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Chimeric antigen receptor (CAR)-engineered T (CAR-T) cell
therapy has revolutionized the treatment of various diseases,
including cancers and autoimmune disorders. However, all
US Food and Drug Administration (FDA)-approved CAR-T
cell therapies are autologous, and their widespread clinical
application is limited by several challenges, such as complex
individualized manufacturing, high costs, and the need for
patient-specific selection. Allogeneic off-the-shelf CAR-engi-
neered cell therapy offers promising potential due to its imme-
diate availability, consistent quality, potency, and scalability in
manufacturing. Nonetheless, significant challenges, including
the risks of graft-versus-host disease (GVHD) and host-cell-
mediated allorejection, must be addressed. Strategies such as
knocking out endogenous T cell receptors (TCRs) or using
alternative therapeutic cells with low GvHD risk have shown
promise in clinical trials aimed at reducing GvHD. However,
mitigating allorejection remains critical for ensuring the
long-term sustainability and efficacy of off-the-shelf cell prod-
ucts. In this review, we discuss the immunological basis of allor-
ejection in CAR-engineered therapies and explore various
strategies to overcome this challenge. We also highlight key in-
sights from recent clinical trials, particularly related to the sus-
tainability and immunogenicity of allogeneic CAR-engineered
cell products, and address manufacturing considerations
aimed at minimizing allorejection and optimizing the efficacy
of this emerging therapeutic approach.

INTRODUCTION

Autologous chimeric antigen receptor (CAR)-engineered T (CAR-T)
cell therapy, which is generated from a patient’s own T cells, has
significantly transformed the treatment paradigm for hematologic
malignancies and solid tumors.' * Despite its success, widespread
clinical application is hindered by several limitations, including logis-
tical complexities in the supply chain, variability in patient T cell
health, delays due to individualized manufacturing processes, and
limited manufacturing capacity.' To address these challenges, there
is a growing interest in developing "off-the-shelf," standardized treat-
ments. Allogeneic T cell and natural killer (NK) cell therapies, espe-
cially those engineered with CARs, offer considerable advantages in
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this regard.’™® These therapies utilize lymphocytes derived from
healthy donor peripheral blood or placental cord blood, providing a
readily available source of functional immune cells. Additionally,
lymphocytes differentiated from genetically engineered stem cells,
such as induced pluripotent stem cells (iPSCs) or hematopoietic
stem cells (HSCs), are being explored as alternative sources.” ?

Allogeneic cell therapy presents several advantages over autologous
approaches, positioning it as a promising strategy in cell-based cancer
therapy.'” Primarily, it offers immediate availability of treatment, as
donor cells can be pre-collected, processed, and stored for off-the-
shelf use, significantly reducing the time to treatment and eliminating
the need for bridging therapies. The use of healthy donor cells ensures
consistent quality and potency, with cells exhibiting better phenotypic
characteristics, lower exhaustion marker expression, and enhanced
long-term cytotoxic activity compared to cells from immunocompro-
mised patients. This approach allows for large-scale manufacturing
from a single donor batch, improving scalability and manufacturing
efficiency and reducing costs, thereby increasing accessibility for a
broader patient population.'*'* Furthermore, donor cells can be
selected for desirable traits or genetically modified to enhance efficacy
and reduce immunogenicity, overcoming limitations associated with
autologous cells from patients with genetic disorders or advanced dis-
eases.”'” The standardization of therapy using allogeneic cells reduces
variability in therapeutic outcomes linked to patient-specific factors,
simplifies supply chain logistics, and expands treatment availability
beyond specialized centers to any facility equipped to administer
cell infusions.'>* Collectively, these benefits reduce the procedural
burden on cancer patients, expedite treatment initiation, and have
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Figure 1. Immunological basis of allorejection for off-the-shelf CAR-engineered cells

(A) T cell-mediated allorejection. CD4 and CD8 T cells mediate direct and indirect allorecognition in response to allogeneic cells. In direct allorecognition, CD4 T cells
recognize HLA-II molecules, while CD8 T cells recognize HLA-I molecules on the surface of allogeneic cells. CD4 T cells primarily facilitate the recruitment of additional
immune effectors, whereas CD8 T cells directly mediate the killing of the allogeneic cells. In indirect allorecognition, donor antigens are processed by host APCs and
presented as peptide fragments bound to self-MHC molecules. Host CD4 or CD8 T cells recognize these peptide-MHC complexes, triggering an immune response against
the allogeneic cells. (B) Host NK cells can trigger allorejection through a dual-trigger mechanism. This mechanism involves two aspects: (1) missing self, which occurs when
there is a lack of matching HLA-I molecules on allogeneic cells, leading to the blockade of inhibitory signals mediated by NK inhibitory receptors (e.g., KIRs); (2) stress signals,
which involve the upregulation of stress molecules on allogeneic cells, resulting in the activation of NK-activating receptors (e.g., NKG2D). (C) Gene-engineering strategies
have been employed to knock out HLA-I molecules on allogeneic cells to prevent host T cell-mediated allorejection. However, knocking out HLA-I increases the risk of NK
cell-mediated allorejection, as the absence of matching HLA-I molecules triggers NK cell activation through the missing-self mechanism. TALENS, transcription activator-like
effector nucleases; ZFNs, zinc-finger nucleases. (D) Allo-specific antibodies (alloantibodies) produced by host B cells contribute to the rejection of allogeneic cells by primarily

(legend continued on next page)
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the potential to improve clinical outcomes through enhanced thera-
peutic efficacy and broader accessibility.

While off-the-shelf CAR-engineered cell products offer significant
benefits, key obstacles must be addressed to make allogeneic cell ther-
apy viable for patients. The primary concern is graft-versus-host
disease (GvHD), a serious condition that can occur when infused
CAR-engineered cells from an unmatched donor attack the host’s tis-
sues.'®”"? This happens because the donor T cell receptor (TCR) com-
plex recognizes the host’s peptide-major histocompatibility complex
(MHC) as foreign. To prevent GvHD, several strategies are being
explored. One approach is using donor cells fully matched for human
leukocyte antigen (HLA) alleles, but finding a perfect HLA match is
rare and impractical. Alternative methods include genetically knock-
ing out or suppressing TCR genes in donor cells to eliminate their
ability to react against the host's MHC molecules.”’ ** Using cells
with known TCR specificity that does not target host antigens, or em-
ploying cell types that naturally lack the TCRaf3 complex, such as NK
or innate T cells, can also reduce the risk.>’> >’ These strategies aim to
harness allogeneic cell therapy’s potential while overcoming immu-
nological challenges posed by donor-recipient mismatches.

However, the host immune system can recognize the allogeneic graft
as foreign, triggering rejection and limiting therapeutic efficacy.””*°
To address this challenge, developers are implementing various stra-
tegies to circumvent host rejection of allogeneic cell therapies. In this
review, we specifically focus on the allorejection of CAR-engineered
therapies, discussing the immunological basis of allorejection and
various strategies to mitigate it. We also examine the clinical applica-
tion of allogeneic cell therapy, emphasizing lessons learned from clin-
ical trials, particularly regarding the sustainability and immunoge-
nicity of allogeneic CAR-engineered cell products. Furthermore, we
highlight manufacturing considerations for allogeneic cell therapy
aimed at reducing allorejection and enhancing the overall efficacy
of this promising therapeutic approach.

