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Abstract

Cell-based immunotherapy has emerged as a promising strategy for 
a wide range of diseases, including cancer, autoimmune disorders 
and infectious diseases. Two major approaches are currently being 
pursued, including generating therapeutic cells from autologous or 
allogeneic peripheral blood mononuclear cells and differentiating 
these cells from stem cells such as haematopoietic stem cells or 
pluripotent stem cells. Advances in stem cell gene engineering and 
differentiation platforms have enabled the generation of therapeutic 
immune cells, including T cells, natural killer cells, macrophages and 
chimeric antigen receptor-engineered counterparts, with clinically 
compatible manufacturing processes, potent anti-disease efficacy, 
enhanced safety and reduced immunogenicity. In this Review, we 
discuss key developments in stem cell engineering, focusing on genetic 
modifications that enhance therapeutic cell functionality, safety and 
immune tolerance, as well as advances in stem cell differentiation 
platforms and emerging clinical evidence.
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compromise cell fitness and therapeutic performance14,15,18,19. Alloge-
neic peripheral blood mononuclear cell (PBMC)-derived approaches 
have sought to address these barriers; however, they remain con-
strained by donor-to-donor heterogeneity, risks of graft-versus-host 
disease (GvHD) — an allogeneic immune complication in which donor 
T cells attack host tissues after cell or tissue transfer — host-versus-graft 
rejection (an immune-mediated elimination of transplanted donor cells 
by the recipient’s immune system), limited persistence and restricted 
capacity for complex genome engineering20–22.

These limitations are not merely logistical but reflect a 
deeper manufacturing paradigm rooted in finite, donor-derived 
immune cells. By contrast, stem cell-derived platforms introduce 
a fundamentally different conceptual framework: therapeutic 
immune cells can be generated from a renewable, genetically defined 
and extensively engineerable cellular source23,24 (Fig. 1). Pluripotent 
stem cells (PSCs), including induced pluripotent stem cells (iPS cells), 
can be clonally expanded following precise genome editing, enabling 
rigorous selection of correctly modified master cell lines prior to dif-
ferentiation. This property decouples genetic engineering from final 
product manufacturing and enables the generation of standardized, 
off-the-shelf immune cell products with predetermined functional 
attributes.

Importantly, stem cell engineering enables multiplex genome 
editing at the clonal stage, facilitating the integration of sophisticated 
genetic programmes that would be difficult to implement reliably 
in primary PBMC-derived cells23,25,26. These include immune-evasive 
‘stealth’ designs to mitigate allorejection, elimination of endog-
enous antigen receptors to prevent GvHD, insertion of inducible 
safety switches, and incorporation of synthetic circuits to enhance 
persistence and antitumour activity. Thus, stem cell-derived plat-
forms do not simply improve manufacturing efficiency; they enable 
a shift from reactive, patient-specific engineering towards proactive, 
design-driven cellular therapeutics. From PSCs, an unlimited number 
of antigen-specific T cells can theoretically be generated, including 
those derived from T cell-reprogrammed iPS cells, exogenously 
introduced TCR-transduced iPS cells and CAR-transduced iPS cells. 
In addition to conventional αβ T cells, PSCs can be differentiated 
into a broad spectrum of immune cell types, including natural killer 
(NK) cells, macrophages and unconventional T cell subsets such 
as invariant natural killer T cells (iNKT cells), mucosal-associated 
invariant T cells (MAIT cells) and γδ T cells27–32 (Fig. 1). These alter-
native immune effectors provide unique functional properties, 
including innate-like tumour recognition and reduced alloreactiv-
ity, further expanding the therapeutic potential of stem cell-based 
immunotherapy.

Driven by rapid advances in genome-editing technologies and 
stem cell differentiation platforms, stem cell engineering has emerged 
as a powerful foundation for next-generation allogeneic cell therapies. 
In this Review, we examine the major stem cell-engineered immuno-
therapy platforms, including CAR-T cell, CAR-NK cell, CAR-natural 
killer T cell (NKT cell) and CAR-macrophage (CAR-Mac) therapies. We 
discuss key genetic engineering strategies designed to enhance thera-
peutic efficacy and safety, including inducible safety switches, immune 
stealth designs to reduce allorejection and prolong persistence, and 
immune-enhancing modifications to augment antitumour activity. 
We further review current stem cell differentiation technologies, sum-
marize progress in clinical translation and emerging applications, and 
outline future directions that may define the next era of design-driven, 
off-the-shelf immunotherapy.

Key points

	• Stem cell engineering enables scalable, programmable and 
off-the-shelf immune cell therapies through clonal genome 
editing, standardized manufacturing and directed differentiation 
of pluripotent stem cell-derived and haematopoietic stem and 
progenitor cell-derived immune cells.

	• Induced pluripotent stem cell (iPS cell)-derived natural killer (NK) 
cell, T cell, natural killer T cell (NKT cell), macrophage, γδ T cell, 
mucosal-associated invariant T cell and regulatory T cell platforms 
demonstrate potent antitumour and immunomodulatory activity 
with reduced risks of graft-versus-host disease and manufacturing 
variability.

	• Multiplex genetic engineering, including cytokine rewiring, 
metabolic reprogramming and immune-evasive ‘stealth’ designs, 
enhances persistence, functionality and resistance to host immune 
rejection.

	• Early clinical studies of iPS cell-derived chimeric antigen receptor 
(CAR)-NK cell and CAR-T cell products demonstrate encouraging 
safety, feasibility and therapeutic activity across cancer and emerging 
autoimmune disease indications.

	• Key challenges include durable efficacy, predictable persistence, 
scalable manufacturing, genomic stability, differentiation fidelity and 
regulatory evaluation of highly engineered hypoimmune products.

	• Future progress will require systematic comparative studies, 
multi-omic profiling, advanced genome editing, adaptive synthetic 
circuits and artificial intelligence-guided optimization to improve 
therapeutic design and clinical translation.

Introduction
Cell-based immunotherapy has transformed the therapeutic land-
scape for cancer and beyond, establishing a new paradigm in preci-
sion medicine. Among these approaches, chimeric antigen receptor 
(CAR)-engineered T cells and T cell receptor (TCR)-engineered T cells 
have demonstrated remarkable clinical efficacy, particularly in hae-
matologic malignancies, and have increasingly shown promise in 
solid tumours1–4. To date, seven CAR-T cell products have received 
regulatory approval for the treatment of B cell malignancies, includ-
ing acute lymphoblastic leukaemia, diffuse large B cell lymphoma 
and multiple myeloma5–8, whereas TCR-engineered T cell therapies 
targeting defined tumour-associated antigens have also advanced 
into clinical practice9,10. Beyond oncology, adoptive cell therapies are 
being actively explored for a broad range of diseases, including auto-
immune disorders, infectious diseases, and fibrotic and inflammatory 
conditions, underscoring the versatility of engineered immune cells 
as therapeutic agents11–13.

Despite these advances, the first generation of adoptive cell thera-
pies has been largely defined by autologous manufacturing models14–17. 
Despite being clinically transformative, patient-specific production 
imposes structural limitations on scalability, cost, product consist-
ency and timely access. Variability in starting material, particularly 
in patients who are heavily pretreated or immunocompromised, can 
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Stem cell-derived CAR-engineered cell platforms
iPS cell-derived CAR-NK cells
iPS cell-derived NK cell and CAR-NK cell platforms have advanced rap-
idly, driven by their favourable safety profile, intrinsic antitumour 
activity and suitability for allogeneic use33–41. These platforms are built 
upon two foundational components: a renewable, clonal iPS cell source 
that enables precise, one-time genetic programming at the pluripotent 
stage; and a highly controlled differentiation and expansion pipeline 
that reproducibly generates large numbers of NK effector cells with 
uniform phenotypes and clinical scalability27,42–44.

Within a mesothelin (MSLN)-targeting strategy directed against 
human MSLN-positive tumours, including ovarian cancer, iPS cells 
were stably engineered to express a panel of anti-MSLN CARs built 
around the SS1 scFv but diversified in their intracellular logic to 
test how NK cell-relevant activation modules shape function29. The 
‘T cell-style’ construct used canonical co-stimulation (CD28 and 
4-1BB) fused to CD3ζ, whereas multiple NK cell-tailored designs 
substituted NK cell-associated signalling components and adap-
tors, including CD16 and 2B4, NKp44 or NKp46 paired with DAP10, 
and NKG2D-based configurations combined with 2B4 and/or addi-
tional adaptor signalling (DAP10 or DAP12)29. Across this design 
space, antigen-triggered cytotoxicity and degranulation were most 
consistently enhanced by NKG2D–2B4–CD3ζ–based signalling, 
which outperformed both the T cell-style CD28/4-1BB–CD3ζ CAR 
expressed in NK cells and other NK cell-domain permutations in driv-
ing MSLN-dependent killing and effector readouts. Accordingly, the 
NKG2D–2B4-based design is frequently selected as the lead configu-
ration for iPS cell-derived CAR-NK cell development in this setting, 
because it best couples antigen recognition to NK cell native signal-
ling pathways and yields the most robust functional gain per unit of 
engineering complexity29.

This CAR engineering is enabled by a manufacturing-like dif-
ferentiation pipeline in which genetically defined iPS cell clones are 
first pushed through a haematopoietic intermediate, then matured 
into NK cells with IL-15, with supportive signals such as IL-7, SCF and 
FLT3L, and, finally, expanded to scale using feeder-like artificial 
antigen-presenting systems together with IL-2 (ref. 29). Within this 
workflow, CAR expression introduced at the iPS cell stage is main-
tained through differentiation without measurably compromising 
NK cell output, producing CAR-NK cell products that retain core 
NK cell identity while acquiring antigen-specific potency. Function-
ally, selection of the NKG2D–2B4–CD3ζ lead CAR translated into 
superior control of MSLN-high tumours in xenograft models, accom-
panied by improved early in vivo accumulation relative to unmodified 
iPS-NK cells and iPS-NK cells expressing a T cell-style CAR, highlighting 
a NK cell-appropriate CAR signalling logic that maximizes antitumour 
activity for iPS-NK cells.

Building on these differentiation and engineering advances that 
enable standardized, scalable iPS cell manufacturing, iPS cell-derived 
NK cell and CAR-NK cell products have now progressed into first-in-
human studies, establishing a direct path from platform development 
to clinical translation. An early clinical validation of iPS cell-derived 
NK cell therapy was FT516 developed by Fate Therapeutics 
(NCT04023071)45. FT516 is generated from a clonally derived iPS cell 
master cell bank and differentiated into NK cells engineered to express 
a high-affinity, non-cleavable CD16 (hnCD16) Fc receptor, enabling 
enhanced antibody-dependent cellular cytotoxicity (ADCC), while 
inherently lacking TCRs and therefore posing minimal risk of GvHD. 
FT516 entered early-phase clinical evaluation in patients with advanced 
solid tumours and haematologic malignancies, establishing the feasi-
bility, safety and scalability of administering iPS cell-derived NK cells in 
humans45. Although clinical responses were observed in only a limited 
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Fig. 1 | Stem cell engineering workflow for the development of allogeneic 
immunotherapy. Stem cell engineering provides a modular decision-making 
framework for generating off-the-shelf immune cell therapeutics through a 
sequential platform-selection process. The workflow begins with the choice 
of stem cell source, including cord blood-derived haematopoietic stem and 
progenitor cells (HSPCs), embryonic stem cells (ES cells), induced pluripotent 
stem cells (iPS cells) or reprogrammed somatic cells, each offering distinct 
advantages in scalability, differentiation potential and manufacturability (panel 1).  
Selected stem cell populations then undergo clonal genetic engineering and 
master cell banking using viral delivery systems and programmable genome-
editing technologies, such as lentiviral or retroviral vectors, CRISPR–Cas 
systems, transcription activator-like effector nucleases (TALENs) and zinc finger 

nucleases (ZFNs), enabling the introduction of therapeutic receptors, cytokine 
support modules and allogenicity-modifying edits (panel 2). Engineered 
stem cell clones are subsequently directed through differentiation platforms, 
including artificial thymic organoids, stromal co-culture systems or feeder-free 
protocols, to generate defined immune lineages (panel 3). These differentiation 
strategies yield standardized immune effector products, including chimeric 
antigen receptor (CAR)-natural killer (NK) cells, CAR-macrophages, conventional 
CAR-T cells and unconventional CAR-T cell subsets such as invariant natural killer 
T cells, mucosal-associated invariant T cells (MAIT cells) and γδ T cells (panel 4).  
The resulting immune cell products can then be matched to therapeutic 
applications in cancer, autoimmunity, infectious disease and regenerative 
medicine (panel 5).
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number of patients, objective responses were achieved in three of four 
patients treated at doses of ≥90 million cells, including two complete 
responses and one partial response. These studies nevertheless dem-
onstrated that PSC-derived immune effectors can be manufactured 
reproducibly, delivered safely and function in vivo, thereby provid-
ing a critical foundation for subsequent generations of engineered 
iPS-NK cell therapies incorporating CARs and cytokine support.

