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Engineering stem cells presents an attractive paradigm for cancer immunotherapy.
Stem cells engineered to stably express various chimeric antigen receptors (CARs)
or T-cell receptors (TCRs) against tumor-associated antigens are showing increasing promise in the treatment of solid tumors and hematologic malignancies. Stem
cells engraft for long-term immune cell generation and serve as a sustained source
of tumor-speciﬁc effector cells to maintain remissions. Furthermore, engineering
stem cells provides ‘off-the-shelf’ cellular products, obviating the need for a
personalized and patient-speciﬁc product that plagues current autologous
cell therapies. Herein, we summarize recent progress of stem cell-engineered
cancer therapies, and discuss the utility, impact, opportunities, and challenges
of cellular engineering that may facilitate the translational and clinical research.

Highlights
Gene engineering of stem cells provide a
persistent and stable source for longterm in vivo generation of immune cells
with speciﬁc tumor targeting.
Gene engineering of stem cell provide an
‘off-the-shelf’ allogeneic cellular product
for cancer immunotherapy.
Stem cells can be engineered and
differentiated into a variety of cell
types, such as conventional αβ T,
natural killer (NK) cells, invariant NK T
(iNKT) cells, γδ T, mucosal associated
invariant T (MAIT), and myeloid cells.

Introduction
Over the past decade, cell-based immunotherapy has shown great promise as the new-generation
cancer medicine [1]. Genetic engineering of T cells, natural killer (NK) cells, invariant NK T (iNKT)
cells, and other immune cells, have yielded encouraging results for cancer immunotherapy [2,3].
A series of clinical trials using engineered immune cells with CARs or TCRs have been conducted
to treat various forms of cancer, ranging from solid tumors to hematologic malignancies [4–9].
Despite remarkable successes in the clinic, most of the current FDA-approved CAR T-cell products are manufactured using autologous T cells obtained from the intended recipient patient.
Such an approach is costly, labor intensive, and difﬁcult to broadly deliver to all patients in need.
Allogeneic immune cellular products that can circumvent the manufacturing issues of inadequate
cell numbers, suboptimal T cell states, and delays in treatment therefore are in great demand [10].
‘Off-the-shelf’ or allogeneic cell products, such as CAR-engineered T cells or NK cells, can potentially
overcome the issues of autologous cell products, and allow for multiplex genetic modiﬁcations and
CAR construct combinations to target various tumor antigens and avoid tumor escape [11–15]. By
virtue of the powerful genome editing tools, especially CRISPR/Cas9, the allogeneic cell products
could conquer the two current limitations of ‘off-the-shelf’ therapy: graft-versus-host disease
(GvHD) and host cell-induced allorejection [11–14,16]. Recent clinical studies have reported the feasibility, antileukemic activity, and manageable safety of the two allogeneic cell products (i.e., CAR19engineered T cells and NK cells), revealing an encouraging step forward for the ﬁeld of allogeneic cell
therapy [16,17].
Engineered stem cells provide another attractive approach for cell-based cancer immunotherapy.
For hematopoietic stem cell transplantation (HSCT), genetically engineered stem cells provide a
persistent and stable source for long-term generation of immune cells with speciﬁc tumor
targeting. In addition, CAR-engineered stem cells have the capability to generate CAR-NK or
CAR-myeloid cells in addition to CAR-T cells, resulting in broader antitumor activity that arises
quickly post-transplantation and does not solely require de novo thymopoiesis [18,19].
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Chimeric antigen receptors (CARs) can
be engineered on stem cells to generate
potent effector cells with enhanced antitumor efﬁcacy.
Gene knock-out on stem cells provides a
stable and efﬁcient gene ablation in stem
cell-derived immune cells.
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Engineered stem cells could also provide an ‘off-the-shelf’ cellular product, obviating the need for
a personalized and patient-speciﬁc product. Performing gene engineering or gene editing on
a small starting number of stem cells could reduce the amount of gene-engineering/editing materials (e.g., lentivector and CRISPR/Cas9/gRNA), which can be cost-limiting, and enable the
maximal efﬁciency of gene engineering/editing, which can be inherited by the subsequent divisions
and the ﬁnal cell products. Furthermore, the development of stem cell-engineered cellular therapy
will provide opportunities for upscaling the manufacturing and banking of products (Figure 1). In this
review, we will discuss the potential of engineering stem cells for cancer immunotherapy.

Stem cell sources and engineering approaches
Multiple stem cell resources could be utilized for effector cell production, including PSCs, hematopoietic stem cells (HSCs), and iPSCs. PSCs including ESCs and iPSCs have the capacity for
self-renewal while maintaining pluripotency, and could potentially provide unlimited supplies for
target cells [20]. Established ESC and iPSC lines have been utilized to generate hematopoietic
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Figure 1. Schematics of current autologous and allogeneic cell-based cancer immunotherapies. (A) Schematics of autologous cellular product manufacturing.