IMMUNOLOGICAL BASIS OF ALLOREJECTION FOR
CELL-BASED THERAPY

Several effector responses mediate allorejection, and these must be
addressed to prevent the rejection of allogeneic cell therapies. The
two primary mechanisms of allorejection in allogeneic cell therapy
are mediated by host T cells and NK cells (Figure 1), both of which
pose significant challenges to the success of transplantation and adop-
tive cell therapies.

Host T cell-mediated allorejection is a critical immune response in
which the recipient’s T cells recognize and attack transplanted alloge-
neic cells.”’ This response is initiated when the immune system per-
ceives donor cells as foreign, primarily due to differences in HLA mol-

ecules between the donor and recipient. The recognition of allogeneic
cells by host T cells can occur via direct allorecognition or indirect al-
lorecognition (Figure 1A).”!

In the T cell-mediated direct allorecognition, the polymorphic differ-
ences between the HLA class I and class II molecules of the donor and
recipient lead to the activation of host CD8" and CD4" T cells, respec-
tively.”>”” Host T cells directly interact with intact alloantigen-MHC
complexes presented on the surface of donor antigen-presenting
cells (APCs). This direct recognition can trigger a potent immune
response, resulting in the activation of cytotoxic CD8" T cells, which
can directly kill donor graft cells. This pathway is particularly impor-
tant in acute allorejection, where rapid immune activation can lead to

graft failure.”"**

In the T cell-mediated indirect allorecognition, donor antigens are
processed by recipient APCs and presented as peptide fragments
bound to self-MHC molecules. Host CD4" T cells recognize these
peptide-MHC complexes, which initiates an immune response.””**
Unlike direct allorecognition, this pathway is more likely to
contribute to chronic rejection, as it involves a slower, more pro-
longed immune response through the activation of helper T cells,
which can facilitate the recruitment of additional immune effectors,
such as B cells and macrophages, further amplifying the rejection
process.”

Host NK cells contribute to allorejection through a dual-trigger
mechanism that involves both the recognition of "missing-self"
signals and the detection of "stress signals" on allogeneic cells (Fig-
ure 1B).'>'" This mechanism can undermine the efficacy of alloge-
neic cell therapies, particularly when strategies are employed to
evade T cell-mediated rejection. On the one hand, NK cells are pro-
grammed to detect the absence or downregulation of self HLA-I
molecules on target cells. In the case of allogeneic cells, if these cells
lack or present non-matching HLA-I molecules, NK cells fail to
receive inhibitory signals typically mediated by killer cell immuno-
globulin-like receptors (KIRs), leading to NK cell activation. This
missing-self recognition prompts NK cells to attack and eliminate
the allogeneic cells. On the other hand, NK cells can also be activated
by the upregulation of stress-induced ligands on the surface of allo-
geneic cells. These stress molecules, often upregulated due to cellular
distress or genetic modifications in allogeneic therapies, engage acti-
vating NK receptors (NKRs) such as NKG2D. The binding of stress
ligands to these activating receptors further amplifies NK cell-medi-
ated cytotoxicity.'>'"*

Together, the missing-self and stress-signal mechanisms create a
potent dual-trigger system by which host NK cells can recognize
and destroy allogeneic cells. This presents a significant challenge in

recognizing foreign HLA molecules, although they may also target other polymorphic surface proteins. These antibodies mediate rejection via complement fixation, antibody-
dependent cellular cytotoxicity (ADCC), and antibody-dependent cellular phagocytosis (ADCP), involving immune cells such as NK cells, neutrophils, monocytes, and
macrophages, which collaborate to eliminate the targeted allogeneic cells. (E) Host T and B cells are capable of developing immunologic memory. Upon re-exposure to the
same allograft, such as during subsequent treatments, these memory cells undergo rapid expansion, resulting in accelerated clearance of the reinfused allogeneic cells.
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the development of off-the-shelf CAR-engineered therapies, espe-
cially when HLA downregulation is used to evade host T cell recogni-
tion. To mitigate NK cell-mediated allorejection, strategies such as ex-
pressing non-polymorphic HLA molecules (e.g., HLA-E and HLA-G)
or modifying NK ligands on allogeneic cells are being explored (e.g.,

36,37 .
).10113637 These approaches aim to

reducing expression of NK ligands
balance the evasion of both T and NK cell responses while maintain-
ing the therapeutic efficacy of the engineered cells (Figure 1C).*®
Indeed, a recent study on HLA-I knockdown in allogeneic CAR-T
cell products indicates that reducing HLA-I expression on CAR-T
cells enhances their resistance to host T cell-mediated allorejection
but increases their susceptibility to NK cell-mediated rejection.”
The study suggests that an optimal HLA-I knockdown, maintaining
HLA-I expression levels at 20%-50% of that in conventional
CAR-T cells, provides the best balance between resistance to both
T cell- and NK cell-mediated allorejection.” This finding highlights
the importance of fine-tuning HLA-I expression to maximize the
persistence and efficacy of allogeneic CAR-T cell therapies.

In addition to T and NK cell responses, allo-specific antibodies pro-
duced by host B cells can contribute to the rejection of allogeneic
cells.*”*' These antibodies primarily recognize foreign HLA mole-
cules on graft cells but can also target other polymorphic surface mol-
ecules. Once bound to the graft cells, these antibodies can mediate
rejection through several mechanisms, including complement fixa-
tion, antibody-dependent cellular cytotoxicity (ADCC), and anti-
body-dependent cellular phagocytosis (ADCP).*> These processes
involve various immune cells, such as NK cells, neutrophils, mono-
cytes, and macrophages, which work together to eliminate the tar-
geted cells (Figure 1D).

Furthermore, both recipient T cells and B cells are capable of devel-
oping immunologic memory. Upon re-exposure to the same allograft,
such as during subsequent treatments, these memory cells rapidly
expand, leading to accelerated clearance of the reinfused allogeneic
cells (Figure 1E).** This immunologic memory presents a significant
challenge to the long-term success of allogeneic therapies, as it can
result in reduced efficacy upon repeated administration.*> Under-
standing and mitigating the formation of allo-specific antibodies
and memory immune responses are critical for improving the persis-
tence and effectiveness of allogeneic cell therapies.

IN VITRO AND IN VIVO ASSAYS TO EVALUATE
ALLOREJECTION

To evaluate the host-cell-mediated allorejection of allogeneic CAR-
engineered cell therapies, various in vitro and in vivo assays have
been developed to model and measure the immune response to the
allogeneic cells (Figure 2).