Building on this platform, a landmark example is the phase I, 
first-in-human trial of iPS cell-derived CD19-directed CAR-NK cells 
(FT596) in patients with relapsed or refractory B cell lymphoma 
(NCT04245722)46. FT596 is an iPS cell-derived CD19-targeted 
CAR-NK cell product incorporating a hnCD16  receptor and 
membrane-bound IL-15, evaluated in 86 patients with relapsed or refrac-
tory B cell lymphomas. Across dose levels and treatment regimens, 
FT596 demonstrated a favourable safety profile, with no grade ≥3 
cytokine release syndrome (CRS) — a systemic inflammatory toxicity 
caused by rapid immune cell activation and cytokine release after 
immunotherapy — no immune effector cell-associated neurotoxicity 
syndrome (ICANS) — a neurotoxic syndrome associated with immune 
effector cell therapies, characterized by symptoms such as confusion, 
encephalopathy or seizures — and no GvHD46. Importantly, promising 
antitumour activity was observed in heavily pretreated populations. 
Among patients with follicular lymphoma, the objective response 
rate (ORR) reached 100%, with a complete response rate of 85% and 
a median duration of response of 16.9 months. In patients with large 
B cell lymphomas, the ORR and complete response rate were 38% and 
25%, respectively46. Pharmacokinetic analyses revealed rapid expansion 
and persistence up to approximately 2 weeks, without evidence of host 
immune rejection. Repeat dosing was also feasible with some patients 
achieving deeper responses on subsequent cycles46.

Other interim data from the ELiPSE-1 trial evaluating CNTY-101, an 
iPS cell-derived CD19 CAR-NK cell product incorporating multilayer 
‘allo-evasion’ edits, further extend these findings (NCT05336409)47. 
In early dose cohorts, CNTY-101 demonstrated manageable safety, 
preliminary antitumour activity and a lack of detectable humoral 
immunogenicity, even after repeat dosing. Notably, CNTY-101 per-
sistence was observed even in some subjects treated without repeat 
lymphodepletion, providing early clinical evidence that rational 
immune-evasion engineering may enable redosing and prolonged 
therapeutic exposure47.

An important conceptual expansion of iPS CAR-NK cell therapy 
is illustrated by the first clinical application of an iPS cell-derived 
CAR-NK cell product in a severe autoimmune disease30. In a case 
presentation, a multi-edited CD19/B cell maturation antigen (BCMA) 
dual-CAR iPS-NK cell product (QN-139b) was administered to one 
patient with long-standing refractory diffuse cutaneous systemic scle-
rosis (a chronic autoimmune disease marked by vascular dysfunction, 
immune dysregulation, and progressive fibrosis of the skin and internal 
organs). The product incorporated B2M and CIITA knockout, human 
leukocyte antigen (HLA) HLA-E/HLA-G knock-in, cytokine receptor 
support and a safety switch30. Treatment was associated with marked 
clinical improvement, including reductions in autoantibodies, normali-
zation of complement levels, improvement in skin fibrosis, vascular 
abnormalities and inflammatory biomarkers, alongside radiographic 
improvement in pulmonary and cardiac involvement. Importantly, 
QN-139b was well tolerated, with no CRS, ICANS or GvHD, and only a 
transient, self-limited grade 1 infection was reported. Although limited 
to a single patient, this report provides the first human evidence that 
stem cell-derived engineered immune cells may be deployable beyond 

cancer, opening potential applications in autoimmune, fibrotic and 
inflammatory diseases30.

iPS cell-derived CAR-T cells
Beyond iPS cell-derived CAR-NK cells, substantial efforts have focused 
on generating functional T cells, including CAR-T cells, from haema-
topoietic stem cells and iPS cells. Multiple differentiation platforms 
have been established to promote T cell-lineage commitment by reca-
pitulating essential thymic cues, most notably Notch signalling, which 
is critical for T cell specification and maturation48–50. These platforms 
include feeder-dependent systems such as OP9-DL1 co-culture and 
artificial thymic organoid (ATO) models, as well as increasingly opti-
mized feeder-free differentiation systems designed to enhance clinical 
translatability51–55. Collectively, these approaches have enabled the 
generation of iPS cell-derived T cells expressing endogenous or trans-
genically introduced TCRs and CARs, which exhibit antigen-specific 
cytotoxicity and cytokine production in preclinical studies54,56–59. 
Despite this progress, technical and biological challenges remain; cur-
rent differentiation protocols often preferentially generate CD8⁺ cyto-
toxic T cells, with inefficient production of CD4⁺ helper T cell subsets, 
potentially limiting immune coordination, persistence and durability 
of antitumour responses (Box 1). In addition, CAR transgene silencing 
during iPS cell differentiation, likely driven by epigenetic reprogram-
ming and positional effects, can result in heterogeneous or diminished 
CAR expression, thereby compromising functional consistency and 
therapeutic efficacy (Box 2).

For example, iPS cells were reprogrammed from CD62L⁺ naive 
and memory T cells, a subset associated with enhanced persistence 
and improved clinical responses in CAR-T cell therapy. These iPS cells 
were engineered with a CD19-specific CAR and differentiated using a 
3D ATO system, yielding CAR-T cells with canonical CD8⁺ cytotoxic 
phenotypes54. The resulting iPS cell-derived CD19 CAR-T cells exhibited 
robust antigen-dependent activation, degranulation, cytotoxicity and 
cytokine production comparable with conventional CD19 CAR-T cells, 
while retaining uniform expression of the clonally derived TCR54.  
In vivo, these cells mediated potent antitumour activity and prolonged 
survival in mice bearing CD19⁺ human tumour xenografts. Notably, the 
iPS cell-derived CAR-T cell products displayed reduced major histo-
compatibility complex (MHC) expression and a strong CD8 bias com-
pared with conventional PBMC-derived CAR-T cells54. These features 
may reflect intrinsic properties of the naive/memory T cell-derived 
iPS cell starting population or the absence of thymic epithelial com-
ponents in the differentiation system. Importantly, diminished MHC 
expression may be advantageous by limiting host T cell-mediated 
rejection and enhancing persistence following allogeneic adoptive 
transfer60,61.

iPS cell-derived CAR-T cells were also generated using a stro-
mal cell-free T cell differentiation platform based on immobilized 
DLL4 (ref. 56). The histone methyltransferase EZH1 was identified 
as a negative regulator of lymphoid competence during embryonic 
haematopoiesis (the developmental process by which blood and 
immune cells are generated during embryogenesis) and its repression 
markedly enhanced T cell differentiation from iPS cells. EZH1 inhibition 
accelerated differentiation kinetics, increased overall T cell yield and 
preferentially promoted the generation of TCRαβ T cells while reduc-
ing TCRγδ populations under stromal-free conditions56. The resulting 
iPS cell-derived T cells exhibited a highly diverse TCR repertoire and 
transcriptional and phenotypic features closely resembling those of 
mature peripheral blood TCRαβ T cells56. Following activation, these 
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EZH1-repressed T cells differentiated into both effector and memory 
subsets. Importantly, when engineered to express CAR, EZ-T cells dem-
onstrated potent antigen-specific antitumour activity in vitro and in 
xenograft models56. Collectively, this work highlights epigenetic repro-
gramming through EZH1 repression as an effective strategy to generate 
developmentally mature, functionally competent iPS cell-derived 
T cells suitable for adoptive cell therapy applications.

In another approach, systematic optimization of the proliferation 
and persistence of CAR-T cells derived from human iPS cells revealed 
that robust expansion of CD8αβ cytotoxic CAR-T cells in solid tumours 
can be achieved by deriving them from a single, well-characterized 
iPS cell clone engineered with a CAR compatible with efficient T cell 
differentiation58. The CAR design strongly influenced T cell-lineage 
commitment: differentiation from CD4⁻CD8⁻ double-negative to 
CD4⁺CD8⁺ double-positive stages was preserved with 4-1BBζ-based 
second and third-generation CARs, but was markedly impaired by 
first-generation or CD28ζ-based CAR constructs58. Notably, early 
expression of a CD28ζ CAR induced antigen-independent CD3ζ phos-
phorylation during differentiation, indicating tonic signalling that 
disrupted T cell development. Intratumoural expansion and persis-
tence were further enhanced by deleting diacylglycerol kinase (DGK), 
a negative regulator of antigen-receptor signalling, and by introducing 
membrane-bound IL-15/IL-15Rα. In multiple xenograft models, these 
engineered iPS cell-derived CAR-T cells achieved antitumour efficacy 
comparable with primary CD8⁺ CAR-T cells bearing the same CAR58.

Similarly, a stroma-free human iPS cell to T cell differentiation 
platform enabled systematic identification of epigenetic factors 

governing T cell-lineage commitment59. Using this system, the H3K9 
histone methyltransferases G9a and GLP were identified as key barri-
ers to T cell specification. Transient chemical inhibition of G9a/GLP 
during defined stages of haematopoietic stem and progenitor cell 
(HSPC) differentiation redirected developmental trajectories towards 
lymphoid lineages and markedly improved the generation of mature 
iPS cell-derived T cells59. These cells displayed transcriptional pro-
grammes closely aligned with peripheral blood αβ T cells. Upon 
CAR engineering, the epigenetically primed iPS cell-derived T cells 
enhanced effector activity in vitro and sustained, long-term anti-
tumour responses in xenograft tumour rechallenge models59. Col-
lectively, this study establishes a versatile discovery framework for 
dissecting epigenetic regulation of lymphoid development and pro-
vides a practical, small molecule-based, transgene-free approach 
to boost the efficiency and quality of iPS cell-derived CAR-T cell 
production.

iPS cell-derived CAR-macrophages
Early CAR-Mac platforms have relied predominantly on peripheral 
blood monocyte-derived macrophages obtained from individual 
donors prior to genetic manipulation. However, this approach 
is constrained by donor-to-donor variability, limited cell yield, 
labour-intensive manufacturing and high production costs, thereby 
restricting scalability and broader clinical applicability62–64. These 
limitations have prompted growing interest in stem cell-derived mac-
rophage platforms, particularly those based on iPS cells, as a renewable 
and highly engineerable alternative.

Box 1 | The dilemma of CD4 cell generation
 

Stem cell-derived CD4+T cells are a promising but currently 
underdeveloped class of engineered immune therapeutics with 
broad clinical applicability. Stem cell-derived CD4+ T cells could 
serve as helper chimeric antigen receptor (CAR)-T cells to support 
CD8+ effector responses by enhancing expansion, persistence and 
memory formation for cancer or autoimmune diseases. However, 
differentiating T cells from pluripotent stem cells (PSCs) has 
historically yielded predominantly CD8+ cytotoxic T cells or CD4+CD8+ 
double-positive intermediates, with very few mature CD4+ helper 
T cells125,187,188. Standard protocols often involve co-culture with Notch 
ligand-expressing feeders (such as OP9-DL1 cells), artificial thymic 
organoid systems to induce T cell-lineage commitment51,53,54,77,189. 
The strong and prolonged Notch signalling used to drive T cell 
differentiation tends to suppress CD4+ lineage commitment, 
effectively biasing developing thymocytes towards the CD8+ fate. 
Notch activation promotes cytotoxic lineage at the expense of helper 
T cells by inhibiting T helper cell-inducing POZ/Krueppel-like factor 
(ThPOK), the master transcription factor required for CD4+ lineage 
differentiation190,191.