Target cells (e.g., T, NK, or iNKT cells) are collected from patients by leukapheresis and are then genetically engineered. The engineered cells are expanded ex vivo while the
patient undergoes bridging and/or lymphodepleting chemotherapy. The engineered cellular products are then infused into the same patient. (B) Schematics of healthy
donor PBMC-derived allogeneic cellular product manufacturing. Healthy donors for banking are selected and their PBMCs are used to generate genetically engineered
immune cells. Notably, because conventional αβ T cells risk inducing GvHD in allogeneic hosts due to HLA incompatibility, these T cells need to be gene-edited to ablate
endogenous TCR expression, usually through disrupting the TRAC or/and TRBC gene loci, to make them suitable for allogeneic cell therapy. Meanwhile CD52 gene is
also disrupted to generate allogeneic cells resistant to the anti-CD52 monoclonal antibody alemtuzumab, which can be used to eliminate host T cells expressing CD52
and avoid allorejection. (C) Schematics of stem cell-derived allogeneic cellular product manufacturing. Human CD34+ HSCs are collected from either cord blood or
from granulocyte-colony stimulating factor (G-CSF)-mobilized human periphery blood. These HSCs are genetic engineered and then cultured in ‘off-the-shelf’ in vitro
culture system (e.g., OP9-DL, ATO, or feeder-free culture) to generate mature effector immune cells. The immune cells could also be derived from ESCs/iPSCs using
culture conditions that ﬁrst promote hematopoietic differentiation and then target cell differentiation, followed by target cell maturation and activation. Abbreviations:
ATO, artiﬁcial thymic organoid; CARs, chimeric antigen receptors; GvHD, graft-versus-host disease; HLA, human leukocyte antigen; HSCs, hematopoietic stem cells;
iNKT, invariant natural killer T; NK, natural killer; PBSCs, peripheral blood stem cells; PBMCs, peripheral blood mononuclear cells; TCR, T cell receptor.
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stem/progenitor cells (HSPCs) and mature immune cells [21,22]. HSCs are the most primitive of
blood lineage cells. They can be obtained from umbilical cord blood (UCB), bone marrow of a
donor, or granulocyte colony stimulating factor (G-CSF) mobilized peripheral blood [denoted as
peripheral blood stem cells (PBSCs)] [23,24]. Immune cell-derived iPSCs, including T cellderived iPSCs (T-iPSCs) [25–27], iNKT cell-derived iPSCs (iNKT-iPSCs) [28], and non-T peripheral
blood cell-derived iPSCs (PBC-iPSCs) [29] can be reprogrammed from a highly accessible human
cell source, peripheral blood mononuclear cells (PBMCs). Multiple approaches have been applied
to stem cell engineering and differentiation (Box 1).
Viral vector and virus transduction
Efﬁcient genetic modiﬁcation of stem cells relies on permanent gene insertion and expression in
stem cells and their progeny. Vectors from retroviridae family, including γ-retroviral vectors
(such as murine leukemia viruses), lentiviral vectors (such as human immunodeﬁciency virus),
and spumaviral vectors (such as human foamy virus), have been applied for stable and effective
gene transfer into stem cells [30].
Human CD34+ HSPCs collected from UCBs or PBSCs, or generated from PSCs, are enriched by
CD34+ immunoafﬁnity selection, cultured in a cocktail medium with human cytokines including
Fms-like tyrosine kinase 3 ligand (FLT-3L), human stem cell factor (SCF), and thrombopoietin
(TPO), and then transduced with one or more gene delivery vectors. At the completion of virus
transduction, these HSPCs are collected and formulated for either direct transplantation,
in vitro differentiation, or cryopreservation [24,30].

Box 1. Culture systems to differentiate stem cells into immune cells
BLT humanized mouse model
BLT model is established through cotransplantation of human fetal thymus, liver, and CD34+ hematopoietic stem cells
(HSCs) to immunodeﬁcient mice. This model supports a sustained human hematopoiesis and functional human immune
system in immunodeﬁcient mice [121,122]. By engineering HSCs and adoptively transferring HSCs to BLT mouse, TCRengineered, antigen-speciﬁc T cells could be generated in mice [79,83,123,124]. One defect of the BLT model is that the
education of T cells in a human thymus does not cause tolerance to the mouse host, therefore generating self-reactive
T cells that eventually kill the mouse due to GvHD [125]. To address this issue, human HSCs could be transplanted into
sub-lethally irradiated NSG neonatal mice, where the generated human thymocytes are educated in the mouse thymus,
resulting in a reduced TCR repertoire compared with the BLT model [79,125].