One commonly used in vitro assay for measuring allorejection is the
mixed lymphocyte reaction (MLR) assay. Culturing lymphocytes
from genetically distinct individuals of the same species (stimulator
cells and effector cells) together leads to blast transformation, making
the MLR a valuable tool for clinically evaluating a recipient’s immune

response to donor cells.'™'*** In one-way assay testing allograft rejec-
tion, stimulator cells are typically inactivated through gamma irradia-
tion, ensuring that only the recipient’s cells can react.** Flow cytometry
and ELISA are commonly utilized to detect a range of markers related
to allorejection on co-cultured products, such as T cell activation
markers CD25, CD69, and CD137, as well as interferon (IFN)-v.*

Moreover, to evaluate the immune response, stimulator cells can be
labeled with antibodies such as carboxyfluorescein diacetate succini-
midyl ester (CFSE), and flow cytometry is included to obtain results.
For example, in a study focusing on the antitumor effect of HLA-A™/
B7/TRAC™ novel CDI9-targeting CAR-T (nU-CAR-T19) cells
against B cell malignancies, nU-CAR-T19 and wild-type (WT) T or
U-CAR-T19 cells were used as stimulator cells, whereas allogeneic
PBMCGs, T cells, or NK cells were employed as effector cells.*” The in-
activated nU-CAR-T19 and WT T or B2M /TRAC™ universal
CD19-targeting CAR-T (U-CAR-T19) cells were irradiated, labeled
with CESE, and co-cultured with the effector cells. Following the
MLR culture, the harvested cells were analyzed using flow cytometry
to measure the total number of remaining CFSE-positive cells that
were not eliminated by the effector cells, demonstrating the immune
response of effector cells and the safety of the allogeneic therapeutic
cells.”” Besides CFSE, the incorporation of 3H-thymidine into the
co-cultured product is used to detect alloreactive responses. As 3H-
thymidine incorporates into the DNA of the proliferating effector
cells, it provides a quantitative measure of allorejection by indicating
6 Furthermore, IFN-y
enzyme linked immunosorbent spot (ELISPOT) assay is used to
detect the presence of circulating memory/effector T cells. For this
method, the MLR process is conducted within the ELISPOT plate. Af-
ter 18-24 h, the IFN-vy detection antibody is added to the plate for the
evaluation of alloreactive primed T cells.*>*”

the alloreactive proliferation of recipient cells.

Another in vitro assay testing allograft rejection response is the chro-
mium-51 (°'Cr) release assay. Target cells are first bathed and labeled
with chromium and then mixed with allogeneic cytotoxic T lympho-
cytes (CTLs). Similar to the MLR assay, if target cells express identical
or cross-reactive antigens to effector cells, these labeled cells will be
lysed, releasing chromium into the medium. Then the allorejection
response is assessed by measuring the accumulated chromium in
the medium and comparing it to the spontaneous release amount.*®
To test the hypoimmunogenic characteristic of HLA class I-edited
functionally rejuvenated human papilloma virus-specific CTLs that
feature dual integration of HLA-A24 and HLA-E without other class
I molecule expression (KI-A24&E-rejTs) generated from iPSCs, Fur-
ukawa et al. co-cultured KI-A24&E-rejTs with allogeneic NK cells
from HLA-A24" healthy donors. The lower chromium level within
the mixture of KI-A24&E-rejTs and NK cells proves the therapeutic
cells’ suppression on NK cells.*’

In addition to in vitro assays, in vivo assays are developed in order to
evaluate the allorejection risk of CAR-engineered cells in more bio-
logically relevant environments. Humanized mouse models, which
are generated by engrafting human immune cells or tissues into
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Figure 2. In vitro and in vivo assays assessing allorejection

A range of assays has been employed to assess host-cell-mediated allorejection of grafted cells, including flow cytometry in mixed lymphocyte reaction (MLR) assays (A),
carboxyfluorescein succinimidyl ester (CFSE) staining (B), ®H-thymidine incorporation (C), IFN-y detection through antibody labeling (D), and ®'Cr release (E). Humanized
mouse models, such as NSG mice engrafted with human PBMGCs and A"°'®BCAR-NKT cells (F), and NOG mice with human HLA-A24* NK and/or CD8* T cells and KI-

A248&E-rejTs (G), can also be used for in vivo allorejection evaluations. %%

immune-deficient mice, are often involved in in vivo pharmacoki-
netics and pharmacodynamics (PK/PD) assays.49 In this approach,
allogeneic therapeutic cells are labeled with tracers like firefly lucif-
erase and enhanced green fluorescence protein (FG) dual reporters
for dynamics monitoring. Humanized mice engrafted with human
immune cells can be inoculated with therapeutic cells. Throughout
the experiment, mice were monitored for survival, and the therapeu-
tic cells were tracked using bioluminescence imaging (BLI).

For instance, in a preclinical study evaluating the host T cell-mediated
allorejection of allogeneic CAR-engineered invariant natural killer T
(CAR-NKT) cells, humanized NSG mice (NOD scid gamma mice)
were injected with human donor-mismatched peripheral blood
mononuclear cells (PBMCs) and FG-labeled allogeneic CAR-NKT
cells.” BLI was employed to monitor the PK/PD of allogeneic
CAR-NKT cells in the presence or absence of donor-mismatched
PBMCs. The results demonstrated that allogeneic CAR-NKT cells
were able to survive and expand effectively, even in the presence of
donor-mismatched PBMCs, suggesting resistance to host T cell-
mediated allorejection.'® This capacity is likely attributed to their hy-
poimmunogenic nature, characterized by low surface expression of
HLA class I and class IT molecules.""
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In the study evaluating allorejection to KI-A24&E-rejTs, humanized
NOG mice (NOD/Shi-scid IL2Rynull mice) were administered KI-
A24&E-rejTs alongside either HLA-A24" NK cells, HLA-A24~ NK
cells, or no NK cells.** Results demonstrated that KI-A24&E-rejTs
persisted effectively in the presence of HLA-A24" NK cells, with no
significant difference in bioluminescence signal compared to control
groups that received HLA-A24~ NK cells and no NK cells.*’ In addi-
tion, FG-labeled KI-A24&E-rejTs were intraperitoneally injected into
immunodeficient mice with or without HLA-A24" NK cells and with
or without CD8" T cells. BLI revealed that KI-A24&E-rejTs were not
eliminated in any group over a 35-day period, indicating that these
cells were resistant to allorejection mediated by HLA-A24" NK cells
and CD8" T cells.”’

Overall, both in vitro and in vivo assays mentioned above serve as
non-invasive methods in testing host-cell-mediated allorejection re-
sponses. These assays provide a comprehensive evaluation of the
CAR-engineered cell products, ensuring their safety and long-
term success in preclinical and clinical applications. While prom-
ising, the preclinical models used to evaluate allogeneic CAR-T
and CAR-NK therapies face several challenges, including the small
number of models, xenograft reactivity, and limited relevance for
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Table 1. Strategies to mitigate host-cell-mediated allorejection

Strategy

Advantage

Disadvantage

Ablation of HLAs and overexpression
of NK inhibitory ligands

permanent modification
precise editing
clinical validation

off-target effects

Overexpression of anti-apoptotic genes

preserve patient immune integrity

minimize toxicity and infection risks

efficient generation of allogeneic cell products
crucial for urgent patient needs

risk of oncogenic transformation
risk of heightened immune responses

Utilize stem cell culture technology

cell products with high yield and purity
versatile genetic modifications

variability based on cell culture process
and source clones

Immunomodulation: immunosuppressive agents

extensively used in solid organ transplantation
comprehensive guidelines and protocols established

resistance to immunosuppressive agents
severe side effects including long-term toxicity,
cancer, and metabolic disorders.