One way to overcome this limitation is to tune the timing and 
intensity of Notch and T cell receptor (TCR) signals to rescue 
CD4+ T cell development from PSCs192. By providing Notch signals 
to initiate T cell-lineage differentiation and then withdrawing or 
reducing Notch activation at the CD4+CD8+ double-positive stage, 
PSC-derived thymocytes were allowed to upregulate ThPOK and 
commit to the CD4+ helper lineage. Concurrently, calibrated TCR-like 
stimulation using phytohaemagglutinin (PHA), phorbol 12-myristate 

13-acetate (PMA) and ionomycin was applied to mimic TCR signalling 
independently of direct TCR engagement, thereby promoting positive 
selection and maturation of CD4+CD8+ double-positive precursors 
into the CD4+ single-positive population192. The result was the 
de novo generation of PSC-derived CD4+ T cells with a naive/memory 
phenotype, capable of further polarizing into functional T helper 1 cell 
(TH1 cell), TH2 cell or TH17 cell effector subsets192. Another approach 
involved generating CD4+FOXP3+ regulatory T cell (Treg cell)-like 
populations from human induced pluripotent stem cells (iPS cells) 
using a two-stage differentiation strategy that separates T cell-lineage 
commitment from regulatory fate specification57. iPS cells were first 
driven towards the T cell lineage in a Notch-dependent artificial 
thymic environment, allowing progression through CD4+CD8+ 
intermediates under conditions permissive for CD4+ lineage 
emergence. Following T cell commitment, post-thymic conditioning 
with TGFβ and IL-2 induced stable FOXP3 expression and acquisition 
of canonical Treg cell markers, yielding cells transcriptionally and 
functionally resembling induced Treg cells. These iPS cell-derived 
CD4+FOXP3+ T cells suppressed responder T cell proliferation in vitro 
and mitigated xenogeneic graft-versus-host disease in vivo, and CAR 
engineering could be incorporated without destabilizing FOXP3 
expression57. Despite the remaining challenges, such as ensuring 
iPS cell-derived CD4+ T cells are functionally potent and not prone 
to reversion or exhaustion, these are promising advances towards 
generating the full repertoire of T cell subsets (both CD4+ and CD8+) 
from PSCs.
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For example, stem cells were harnessed to generate CAR-Macs 
from both cord blood-derived CD34⁺ HSPCs and iPS cells65. By introduc-
ing a CD19-targeting CAR at the stem cell stage, stable CAR expression 
was achieved throughout macrophage differentiation, generating 
iPS cell-derived CAR-macrophages (CAR-iMacs) capable of targeting 
CD19⁺ patient-derived acute lymphoblastic leukaemia cells in vitro65. 
Importantly, scalable production of CAR-iMacs was demonstrated 
using intermediate-scale bioreactors, enabling continuous manufac-
turing sufficient to achieve effective tumour cell clearance. Function-
ally, CAR-iMacs increased antigen-specific phagocytosis and cytokine 
secretion upon co-culture with CD19⁺ leukaemia cells. Single-cell 
RNA sequencing further revealed a sustained pro-inflammatory tran-
scriptional programme characterized by upregulation of interferon 
signalling, antigen presentation pathways and adaptive immune activa-
tion, highlighting the capacity of CAR-iMacs to remodel the immune 
microenvironment65.

Complementing these findings, human anti-PSCA CAR-Macs were 
engineered to express membrane-bound IL-15 to enhance immune 
activation and a truncated epidermal growth factor receptor (EGFR) 

as a safety switch66. Using a feeder-free differentiation system, human 
cord blood-derived CD34⁺ cells were reprogrammed into iPS cells and 
subsequently differentiated into allogeneic CAR-iMacs. These cells 
demonstrated potent antitumour activity against pancreatic cancer 
both in vitro and in vivo, resulting in reduced tumour burden and 
improved survival in xenograft mouse models66. Notably, CAR-iMac 
treatment was well tolerated, with no evidence of CRS or overt in vivo 
toxicity, underscoring the favourable safety profile of this approach66.

Collectively, these studies establish iPS cell-derived CAR-Macs as 
a promising next-generation immunotherapy platform. By combining 
the tumour-infiltrating capacity of macrophages with the scalability, 
genetic programmability and standardization afforded by iPS cell 
technology, CAR-iMacs offer a versatile and potentially off-the-shelf 
therapeutic modality for solid tumours.

HSPC or iPS cell-derived CAR-NKT cells
iNKT cells are a rare subset of αβ T cells that bridge innate and adaptive 
immunity. Unlike conventional T cells, NKT cells express a semi-invariant 
TCR that recognizes lipid antigens presented by the non-polymorphic 

Box 2 | The dilemma of CAR transgene silencing
 

Another persistent challenge in engineering chimeric antigen 
receptor (CAR)-T cells from pluripotent stem cells (PSCs) is 
progressive silencing of the CAR transgene during prolonged 
differentiation and expansion. Unlike peripheral blood T cells, 
which are typically transduced shortly before infusion, PSC-derived 
products carry the CAR transgene through extensive cell division 
and multiple developmental transitions, increasing susceptibility to 
transcriptional repression.

Epigenetic silencing is the dominant mechanism underlying 
CAR silencing in PSC-derived T cells193. Pluripotent cells possess 
robust host-defence programmes that recognize foreign DNA 
and actively repress transgenes through DNA CpG methylation 
and heterochromatin formation. In this context, promoter choice 
is a critical determinant of expression stability. Commonly 
used viral promoters, including spleen focus-forming virus and 
cytomegalovirus, are particularly vulnerable to methylation-mediated 
silencing in human PSCs. By contrast, cellular promoters such 
as EF1α or the murine stem cell virus-derived MND promoter 
are comparatively resistant, remaining hypomethylated and 
transcriptionally active throughout pluripotency and differentiation. 
Thus, promoter architecture alone can dictate whether a CAR 
transgene remains expressed or becomes silenced during 
stem cell-based manufacturing. Beyond promoter methylation, 
repressive histone modifications contribute substantially to CAR 
silencing194. PSCs express KRAB-domain zinc finger proteins, such 
as ZFP809, that recognize retroviral vector sequences (notably 
the primer-binding site present in many lentiviral and γ-retroviral 
backbones). ZFP809 recruits the TRIM28 (also known as KAP1)–
SETDB1 complex, leading to deposition of histone H3 trimethylated at 
K9 (H3K9me3) and stable heterochromatin at the integrated vector. 
As a result, CAR constructs delivered by conventional viral vectors 
may be transcriptionally repressed by default in pluripotent cells194. 
The genomic integration site further modulates CAR expression. 
Random integration can place the transgene within heterochromatic 

regions or loci that become transcriptionally inactive during T cell 
differentiation, resulting in classic position-effect variegation. Even 
targeted insertion into commonly used ‘safe harbour’ loci, such 
as adeno-associated virus integration site 1, does not guarantee 
sustained expression, particularly when weaker or lineage-restricted 
promoters are used. The extended differentiation timeline from 
induced pluripotent stem cell (iPS cell) to mature T cell, often several 
weeks, provides ample opportunity for gradual accumulation of 
silencing.

Promoter optimization is a first-line approach to overcome this 
problem. Ubiquitous, housekeeping promoters such as EF1α or MND 
are now preferred over viral promoters for iPS cell applications, as 
they maintain activity across pluripotent and differentiated states. 
T cell-specific promoters (for example, CD3ε or granzyme B)  
have also been explored, but these require careful validation to 
ensure they are not epigenetically repressed before T cell-lineage 
maturation194. Chromatin insulators and barrier elements provide an 
additional layer of protection. Insulators such as cHS4, and, more 
potently, ubiquitous chromatin opening elements (UCOEs), prevent 
the spread of repressive chromatin into the transgene locus. Inclusion 
of an A2UCOE element protects CAR constructs from promoter 
methylation during iPS cell differentiation, preserving stable 
expression in most progeny cells195. Targeted genomic integration 
further reduces silencing and expression heterogeneity. Knock-in of 
CAR constructs into transcriptionally active endogenous loci, most 
notably the TRAC locus, places the CAR under native T cell regulatory 
control, promoting uniform, physiological expression while 
disrupting endogenous T cell receptor expression for allogeneic 
applications. Other loci, including CCR5 or ribosomal DNA regions, 
are also under exploration, although promoter and enhancer design 
remain critical even with site-specific integration. Collectively, these 
strategies illustrate that CAR silencing in PSC-derived T cells is a 
tractable problem, provided that vector design, genomic context and 
developmental biology are considered in an integrated manner.
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MHC class I-like molecule CD1d (refs. 67–69). CAR-engineered NKT cells 
(CAR-NKT cells) have emerged as a promising immunotherapeutic 
platform, combining CAR-mediated antigen recognition with endog-
enous TCR-mediated and NK cell receptor (NKR)-mediated tumour 
targeting70–74. CAR-NKT cells display efficient tumour homing, the 
capacity to remodel the immunosuppressive tumour microenviron-
ment (TME) by targeting CD1d⁺ myeloid populations and a favourable 
safety profile, including an absence of GvHD due to CD1d-restricted 
antigen recognition75,76. However, the extremely low frequency (0.001–
1% of circulating T cells) of NKT cells in human peripheral blood has 
posed a major barrier to their large-scale manufacturing and limited 
their development as allogeneic, off-the-shelf cell therapies.

To overcome this limitation, a series of stem cell engineering 
strategies have been developed to generate CAR-NKT cells at high 
yield and purity. For example, the first generation of stem cell-derived 
CAR-NKT cells used an ATO system, in which human cord blood CD34⁺ 
HSPCs or GM-CSF-mobilized peripheral blood stem cells were engi-
neered with an invariant NKT TCR and differentiated within a mouse 
MS5-DLL1-based 3D organoid culture77. This platform enabled efficient 
NKT cell development within approximately 8 weeks and supported the 
generation of BCMA-targeting CAR-NKT cells for multiple myeloma, 
which exhibited CAR-mediated, TCR-mediated and NKR-mediated 
tumour recognition and demonstrated encouraging preclinical 
activity.

Despite these advances, the reliance on mouse-derived stro-
mal cells and 3D organoid culture systems posed translational and 
regulatory challenges78. To address these limitations, a clinically 
guided, feeder-free differentiation platform was subsequently devel-
oped to generate allogeneic CAR-NKT cells targeting a broad range 
of malignancies, including BCMA⁺ multiple myeloma, CD33⁺ acute 
myeloid leukaemia, MSLN-expressing ovarian and pancreatic can-
cers, triple-negative breast cancer, CD70⁺ renal cell carcinoma and 
epidermal growth factor receptor variant III-positive (EGFRvIII⁺) 
glioblastoma79–87. This platform proved highly robust, supporting 
CAR-NKT cell differentiation across diverse CAR designs and enabling 
additional genetic modifications such as IL-15 overexpression, HLA 
class I/II knockout and incorporation of suicide switches88. Notably, 
stem cell-derived CAR-NKT cells generated using this system retained 
the ability to modulate the TME by targeting CD1d⁺ tumour-associated 
macrophages and myeloid-derived suppressor cells, did not induce 
CRS, and exhibited a hypoimmunogenic phenotype characterized by 
reduced HLA and NK ligand expression, conferring resistance to host 
T cell and NK cell-mediated allorejection79. Collectively, these findings 
highlight stem cell engineering as a powerful strategy to unlock the full 
therapeutic potential of CAR-NKT cells and support their development 
as scalable, off-the-shelf immunotherapies.

In addition to HSPC genetic engineering strategies, allogeneic 
iPS cell-derived NKT cells have been generated as standardized, renew-
able therapeutic products and evaluated in a first-in-human clinical 
trial ( jRCT2033200116), establishing the translational feasibility of 
deriving clinically compliant NKT cells from PSC sources. For instance, 
intra-arterial administration of iPS cell-derived NKT cells in patients 
with recurrent head and neck cancer was well tolerated and was associ-
ated with systemic immunologic perturbations, including expansion 
of endogenous effector and memory-phenotype CD8⁺ T cells and 
activation of IFNγ-associated transcriptional programmes89. At the 
engineering level, new platforms expanded the functional diversity 
of iPS cell-derived NKT cells. ATO systems now enable the differen-
tiation of CD4+ NKT cell subsets that were not accessible in earlier 

2D cultures, endowing iPS-NKT cell products with helper-like func-
tions, dendritic-cell licensing capacity and the ability to counteract 
macrophage-mediated immunosuppression55. Building on these 
properties, iPS cell-derived NKT cells are further converted into 
CAR-NKT cell platforms that preserve endogenous antigen presenta-
tion circuitry while adding programmable tumour targeting. In pre-
clinical models, HER2-targeted CAR-NKT cells generated from iPS cells 
demonstrated potent antitumour activity in solid tumour xenograft 
systems. CAR engagement in these iNKT cells induced not only direct 
cytotoxicity against HER2-expressing tumour cells but also secondary 
activation of dendritic cells, polarization of macrophages towards an 
M1 phenotype and subsequent priming of endogenous tumour-specific 
CD8⁺ T cell responses90.

Other stem cell-derived cell platforms
Beyond conventional αβ CAR-T cell and NK cell products, stem cell engi-
neering is now being extended to a broader spectrum of immune line-
ages, including iPS cell-derived γδ T cells, regulatory T cells (Treg cells) 
or MAIT cells, although no clinical efficacy data have yet been reported 
for these platforms.

The preclinical feasibility of generating highly engineered 
γδ T cells from iPS cells has been established; differentiation of 
iPS cell-derived γδ T cells expressing dual-target CARs (such as CD19/
CD22) exhibit serial cytotoxicity, tumour infiltration and durable 
in vivo tumour control, alongside evidence of enhanced persistence 
and tissue homing91. Similarly, engineering iPS cell-derived CAR-γδ 
T cells with combinatorial knockouts of SOCS-family genes promotes 
cytokine-mediated signalling cascades and cellular activation. These 
designs were coupled with CARs targeting B cell and myeloid malig-
nancy antigens to prolong survival, amplify conditional activation and 
enable cytokine-independent expansion, resulting in iPS cell-derived 
CAR-γδ T cells capable of sustained tumour clearance after repeated 
tumour challenge92. Finally, reprogramming strategies that derive 
iPS cells directly from primary γδ T cells have enabled the production of 
uniform CD19-targeting CAR-γδ T cell products through feeder-free dif-
ferentiation, exhibiting potent antigen-specific killing with attenuated 
inflammatory cytokine release, suggesting a potential path towards 
safer off-the-shelf T cell therapies93.