OP9-DL culture system
The OP9-DL system was based on a mouse bone marrow-derived stromal cell line OP9, engineered to overexpress the
Notch ligand, Delta-like ligand 1 (DLL-1) or 4 (DLL-4) [126–128]. The OP9-DL system allows the generation of human
HSPC-derived T cells in vitro [129,130].
Artificial thymic organoid (ATO) culture system
ATO culture system supports effective and reproducible in vitro differentiation and positive selection of conventional human
T cells from HSCs and ESCs/iPSCs [115,131]. This culture system is based on a DLL1-expressing murine bone marrowderived stromal cell line, and serum-free, off-the-shelf components that include B27, Fms-related tyrosine kinase 3 (FLT3)
ligand, IL-7, and ascorbic acid. T cell differentiation in ATO system mirrors the natural T cell commitment following a
phenotypic progression which closely recapitulates human thymopoiesis [131]. The ATO-derived mature T cells display
an antigen-naïve phenotype, a diverse TCR repertoire, and a potent antigenic stimuli response [131]. ATO system also
supports generation of TCR-engineered, antigen-speciﬁc T cells through genetically engineering stem cells [115,131].
Feeder-free culture system
Using feeder-free culture system to generate T cells from stem cells has been investigated to expedite the clinical application of allogeneic ‘off-the-shelf’ T cells. A clinically relevant Notch-mediated ex vivo expansion system using serum-free
Stemspan media with the addition of SCF, FLT3L, IL-6, IL-3, TPO, and lipoprotein has been reported [132]. The feederfree culture system supports signiﬁcant expansion of CD34+ stem/progenitor cells in vitro and sufﬁcient engraftment of
these cells in immunodeﬁcient mice [132].
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CAR engineering
CARs are synthetic receptors that redirect lymphocytes to target the cells expressing a
cognate ligand [10]. Stable retroviral or lentiviral transduction of a prearranged tumor antigenspeciﬁc CAR to stem cells can provide an attractive method for generating effector T cells with
deﬁned antigen speciﬁcity [31,32]. Compared to mature PBMC T cells, it is more attractive to
use stem cells as the engineering target for CARs because the regenerative nature of stem cells
may serve as a long lasting, even life-long supply for engineered effector T cells targeting the
antigen of interest.
Multiple strategies have been used to improve the safety, efﬁcacy, and applicability of CARengineered cell therapy. The evolution of CAR construct designs aims to enhance the efﬁcacy
and safety of CAR-engineered cell products, broaden the range of cancers amenable to such
therapy, and facilitate more reliable and efﬁcient generation of these products [10].
Gene knock-out techniques involving short hairpin RNAs (shRNAs) or CRISPR–Cas9 genomeediting system have been used to enhance the antitumor capability of CAR-engineered cells
[33–35]. The CRISPR/Cas9 genome-editing system has been used to ablate the expression of
the TCR α chain, TCR β chain, β2M, and PD-1 in CAR-T cells [14,33,34,36–38]. Insertion of
the CAR gene construct into the TRAC locus has been accomplished by inserting the CAR
construct and knocking out the TCR gene in one step [39]. These gene knock-out techniques
could also be applied to stem cells to achieve stable and efﬁcient gene ablation in stem celldifferentiated immune cells.
Suicide gene modiﬁcations have been incorporated into CAR therapy to avoid the risks of insertional oncogenesis [40]. The most widely adopted suicide gene is from the herpes simplex virus
thymidine kinase (HSV-TK) gene, which confers sensitivity to an antiviral nucleoside analogue
ganciclovir (GCV) and allows positron emission tomography (PET) visualization for modiﬁed cell
tracking [41–43]. Alternative suicide switch systems, such as fusion protein expressing Fas
signaling moieties [44] or caspase components under the post-transcriptional regulation of
small molecule ligands [45] have also been developed.
TCR engineering
Compared to CAR engineering, TCR engineering can recognize a broader variety of tumorspeciﬁc antigens, including both surface and secreted antigens (e.g., MART-1, NY-ESO-1,
MAGE-A3, and CEA) [46]. Therefore, engineering stem cells to continuously generate TCRmodiﬁed T cells may beneﬁt the current T cell-related cancer immunotherapies. In addition, the
stem cell-engineered T cells display a near-complete lack of endogenous TCR expression likely
due to allelic exclusion, thereby avoiding the off-target cytotoxicity or blunted surface expression
of the engineered TCRs due to TCR mispairing [47].
