/JCI150807
https://doi.org/10.1038/s41591-018-0010-1
https://doi.org/10.1038/s41586-018-0178-z
https://doi.org/10.1038/s41586-018-0178-z
https://doi.org/10.1158/2159-8290.CD-18-0442
https://doi.org/10.1158/2159-8290.CD-18-0442
https://doi.org/10.1182/blood-2015-11-683847
https://doi.org/10.1172/JCI85309
https://doi.org/10.1172/JCI85309
https://doi.org/10.1182/blood-2018-99-110194
https://doi.org/10.1182/blood-2018-99-111356
https://doi.org/10.1182/blood-2018-99-111356
https://doi.org/10.2147/ITT.S202015
https://doi.org/10.1038/s41551-018-0235-9
https://doi.org/10.1038/s41551-018-0235-9


ll
OPEN ACCESS Review

Please cite this article in press as: Li et al., Advancing cell-based cancer immunotherapy through stem cell engineering, Cell Stem Cell (2023), https://
doi.org/10.1016/j.stem.2023.02.009
29. Liu, E., Marin, D., Banerjee, P., Macapinlac, H.A., Thompson, P., Basar,
R., Nassif Kerbauy, L., Overman, B., Thall, P., Kaplan, M., et al. (2020).
Use of CAR-transduced natural killer cells in CD19-positive lymphoid
tumors. N. Engl. J. Med. 382, 545–553. https://doi.org/10.1056/
NEJMoa1910607.

30. Petersen, C.T., Hassan, M., Morris, A.B., Jeffery, J., Lee, K., Jagirdar, N.,
Staton, A.D., Raikar, S.S., Spencer, H.T., Sulchek, T., et al. (2018).
Improving T-cell expansion and function for adoptive T-cell therapy using
ex vivo treatment with PI3Kd inhibitors and VIP antagonists. Blood Adv.
2, 210–223. https://doi.org/10.1182/bloodadvances.2017011254.

31. Majzner, R.G., Ramakrishna, S., Yeom, K.W., Patel, S., Chinnasamy, H.,
Schultz, L.M., Richards, R.M., Jiang, L., Barsan, V., Mancusi, R., et al.
(2022). GD2-CAR T cell therapy for H3K27M-mutated diffuse midline gli-
omas. Nature 603, 934–941. https://doi.org/10.1038/s41586-022-
04489-4.

32. Mount, C.W., andGonzalez Castro, L.N. (2022). Advances in chimeric an-
tigen receptor (CAR) T-cell therapies for the treatment of primary brain tu-
mors. Antibodies (Basel) 11, 31. https://doi.org/10.3390/antib11020031.

33. Qi, C., Gong, J., Li, J., Liu, D., Qin, Y., Ge, S., Zhang, M., Peng, Z., Zhou,
J., Cao, Y., et al. (2022). Claudin18.2-specific CAR T cells in gastrointes-
tinal cancers: phase 1 trial interim results. Nat. Med. 28, 1189–1198.
https://doi.org/10.1038/s41591-022-01800-8.

34. Depil, S., Duchateau, P., Grupp, S.A., Mufti, G., and Poirot, L. (2020). ‘Off-
the-shelf’ allogeneic CAR T cells: development and challenges. Nat. Rev.
Drug Discov. 19, 185–199. https://doi.org/10.1038/s41573-019-0051-2.

35. Ruella, M., and Kenderian, S.S. (2017). Next-generation chimeric antigen
receptor T-cell therapy: going off the shelf. BioDrugs 31, 473–481.
https://doi.org/10.1007/s40259-017-0247-0.

36. Sommer, C., Boldajipour, B., Kuo, T.C., Bentley, T., Sutton, J., Chen, A.,
Geng, T., Dong, H., Galetto, R., Valton, J., et al. (2019). Preclinical eval-
uation of allogeneic CAR T cells targeting BCMA for the treatment of mul-
tiple myeloma. Mol. Ther. 27, 1126–1138. https://doi.org/10.1016/j.
ymthe.2019.04.001.