Immunomodulation: regulatory T cells

suppress alloreactive T cells
protect patient’s immune function
long-term tolerance potential

instability in inflammatory environment
difficult to obtain sufficient Tregs for treatment

HLA matching and donor selection

high safety profile due to minimum modification
reduced manufacturing cost and time

time-consuming donor selection
negatively impacting severely ill patients

testing persistence. Future efforts should focus on developing
advanced models that better simulate human immune environ-
ments, particularly in the context of alloimmune responses and
long-term engraftment.

On the other hand, to evaluate the presence of pre-existing anti-HLA
antibodies and anti-HLA antibody-mediated allorejection responses,
complement-dependent cytotoxicity (CDC) assays are routinely em-
ployed.” In this assay, donor lymphocytes expressing HLA antigens
are incubated with the recipient’s serum in the presence of exogenous
complement. If anti-HLA antibodies are present, they bind to the HLA
antigens, activating the complement cascade, which induces cell lysis.
This cytotoxic effect is quantified through dye exclusion or fluores-
cence-based techniques, providing a direct measure of anti-HLA anti-
body levels.” In addition to CDC, other detection methods include
ELISA and multiplex bead-based assays, where HLA antigen-coated
fluorescent beads capture patient anti-HLA antibodies.

STRATEGIES TO MITIGATE ALLOREJECTION

Ablation of HLA molecules and overexpression of NK inhibitory
ligands

To mitigate allorejection, various strategies have been developed to
address the underlying biological mechanisms, with current ap-
proaches primarily involving HLA knockout in therapeutic cells
and selecting donors with partially matched HLA profiles (Table 1;
Figure 3). When full HLA matching between therapeutic and host
cells is not feasible, strategies such as knocking out HLA genes to
reduce the recognition of therapeutic cells by the recipient’s immune
system or selecting donors with a partial HLA match can be employed
to mitigate the risk of immune rejection. The latter strategy exploits a
degree of histocompatibility to minimize immune responses without
requiring complete HLA matching, a challenge particularly in genet-
ically diverse populations. These approaches collectively aim to
diminish immune surveillance and destruction of the therapeutic

cells, thereby promoting prolonged cell persistence and improving ef-
ficacy in allogeneic settings.

One key strategy for HLA modification involves genetic engineering
approaches, including (1) the deletion of mismatch-causing HLA
molecules, and (2) the overexpression of NK cell-inhibiting ligands.
With advances in gene-editing technologies, long-term engineering
of allogeneic cell sources, including ESCs, HSCs, iPSCs, and alloge-
neic T cells, has been achieved using tools such as zinc-finger nuclease
(ZFN),”" transcription activator-like effector nucleases (TALENSs),”
and the CRISPR-Cas9 system to reduce allorejection risk.*>”” In the
case of HLA-I ablation, the most commonly employed technique in-

20,54,55 _ 1. 1 s .
0-5%55 which is essential for the forma-

volves targeting the B2M gene,
tion of non-covalent dimers with MHC class I heavy chains. This
method effectively eliminates both classical and non-classical
HLA-I molecules, thereby significantly reducing the potential for

host T cell-mediated rejection.

While the ablation of HLA-A and HLA-B effectively reduces HLA
mismatch and T cell-mediated allorejection, the elimination of
HLA-C and HLA-E can exacerbate NK cell-mediated rejection.
This occurs because both HLA-C and HLA-E engage with inhibitory
receptors on NK cells, protecting target cells from NK cell-mediated
lysis.>® HLA-C interacts with KIR receptors, delivering inhibitory sig-
nals that prevent NK cell cytotoxicity; its knockout would lead to
increased NK cell activity. Similarly, HLA-E, a non-polymorphic
molecule, engages with both KIR and CD94/NKG2A receptors to
inhibit NK cell-mediated lysis. To address the NK-mediate lysis, a
strategy combining B2M knockout with HLA-E overexpression has
been shown to reduce cell lysis both in vitro and in vivo.”">” Addition-
ally, the use of precise CRISPR-Cas9 techniques to selectively target
HLA-A and HLA-B while preserving HLA-C expression has success-
fully generated HLA pseudo-homozygous iPSCs, which are resistant
to both T cell- and NK cell-mediated allorejection.”®
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A Ablation of HLA molecules
gRNAs (e.g.,

B Overexpression of NK inhibitory ligands

Figure 3. Strategies to mitigate host-cell-mediated
allorejection
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For HLA-II elimination, HLA-DR and CIITA are the primary targets
for knockout. HLA-DR is the key driver of T cell activation in various
immune responses. Its ablation using TALENSs has been shown to be
effective and safe, demonstrating potential for modifying effector cells
to prevent host-versus-graft reactions in cancer immunotherapy,
even under [FN-y stimulation.”® CIITA, a transcriptional coactivator
essential for the expression of all MHC-II molecules (HLA-DR, HLA-
DP, HLA-DQ), provides a broader approach. Disrupting CIITA re-
sults in a significant reduction in surface expression of all MHC-II
molecules, impairing CD4" T cell activation and reducing alloreactiv-

Lo L I e 59,60
ity in both in vitro and in vivo studies.

In addition to these strategies, recent studies have shown that over-
expressing CD64 provides a protective advantage to CAR-T cells
against both HLA and non-HLA antibody-mediated cytotoxicity.®'
CD64 is a high-affinity receptor for the Fc region of immunoglob-
ulin G (IgG), which allows CAR-T cells to effectively capture IgG
Fc. By binding to IgG Fc, CD64 sequesters donor-specific antibodies
(DSAs), making them unavailable to effector cells and complement
components. This mechanism enables CAR-T cells to evade ADCC
and CDC from host effector cells.”" As a result, this approach adds
an additional layer of defense for CAR-T cells against rejection by
the host immune system.

Gene editing is a critical tool in the development of off-the-shelf cell
therapies, achieved via viral and non-viral delivery platforms,
including systems like CRISPR-Cas9, ZNF, and TALENs. These
methods have been employed to delete HLA molecules in iPSC-
derived cells, such as T cells and macrophages.®>®* Viral platforms,
such as lentivirus, retrovirus, and adeno-associated virus (AAV), offer
high delivery and editing efficiency, particularly in hard-to-transfect
cells like primary and stem cells. However, they carry risks, including
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Hypoimmunogenic feature;
resist to allorejection

FHLA matching and donor selection

(D). Immunomodulatory approaches, including the use of
glucocorticoids, CSls, monoclonal antibodies, and
regulatory T cells, can also reduce immune rejection (E).
Moreover, selecting donors with partial HLA matching
can also be an effective strategy in treating allogeneic
patients (F).

insertional mutagenesis, especially with integrating viruses (e.g., lenti-
virus) and are limited in genetic payload capacity. Non-viral plat-
forms, on the other hand, utilize physical or chemical methods to
introduce gene-editing components. Key examples include lipid
nanoparticles (LNPs) and polymer-based nanoparticles.”**> LNPs
encapsulate RNA or DNA, such as mRNA encoding CRISPR-Cas9,
offering a non-integrating, safer approach commonly used for in vivo
delivery. Polymer-based nanoparticles, such as those formed with
polyethyleneimine, facilitate DNA or RNA uptake with reduced
toxicity and controlled release. While non-viral methods lower risks
of immune responses and insertional mutagenesis, they generally
exhibit lower efficiency than viral vectors and often require optimiza-
tion for different cell types or conditions. In summary, viral platforms
provide higher efficiency but present risks of genome integration and
immune reactions, whereas non-viral approaches offer safer, tran-
sient editing with the trade-off of requiring more complex optimiza-
tion for effective delivery.®*°” The choice of platform depends on the
specific application, target cell type, and safety requirements.