Nevertheless, the disadvantages of TCR engineering are that TCR expression is limited to
T cells, as the surface display of TCRs needs CD3 coexpression, and the TCR recognition is
MHC-restricted, as the TCR/antigen recognition replies on the presentation by MHC molecules
[46]. However, CARs can be expressed on more hematopoietic lineages such as NK and
myeloid cells, enhancing the potential antitumor capacity [19]. Generation of NK and myeloid
cells from transplanted HSCs would be rapid and serve as an early response for antitumor immunity [18,48]. CAR-engineered NK and myeloid cells have similar antigen-speciﬁc cytotoxicity
to CAR-engineered T cells [18,48]. In addition, the maturation and activation of NK and myeloid
cells do not depend on thymopoiesis, thus amplifying their antitumor ability directed by
CARs [18,19].
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Allogeneic HSCT (allo-HSCT)
HSCT has been widely and effectively used for hematological malignancy and solid tumors,
including leukemia, multiple myeloma, lymphoma, breast, ovarian, prostate, brain, lung, colorectal cancers, and melanoma [49–56]. The initial incorporation of HSCT into cancer therapies was because transplanted HSCs could replace the defective HSCs and reconstitute
the entire hematopoietic system in cancer patients. Therefore, HSCT allows patients to tolerate
high-dose chemotherapy or radiotherapy for tumor eradication [49,52]. The success of
haploidentical HSCT has made it possible to widely use allo-HSCT with reduced risk of
GvHD; the graft-versus-leukemia (GvL) effect of allo-HSCT have been comparable to HSCT
with matched sibling donors [57]. Now a variety of cell-based therapeutic approaches have
been developed to induce long-term immune tolerance, further minimize the risk of GvHD,
and improve the GvL effect [58,59]. For example, several clinical trials have used CD19 CART cell therapy as a bridge to allo-HSCT or applied CD19 CAR-T cell infusion to treat posttransplant relapse [60–64]. Approaches to co-infuse allogeneic CAR-T cells with allogeneic
HSCs from a haploidentical donor into relapsed or refractory B cell acute lymphoblastic leukemia
(R/R B-ALL) patients has also been performed [65–67]. The engraftment of CD19 CAR-T cells
eradicates leukemia cells and the patients’ B cells, potentially beneﬁting from HSCs engraftment. In turn, infusion of allogeneic HSCs promotes the ampliﬁcation and persistence of
allogeneic CD19 CAR-T cells [65–67]. In addition, a platform combining TCR αβ/CD19depleted haplo-HSCT and TCR αβ-depleted CD19 CAR-T cells was developed, showing
high antileukemia activity and low transplantation-related mortality and GvHD incidence
[58,68]. Therefore, the combination of HSC-engineering (e.g., TCR αβ and CD19 ablation),
allo-HSCT, and allogeneic CAR-T cell therapy leads to a promising direction of next-generation
cancer treatment. Importantly, considering the manufacturing, limited yields, and potential GvHD risk
of PBMC-derived allogeneic CAR-T cells, a ‘third-party’ stem cell-derived CAR-T cell product
could be generated and combined with allo-HSCT for treating cancer patients (Figure 2). Engineering
stem cells to generate allogeneic conventional αβ T cells will be discussed in other sections of
this review.
By contrast, the risk of GvHD induced by allogeneic T cells is a concern of allo-HSCT. The
commonly used immunosuppressive agents for GvHD could weaken the antileukemic effects
of T cells post-HSCT and increase the risk of tumor relapse. Recently, other immune cell subsets,
including regulatory T (Treg), iNKT, mucosal associated invariant T (MAIT), NK cells, and myeloidderived suppressor cells (MDSCs) have been shown to ameliorate GvHD but maintain GvL effect
during allo-HSCT [58,69–71]. Therefore, incorporating ‘third-party’ stem cell-derived immune
suppressor cells, or stem cell-derived CAR-engineered immune suppressor cells (e.g., CAR-NK,
CAR-iNKT, and CAR-MAIT cells) could potentially ameliorate GvHD and promote antitumor capacity
in allo-HSCT (Figure 2).

Engineering stem cells for conventional T cell-based cancer immunotherapy
The current strategies for developing allogeneic T cell therapies can be divided into two categories:
peripheral blood T cells from healthy donors and stem cell-derived T cells. Both candidates are
being actively explored within academia, clinical research, and industry. A conventional T cellbased universal CD19-CAR engineered T cell product (UCART19) was recently tested in Phase I
clinical trials treating CD19+ B cell malignancies, showing the feasibility, antileukemic activity, and
manageable safety proﬁle of UCART19 [16]. To generate UCART19, both TRAC and CD52
genes are disrupted to reduce the risk of GvHD and to endow the cells with resistance to
Alemtuzumab treatment, which targets CD52-expressing cells [16,72,73]. In comparison to the
development of healthy donor peripheral blood T cells, the progress of stem cell-derived T cell is
still in the preclinical stage [74].