37. Perez, C., Gruber, I., and Arber, C. (2020). Off-the-shelf allogeneic T cell
therapies for cancer: opportunities and challenges using naturally occur-
ring ‘‘universal’’ donor T cells. Front. Immunol. 11, 583716. https://doi.
org/10.3389/fimmu.2020.583716.

38. Ren, J., Liu, X., Fang, C., Jiang, S., June, C.H., and Zhao, Y. (2017). Multi-
plex genome editing to generate universal CAR T cells resistant to PD1
inhibition. Clin. Cancer Res. 23, 2255–2266. https://doi.org/10.1158/
1078-0432.CCR-16-1300.

39. Chaidos, A., Patterson, S., Szydlo, R., Chaudhry, M.S., Dazzi, F., Kanfer,
E., McDonald, D., Marin, D., Milojkovic, D., Pavlu, J., et al. (2012). Graft
invariant natural killer T-cell dose predicts risk of acute graft-versus-
host disease in allogeneic hematopoietic stem cell transplantation. Blood
119, 5030–5036. https://doi.org/10.1182/blood-2011-11-389304.

40. Liu, E., Tong, Y., Dotti, G., Shaim, H., Savoldo, B., Mukherjee, M., Or-
ange, J., Wan, X., Lu, X., Reynolds, A., et al. (2018). Cord blood NK cells
engineered to express IL-15 and a CD19-targeted CAR show long-term
persistence and potent antitumor activity. Leukemia 32, 520–531.
https://doi.org/10.1038/leu.2017.226.

41. Tugues, S., Amorim, A., Spath, S., Martin-Blondel, G., Schreiner, B., De
Feo, D., Lutz, M., Guscetti, F., Apostolova, P., Haftmann, C., et al. (2018).
Graft-versus-host disease, but not graft-versus-leukemia immunity, is
mediated by GM-CSF-licensed myeloid cells. Sci. Transl. Med. 10,
eaat8410. https://doi.org/10.1126/scitranslmed.aat8410.

42. Delfanti, G., Dellabona, P., Casorati, G., and Fedeli, M. (2022). Adoptive
immunotherapy with engineered iNKT cells to target cancer cells and the
suppressive microenvironment. Front. Med. (Lausanne) 9, 897750.

43. Bae, E.-A., Seo, H., Kim, I.-K., Jeon, I., and Kang, C.-Y. (2019). Roles of
NKT cells in cancer immunotherapy. Arch. Pharm. Res. 42, 543–548.
https://doi.org/10.1007/s12272-019-01139-8.

44. Godfrey, D.I., Le Nours, J., Andrews, D.M., Uldrich, A.P., and Rossjohn,
J. (2018). Unconventional T cell targets for cancer immunotherapy. Im-
munity 48, 453–473. https://doi.org/10.1016/j.immuni.2018.03.009.
12 Cell Stem Cell 30, May 4, 2023
45. Zhang, C., Hu, Y., and Shi, C. (2020). Targeting natural killer cells for tu-
mor immunotherapy. Front. Immunol. 11, 60. https://doi.org/10.3389/
fimmu.2020.00060.

46. Li, Y.-R., Zhou, K., Wilson, M., Kramer, A., Zhu, Y., Dawson, N., and
Yang, L. (2022). Mucosal-associated invariant T cells for cancer immuno-
therapy. Mol. Ther. 31, 631–646. https://doi.org/10.1016/j.ymthe.2022.
11.019.

47. Cortés-Selva, D., Dasgupta, B., Singh, S., and Grewal, I.S. (2021). Innate
and innate-like cells: the future of chimeric antigen receptor (CAR) cell
therapy. Trends Pharmacol. Sci. 42, 45–59. https://doi.org/10.1016/j.
tips.2020.11.004.