MAIT cells are another innate-like T cell lineage that has recently 
become accessible through stem cell engineering. MAIT cells play 
important roles in antimicrobial defence and tissue immunosur-
veillance, but their relatively low percentage (1–10% of circulating 
T cells) in peripheral blood constrained therapeutic exploration94–98. 
iPS cell-based reprogramming strategies can revert MAIT cells to pluri-
potent and efficiently redifferentiated MAIT-like lymphocytes, pre-
serving defining features including expression of the invariant Vα7.2 
TCR, CD161 and IL-18 receptor components. iPS cell-derived MAIT cells 
exhibit functional responsiveness to MR1-restricted antigen presenta-
tion, producing broad cytokine programmes upon stimulation with 
bacteria-fed antigen-presenting cells, and display robust tissue tropism 
following adoptive transfer, with migration to the liver, intestine, 
spleen and bone marrow99. Reprogrammed MAIT cells also undergo 
in vivo maturation in mice, acquire effector functions and mediate 
tumour-inhibitory activity in metastatic models, in part through 
reinforcement of endogenous NK cell cytotoxicity100.

Treg cells are another interesting target for stem cell engineering, as 
their therapeutic potential depends on lineage stability, antigen speci-
ficity and tissue adaptation, and is difficult to reproducibly encode 
in primary-cell products. Early foundational studies established that 
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PSCs can be genetically programmed with defined TCRs and FOXP3 
and directed through Notch-dependent differentiation pathways to 
generate autoantigen-specific iPS cell-derived Treg cells capable of 
trafficking to inflamed tissues and suppressing autoimmune pathol-
ogy in vivo101. In murine models of antigen-induced arthritis and type 1 
diabetes, adoptively transferred iPS-Treg cells accumulated within target 
organs, attenuated inflammatory cytokine production, downregulated 
adhesion molecule expression such as ICAM-1, inhibited pathogenic 
CD8⁺ T cell infiltration and preserved tissue integrity, demonstrating 
that stem cell-derived Treg cells can be engineered to exert localized, 
antigen-restricted immunosuppression102. More recent advances have 
focused on translational scalability and phenotypic fidelity. Serum-free 
and feeder-free differentiation systems now enable the efficient 
production of human iPS cell-derived CD4⁺ T cells and functional 
iPS-Treg cells, which transcriptionally and functionally resemble pri-
mary Treg cells and suppress T cell activation in vitro, while supporting 

precise, non-viral targeted integration of CAR constructs at the iPS cell 
stage52. Building on this platform, FOXP3-induced iPS cell-derived CD4⁺ 
T cells have been further converted into CAR-Treg-like cell products, such 
as HLA-A2-targeted CAR-Treg cells, which suppress alloreactive CD8⁺ 
T cell proliferation and mitigate xenogeneic GvHD in vivo57.

Engineering strategies to enhance efficacy 
and safety
Immune-enhancing modifications
Cytokine signalling engineering. Genetic engineering of cytokine 
signalling circuits has emerged as one of the most consistent 
immune-enhancing strategies across stem cell-derived therapeu-
tic platforms, enabling sustained persistence, metabolic fitness and 
functional durability in cytokine-limited in vivo environments103,104 
(Fig. 2). This relative success likely reflects the central role of cytokine 
signalling in governing T cell and NK cell survival, proliferation and 
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Fig. 2 | Immune-enhancing genetic modifications to improve therapeutic 
efficacy of stem cell-derived allogeneic cells. Chimeric antigen receptor (CAR) 
engineering introduces tumour-targeting CARs to redirect immune specificity 
and cytotoxicity towards defined antigens expressed in haematologic and 
solid malignancies, including CD19, CD33, B cell maturation antigen (BCMA), 
mesothelin (MSLN), CD70 and epidermal growth factor receptor variant III 
(EGFRvIII). In stem cell-derived platforms, CAR constructs can be optimized 
for lineage-specific signalling, incorporating intracellular domains tailored for 
natural killer (NK) cells, T cells or myeloid cells to control activation strength, 
persistence, cytokine production and differentiation fate. High-affinity, non-
cleavable CD16 (hnCD16) engineering enhances antibody-dependent cellular 
cytotoxicity (ADCC) and antibody-guided targeting, enabling engineered 
immune cells to synergize with therapeutic monoclonal antibodies (mAbs) and 
retain function in protease-rich inflammatory environments. Cytokine and 
cytokine receptor engineering provides intrinsic survival and proliferation 
signals that support in vivo persistence and functional durability without 
systemic cytokine administration. Strategies include expression of membrane-
bound or secreted cytokines (IL-15), cytokine–receptor fusion constructs (IL-15/
IL-15 receptor fusion protein (IL-15RF)) and synthetic cytokine receptor modules 
(IL-2RF) that deliver controlled autocrine or paracrine stimulation. Metabolic 
reprogramming enhances fitness in hostile tumour microenvironments 

(TMEs) characterized by hypoxia, nutrient deprivation and oxidative stress. 
This includes deleting intracellular metabolic checkpoints (cytokine inducible 
SH2-containing protein (CISH) or CD38) to augment cytokine signalling, 
mitochondrial capacity, redox balance and resistance to exhaustion or terminal 
dysfunction. Chemokine receptor engineering improves tissue targeting and 
tumour infiltration by equipping stem cell-derived immune cell chemokine 
receptors (C-X-C chemokine receptor type 4 (CXCR4)) matched to tumour-
derived chemokine gradients, thereby enhancing homing to bone marrow 
niches or other solid tumour sites. Immunosuppressive signal engineering 
renders engineered immune cells resistant to dominant inhibitory cues within 
the TME. Representative strategies include deletion of inhibitory receptors 
NKG2A (KLRC1), disruption of intracellular pathways (diacylglycerol kinase-α 
(DGKA)/diacylglycerol kinase zeta (DGKZ) double knockout) and incorporation 
of rewired cytokine receptors (TGFβ receptor type II (TGFBR2) knockout or 
dominant-negative TGFBR2 (TGFBR2-DN) overexpression) to block or convert 
suppressive signals into activating outputs. Together, these modular engineering 
dimensions can be combined within a single stem cell clone, enabling the 
generation of multifunctional, off-the-shelf immune cell products with 
coordinated improvements in antigen specificity, persistence, metabolic fitness, 
trafficking and resistance to tumour-induced suppression across multiple 
immune lineages.
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activation under physiologic conditions, making cytokine rewiring 
a more direct and durable means of overcoming the limited persis-
tence that constrains adoptive cell therapies105,106. In contrast to strat-
egies that primarily augment cytotoxicity or receptor engagement, 
cytokine-engineered circuits act upstream to support core cellular 
fitness programmes, thereby sustaining effector function even within 
metabolically hostile TME. In iPS cell-derived NK cell systems, this 
approach has been most extensively developed around IL-15 signal-
ling, reflecting its central role in NK cell homeostasis41,46,107–111. Multiple 
independent platforms have incorporated membrane-bound IL-15 or 
IL-15/IL-15Rα fusion constructs to create cytokine-autonomous NK cell 
products capable of long-term survival without exogenous support.  
IL-15-augmented NK cells have been deployed across diverse CAR settings,  
including CD19-targeted products for B cell leukaemia and lymphoma, 
BCMA-directed NK cells for multiple myeloma, CD70-targeted NK cells 
for lymphoma and renal cancer, and MSLN-targeted NK cells for solid 
tumours, where enforced IL-15 signalling enhances in vivo expansion, 
tumour infiltration, resistance to suppressive TME and durability of 
antitumour responses41,46,107–111. In several of these platforms, IL-15 
circuits were further integrated with metabolic and differentiation 
programmes to model adaptive-like NK cell states, underscoring how 
cytokine rewiring can be used not only to prolong survival but also to 
reshape effector identity41,109,112.

Importantly, IL-15-based cytokine engineering has now pro-
gressed beyond preclinical validation into clinical testing46. In a first-in-
human phase I trial, the iPS cell-derived CAR-NK cell product FT596 
(NCT04245722), which incorporates a membrane-bound IL-15/IL-15Rα 
fusion, was evaluated in patients with B cell lymphomas and demon-
strated a favourable safety profile, with no grade ≥3 CRS, no ICANS 
and no GvHD reported46. These results provide direct clinical proof 
of concept that IL-15-rewired stem cell-derived immune products can 
achieve meaningful persistence and antitumour activity in humans 
without introducing the severe toxicities classically associated with 
cytokine augmentation strategies46.

Beyond IL-15, emerging iPS cell-derived NK cell platforms are 
also exploring IL-2-based synthetic signalling strategies, including 
knock-in of engineered IL-2 receptor fusion constructs to enhance 
activation, persistence and immunomodulatory capacity30. These  
IL-2-augmented designs, applied in immunomodulatory disease contexts  
such as fibrosis and autoimmunity, illustrate that cytokine engineer-
ing can be selectively tuned to favour distinct activation states and 
therapeutic objectives, extending beyond classical IL-15-dependent 
cytotoxic paradigms30.

In addition to NK cell platforms, cytokine engineering strategies 
have also been applied to iPS cell-derived macrophages. For exam-
ple, large-scale production of macrophages from human iPS cells 
has been demonstrated, with more than 109 mature macrophages 
generated within 1 month from an initial input of 106 iPS cells113. In 
this platform, an IL-12 expression cassette was precisely integrated 
into the adeno-associated virus integration site 1 safe harbour locus, 
enabling stable cytokine expression in engineered macrophages. The 
resulting IL-12-secreting iPS cell-derived macrophages prevented 
cytotoxic T cell exhaustion and enhanced T cell-mediated killing of 
multiple cancer cell types. In xenograft models of human lung cancer, 
these engineered macrophages exhibited robust antitumour activity 
in both subcutaneous and systemic settings in a T cell-dependent 
manner113. Complementing this strategy, CAR-iMacs were developed 
for targeting prostate stem cell antigen66. These engineered mac-
rophages were further modified to express membrane-bound IL-15 

to augment immune activation and a truncated EGFR (EGFRt) as a 
safety mechanism enabling conditional elimination66. The resulting 
allogeneic CAR-iMacs exhibited robust antitumour efficacy against 
human pancreatic tumours in vitro and in vivo, greatly reducing tumour 
burden and prolonging survival in murine models66.

In parallel, stem cell-derived T cell platforms have adopted 
cytokine rewiring to overcome the intrinsic persistence limitations 
of allogeneic CAR-T cell products, particularly in solid tumours58. 
iPS cell-derived CAR-T cells engineered to express membrane-bound 
IL-15/IL-15Rα (often in combination with modulation of proximal signal-
ling checkpoints) display enhanced proliferative capacity, prolonged 
survival, and sustained effector function within suppressive TMEs58. 
In these systems, IL-15 functions as a synthetic ‘third signal’ to rein-
force antigen-driven activation and to stabilize long-term effector 
programmes in the absence of endogenous cytokine support58.

hnCD16 engineering. A second major immune-enhancing genetic 
strategy in stem cell-derived cytotoxic platforms has been the incorpo-
ration of a hnCD16 to reinforce ADCC — a mechanism in which immune 
effector cells kill antibody-coated target cells through Fc receptor 
engagement — and expand tumour-targeting breadth beyond sin-
gle CAR antigens41,109,111,114,115 (Fig. 2). Physiologically, CD16 is rapidly 
shed from NK cells following activation through ADAM17-mediated 
cleavage, limiting sustained Fc-mediated function. Introduction of 
hnCD16 circumvents this regulatory constraint, enabling persistent Fc 
receptor expression, prolonged downstream signalling and amplified 
responsiveness to therapeutic antibodies.

This strategy has been most extensively deployed in iPS cell-
derived NK cell systems, where hnCD16 has been combined with diverse 
CAR designs to enable dual-mode targeting — direct CAR recognition 
plus antibody-guided cytotoxicity103,104. hnCD16-engineered iNK cell 
platforms have been developed against B cell malignancies (CD19 CAR-
iNK), multiple myeloma (BCMA CAR-iNK combined with anti-CD38 
antibodies), lymphoma and renal cancers (CD70 CAR-iNK), and adap-
tive-like NK cell products without CARs, where hnCD16 functionally 
couples stem cell-derived effectors to clinically approved monoclonal 
antibodies41,109–111. Across these settings, hnCD16 serves not merely as 
an accessory receptor but as a programmable amplifier that enhances 
synapse stability, serial killing, cytokine production and metabolic 
activation, while enabling elimination of antigen-heterogeneous or 
antigen-negative tumour populations41,109–111.