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T cells have been successfully differentiated from ESCs-derived hematopoietic zones using
OP9-DL culture system in vitro [75]. The resulting cells express typical T cell markers, proliferate, and secrete cytokines in response to mitogens [75]. The unlimited production of
antigen-speciﬁc human CD8+ T lymphocytes from T cell-derived iPSCs (T-iPSCs) has also been
reported [25–27]. These ’rejuvenated’ T cells have the same TCR gene rearrangement patterns
as that in the original T cell clone, and exhibit potent antigen-speciﬁc killing activity
[25,27,76]. Notably, CD19 CAR-engineered T cells have been generated from T-iPSCs, showing powerful antileukemic capability [22]. The development of off-the-shelf CAR-T or tumor
speciﬁc TCR-T cells will provide opportunities for upscaling of manufacturing and banking of
the product. These reformations in manufacturing could signiﬁcantly enlarge the access of cancer
patients to CAR-T or TCR-T cell therapies and may also reduce the substantial costs of CAR-T or
TCR-T cell therapies.

Engineering stem cells for unconventional T cell-based cancer immunotherapy
In addition to conventional T and NK cells, new cell carriers have been explored for cancer immunotherapy, particularly unconventional T cells, such as iNKT cell, gamma delta T (γδ T) cell, and
MAIT cell. These cells serve as great candidates for off-the-shelf cancer therapy.
iNKT cell-based immunotherapy
iNKT cells are a unique T cell subpopulation specialized with CD1d-restriction that can recognize
lipid antigens [77,78]. Activated iNKT cells lead to the activation of both innate and adaptive
immune cells, which has been a driving force behind the development of iNKT-based immunotherapy. In addition, because iNKT cells do not recognize mismatched MHC molecules and protein autoantigens, these cells are not expected to cause GvHD [70,78,79]. Adoptive iNKT transfer
is associated with reduced GvHD in multiple clinical trials [70,78,80–82]. However, the application
of iNKT cell-based immunotherapy is restricted by its extremely low number in the peripheral
blood. Yang laboratory developed a new approach that increases the number of circulating
iNKT cells through iNKT TCR-engineering of HSCs [79,83]. It has been demonstrated that both
mouse and human HSCs engineered with iNKT TCR can successfully differentiate into mouse
and human iNKT cells in vivo. The HSC-derived iNKT cells resembled the characters of endogenous PBMC-derived iNKT cells, deploying antitumor efﬁcacy and no toxicity [79,83]. Alternatively,
Kaneko et al. and the Fujii Group reported the generation of human iNKT cells from iPSCs. The
iPSC-derived iNKT cells showed rapid proliferation in response to α-GalCer stimulation and
possessed strong antitumor activity to the K562 leukemia cell line [27,28,84,85].
γδ T cell-based immunotherapy
Another candidate considered as an idea cell carrier for developing off-the-shelf allogeneic cell
therapy is γδ T cells, particularly the Vγ9Vδ2 subtype. Unlike conventional αβ T cells, γδ T cells
are a small subpopulation of T lymphocytes that express γδ TCR. They respond to small phosphorylated nonpeptide antigens which are widely expressed on malignant cells. γδ T cells recognize phosphoantigen (pAg) presented by butyrophilin 3A1 (BTN3A1/CD277), which is structurally

Figure 2. Schematics of combination therapy of allo-HSCT and allogeneic CAR-T therapy. Six strategies of alloHSCT and allogeneic CAR-T combination therapy and their pros and cons are presented. GvHD is the most frequent
complication following traditional allo-HSCT (Panel 1). Therefore, a TCRαβ/CD19-depleted allo-HSCT platform has been
employed (Panel 2). CAR-T cells are generated from depleted αβ conventional T cells, while simultaneously inactivating the
TCR and rejoining the graft of haplo-HSCT (Panels 3 and 4). A ‘third-party’ CAR-engineered T, iNKT, MAIT, or NK cells
could also be incorporated to allo-HSCT (Panels 5 and 6), improving CAR-mediated antitumor capacity, reducing the risk
of GvHD, and upscaling manufacturing. Abbreviations: CAR, chimeric antigen receptor; GvHD, graft-versus-host disease;
HSCs, hematopoietic stem cells; HSCT, hematopoietic stem cell transplantation; iNKT, invariant NK T; MAIT, mucosal
associated invariant T; NK, natural killer; TCR, T cell receptors.
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homologous to the B7 superfamily of proteins [86]. In addition to their unique TCR, γδ T cells also
express NK receptors and FcγRIII, providing additional manners against tumor cells. However,
the current approach of γδ T-based adoptive therapy only involves ex vivo expansion of PBMC
γδ T cells using a synthetic aminobisphosphonate drug, Zoledronate [86–88]. The low yield
and highly variability of current γδ T production methods make it important to develop new
approaches that can stably generate pure and clonal γδ T cells. Similar to generating conventional αβ T cells, NK cells and iNKT cells from genetically engineered stem cells, engineering
stem cells to produce γδ T cells, might be a feasible approach that can facilitate the γδ T cellbased cancer therapy.