48. Bulcha, J.T., Wang, Y., Ma, H., Tai, P.W.L., and Gao, G. (2021). Viral vec-
tor platforms within the gene therapy landscape. Signal Transduct.
Target. Ther. 6, 53. https://doi.org/10.1038/s41392-021-00487-6.

49. Ellis, G.I., Sheppard, N.C., and Riley, J.L. (2021). Genetic engineering of
T cells for immunotherapy. Nat. Rev. Genet. 22, 427–447. https://doi.org/
10.1038/s41576-021-00329-9.

50. Weber, E.W., Maus, M.V., and Mackall, C.L. (2020). The emerging land-
scape of immune cell therapies. Cell 181, 46–62. https://doi.org/10.1016/
j.cell.2020.03.001.

51. Cascalho, M., and Platt, J.L. (2005). Basic mechanisms of humoral rejec-
tion. Pediatr. Transplant. 9, 9–16. https://doi.org/10.1111/j.1399-3046.
2004.00231.x.

52. Montgomery, R.A., Cozzi, E., West, L.J., and Warren, D.S. (2011). Hu-
moral immunity and antibody-mediated rejection in solid organ trans-
plantation. Semin. Immunol. 23, 224–234. https://doi.org/10.1016/j.
smim.2011.08.021.

53. Figueiredo, C., and Blasczyk, R. (2015). A future with less HLA: potential
clinical applications of HLA-universal cells. Tissue Antigens 85, 443–449.
https://doi.org/10.1111/tan.12564.

54. Gornalusse, G.G., Hirata, R.K., Funk, S.E., Riolobos, L., Lopes, V.S.,
Manske, G., Prunkard, D., Colunga, A.G., Hanafi, L.-A., Clegg, D.O.,
et al. (2017). HLA-E-expressing pluripotent stem cells escape allogeneic
responses and lysis by NK cells. Nat. Biotechnol. 35, 765–772. https://
doi.org/10.1038/nbt.3860.

55. Li, Y.-R., Dunn, Z.S., Zhou, Y., Lee, D., and Yang, L. (2021). Development
of stem cell-derived immune cells for off-the-shelf cancer immunother-
apies. Cells 10. https://doi.org/10.3390/cells10123497.

56. Li, Y.-R., Zhou, Y., Kramer, A., and Yang, L. (2021). Engineering stem
cells for cancer immunotherapy. Trends Cancer 7, 1059–1073. https://
doi.org/10.1016/j.trecan.2021.08.004.

57. Zhu, H., Lai, Y.S., Li, Y., Blum, R.H., and Kaufman, D.S. (2018). Concise
review: human pluripotent stem cells to produce cell-based cancer
immunotherapy. Stem Cells 36, 134–145. https://doi.org/10.1002/
stem.2754.

58. Vodyanik, M.A., Bork, J.A., Thomson, J.A., and Slukvin, I.I. (2005). Hu-
man embryonic stem cell-derived CD34+ cells: efficient production in
the coculture with OP9 stromal cells and analysis of lymphohemato-
poietic potential. Blood 105, 617–626. https://doi.org/10.1182/blood-
2004-04-1649.

59. Kaufman, D.S., Hanson, E.T., Lewis, R.L., Auerbach, R., and Thomson,
J.A. (2001). Hematopoietic colony-forming cells derived from human em-
bryonic stem cells. Proc. Natl. Acad. Sci. USA 98, 10716–10721. https://
doi.org/10.1073/pnas.191362598.

60. Ng, E.S., Davis, R., Stanley, E.G., and Elefanty, A.G. (2008). A protocol
describing the use of a recombinant protein-based, animal product-
free medium (APEL) for human embryonic stem cell differentiation as
spin embryoid bodies. Nat. Protoc. 3, 768–776. https://doi.org/10.
1038/nprot.2008.42.

61. Kennedy, M., Awong, G., Sturgeon, C.M., Ditadi, A., LaMotte-Mohs, R.,
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