Importantly, this design principle has now been validated clini-
cally. The first completed phase I trial of FT596 (NCT04245722), an 
iPS cell-derived CD19 CAR-NK cell product incorporating hnCD16 
and cytokine-autonomous support, demonstrated that stable CD16-
mediated ADCC can be safely deployed in humans and combined with 
rituximab to enable dual-antigen targeting in relapsed or refractory 
B cell lymphomas46. This study established hnCD16 not only as a func-
tional immune enhancer but also as a clinically tractable engineering 
module, supporting its broader use in next-generation off-the-shelf 
cytotoxic platforms46.

Immunosuppressive signal engineering. Building on cytokine rewir-
ing and hnCD16-enabled ADCC, a complementary immune-enhancing 
axis has been genetic removal of dominant immunosuppressive ‘brakes’ 
that limit effector activation, persistence and function in hostile TMEs. 
In NK cell platforms, two recurrent themes are resistance to soluble 
suppressive cues and deletion of inhibitory checkpoints39,116. In hepa-
tocellular carcinoma, where TGFβ is a defining suppressive feature 
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of the liver TME, TGFβ receptor pathway editing, such as TGFβ recep-
tor type II (TGFBR2) knockout or overexpressing dominant-negative 
TGFBR2 (TGFBR2-DN), was required to unlock activity of iPS cell-derived 
NK cells armed with anti-GPC3 or anti-AFP CARs, underscoring that 
CAR-mediated recognition alone can be insufficient unless the 
dominant suppressive circuit is also neutralized116 (Fig. 2). In parallel, 
checkpoint ablation strategies such as NKG2A (KLRC1) knockout in 
iPS cell-derived NK cells enhance cytotoxicity against HLA-E-expressing 
tumours and in vivo activity in glioblastoma models, positioning inhibi-
tory receptor deletion as a direct way to counter immunosuppressive 
signals induced by tumour cells39 (Fig. 2).

In iPS cell-derived T cell platforms, suppressive-gene knockout has 
been used to amplify proximal antigen-receptor signalling and sustain 
effector fitness in solid tumours. For example, DGKA/DGKZ double 
knockout on iPS cell-derived CD8αβ CAR-T cells relieves DAG-mediated 
attenuation of CAR/TCR signalling. This gene editing approach 
enhances the downstream RAS/ERK pathway-mediated AP-1 and NF-κB 
activation and improves intratumoural expansion and persistence58. 
Additionally, iPS cell–γδ T cell platforms have leveraged combinatorial 
knockouts of SOCS-family genes to prolong cytokine-driven signalling 
in a conditional manner, functionally extending longevity and durable 
killing while avoiding the liabilities of constitutively active cytokine 
receptors92.

Metabolic reprogramming. An increasingly prominent immune- 
enhancement axis is metabolic reprogramming — engineering stem  
cell-derived effectors to maintain bioenergetic fitness and resist 
oxidative and nutrient stress while preserving cytotoxic function 
(Fig. 2). In iPS cell-derived NK cell platforms, a recurring strategy is 
CD38 knockout to raise intracellular NAD⁺ availability and support 
stress resilience, inspired by the cytomegalovirus (CMV)-associated 
NK cells naturally exhibiting low CD38 and superior resistance to 
oxidative stress41,109,117. This design principle has been implemented 
as a stand-alone metabolic hardening edit where CD38-knockout 
iPS-NK cells show increased survival under reactive oxygen species 
(ROS) challenge117, and as a multifunctional module embedded in 
therapeutic products: in multiple myeloma, quadruple gene-modified 
iPS-NK cells combine an anti-BCMA CAR, hnCD16, membrane-bound 
IL-15/IL-15 receptor fusion protein (IL-15RF) and CD38 knockout to 
prevent antibody-mediated fratricide and improve metabolic fit-
ness, enabling durable, cytokine-independent antitumour activity  
in vivo109. A related implementation is a triple gene-edited iPS cell-derived  
NK cell design, which couples hnCD16, membrane-bound IL-15/IL-15RF 
with CD38 knockout to model adaptive NK cell-like metabolism and 
transcriptional state, yielding improved persistence and antitumour 
activity without exogenous cytokines and supporting combinations41.

Complementing CD38-focused metabolic engineering, deletion of 
the IL-15 checkpoint cytokine inducible SH2-containing protein (CISH) 
provides a second strategy that links cytokine sensitivity to cellular 
energetics38. In −/− iPS-NK cells, heightened IL-15-driven JAK–STAT signal-
ling is coupled to mTOR-dependent metabolic reinforcement, leading 
to increased glycolysis and mitochondrial respiratory capacity. The 
enhanced metabolic fitness further translates into superior expansion 
and cytotoxicity at low cytokine levels and markedly improved in vivo 
persistence with tumour control in xenograft leukaemia models38.

Chemokine receptor engineering. Lastly, stem cell platforms enabled 
the programming of tissue trafficking and spatial control, exemplified 
by the development of regulatable C-X-C chemokine receptor type 4 

(CXCR4)-expressing iPS cell-derived NK cells to enhance bone marrow 
targeting108 (Fig. 2). Although iPS-NK cells exhibit broad cytotoxic 
potential, they display markedly reduced CXCR4 expression relative 
to peripheral blood NK cells, resulting in inefficient homing to bone 
marrow. Direct enforcement of CXCR4 at the iPS cell stage proved 
incompatible with haematopoietic differentiation, revealing an unex-
pected developmental checkpoint from constitutive expression108. To 
overcome this, a stage-restricted, regulatable knock-in strategy was 
implemented, inserting CXCR4 into the GZMB locus to enable expres-
sion selectively during NK cell maturation. This design preserved 
differentiation efficiency while conferring robust CXCR4 expression 
on terminal iNK cell products108. The resulting CXCR4-iNK cells dem-
onstrated substantially enhanced bone marrow chemotaxis, improved 
infiltration of marrow-resident tumours and superior anti-leukaemic 
activity in acute myeloid leukaemia models, effects that could be 
further potentiated by addition of CAR targeting modules108.

Stealth designs to reduce allorejection and enhance 
persistence
The susceptibility of allogeneic therapeutic cells to immune rejection 
in HLA-mismatched recipients severely restricts their efficacy and has 
thus far hindered their efficacy. Consequently, research efforts have 
focused on developing strategies to enable allogeneic cells to evade 
host immune recognition and withstand pre-existing or ongoing allore-
activity. Advances in genetic engineering have facilitated the creation 
of stealth designs, in which stem cell-derived allogeneic hypoimmuno-
genic therapeutic cells are rendered resistant to host immune rejection, 
primarily mediated by T cells, NK cells and macrophages14,15,60,118,119 
(Table 1 and Fig. 3).

Stealth designs to reduce host T cell-mediated allorejection. To 
evade host T cell-mediated allorejection, ablation of HLA class I and 
class II molecules represents the most widely used strategy. Host CD4⁺ 
T cells recognize therapeutic cells through TCR engagement with HLA 
class II molecules, whereas host CD8⁺ T cells mediate rejection via rec-
ognition of HLA class I. This is typically achieved through CRISPR–Cas9-
mediated knockout of B2M (required for HLA class I surface expression) 
and CIITA (the master regulator of HLA class II expression)92,120–123. For 
example, HSPC-derived CAR-NKT cells generated with B2M and CIITA 
knockouts produce HLA class I/II-deficient universal CAR-NKT cells 
targeting BCMA⁺ multiple myeloma77,88. These universal CAR-NKT 
cells exhibited robust antitumour activity comparable with HLA-intact 
CAR-NKT cells in vitro and in xenograft mouse models77,88. Importantly, 
in the presence of donor-mismatched T cells that mimic host alloreac-
tive T cells, HLA class I/II-deficient CAR-NKT cells persisted longer and 
maintained antitumour activity, whereas HLA-intact cells were rapidly 
eliminated77,88. Similarly, B2M and CIITA knockout iPS cells have been 
used to generate hypoimmunogenic CAR-T cells and CAR-NKT cells, 
which demonstrated resistance to host T cell and NK cell-mediated 
allorejection in vitro, improved persistence and expansion, and durable 
tumour clearance in fully immunocompetent humanized mice122,124–129. 
In addition to B2M deletion, HLA-A and HLA-B have been specifically 
knocked out while retaining expression of non-polymorphic HLA 
molecules such as HLA-E and HLA-G, which can inhibit NK cell activa-
tion, thereby providing resistance comparable with T cell-mediated 
rejection130,131.

Beyond ablation of HLA molecules, alternative strategies aim 
to directly target host alloreactive T cells; for example, upregu-
lated CD70 expression on alloreactive T cells and incorporation 
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of a CD70-specific CAR enabled iPS cell-derived CAR-NK cells and 
HSPC-derived CAR-NKT cells to selectively eliminate these cells83,110. 
In xenograft NSG mouse models, both engineered cell products 
demonstrated sustained persistence for longer than 28 days fol-
lowing infusion despite the presence of alloreactive T cells, sug-
gesting that CD70-CAR designs represent a promising approach to 
suppress allo-reactivity83,110. Dual-CAR strategies, which combine a 
tumour-targeting CAR with a CD70-specific CAR, may simultaneously 

control tumour growth and eliminate alloreactive T cells, warranting 
further investigation.

Another complementary approach targets host immune molecules 
such as CD52 and CD38, which are highly expressed on T cells and other 
immune subsets. By knocking out CD52 or CD38 in therapeutic cells and 
administering anti-CD52 or anti-CD38 monoclonal antibodies to patients, 
selective depletion of host immune cells can be achieved without affecting 
the infused therapeutic cells, thereby reducing allorejection122,132–134.

Table 1 | Stealth design to reduce allorejection and enhance persistence of stem cell-engineered hypoimmunogenic 
therapeutic cells

Stem cell 
source

Therapeutic cell types Disease 
indications

Stealth design Results on reduced allorejection Refs.

HSPCs BCMA-targeting 
CAR-NKT cells

Multiple 
myeloma

B2M/CIITA knockout Resistance to host T cell-mediated allorejection 
in vitro

77

BCMA-targeting 
CAR-NKT cells

Multiple 
myeloma

B2M/CIITA knockout, HLA-E 
overexpression

Resistance to host T cell and NK cell-mediated 
allorejection in vitro, along with enhanced 
persistence and preserved antitumour activity in the 
presence of host T cells in xenograft mouse models

88

CD70-targeting 
CAR-NKT cells

Renal cell 
carcinoma

CD70-targeting CAR engineering Elimination of CD70+ alloreactive T cells and 
improved in vivo persistence

83

Mesothelin-targeting 
CAR-NKT cells

Triple-negative 
breast cancer

B2M/CIITA knockout Resistance to host T cell-mediated allorejection 
in vitro

iPS cells CD19-targeting 
CAR-T cells

B cell 
leukaemia

B2M/CIITA knockout, CD47 
overexpression

Improved persistence and expansion, and provided 
lasting cancer clearance in fully immunocompetent 
humanized mice

124

CD20-targeting 
CAR-T cells

Leukaemia and 
lymphoma

B2M/CIITA/CD155 knockout, HLA-E 
overexpression

Resistance to host T cell and NK cell-mediated 
allorejection in vitro, with survival and tumour 
suppression in vivo in a human immunocompetent 
mouse model

125

BCMA-targeting 
CAR-T cells

Leukaemia and 
lymphoma

ADR overexpression, CD58 knockout Resistance to host PBMC-mediated killing and 
efficient tumour killing capacity in in vitro and in vivo 
xenograft mouse models

186

Human papilloma virus 
(HPV)-specific cytotoxic 
T cells

Cervical 
cancer

B2M knockout, HLA-A24/HLA-E 
overexpression

Resistance to host T cell and NK cell-mediated 
allorejection in vitro and in vivo, while maintaining 
stronger cytotoxicity than original cytotoxic T 
lymphocytes

126

NK cells None B2M/CIITA/CD38 knockout Resistance to host T cell and NK cell-mediated 
allorejection in vitro and in vivo when combined 
with a CD38-targeting monoclonal antibody

122

CD19-targeting 
CAR-NK cells

B cell 
leukaemia

B2M/CIITA/CD54/CD58 knockout Retention of antitumour functionality and resistance 
to host T cell and NK cell-mediated allorejection 
in vitro and in vivo

127

CD70-targeting 
CAR-NK cells

CD70+ 
tumours

CD70-targeting CAR engineering Elimination of CD70+ alloreactive T cells and 
improved in vivo persistence

110

CD19-targeting 
CAR-NK cells

B cell 
leukaemia

B2M/CIITA knockout, CD24 
overexpression

Successful generation of CAR-NK cells with gene 
knockout or overexpression, without allorejection data

128

CD19-targeting 
CAR-NK cells

B cell 
leukaemia

ADR overexpression Resistance to host-mediated rejection in vitro, 
and the capacity to expand, functionally persist 
and maintain antitumour activity in the presence 
of activated T cells in preclinical alloreactivity  
models