MAIT cell-based immunotherapy
Another innate T lymphocyte population, MAIT cells, express the semi-invariant TCR, classically
consisting of Vα7.2-Jα33/Jα12/Jα20 in humans, and Vα19-Jα33 in mice, which are paired
with a restricted Vβ repertoire [89–91]. MAIT TCRs recognize riboﬂavin metabolite-based antigens and folate derivatives presented by monomorphic MHC I-related protein 1 (MR1) [89–91].
Similar to iNKT and γδ T cells, MAIT cells have shown powerful antitumor capacity independent
of tumor antigen- and MHC-restriction [90,92]. Because MAIT cells do not recognize mismatched
MHC molecules and protein autoantigens, these cells are not expected to cause GvHD [93,94].
These unique features provide MAIT cells with great potential for developing off-the-shelf cellular
therapy for cancer. Wakao et al. have shown successful generation of human MAIT cells through
iPSCs reprogramming and redifferentiation. The resulting iPSC-derived MAIT cells showed
resembling phenotypes and functionality resembling those of PBMC-derived MAIT cells [76].
However, contradictorily, a recent study has found that MAIT cells displayed tumor-promoting
function by suppressing T and/or NK cells [95]. Thus, more research is needed to explore the
roles of MAIT cells in cancer treatment.
In conclusion, engineering unconventional innate-type T cells (e.g., iNKT, γδ T, and MAIT cells)
that have powerful antitumor capacity while free of GvHD risk represents an attractive direction
for developing allogeneic cell therapy for cancer especially for solid tumors [80,96–98]. Yang
lab has successfully developed HSC-engineered iNKT, γδ T, and MAIT cell therapy for cancer,
using either in vivo bone marrow–liver–thymus (BLT) mouse model or in vitro ‘off-the-shelf’ culture
systems [79,83]. These approaches demonstrate the feasibility, safety, and cancer therapy
potential of the proposed HSC-iNKT, γδ T, and MAIT cell therapy and laid a foundation for future
translational and clinical development (Figure 3).

Engineering stem cells for NK cell-based cancer immunotherapy
NK cells are potent innate immune cells endowed with powerful antitumor activity. Unlike conventional αβ T cells expressing rearranged, antigen-speciﬁc receptors, NK cell function is dictated by
the integration of signals from activating and inhibitory receptors [3,99]. NK cells recognize and
target abnormal or stressed cells independent of MHC restriction and prior sensitization, thereby
eliminating the risk of GvHD [3,99]. The functional activity of NK cell-mediated immunotherapy
can be enhanced by stimulating activating receptors, by methods such as exposure to cytokines
like IL-2 or IL-15 [3,100,101], directing antibody-dependent cellular cytotoxicity (ADCC) through
the NK cell Fc receptor CD16 (FcγRIIIa) [102], blocking NK inhibitory receptors using anti-killer cell
immunoglobulin-like receptor (KIR) or anti-NKG2A monoclonal antibodies [3,102], or arming the
NK cells with CARs [103–105].
Current clinical grade NK cells can be produced from various sources, such as NK92 cell line,
PBMCs, UCB, CD34+ HSCs, and iPSCs [100]. Particularly, due to the fast-paced advancement
of CAR engineering, generating CAR-NK cells from genetically engineered stem cells has opened
1066
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Figure 3. HSC-engineered iNKT cell therapy for cancer. The same strategies outlined for iNKT cell therapy could be applied to generate HSC-engineered γδ T,
MAIT, and TCR-speciﬁc αβ T (e.g., NY-ESO-1-T) cells. (A) Schematics of the Lenti/iNKT vectors. (B) Generation of HSC-engineered iNKT cells. (C) Experimental design
to generate HSC-iNKT cells in a BLT humanized mouse model. (D) Proposed HSC-iNKT cell therapy. Autologous or allogeneic human HSCs could be collected and
engineered with Lenti/iNKT vectors, followed by adoptive transfer into cancer patients. (E) Proposed allogeneic ‘off-the-shelf’ HSC-iNKT cell therapy. G-CSF-mobilized
(Figure legend continued at the bottom of the next page.)