Gene-editing tools such as CRISPR-Cas9 and TALENs have been
utilized in clinical trials to knock out HLA genes in allogeneic ther-
apeutic cells (Table 2). TALENS are recognized for their high spec-
ificity, precision, and reduced off-target mutation rates, making
them particularly suitable for applications where safety and accu-
racy are critical.®> In contrast, CRISPR-Cas9 offers advantages in
terms of efficiency, ease of design, scalability, and the capacity to
perform multiplexed gene targeting, making it more appropriate
for complex or large-scale gene-editing endeavors.”> As CRISPR
technology advances, its versatility and adaptability render it
increasingly favorable in clinical applications, while TALENs
remain valuable in contexts that demand maximal precision and
minimal off-target effects.
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Table 2. Reported clinical trials of allogeneic CAR-T cell therapy

Cell product

Other gene-engineering

Related preclinical or
clinical study

(year/reference) Patient and disease CAR target strategy Therapy design Clinical outcome (year/reference)
grade 1-2 CRS was observed in 91% of
patients; grade 3-4 CRS was observed
in 14%; neurotoxicity was observed in
ART19 cell
CAR-T cells were infused at 38%; grade 1 skin GVHD was observed in ue i K Ce4 s
- . . 6 . persisted until
lentiviral transduction  escalating doses (6 x 107, 10%; prolonged cytopenia was observed conditioning prior
UCART19, of genes that encode 6-8 x 107, or 1.8-2.4 x 10® cells/kg in 32%; two treatment-related deaths toas ccess% fallo eneic
allogeneic CD19- 7 pediatric and 14 adult RQRS as a safety of body weight) and into children at occurred due to neutropenic sepsis U U gen
i X . CD19 N A R R stem cell transplantation,
targeting CAR-T patients with B-ALL switch; TCRaf 1.1-2.3 x 10° cells/kg of body weight and pulmonary hemorrhage; patients .
66 . . . . and Molecular remissions
(2020%°) and CD52 were post lymphodepletion with fludarabine without alemtuzumab showed no ere achieved within
KO by TALENSs and cyclophosphamide, with or CAR-T expansion or anti-leukemic W neved w
i o 28 days in two infant
without alemtuzumab activity; infused CAR-T cells expanded . 67
. . . patients (2017°")
and persisted for a median duration
of 4.1 months in 71% of patients;
CR was achieved in 67% patients
no dose-limiting toxicities or GYHD
were observed; no immune effector
1 . L
47 patients with relapsed CAR-T cells were infused at escalating cell-associated neurotoxicity syndrome
h N (ICANS) were observed; grade 1-2 CRS
ALLO-501, or refractory non- . R doses (4 x 107 cells, 1.2 x 10° cells, R .
X L disruption of TRAC 3 X was observed in 21.7% of patients;
allogeneic CD19- Hodgkin’s lymphoma or 3.6 x 107 cells/kg of body weight) . . 67
. . . CD19 and CD52 . . R cytopenia was observed in 82.6%; as shown above (2017°)
targeting CAR-T (46 patients received . post lymphodepletion with anti-CD52 . .
68 . gene using TALENs . . grade 3+ infections were observed
(2021°°%) allogeneic cell therapy monoclonal antibody (mAb), fludarabine, K X
infusion) and cyclophosphamide in 23.9%; 5 patients died after
YEIOPROSP treatment; ORR was 75%, and CR was
achieved in 50%; the longest observed
ongoing CR lasted for over 15 months
no CRS, GvHD, ICANS, dose—limiting
20 patients with toxicities, or grade 3+ infections were
p CAR-T cells were infused at escalating observed; cytopenia was observed
ALLO-501A, relapsed or refractory . . 5 3 . .
allogeneic CD19- large B cell lymphoma disruption of TRAC doses (4 x 10" or 1.2 x 10° cells/kg in 72% of patients; ORR was 50%,
gt ge B ce” ymp CD19 and CD52 of body weight) post lymphodepletion and CR was achieved in 50%; for as shown above (2017°7)
targeting CAR-T (15 patients received . . . . . . i
(2021°%) allogeneic cell thera gene using TALENs with anti-CD52 mAb, fludarabine, and patients with consolidation, both
. g' Py cyclophosphamide ORR and CR rate were 66.7%;
infusion) .
therapeutic cells expanded after the
second round of infusion
CRS grades 1-2 occurred in 90%
of patients and grades 3-4 in 10%;
. : grade 3-4 cytopenia was observed in
22;5;2:2?52 20 patients with relapsed CAR-T cells were infused at the dose 100% of patients; neurotoxicity
- f T cell £0.5 0r 1 x 10° CAR-T cell 1-2 in 15%;
from HLA-matched o O refractory T ce cD7 N/A of 0.5 or 1 x 10” CAR-T cells/kg post grades occurred in 15%; N/A

haploidentical
donors (20217%)

acute lymphoblastic
leukemia

lymphodepletion with fludarabine and
cyclophosphamide

GvHD grades 1-2 in 60%;

and viral activation

grades 1-2 in 20%; complete
remission was achieved in 90% of
patients; CAR-T cells remained

(Continued on next page)
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Table 2. Continued

Related preclinical or

MBINSY

Cell product Other gene-engineering clinical study
(year/reference) Patient and disease CAR target strategy Therapy design Clinical outcome (year/reference)
detectable in all five patients
assessed at 6 months post infusion
dose-limiting toxicities were
observed in 12% of patients;
R in 24%;
CAR-T cells were infused into at grade 3+ CRS was ,0 bserved in 24%
. . prolonged cytopenia was observed
lentiviral transduction  one of escalated doses in 8%; grade 3+ neurotoxicity was
6 7 03
UCARTT19, allogeneic . . of genes that (6 x 10° cels, 68 § > 10" cells, observed in 4%; grade 3+ infections were
. 25 patients with relapsed encode RQR8 as a or 1.8-2.4 x 10° CAR-T cells per . . 67
CD19-targeting CD19 . . . observed in 28%; grade 1 acute skin GYHD as shown above (2017%")
7 or refractory B-ALL safety switch; kilogram of body weight) post . . .
CAR-T (2022"") X X i was observed in 8%; 16% of patients died
TCRap and CD52 were lymphodepletion with fludarabine .
. . due to CAR-T or lymphodepletion; ORR
KO by TALENs and cyclophosphamide with or . .
R was 48%; median relapse-free survival
without alemtuzumab . .
was 7.4 months; median progression-
free survival was 2.1 months; median
overall survival was 13.4 months
best ORR and CR were 67% and 41%;
6-month CR was achieved in 19% of
34 patients with patient; CAR-T expansion and deepened
. relapsed or refractory TRAC and B2M CAR-T cells were infused at a clinical response were observed in
CTX110, allogeneic 3 . . s
. large B cell lymphoma gene were dose range of 3-6 x 10° cells per patients with the second infusion; no
CD19-targeting . . CD19 . . . . N/A
(32 patients received disrupted by patient post lymphodepletion with GvHD was observed; grade 1-2 CRS