148,149

High-affinity, 
non-cleavable CD16-
engineered NK cells

Multiple 
myeloma

B2M/CIITA/CD38 knockout Resistance to host T cell and NK cell-mediated 
allorejection in vitro and in vivo when combined 
with a CD38-targeting monoclonal antibody

129

Monocytes None HLA-A/HLA-B/CIITA knockout Loss of function of the HLA-A, HLA-B and CIITA 
genes in genome-edited iPS cell clones, without 
allorejection data

130

ADR, alloimmune defence receptor; BCMA, B cell maturation antigen; CAR, chimeric antigen receptor; HLA, human leukocyte antigen; HSPC, haematopoietic stem and progenitor cell; iPS cell, 
induced pluripotent stem cell; NK, natural killer; NKT cell, natural killer T cell; PBMC, peripheral blood mononuclear cell.
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Fig. 3 | Stealth design strategies to evade host immune rejection and 
enhance persistence of allogeneic therapeutic cells. Overview of 
genetic engineering approaches designed to blunt immune recognition 
and effector elimination by four major host immune compartments. The 
therapeutic cell utilizes a combination of gene knockouts (KOs) to remove 
activating cues and overexpression (OE) to introduce inhibitory signals. 
Left, host CD4+/CD8+ T cells. To prevent T cell receptor (TCR)-mediated 
alloantigen recognition, major histocompatibility complex (MHC) class I  
and class II are knocked out. PDL1 and FasL are overexpressed to engage 
inhibitory checkpoints, inducing T cell exhaustion or apoptosis. CAR70 
is overexpressed to modulate co-stimulatory interactions. Resistance to 
cytotoxic granules is enhanced by SERPINB9 overexpression, which inhibits 
perforin/granzyme B-mediated killing. Alloimmune defence receptor (ADR), 
which recognizes 4-1BB, is overexpressed to selectively target activated 
host T cells and natural killer (NK) cells and thereby reduce allorejection. 
Bottom, host macrophage/monocyte. CD47 overexpression engages SIRPα 
to inhibit phagocytosis, whereas CD200 overexpression signals through 
CD200R to suppress myeloid activation. MFGE8 overexpression supports 

immune-silent clearance pathways via αvβ3/αvβ5 integrin-dependent 
interactions, collectively reducing macrophage/monocyte-mediated 
clearance. Right, host NK cells. NK cell activation is minimized by disrupting 
adhesion/activation pathways through CD54 knockout, CD58 knockout and 
CD155 knockout and by increasing inhibitory ligands that engage dominant 
NK cell checkpoints. Human leucocyte antigen (HLA)-E overexpression 
reinforces inhibition through CD94/NKG2A, whereas HLA-G overexpression 
and HLA-C overexpression provide additional inhibitory inputs via killer 
immunoglobulin-like receptors (KIRs). CD47 overexpression further 
attenuates NK cell activation through myeloid-associated checkpoints, 
and SERPINB9 overexpression increases resistance to perforin/granzyme 
B-mediated cytotoxicity. Top, host immature, semi-mature dendritic cells. 
CCL21 overexpression recruits CCR7⁺ immature/semi-mature dendritic 
cells and biases them towards a tolerogenic programme, promoting an 
IL-10/TGFβ-rich microenvironment from tolerogenic dendritic cells and 
reinforced by regulatory T cells (Treg cells) that reduce allo-priming against 
the graft. ITIM, immunoreceptor tyrosine-based inhibitory motif.
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Stealth designs to reduce host NK cell-mediated allorejection. To 
evade host NK cell-mediated allorejection, multiple strategies have 
been investigated. NK cells recognize target cells via two primary 
mechanisms: ‘missing-self’ recognition, in which the absence of HLA 
class I molecules on allogeneic cells abolishes inhibitory signalling 
through killer immunoglobulin-like receptors (KIRs); and ‘stress rec-
ognition’, in which upregulation of stress-induced ligands activates 
NKRs60,127,135,136. Thus, reducing NK cell-mediated allorejection either 
enhances inhibitory signalling through KIRs or suppresses activating 
signals from NKRs.

Although knocking out HLA class I molecules prevents host 
T cell-mediated allorejection, it simultaneously increases suscepti-
bility to NK cell-mediated rejection. To address this limitation, two 
major strategies have emerged. The first is to titrate HLA class I expres-
sion to a level sufficient to prevent NK activation while still limiting 
TCR recognition. For example, partial downregulation of HLA class I  
(~40% of baseline expression) protects allogeneic CAR-T cells from 
mismatched CD8⁺ T cell recognition without triggering missing-self-
driven NK cell rejection137. The second strategy involves reintroduc-
ing specific non-polymorphic HLA molecules, such as HLA-E and 
HLA-G, which act as ligands for inhibitory receptors (for example, 
NKG2A, LILRB1) and provide broad suppression of NK cell activation. 
Hypoimmunogenic CD20-targeting CAR-T cells have been generated 
from iPS cells with B2M, CIITA and CD155 knockouts, combined with 
single-chain HLA-E expression125. These cells largely escaped recog-
nition by both NKG2A⁺ and DNAM-1⁺ NK cells as well as by CD4⁺ and 
CD8⁺ T cells, while retaining potent antitumour activity125. Similarly, 
iPS cell-derived tissue-resident memory T cells with dual expression 
of HLA-A24 and HLA-E conferred stronger protection against NK cell 
rejection than either molecule alone, suggesting a synergistic benefit 
of dual integration126.

Beyond HLA engineering, overexpression of the ‘don’t eat me’ 
molecule CD47, which transmits inhibitory signals by binding SIRPα 
on phagocytes and has also been implicated in dampening NK cell 
responses, is another strategy138,139. Hypoimmune CD19 CAR-T cells 
have been generated by disrupting B2M, CIITA and TRAC while over-
expressing CD47 (ref. 124). In fully immunocompetent humanized 
mice, these cells demonstrated superior persistence, expansion and 
long-term tumour clearance compared with conventional allogeneic 
CAR-T cells124.

Adhesion molecules such as CD54 (ICAM-1, ligand for CD18/
CD11a) and CD58 (LFA-3, ligand for CD2) have also been identified 
as contributors to NK cell-mediated cytotoxicity by facilitating 
NK-target cell adhesion127. Genetic ablation of CD54 and CD58, in com-
bination with B2M and CIITA knockouts in iPS cell-derived CAR-NK cells, 
preserved potent antitumour functionality while conferring resist-
ance to both T cell-mediated and NK cell-mediated rejection in vitro 
and in vivo127. Notably, loss of adhesion ligands limited rejection in 
both B2M-deficient and B2M-sufficient contexts, without impairing 
therapeutic efficacy.

Stealth designs to reduce host macrophage cell-mediated 
allorejection. Macrophages also contribute to allorejection of 
allogeneic therapeutic cells through multiple mechanisms, includ-
ing recognition of allogeneic MHC molecules via indirect antigen 
presentation; sensing of ‘danger signals’ such as damage-associated 
molecular patterns (DAMPs) released by stressed cells; and 
antibody-dependent cellular phagocytosis when therapeutic cells 
are opsonized by alloantibodies140,141.

For example, an engineered CD47 variant, CD47(Q31P) (47E), 
engaged SIRPα to deliver a potent ‘don’t eat me’ signal that is not dis-
rupted by anti-CD47 antibodies. TCR-T cells or CAR-T cells expressing 
47E were protected from macrophage-mediated clearance, even in 
the presence of anti-CD47 therapy, while promoting sustained mac-
rophage recruitment into the TME in NSG mouse models bearing 
human 143B osteosarcoma and A375 melanoma tumour cells142. These 
findings highlight the potential of combining 47E CAR-T cell therapy 
with anti-CD47 approaches to improve the efficacy of adoptive T cell 
therapies, particularly in solid tumours.

iPS cell-derived hypoimmune CAR-T cells generated with B2M−/−, 
CIITA−/− and CD47 overexpression resist rejection by host T cells, 
NK cells and macrophages in fully immunocompetent allogeneic 
humanized NSG-SGM3 mouse models reconstituted with human 
CD34+ HSPCs124. However, their reliance on CD47 introduces a vulner-
ability: therapeutic delivery of CD47-targeting fusion proteins can 
disrupt the CD47–SIRPα axis and render hypoimmune CAR-T cells 
susceptible to innate immune clearance124. This paradox suggests that 
although CD47 overexpression enhances persistence and protection 
from macrophage-mediated and NK cell-mediated rejection, it also 
enables CD47-directed agents to serve as a safety switch for controlling 
hypoimmune CAR-T cell-associated toxicities in clinical settings.

Therefore, these two studies present seemingly contrast-
ing conclusions regarding CD47-based interactions with innate 
immune cells124,142. Together, they underscore both the promise and 
the complexity of leveraging CD47 signalling, suggesting that its role 
may depend on the specific engineering context and therapeutic 
application.

Collectively, strategies to prevent macrophage-mediated allore-
jection are less explored than those targeting T cell and NK cell rejec-
tion, likely because macrophage-driven clearance is more indirect 
and context-dependent. Nevertheless, combinatorial approaches, 
such as simultaneous overexpression of non-polymorphic HLA mol-
ecules (such as HLA-A/E) together with CD47, may provide a more 
comprehensive shield against both NK cell and macrophage attack.

Stealth designs adapted from other allogeneic platforms. Beyond 
strategies already applied to stem cell-derived allogeneic cells, addi-
tional approaches can be readily adapted from other allogeneic plat-
forms. For example, PBMC-derived allogeneic CAR-T cells with TCR 
ablation have incorporated HLA knockout together with CD52 deletion, 
enabling the use of anti-CD52 antibodies for enhanced host T cell 
depletion without compromising CAR-T cell viability in patients with 
CD19+ B cell malignancies (NCT02808442 and NCT02746952)132,143–145. 
Similarly, hypoimmune CD19-targeting CAR-T cells have been engi-
neered with HLA ablation and CD47 overexpression to evade allorejec-
tion in patients with cancer and autoimmune disease (NCT05878184 
and NCT06294236)146. Moreover, genetic ablation of CD54 and CD58 
improves the survival of B2M–/– CAR-T cells in the presence of allogeneic 
immune cells, particularly NK cells, by reducing adhesion between 
donor and host cells in both in vitro co-culture assays and NXG mouse 
models bearing Nalm6 lymphoma xenografts127.

Alloimmune defence receptor (ADR) — an engineered receptor 
designed to detect and eliminate activated host immune cells, thereby 
reducing rejection of allogeneic grafts — has also been engineered into 
allogeneic T cells and CAR-T cells, demonstrating selective recognition 
of 4-1BB and mediating the deletion of activated 4-1BB-expressing host 
T cells and NK cells, thereby mitigating immune-mediated rejection of 
allogeneic grafts147. CD19 and GD2-targeting CAR-T cells co-expressing 
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ADR achieved robust tumour eradication in preclinical mouse models 
and overcame host immune rejection, supporting the development of 
rejection-resistant, ‘off-the-shelf’ allogeneic T cell products capable 
of durable therapeutic activity in immunocompetent recipients147. 
Incorporation of ADR into iPS cell-derived CAR-NK cell platforms 
similarly conferred resistance to host-mediated rejection while pre-
serving cellular expansion, functional persistence and antitumour 
activity in the presence of activated T cells in preclinical alloreactivity 
models148,149.

Comparable strategies have also been applied to PSC-derived 
grafts: blood cells derived from human embryonic stem cells (ES cells) 
with B2M knockout and single-chain HLA-E expression150; endothelial 
and cardiomyocyte grafts from iPS cells engineered with B2M and CIITA 
knockout plus CD47 overexpression138,151; pancreatic islets derived 
from hypoimmune iPS cells lacking class I and class II HLA with CD47 
overexpression152–154; and neural grafts derived from PSCs engineered to 
overexpress eight immune-evasive genes (PDL1, CD200, CD47, HLA-G, 
FASLG, SERPINB9, CCL21 and MFGE8)155.

These examples highlight the molecular foundations of trans-
plant immune evasion, and such strategies can be readily applied to 
stem cell-engineered therapeutic cells (Fig. 3). However, systematic 
comparisons are still needed to determine the most effective molecules 
and combinations for achieving optimal immune tolerance.

Safety switches and control of GvHD
Allogeneic products, including stem cell-engineered products, must 
be controllable and hypoimmunogenic to minimize adverse effects. 
Contemporary engineering strategies therefore couple emergency 
‘off’ mechanisms with edits that blunt alloreactivity while preserving 
antitumour function. For bedside, real-time control, the tyrosine-kinase 
inhibitor dasatinib can place CAR-T cells into a rapid, reversible 
‘function-off’ state, halting cytolysis and cytokine release within 
minutes and restoring activity upon drug washout156. When toxici-
ties or prolonged persistence become unacceptable, complementary 
genetic kill switches providing definitive ablation are required. One 
important clinically validated example is inducible caspase-9 (iCasp9), 
which couples a human caspase-9 to a drug-binding domain157,158. This 
is a drug-activatable suicide switch that triggers rapid apoptosis of 
engineered cells upon administration of a dimerizing compound. In 
post-transplant T cell settings, iCasp9 produced swift, near-complete 
elimination of infused cells to control severe toxicities, establishing 
feasibility and speed for clinical rescue159,160.