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Figure 4. Development of ‘off-the-shelf’ HSC-engineered T cell-based therapy for cancer. Transferring the TCR
gene (e.g., NY-ESO-1, iNKT, MAIT, and γδ T TCR genes) into HSCs provides a promising approach to long-term generation
of T cells with endogenous TCR allelic exclusion and deﬁned tumor antigen speciﬁcity. Suicide switch and CARs could also
be engineered on HSCs or differentiated T cells to enhance their safety proﬁle and antitumor capacity. In order to avoid HvG
effect, HSC-engineered T cell products could be further engineered to achieve total ablation of their surface HLA-I/II molecules by knocking out B2M and CIITA genes using CRISPR–Cas9–gRNAs system. However, one potential caveat of this
modiﬁcation is that the lack of HLA expression in the cell product may trigger the risk of rejection by the host NK cells. An
HLA-E transgene can also be incorporated into the ﬁnal T cell products to further increase their resistance to host NK cellmediated allorejection. Abbreviations: CAR, chimeric antigen receptor; HLA, human leukocyte antigen; HSCs, hematopoietic
stem cells; HvG, host-versus-graft; γδ T, gamma delta T; GvHD, graft-versus-host disease; iNKT, invariant NK T; MAIT, mucosal associated invariant T; NK, natural killer; TCR, T cell receptors.

a new era of cancer immunotherapy. Most clinical trials use NK92 cell line and autologous/
haploidentical NK cells without genetic modiﬁcation [100]. However, NK92 being a tumor cell
line has potential tumorigenicity risk and requires lethal irradiation before infusion; the selfhuman leukocyte antigen (HLA) signals in tumor environment may inhibit the antitumor activity
of autologous NK cells. Nevertheless, CD34+ HSCs isolated from mobilized periphery blood
(PB) or UCB provide stable sources for NK cells and retain the ﬂexibility of selecting donors
with certain HLA types. HSC-derived NK cells express speciﬁc NK receptor proﬁles [105] and
perform similar functions as PB-derived NK cells [106]. Of note, HSC-derived NK cells are less
mature and exhibit lower cytotoxicity with lower expression of Perforin, Granzyme B, and higher
expression of certain inhibitory molecules.
Another attractive direction for allogeneic NK cell therapy is to generate NK cells from PSCs,
which will not be restricted by the limited CD34+ cell number and complicated harvesting

CD34+ HSCs could be collected from healthy donors, engineered with Lenti/iNKT vectors and a CRISPR–Cas9/B2M–CIITA–gRNAs complex, then be differentiated into
iNKT cells in an in vitro culture (e.g., ATO and feeder-free culture). The iNKT cells will then be puriﬁed and further expanded in vitro, followed by cryopreservation and lot
release. CAR engineering could also be incorporated into HSC-iNKT cells to enhance the antitumor capacity of these cells. Note that knockout of B2M and CIITA
genes could efﬁciently ablate HLA-I/II expression on HSC-iNKT cells to avoid HvG responses following the autologous transfer of iNKT cells. Abbreviations: ATO, artiﬁcial
thymic organoid; BLT, bone marrow–liver–thymus; CAR, chimeric antigen receptor; HLA, human leukocyte antigen; HSCs, hematopoietic stem cells; γδ T, gamma delta T;
iNKT, invariant NK T; MAIT, mucosal associated invariant T; MDS, myelodysplastic syndromes; MM, multiple myeloma; NK, natural killer; TCR, T cell receptors.
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procedures. Studies have demonstrated the successful generation of NK cells from PSCs,
including ESCs [21,107,108] and iPSCs [109,110]. ES-derived NK cells express comparable
maturation markers such as KIRs, CD16, and natural cytotoxic receptors, and exhibit antitumor
activity through both direct cell-mediated cytotoxicity and ADCC [108]. Genetic engineered
iPSCs can stably differentiate into hematopoietic progenitor cells in medium supplemented with
SCF, bone morphogenetic protein 4 (BMP4), and vascular endothelial growth factor (VEGF).
Following activation with artiﬁcial antigen presenting cells (APCs) and stimulation with IL-15, IL-7,
SCF, and FLT-3L, a large number of highly homogeneous CAR-NK cells can be generated for
clinical use [21,107,111]. iPSC-derived NK cells exhibit an immature phenotype with lower expression of KIR and CD16 while expressing higher levels of NKG2A compared to PB-derived NK cells.
In combination with CAR engineering, CAR-iPSC-NK cells signiﬁcantly inhibited tumor growth and
prolonged survival in an ovarian cancer xenograft model [109]. This ﬁnding is pending validation in
clinical studies. If successful, the experience will provide a platform of knowledge to treat other
cancers and to create the next-generation of NK cell-based immunotherapy.
Despite the optimistic outcomes from most recent studies, there are still many challenges remaining.
How can expansion methods be standardized for robust NK generation? How can screens identify
the best donors from various NK phenotypes? And how do we resolve the rejection of allogeneic NK
cells post infusion by recipients? All of these questions are left for future studies.

Engineering stem cells for innate immune cell-based cancer immunotherapy
Several studies have reported that CAR-equipped myeloid cells exhibit similar antigen-speciﬁc
cytotoxicity in comparison with CAR-T cells [18,48]. Since non-T cells, such as myeloid and NK
cells, do not rely on thymopoiesis to acquire active cytotoxic effectors, CAR-engineered myeloid
and NK cells could exponentially magnify their antitumor capacity [19].