CAR-T (20227%)

allogeneic cell therapy
infusion)

CRISPR-Cas9

fludarabine and cyclophosphamide

was observed in 56% of patients; ICANS
was observed in 9.4%; nearly half of all
patients who achieved a CR maintained
it for at least 6 months

CTAL101,

allogeneic CD19/
CD20 dual-targeting
CAR-T (2022°)

6 patients with relapsed
or refractory acute
lymphoblastic leukemia

CD19 and CD22

TRAC and CD52
were disrupted;
suicide switch RQR8
were added

CAR-T cells were infused at one
of two doses (1 x 10° or

3 x 10® cells/kg of body weight)
post lymphodepletion with
cyclophosphamide, fludarabine,
and alemtuzumab

grade 1-2 CRS was observed in 83.3%

of patients; grade 3 CRS was observed

in 16.7%; grade 3+ infections were
observed in 50%; cytopenia was observed
in 50%; CR was observed in 83.3%;
therapeutic cell expansion was observed
in CR patients post day 28 infusion

CAR-T cells efficiently
targeted tumor cells, did
not mediate graft-versus-
host reactions and were
rendered resistant to
destruction by
alemtuzumab (20157°)

P-BCMA-ALLO1,
allogeneic
BCMA-targeting
CAR-T (20237%)

24 patients with relapsed
or refractory
multiple myeloma

BCMA

iCas9 safety switch
was added by
non-viral transposon-
based integration

CAR-T cells were infused at one of
seven escalated dose levels (from
6.25 x 10* to 1.5 x 107 cells/kg of
body weight) post lymphodepletion
with fludarabine and
cyclophosphamide, with or
without alemtuzumab

no dose-limiting toxicities or GYHD
were observed; grade 3+ treatment-
emergent adverse events were observed,
including neutropenia (36%), leukopenia
(32%), and anemia (23%); grade 1 CRS
was observed in 14% of patients; grade

1 ICANS was observed in 4%

N/A

WU-CART-

007 1001, allogeneic
CD7-targeting
CAR-T (20237°)

9 patients with

relapsed or refractory

T cell acute lymphoblastic CD7
leukemia and 3 patients

with lymphoma

TRAC was deleted

CAR-T cells were infused at

one of four doses (1 x 105,

3 % 10% 6 x 10% or 9 x 10° cells
per patient) post lymphodepletion
with fludarabine and
cyclophosphamide

CRS was observed in 67% of patients;
grade 1 ICANS was observed in 8.3%;
no GvHD or prolonged T cell aplasia
was reported; no pancytopenia was
reported; ORR at > dose level (DL)
2 of evaluable patients was 43%;
duration of response extending

to 86 days was reported

CAR-T cells showed
strong cytotoxicity
against CD7-expressing
cells, and no

cytotoxicity \ against
hematopoietic progenitor
cells (20217°)

(Continued on next page)
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Table 2. Continued

Related preclinical or

Cell product Other gene-engineering clinical study
(year/reference) Patient and disease CAR target strategy Therapy design Clinical outcome (year/reference)
Allogeneic 10 patients with CAR-T cells were infused no dose-limiting toxicity or donor-derived CD7-
3 . P at the dose of 1 or 2 x 10° CAR-T neurotoxicity was observed; patients targeting CAR-T cells
CD?7-targeting relapsed or refractory . ) ) N - )
CAR-T from T cell malignancies cells/kg post lymphodepletion with treated with allogeneic CAR-T cells exhibited efficient
& CD7 N/A fludarabine and cyclophosphamide; had higher remission rate, lower expansion and achieved

HLA-matched
or haploidentical
donors (202377)

(5 patients received
allogeneic cell therapy
infusion)

5 patients received allogeneic
CAR-T and 5 received autologous
CAR-T

recurrence and more sustained
CAR-T cell persistence than those
receiving autologous products

a high CR rate with
manageable safety
profile (20217%

ALLO-715,
allogeneic BCMA-
targeting CAR-T
(20237%)

43 patients with
relapsed/refractory BCMA
multiple myeloma (MM)

TRAC and CD52 KO
using TALENs

CAR-T cells were infused at one

of four doses (40 x 10°, 160 x 10°,
320 x 10% 480 x 10°) into
patients post lymphodepletion with
fludarabine and cyclophosphamide
combined with anti-CD52 antibody

grade >3 adverse events were observed in
88.0% of patients; CRS occurred in 55.8%

of patients, with 2.3% experiencing

grade > 3. neurotoxicity was reported in

14% of patients, with no grade > 3;
infections were documented in 53.5%
of patients, with 23.3% presenting
grade >3; in patients receiving

320 x 10° cells, 70.8% demonstrated
a clinical response, with 45.8%
achieving a very good partial
response or better, including 25%
who attained a complete or

stringent complete response

as shown above (2017°7)

UCART?22,
allogeneic CD22-

21 patients with relapsed

TRAC and CD52 were

CAR-T cells were infused at an
escalated dose starting from
1 x 10° cells/kg of body weight

no grade 3+ CRS, dose-limiting
toxicity, or ICANS were observed;

D22 h DL2 with h 2017
targeting CAR-T or refractory B-ALL ¢ KO by TALENs post lymphodepletion with the response rate at wit as shown above (20177)
79 R CAR-T cells was 67%, compared
(202377) alemtuzumab, fludarabine, and
. to 50% at DL3
cyclophosphamide
1 patient with
TyU19, refractory immune- HLA-A, HLA-B, CAR-T cells were infused at no CRS was observed; no GvHD-
allogeneic CD19- mediated necrotizing CIITA, TRAC, 1 x 10° cells/kg of body weight related symptoms were observed;
. CD19 . ) L N/A
targeting CAR-T myopathy and and PD-1 were KO post lymphodepletion with Ig levels were maintained above
(2024%) 2 patients with by CRISPR-Cas9 fludarabine and cyclophosphamide normal levels
systemic sclerosis
CAR-T cells were infused at
o .
Allogeneic CD19/ 3 x 10° cells/kg of}body'welght
CD22 dual- post lymphodepletion with
2 patients with B-ALL CD19 and CD22 N/A fludarabine and cyclophosphamide, N/A N/A

targeting CAR-T
(2024

followed by a re-infusion of 6 x 10°
cryopreserved cells/kg of body
weight if relapsed

CTX130,
allogeneic CD70-
targeting CAR-T
(2024%%)

16 patients with
advanced clear cell CD70
renal cell carcinoma

insert the CAR into
the TRAC locus;
disrupt B2-
microglobulin;
disrupt CD70

CAR-T cells were infused at one of
four doses (30 x 10°, 100 x 106,
300 x 105,900 x 10°) into
patients post lymphodepletion
with fludarabine and
cyclophosphamide

no patients experienced dose-
limiting toxicity, and disease
control was achieved in 81.3%
of cancer patients

CTX130 and its modified
version with Regnase-1
and TGFBR2 knockout
had potent expansion
and antitumor efficacy
(2024)

Studies are listed chronologically. KO, knocked out; CR, complete remission; N/A, not available.
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Despite promising results in preclinical and clinical investigations,
concerns persist regarding the use of genetic editing tools to enable
therapeutic cells to evade the host’s immune surveillance. The most
significant issue is the potential off-target effects that may introduce
mutations or disrupt critical genes, potentially leading to disease or
other adverse outcomes.®* Understanding these dynamics is essential
for ensuring the safety and efficacy of genetic editing approaches in
clinical applications.