In addition, the herpes simplex virus thymidine kinase (HSV-TK) 
system is a classical and clinically validated suicide switch strategy that 
has been widely applied in cancer immunotherapy161,162. When geneti-
cally introduced into therapeutic cells, HSV-TK confers sensitivity to 
the prodrug ganciclovir (GCV), which is phosphorylated into a toxic 
metabolite that induces apoptotic cell death in proliferating cells. This 
mechanism enables pharmacologic ablation of infused cells, thereby 
providing a controllable safety safeguard to mitigate risks such as 
uncontrolled expansion, GvHD or severe treatment-related toxicities. 
For example, in HSPC-derived NKT cell and CAR-NKT cell products, 
HSV-TK was co-engineered with the NKT TCR at the HSPC stage77,88. 
Importantly, incorporation of HSV-TK did not impair NKT cell differ-
entiation, phenotype or effector functionality. Upon administration 
of GCV, HSV-TK-engineered NKT cells were eliminated both in vitro and 
in vivo in NSG mouse models, demonstrating the functional integrity 
of the suicide switch and its capacity for controlled cell clearance77,88. 
Despite its effectiveness, the HSV-TK system has recognized limitations, 

including potential immunogenicity due to its viral origin and reliance 
on cell proliferation for optimal activity.

In parallel, antibody-mediated depletion tags are widely used 
as safeguards. Co-expressing EGFRt enables cetuximab-mediated 
ablation (a monoclonal antibody against EGFR that can also be used 
to deplete cells expressing EGFR-based safety tags), with preclinical 
and early clinical experiences demonstrating on-demand depletion 
of CAR-T cells163,164. A first-in-human study of CAR-T cells targeting 
CD37 reported that cetuximab blocked EGFR detection but did not 
fully deplete CAR-T cells during severe neutropenia, highlighting 
context-specific limits of antibody-based clearance165. The compact 
RQR8 tag consisting of CD34 and CD20 epitopes allows elimination 
with rituximab and is now embedded in several clinical vectors166–168.

The dominant driver of GvHD in donor T cell products is 
TCR-mediated recognition of host alloantigens. Accordingly, the clini-
cal focus of allogeneic CAR-T cells centres on removing or functionally 
bypassing the endogenous TCR signalling. In the UCART19 clinical 
trial in relapsed or refractory B cell acute lymphoblastic leukaemia 
(NCT02808442 and NCT04557436), therapeutic cells contained TRAC 
disruption with CD52 knockout for improved persistence under alemtu-
zumab. Only occasional low-grade cutaneous events (8% grade 1) were 
reported with no clinically significant GvHD signal across the broader 
cohort, while still achieving rapid molecular remissions in a subset of 
patients169. Early CRISPR-edited anti-CD19 CAR-T cells such as CTX110 
with TRAC disruption similarly emphasized a favourable safety profile 
without GvHD in public updates, reinforcing the effect of TCR removal 
for GvHD risk control (NCT04035434)170.

Beyond conventional αβ T cells, innate and innate-like cells lack 
MHC-restricted recognition and therefore pose minimal risk of GvHD96. 
In the clinical trial testing CD19-targeting CAR-NK cells with IL-15 and 
iCasp9, no GvHD, CRS or ICANS occurred, responses were seen in 73% 
of patients and low-level persistence extended to at least 12 months 
(NCT03056339)171. Allogeneic CAR-NKT cells similarly showed activity 
without GvHD in preclinical NSG mouse models bearing human ovarian 
tumour xenografts172. These platforms illustrate a clinically validated 
strategy for avoiding GvHD that complements TCR-knockout αβ T cell 
products, while also offering strong potential for scalable, off-the-
shelf manufacturing through integration with stem cell engineering 
approaches.

Clinical translation and emerging applications
Ongoing clinical trials
Although the majority of stem cell-derived immune cell therapies 
remain in preclinical development, an increasing number of early-phase 
clinical studies have now reported clinical outcomes, collectively dem-
onstrating the feasibility, safety and emerging therapeutic potential 
of stem cell-engineered immune therapies across both oncologic and 
non-oncologic indications. Among these platforms, iPS cell-derived 
CAR-NK cells have progressed furthest clinically, leveraging clonal 
genome engineering, standardized and scalable manufacturing, 
and innate immune effector functions (Table  2 and see section 
‘iPS cell-derived CAR-NK cells’)30,46,47.

Beyond NK cells, stem cell-engineered T cell-lineage products 
are rapidly moving towards clinical applications. iPS cell-derived 
CAR-T cells and CAR-NKT cells enable precise control over the dif-
ferentiation state, CAR expression timing and co-stimulatory archi-
tecture, addressing key limitations of donor-derived T cells such as 
exhaustion, lineage heterogeneity and manufacturing variability. For 
example, FT819 is an iPS cell-derived allogeneic CAR-T cell platform, 
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Table 2 | Clinical trials of iPS cell-derived CAR cell therapies

Cell  
product

Disease indications Engineering features Trial phases and designs Key outcomes Trial identifier

FT819 Moderate to 
severe active SLE, 
antineutrophilic 
cytoplasmic 
antibody (ANCA)-
associated vasculitis, 
IIM and systemic 
sclerosis

iPS cell-derived CD19-
targeting CAR-T cells; 
an off-the-shelf T cell 
product with a CD19-
targeted 1XX CAR 
inserted into the TRAC 
locus, yielding a product 
without TCR

Phase I, interventional, dose escalation 
followed by expansion; the study 
is designed to evaluate safety, 
pharmacokinetics and anti-B cell activity 
of FT819; the protocol allows FT819 
to be given with or without auxiliary 
medicinal product, and the escalation 
stage is followed by expansion cohorts 
for further characterization of safety and 
biologic activity

Most mature public data are for 
lupus; all three patients with 
severe lupus nephritis treated 
after fludarabine-free conditioning 
achieved primary efficacy renal 
response, and the first patient 
remained in drug-free definition 
of remission in SLE at 1 year; 
no DLTs, CRS, GvHD or ICANS in 
the conditioning-free/low-intensity 
early dataset

NCT06308978

FT819 Relapsed/refractory 
B cell lymphoma, 
chronic lymphocytic 
leukaemia and 
precursor B cell 
acute lymphoblastic 
leukaemia

iPS cell-derived CD19-
targeting CAR-T cells; 
an off-the-shelf T cell 
product with a CD19-
targeted 1XX CAR 
inserted into the TRAC 
locus, yielding a product 
without TCR

Phase I, dose-finding study with dose 
escalation and indication-specific 
expansion; evaluates FT819 as 
monotherapy and in combination with IL-2; 
after dose escalation, patients are enrolled 
into disease-specific expansion cohorts, 
which is important because the design is 
meant to refine safety, dosing and early 
antitumour activity separately across 
haematologic malignancy subtypes

No DLTs, ICANS or GvHD observed; 
grade 2 CRS occurred in 3/15 
patients (no grade ≥3), resolved 
with single-dose tocilizumab 
and supportive care; no grade 
≥3 treatment-emergent adverse 
events were reported; four patients 
achieved an objective response, 
including three patients with 
complete responses and one patient 
with a partial response

NCT04629729

CNTY-
101

Refractory 
B cell-mediated 
autoimmune 
diseases, including 
moderate to severe 
SLE with or without 
lupus nephritis, 
IIM and diffuse 
cutaneous systemic 
sclerosis

iPS cell-derived CD19-
targeting CAR-NK cells 
with secreted IL-15, an 
EGFR safety switch, B2M 
and CIITA knockouts, and 
HLA-E knock-in

Phase I, multicentre, dose-confirmation 
study; CALiPSO-1 is designed to assess 
safety and efficacy of CNTY-101 in 
refractory B cell-mediated autoimmune 
disease, focusing less on first-in-human 
dose discovery and more on confirming 
a selected regimen/platform strategy 
across autoimmune cohorts while 
continuing to evaluate clinical activity

No DLTs and no cases of ICANS 
observed in the initial five patients, 
demonstrating a ‘favourable safety 
profile’; efficacy data were not 
published due to discontinuation of 
the trial

NCT06255028

CNTY-
101

Relapsed or 
refractory CD19-
positive B cell 
malignancies

iPS cell-derived CD19-
targeting CAR-NK cells 
with secreted IL-15, an 
EGFR safety switch, B2M 
and CIITA knockouts, and 
HLA-E knock-in

Phase I, multicentre, open-label, 
dose-finding study; ELiPSE-1 is designed 
to evaluate safety, pharmacokinetics 
and preliminary efficacy, with the goal of 
identifying an RP2D and dosing schedule; 
the trial includes dose-escalation and 
expansion components, consistent 
with a first-in-human oncology strategy 
intended to characterize persistence, 
tolerability and early response signals 
across relapsed/refractory lymphoma 
populations

Safety was manageable with no DLTs 
or GvHD; outpatient administration 
in most patients; preliminary 
efficacy was encouraging in heavily 
pretreated relapsed/refractory 
non-Hodgkin lymphoma (R/R NHL) at 
initial dose levels, with higher-dose 
cohorts showing higher ORR and 
responses that deepened with 
additional cycles

NCT05336409

FT522 Relapsed/refractory 
B cell lymphoma

Multiplex-engineered, 
off-the-shelf CAR-NK  
cells derived from a  
clonal CD38-knockout  
human iPS cell line,  
expressing a CD19-
targeting CAR, 4-1BB- 
targeting ADR, hnCD16 
and IL-15/IL-15 receptor 
fusion protein (IL-15RF)

Phase I combination study, with or 
without conditioning chemotherapy; 
evaluates FT522 together with rituximab; 
the primary objectives are to determine 
safety/tolerability and identify the RP2D 
of FT522 in the combination setting; 
these objectives are assessed with or 
without conditioning chemotherapy, 
allowing the study to test whether the 
product can be deployed under less 
intensive preparative regimens; assesses 
up to three doses per cycle

Interim translational data showed 
rapid, deep, sustained peripheral 
B cell depletion and higher 
persistence and pharmacokinetics 
than FT596

NCT05950334

FT576 Multiple myeloma iPS cell-derived 
BCMA-targeting 
CAR-NK cells with 
hnCD16, IL-15RF and 
CD38 knockout

Phase I, open-label, multicentre, 
dose-finding study evaluating FT576 as 
monotherapy and in combination with 
daratumumab; the study is structured 
to assess safety, activity and dose 
optimization in both single-agent and 
combination settings; follows a multi-dose 
schedule, including cohorts receiving 
repeated infusions, which helps define 
persistence, tolerability and the added 
value of combination with anti-CD38 
therapy

No DLTs, CRS, GvHD or ICANS 
reported; 5/6 heavily pretreated 
patients achieved a clinical response 
at 1 × 109 cells/dose, including partial 
responses in two penta-exposed 
patients treated with FT576 
monotherapy

NCT05182073

http://www.nature.com/natrevbioeng


Nature Reviews Bioengineering

Review article

in which iPS cells are engineered to express a CD19 CAR and differen-
tiated into T cells with elimination of endogenous TCR expression to 
enable allogeneic use173. FT819 has entered early-phase clinical evalu-
ation (NCT04629729, NCT07570862 and NCT06308978), including 
investigation in systemic lupus erythematosus (SLE), extending CD19-
directed immune depletion strategies beyond oncology and provid-
ing proof of concept for stem cell-derived CAR-T cell application in 
autoimmune disease, with primary emphasis on safety and feasibility173.

Autoimmune disorders represent a rapidly emerging application 
for stem cell-engineered immunotherapies. For example, QN-139b, an 
iPS cell-derived dual CD19/BCMA CAR-NK cell product, was admin-
istered for the first time to a patient with severe diffuse cutaneous 
systemic sclerosis30. Clinically, treatment induced profound B cell 
depletion, with peripheral B cell frequencies rapidly declining from 
approximately 20% of circulating lymphocytes to nearly undetectable 
levels. Partial B cell recovery was observed beginning at month 2 and 
continued through month 6 (ref. 30). The therapy was well tolerated, 
with no evidence of fever, CRS, ICANS or other treatment-related toxici-
ties, aside from a transient grade 1 urinary tract infection that resolved 
spontaneously without intervention30. Over the 6-month follow-up 
period, patients exhibited marked clinical improvement, including 
reductions in autoantibody levels and reversal of fibrosis. Single-cell 
transcriptomic analyses further demonstrated depletion of pathogenic 
B cell populations and a shift towards more naive B cell phenotypes, 

whereas proteomic and histopathologic findings were consistent 
with reduced inflammation, attenuation of fibrotic remodelling and 
restoration of tissue homeostasis30.