Dendritic cells (DCs) are derived from hematopoietic stem/progenitors, and genetic engineering
of HSCs with speciﬁc antigen genes followed by HSCT could reconstitute host lymphoid–
hematopoietic systems and allow continuous generation of antigen-expressing DCs [112]. The
administration of appropriate DC stimulatory cytokines could promote maturation and expansion
of antigen-expressing DCs, and subsequently evoke powerful antitumor immune responses
[113,114]. Therefore, utilizing HSC gene engineering in the context of HSCT and DC activation
adjuvant may facilitate the translational and clinical development toward generating/redirecting
desired antigen-speciﬁc immune responses.

Outstanding questions
How can one further enhance the
safety proﬁle and reduce the potential
toxicity of stem cell-derived cellular
products?
How can the in vivo persistence of
stem cell-derived cellular products be
elevated post adoptive transfer?
How can resistance to host T and NK
cell-mediated allorejection be improved and be used to increase engraftment of resulting cells post
infusion?
How can tumor antigen speciﬁcity and
exhaustion resistance increase when
using stem cell-derived cellular products to treat cancer?
How can the tumor suppressive
microenvironment be altered to
enhance therapeutic cell trafﬁcking?
How can preparation and storage
conditions be improved without
affecting the viability and cytotoxicity
of the resulting cellular products?
Will combination therapy, such as
with traditional chemotherapy and
checkpoint inhibitor blockade, enhance
antitumor ability of stem cell-derived
cellular products?
A systemic comparison between
PBMC-derived and stem cell-derived
cellular products, including their antitumor capacity, in vivo persistence,
safety, availability, manufacturing, and
costs, etc., should be investigated in
clinical studies to customize the ideal
treatment plan to individual patients.

Concluding remarks
Stem cells including HSCs, ESCs, and iPSCs remain attractive targets for cancer immunotherapy.
Current studies and early clinical trials support the feasibility of engineered stem cells for developing
potent effector cells and antitumor immunity for cancer eradication. Stem cell engineering not only
provides an unlimited source of therapeutic cellular products, but it also creates a versatile and
ﬂexible platform for performing additional engineering in order to improve the antitumor potency
of resulting cellular products. It remains to be proven in clinical trials whether the stem cellengineered approaches will possess additional efﬁcacy compared to those utilizing mature
human PBMC-derived immune cells as targets. Certainly, the two approaches may be complementary when applied together in some cases. Clinical trials are being developed that will provide
some preliminary assessments.
Transferring TCR gene into HSCs provides an attractive method of sustained long-term generation
of T cells with deﬁned antigen speciﬁcity [31,32]. These HSC-engineered T cells display nearcomplete lack of endogenous TCR expression likely due to allelic exclusion [47,115–117].
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Therefore, these HSC-engineered T cells would have limited risk of inducing GvHD. Zhu et al. have
generated functional clonal HSC-iNKT cells with high purity and high yield through iNKT-TCR engineering of human HSCs and differentiation of HSCs to iNKT cells [79]. Besides getting rid of the
alloreactive endogenous TCR, the next generation of product can beneﬁt from ablating surface
MHC molecules and making the cells resistant to the clearance by host cells. These can be
achieved by disrupting B2M and CIITA genes [14,118]. However, one possible caveat of this
modiﬁcation is that the lack of HLA expression in the cell product may trigger the risk of rejection
by the host NK cells [119,120]. An HLA-E or HLA-G transgene can also be incorporated into the
B2M/CIITA knockout cell products to further increase their resistance to host NK cell-mediated
allorejection. The stem cell engineering platform is robust and versatile, allowing the plug-in of additional engineering approaches. For example, incorporation of multiple tumor targeting molecules
(e.g., CARs and TCRs) and functional enhancement factors (e.g., overexpression of immune
enhancement genes like IL15 and IL7, and ablation of immune inhibitory genes like PDCD1 and
CTLA4) may improve the cancer therapy potential. Therefore, developing new techniques to
achieve high engineering efﬁcacy of multiple genes is necessary for next-generation stem cellbased cancer immunotherapies (Figure 4).
In conclusion, stem cells can be engineered to stably express various antitumor agents, overcoming the shortage of conventional PBMC-derived agents. However, widely using stem cellbased therapy will require further developing our understanding of fundamental stem cell
mechanisms and the relationships between normal and cancer stem cells, as well as applying
new techniques to engineer stem cells and improve stem cell engineering efﬁcacy (see
Outstanding questions) more precisely. With more intensive and rapid progress of stem cell
research, engineering stem cells provide great promise for developing novel, efﬁcient, and safe
strategies for successful cancer immunotherapy.
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