HLA matching and donor selection

HLA matching remains a cornerstone in the selection of donors for
transplantation and immunotherapy, as it reduces the incidence of
GvHD by aligning the recipient’s immune system with the donor’s
tissue antigens. Full HLA compatibility between donor and recipient
is considered ideal, yet achieving this across diverse populations pre-
sents a significant challenge due to the extensive polymorphism in
HLA loci, particularly in the key regions HLA-A, HLA-B, HLA-C,
and HLA-DRB1.% In clinical practice, partial HLA matching, where
only a subset of HLA alleles is shared, has emerged as a viable strategy
to expand the donor pool, particularly in urgent settings or for large-
scale therapeutic applications. Although suboptimal, partial matches
of cell therapeutic products from CAR-T cells to mesenchymal stem
cells have demonstrated efficacy in both clinical trials and preclinical
models without triggering severe allorejection response.”” Further-
more, the integration of advanced gene-editing technologies, such
as CRISPR, and the use of iPSCs have further enhanced the feasibility
of generating immune-compatible cells that can tolerate partial HLA

. 3
mismatches.*>%

Overexpression of anti-apoptotic genes

Apoptotic cell death, regulated by the BCL-2 family, has been identi-
fied as a major factor contributing to the loss of transplanted stem
cells. This family encompasses both pro-apoptotic proteins, including
BAX, BAK, BIM, PUMA, and BMF, as well as anti-apoptotic mem-
bers such as BCL-2, BCL-XL, MCL-1, BFL-1, and BCL-W.*” Among
these, BCL-XL has garnered attention for its dual role in modulating
both mitochondrial-mediated intrinsic apoptosis and receptor-trig-
gered extrinsic cell death pathways, making it a promising candidate
for reducing graft failure.”” Preclinical studies have demonstrated that
overexpression of BCL-XL improves cell survival in several models,
including hematopoietic stem cell transplantation (HSCT) and
bone marrow transplanta‘[ion.88

Additionally, survivin, a member of the inhibitor of apoptosis protein
(TAP) family, plays a crucial role in apoptosis inhibition and cell cycle
regulation.”” Animal models have shown that survivin enhances
engraftment and prolongs allograft survival, notably in islet cell trans-
plants, fully mismatched renal transplants, and HSCT.”*"!

Despite encouraging preclinical evidence, the clinical application of
anti-apoptotic gene therapies in allogeneic cell transplantation re-
mains limited. Concerns persist regarding the potential link between
overexpression of anti-apoptotic genes and oncogenesis, as well as the
risk of heightened immune responses, particularly through T and B

2378 Molecular Therapy Vol. 33 No 6 June 2025

lymphocyte activation.”” Therefore, further investigation is required
to validate the safety and efficacy of this approach in the clinical
setting and to optimize its integration into allogeneic cell therapeutic
protocols.

Stem cell differentiation and culture platforms

In addition to genetic engineering, stem cell platforms such as he-
matopoietic stem and progenitor cells (HSPCs) and iPSCs have
been employed to generate low-immunogenicity cells for allogeneic
CAR-T therapy. These platforms generate cells exhibiting intrinsi-
cally lower MHC expression, likely due to specialized culturing con-
ditions. For HSPC platforms, Li et al. developed allogeneic NKT cells
using a 3D artificial thymic organoid (ATO) model, which displayed
reduced HLA class I and II expression and lower levels of NK-acti-
vating ligands, such as ULBP-1."” These cells were resistant to T
and NK cell-mediated rejection, as demonstrated by in vitro mixed
lymphocyte assays and in vivo pharmacokinetic studies, while main-
taining potent cytotoxic activity.'?

Subsequently, the same group developed allogeneic interleukin (IL)-
15-enhanced CAR-engineered NKT (AIPISCAR-NKT) cells from
HSPCs using a feeder-free, serum-free culture system, which retained
a similar hypoimmunogenic profile.'’ RNA sequencing (RNA-seq)
analysis confirmed stable hypoimmunogenicity, linked to downregu-
lated expression of genes involved in HLA and NK ligand.'" Methyl-
ation sequencing further revealed hypermethylation in the promoter
regions of HLA and NK ligand genes, alongside a desensitized IFN-
v-JAK-STAT]1 signaling pathway, marked by low STAT1 phosphor-
ylation under both basal and IFN-vy-stimulated conditions."'

For the iPSC platform, Wang et al. employed iPSCs reprogrammed
from CD62L" naive and memory T cells to generate allogeneic
CD19 CAR-T cells with reduced HLA expression.”” These iPSC-
derived T cells also exhibited lower MHC gene expression compared
to conventional CAR-T cells, without showing signs of exhaustion.
Gene set enrichment analysis revealed downregulation of MYC target
genes and IFN-vy response signatures in iPSC-derived CD19 CAR-T
cells compared to conventional CD19 CAR-T cells.”” The lower
MHC expression and skewed CD8" cell population observed in
iPSC-derived CAR-T cells may result from initiating with naive and
memory T (Tn/mem)-derived iPSC clones or the lack of thymic
epithelial cell influence during culture.”

While stem cell platforms offer a promising approach to generating
low-immunogenicity cells without genetic engineering, the outcomes
are largely influenced by the culture conditions and cell source.
Despite progress, fully eliminating HLA mismatches remains diffi-
cult. Incorporating genetic engineering techniques could provide a
more precise solution for HLA elimination, enhancing compatibility
and reducing the risk of immune rejection in allogeneic CAR thera-
pies. It is important to note that, while these stem cell-based methods
hold potential, they are still in the preclinical stages, and no clinical
trials involving allogeneic cell products derived from these platforms
have been reported. Continued innovation and rigorous evaluation
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will be crucial in bridging the gap from preclinical promise to clinical
application.

Immunomodulation

Immunomodulation strategies have been extensively employed in
allogeneic therapies, particularly in allogeneic HSCT (allo-HSCT),
to mitigate GvHD.”* These approaches include the use of immuno-
suppressive drugs, such as tacrolimus, cyclosporine, and mycopheno-
late mofetil, to dampen immune responses, as well as T cell depletion
from the graft to lower the risk of GvHD.’* Additionally, post-trans-
plant cyclophosphamide has been utilized to selectively reduce GYHD
while preserving the beneficial graft-versus-leukemia effects. The
adoptive transfer of regulatory T cells (Tregs) has also shown promise
in modulating immune responses and preventing GYHD.”* These im-
munomodulation techniques in allo-therapy have provided valuable
insights for addressing allorejection by attenuating host immune re-
sponses to allogeneic therapeutic cells. The reduction of allorejection
can be achieved through pharmacological or biological methods.
Pharmacologically, immunosuppressive regimens often include glu-
cocorticoids, cell signaling inhibitors, and monoclonal antibodies.”
Despite their varied mechanisms of action, these agents predomi-
nantly target T and B lymphocytes, central mediators of immune
rejection. In contrast, biological strategies exploit immune-regulatory
cells, such as Tregs, to suppress effector T cells and mitigate alloreac-
tive immune responses.”®