In addition, HSPC engineering provides durable immune reconsti-
tution from a genetically modified stem cell niche. In a first-in-human 
study (NCT03240861), patients with metastatic solid tumours received 
autologous NY-ESO-1 TCR-engineered peripheral T cells followed 
by infusion of NY-ESO-1 TCR-engineered CD34+ HSPCs carrying the 
suicide/reporter construct sr39TK (ref. 174). This approach demon-
strated the feasibility and safety of transgenic HSPC infusion, with 
PET-based imaging confirming engraftment of engineered HSPCs and 
longitudinal tracking of lentiviral progeny174. Progeny T cells derived 
from the HSPC compartment were detected in circulation and exhib-
ited antigen-specific functionality, providing the first clinical proof 
that engineered HSPCs can serve as a renewable in vivo source of 
tumour-reactive lymphocytes.

Regulatory and manufacturing considerations
Despite substantial technical progress enabling the clinical transla-
tion of stem cell-engineered immune cell therapies, considerable 
challenges remain (Table 3). A central limitation lies in the manufac-
turing complexity of stem cell-derived products. Across platforms, 
generation of stem cell-derived immune products typically requires 
3–6 weeks because of the need for pluripotent cell expansion, genetic 

Cell  
product

Disease indications Engineering features Trial phases and designs Key outcomes Trial identifier

FT596 Relapsed/refractory 
B cell lymphoma or 
chronic lymphocytic 
leukaemia

iPS cell-derived CD19-
targeting CAR-NK cells 
with hnCD16 and IL-15RF

Phase I, first-in-human, dose-finding 
study with dose escalation and 
expansion; FT596 was evaluated as 
monotherapy and in combination with 
rituximab or obinutuzumab; assessed 
safety, RP2D, pharmacokinetics and early 
efficacy

Well tolerated as monotherapy 
or with rituximab; induced 
deep and durable responses in 
relapsed/refractory B cell lymphoma; 
preliminary RP2D identified as 
1.8 × 109 cells, 3 doses/cycle; at 
median 13.8-month follow-up, ORR 
is 73% with 7/8 responders achieving 
complete response; no severe GvHD 
and ICANS reported

NCT04245722

FT825/
ONO-
8250

HER2-positive or 
other advanced solid 
tumours

iPS cell-derived, off-the-
shelf HER2-targeting 
CAR-T cell product 
with CXCR2, a chimeric 
tumour growth factor-β 
signal redirection 
receptor (TGFβ-SRR), 
CD38 knockout, IL-7RF, 
TCR removal and hnCD16

Phase I, interventional, multicentre study 
evaluating FT825 after chemotherapy, 
given as a single dose either as 
monotherapy or in combination with 
monoclonal antibody therapy; includes 
a dose-escalation stage followed by an 
indication-specific expansion stage; trial 
objectives include safety, tolerability, 
pharmacokinetics and antitumour 
activity, with antitumour activity 
assessed by ORR, duration of response 
and disease control rate

Nine patients were treated in the 
monotherapy arm and seven 
in the combination arm, with 
favourable tolerability and no DLTs 
observed, supporting continued 
dose escalation in these heavily 
pretreated patients

NCT06241456

FT836 Advanced solid 
tumours

iPS cell-derived, off-the-
shelf MICA/B-targeting 
CAR-T cells with ADR, 
hnCD16, TGFβ-SRR, 
CXCR2 and CD58 
knockout

Phase I, open-label study in participants 
with advanced solid tumours; evaluates 
FT836 with or without paclitaxel and with 
or without trastuzumab or cetuximab; 
the primary objectives are to assess 
safety and tolerability and to determine 
the RP2D of FT836 in combination with 
trastuzumab or cetuximab, with each 
objective assessed with or without 
paclitaxel chemotherapy

1/3 patients with colorectal cancer 
treated with FT836 and cetuximab at 
dose level 1 showed early antitumour 
activity, including >50% reduction 
in carcinoembryonic antigen, 
decreased lactate dehydrogenase 
and about 20% reduction in the 
sum of target-lesion diameters at 
the first scan

NCT07216105

ADR, alloimmune defence receptor; BCMA, B cell maturation antigen; CAR, chimeric antigen receptor; CRS, cytokine release syndrome; DLTs, dose-limiting toxicities; EGFR, epidermal 
growth factor receptor; GvHD, graft-versus-host disease; HLA, human leucocyte antigen; hnCD16, high-affinity, non-cleavable CD16; ICANS, immune effector cell-associated neurotoxicity 
syndrome; IIM, idiopathic inflammatory myositis; iPS cell, induced pluripotent stem cell; NK, natural killer; ORR, objective response rate; RP2D, recommended phase II dose; SLE, systemic 
lupus erythematosus; TCR, T cell receptor.

Table 2 (continued) | Clinical trials of iPS cell-derived CAR cell therapies
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engineering, clonal selection and directed differentiation41. By con-
trast, PBMC-derived cell therapies can often be manufactured within 
2–3 weeks, owing to their reliance on mature immune cells and shorter 
ex vivo manipulation timelines17.

The extended manufacturing duration and prolonged culture 
conditions required for stem cell-derived products impose higher 
demands on quality control. In addition to standard release testing for 
identity, viability and potency, prolonged ex vivo culture necessitates 
stringent monitoring for sterility, mycoplasma, endotoxin and adven-
titious agents. Moreover, PSC-derived products require additional 
safeguards including assays to exclude residual undifferentiated pluri-
potent cells, assessment of genomic integrity after reprogramming 
and genome editing, and verification of clonality.

A defining feature of stem cell-derived cell therapies is their reliance 
on clonal master cell banks, which serve as the foundational starting 
material for large numbers of clinical doses25,175,176. Although this strat-
egy enables batch-to-batch uniformity and scalable production, it also 
concentrates risk at the level of clone selection and qualification. Con-
sequently, extensive characterization of the master cell bank, including 
genomic stability, differentiation fidelity and functional performance, 
is required before clinical deployment. Any undetected defect at this 
stage could propagate across multiple manufacturing lots, raising the 
bar for upfront quality assurance relative to donor-derived products.

Meanwhile, the incorporation of multiplex genetic engineering 
adds further complexity to both manufacturing and quality control. 
Each additional genetic modification must be controlled, character-
ized and monitored for stability and functional impact135,177. Ensur-
ing consistent editing efficiency and maintaining product potency 
across batches remains a non-trivial challenge, particularly as the 

number of engineered features increases. Many next-generation 
stem cell-engineered immune therapies incorporate genetic modi-
fications designed to reduce alloreactivity, such as disruption of HLA 
class I and class II expression or introduction of inhibitory ligands to 
evade innate immune clearance (Fig. 3). These stealth strategies raise 
additional regulatory questions. Each genetic edit, including on-target 
efficiency, off-target effects and potential interactions between edits, 
should be characterized in detail. There is also heightened interest 
in understanding how immune-evasive modifications may affect 
long-term safety, including the risk that engineered cells could evade 
normal immune surveillance.

Although stem cell-derived immune cell therapies offer com-
pelling advantages in scalability and standardization, their clinical 
translation depends on continued advances in manufacturing automa-
tion, closed-system processing and high-resolution quality analytics 
(Table 3). Addressing these challenges will be critical to realizing the 
full therapeutic potential of stem cell-engineered cell therapies.

Outlook
Over the past decade, stem cell engineering has transitioned from a con-
ceptual enabler of regenerative medicine to a foundational technology 
for next-generation, off-the-shelf immune cell therapies. Advances in 
PSC derivation, clonal banking, gene engineering and directed immune 
differentiation have collectively demonstrated that stem cell-derived 
immune products can be manufactured reproducibly, engineered with 
increasing precision and deployed safely in early clinical settings. Clini-
cal experience with iPS cell-derived NK cell and T cell-lineage products 
has validated several core premises of the field: that immune effector 
function can be programmed at the developmental stage; that clonal 

Table 3 | Allogeneic stem cell-derived versus autologous PBMC-derived immune therapies

Dimension Allogeneic stem cell-derived immune therapies Autologous PBMC-derived immune therapies

Starting material Clonally derived iPS cell/ES cell master cell bank Patient or donor PBMCs

Manufacturing timeline 3–8 weeks (engineering → clonal 
selection → differentiation → expansion)

2–3 weeks (activation → engineering → expansion)

Scalability model Centralized, large-batch production from the master  
cell bank

Decentralized or patient-specific batches

Process complexity Multi-stage differentiation and high process control burden Fewer intermediate steps

Batch-to-batch variability Reduced donor variability and dependent on differentiation 
consistency

Donor-dependent variability

Risk concentration High at master cell bank level Distributed across individual donors

Genomic stability requirements Extensive karyotype and genome integrity testing required Typically limited to vector integration and transgene stability

Residual pluripotent cell testing Required Not applicable

Multiplex genome-editing 
burden

Often extensive (CAR + immune-evasion edits) Typically fewer edits

Cost structure Low cost High per-patient cost

Time to treatment Off-the-shelf potential Autologous products require vein-to-vein time

Clinical status Early-phase clinical trials (phase I/II); no FDA-approved 
products to date

Seven FDA-approved CAR-T cell products; numerous 
late-phase trials

Clinical efficacy maturity Early signals of safety and activity; durability and comparative 
efficacy still under evaluation

Demonstrated high response rates in CD19+ and BCMA+ 
haematologic malignancies; long-term follow-up data available

Safety profile considerations Theoretical reduced CRS (for example, NK products); 
long-term persistence and immune-escape risks under study

Well-characterized CRS and ICANS profiles; long-term safety 
data accumulating

BCMA, B cell maturation antigen; CAR, chimeric antigen receptor; CRS, cytokine release syndrome; ES cell, embryonic stem cell; FDA, US Food and Drug Administration; ICANS, immune 
effector cell-associated neurotoxicity syndrome; iPS cell, induced pluripotent stem cell; NK, natural killer; PBMC, peripheral blood mononuclear cell.

http://www.nature.com/natrevbioeng


Nature Reviews Bioengineering

Review article

starting materials enable standardized manufacturing and multi-
plex genetic modification; and that innate or engineered allogeneic 
immune cells can mediate therapeutic activity without the toxicities 
historically associated with autologous CAR-T cell therapies.

At the same time, these early successes have clarified the bounda-
ries of current understanding. Although feasibility and safety have been 
established, durable efficacy, predictable persistence and rational prod-
uct selection across disease contexts remain incompletely resolved. The 
next phase of progress will therefore depend less on proof-of-concept 
demonstrations and more on systematic, hypothesis-driven efforts to 
understand how stem cell-derived immune products behave in vivo, 
how manufacturing decisions shape clinical performance and how 
these therapies can be integrated into broader treatment paradigms. 
In addition, critical questions related to iPS cell differentiation culture 
systems and their impact on cell identity, functionality and clinical 
translation remain to be addressed (Boxes 1 and 2).

Several specific research priorities are likely to shape the next 
generation of stem cell-derived immune therapies. First, systematic 
comparative studies are needed to define how the differentiation state, 
metabolic programming and epigenetic landscape influence in vivo 
persistence and antitumour function. This will require integration of 
single-cell multi-omic profiling, lineage tracing, spatial transcriptom-
ics and longitudinal in vivo tracking across standardized preclinical 
models and clinical samples178,179. Second, the field would benefit from 
modular engineering frameworks that enable controlled comparison 
of cytokine circuits, antigen receptors, immune-evasion strategies 
and metabolic regulators within identical genetic and manufacturing 
backgrounds119,180,181. Third, future engineering efforts should increas-
ingly focus on context-adaptive systems, including inducible cytokine 
circuits, logic-gated CAR architectures, synthetic transcriptional regu-
lators and microenvironment-responsive programmes designed to 
dynamically modulate immune activity in vivo. In parallel, advances in 
genome editing, including high-fidelity CRISPR systems, base editing, 
prime editing and targeted transgene knock-in at defined safe harbour 
loci, may improve the precision and scalability of multiplex engineer-
ing while reducing risks associated with genomic instability182–184. 
Finally, greater integration of computational modelling, artificial 
intelligence-assisted cell-state prediction and systems immunology 
approaches may help identify optimal differentiation trajectories and 
predict clinical performance prior to patient testing185.

In summary, stem cell-derived immune cell therapies have moved 
from experimental concept to early clinical reality, establishing a new 
paradigm for programmable, off-the-shelf immunotherapy. The next 
decade will determine whether this paradigm matures into a broadly 
transformative therapeutic class. Achieving this goal will require shift-
ing the field’s emphasis from feasibility to optimization, from isolated 
successes to comparative understanding and from platform-centric 
innovation to disease-centred and patient-centred design. By investing in 
shared data resources, mechanistic clinical studies, scalable manufactur-
ing technologies and integrative trial strategies, the field can convert the 
unique capabilities of stem cell engineering into durable clinical impact.

Published online: xx xx xxxx
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