Glucocorticoids, key mediators of the stress response, exhibit potent
anti-inflammatory and immunosuppressive effects through the regu-
lation of gene expression in leukocytes.”” Upon binding to glucocor-
ticoid receptors (GRs), the receptor-ligand complex translocates into
the nucleus, modulating the transcription of genes involved in inflam-
matory pathways. Glucocorticoids downregulate pro-inflammatory
mediators, including IL-2, tumor necrosis factor (TNF)-o, chemo-
kines, and cell adhesion molecules, while upregulating inhibitory cy-
tokines such as IL-10 and IL-1 receptor antagonist.”” Additionally,
GR activation inhibits transcription factors like nuclear factor kB
(NF-kB) and AP-1, further suppressing immune activation, particu-
larly in the context of allogeneic stem cell transplantation. Clinical tri-
als have demonstrated that low-dose glucocorticoids can significantly
reduce the incidence of GVHD following allogeneic hematopoietic cell
transplantation.”® Despite their efficacy, prolonged glucocorticoid
treatment is associated with adverse metabolic effects, including oste-
oporosis, hypertension, dyslipidemia, and insulin resistance. More-
over, a subset of acute GVHD patients is steroid resistant, leading to
poor clinical outcomes in these individuals.”

Immune responses are carried out through various complex and
interrelated signaling pathway, therefore by interrupting these path-
ways through cell signaling inhibitors (CSIs), allorejection can be
mitigated. Various CSI, including Janus kinase (JAK) inhibitors, cal-
cineurin inhibitors, mechanistic target of rapamycin (mTOR) inhib-
itors, inosine 5'-monophosphate dehydrogenase (IMPDH) inhibi-
tors, TNF-a-converting enzyme (TACE) inhibitors, rho-associated
protein kinase (ROCK) inhibitors, or IL-1 receptor-activated kinase

4 (IRAK4) have been developed to modify the immune path-
ways.”'®” Among these, the two most prominent ones are calci-
neurin inhibitors and mTOR inhibitors.

Calcineurin is a protein phosphatase involved in the NFAT signaling
pathway, specifically the activated calcineurin dephosphorylates the
NFAT transcription factors, enabling it to localize in the nucleus. Cal-
cineurin inhibitors (CNIs) interrupt this process by binding to a type
of cytosolic proteins called immunophilins. This complex conse-
quently binds to calcineurin, preventing from becoming activated
by interacting with Ca**/calmodulin. Consequently, there is a lack
of activated calcineurin to dephosphorylate NFA to translocate into
the nucleus, hence inhibiting the NFAT-dependent gene expression.
This includes many important cytokines such as IL-2, IFN-v, and
TNF-a, as well as cell surface molecules such as CD40L, CD95, and
CD25.""" The overarching result from these affects is reduced T cell
proliferation and proinflammation cytokine production. Beyond the
NFAT pathway, CNIs also attenuate downstream TCR signaling by
inhibiting the phosphorylation of pivotal proteins such as ZAP70
and LAT, further curbing T cell activation.'®! Clinically, CNI is the
standard treatment for solid organ transplant and allogeneic HSCT,
but it comes with severe side effects, inducing neurological complica-
tions, nephrotoxicity, hypertension, dyslipidemia, and new onset of
diabetes.'”

The mTOR is a conserved serine/threonine protein kinase essential
for regulating cellular metabolism, growth, proliferation, and survival.
mTOR operates within two distinct complexes: mTORCI1, which pre-
dominantly controls cell growth and metabolism, and mTORC2,
which governs cell proliferation and survival.'”> Inhibitors of
mTOR (mTORis), such as rapamycin, specifically target mTORCI,
resulting in reduced CD8" T cell proliferation and Th1 cytokine pro-
duction. This mechanism promotes an immune environment more
tolerant to allografts by increasing Tregs while decreasing alloreactive
T cells."”* Clinically, mTOR inhibitors have been extensively used to
prevent GvHD in solid organ transplantation and are increasingly
applied in HSCT, as demonstrated by positive clinical outcomes

. . 105
reducing GvHD incidence.'”

Monoclonal antibodies that can bind to various receptors and cyto-
kines are also being utilized to inhibit T cell and B cell activation. Three
prominent antibodies are basiliximab, adalimumab, and rituximab.
Specifically, basiliximab is a chimeric monoclonal antibody that binds
to the alpha-unit of IL-2 receptors on the surface of activated T lym-
phocytes to reduce proliferation,'*® adalimumab binds TNF-a. to pre-
vent TNF-a. receptors and thus reduce immune activation in solid or-
gan transplant patients,'*” and rituximab binds to the CD20 expressed
on B cells to induce the killing B cells.'”® Although the use of mono-
clonal antibodies to reduce rejection following allogeneic cell treat-
ment is not yet prevalent, its successes in treating solid organ trans-
plant and other immune diseases have shown promising potential.

In conclusion, glucocorticoids and various CSIs are integral to the
modulation of immune responses, particularly within the contexts
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of transplantation and allogeneic stem cell therapies. These immuno-
suppressive agents are frequently employed concurrently as a
first-line strategy to mitigate the risk of rejection in both cell and solid
organ transplantations. While established guidelines and protocols
underpin their use, the effectiveness of these agents can vary across
patient populations, and they are often associated with significant
complications due to their systemic impact on the host immune sys-
tem. Consequently, there is an urgent need for tailored therapeutic
approaches that not only minimize adverse effects but also optimize
efficacy in preventing allorejection, thereby enhancing transplant out-
comes and improving patient quality of life.

In addition to immunosuppressive regimens, investigating the role
of Tregs in mitigating allorejection is of significant importance.
Tregs are a subset of human immune cells that specialize in restrain-
ing excessive immune responses and inducing peripheral immune
tolerance. This function makes them a promising candidate to
address allorejection occurring from allogeneic cell treatment.
Specifically, Tregs that express CD4"CD25"'CD127 FOXP3" are
the main population used to develop adoptive Treg transfer and,
endogenously, they originate either from thyroid or peripheral naive
CD4" cells after encountering antigen and contact with cytokines,
such as TGF-B and IL-2."" Both subsets can suppress inflammatory
alloreactive T cells through both contact- and non-contact-depen-
dent mechanisms, which are categorized as cytolysis, secretion of
inhibitory cytokines, metabolic disruption, and targeting of den-
dritic cells (DCs).” Tregs are efficient at suppressing alloreactive
T cells but they only account for 5%-10% of CD4" T cells in periph-
eral blood. Therefore, the quantity of Tregs directly isolated from
donors is significantly insufficient to meet the demands for clinical
infusion, and the quality of cells are also suboptimal. Therefore,
various strategies to expand autologous Tregs have been developed,
including ex vivo expansion using aCD3/aCD28 beads and IL-2
stimulation and in vivo expansion with IL-2 only.96 Furthermore,
allogeneic Tregs derived from umbilical cord blood or pediatric thy-
muses also exhibit ability to inhibit GvHD development, but with
suboptimal effects.''” Clinically, various studies have examined
the efficacy of adoptive transfer of Tregs after allo-HSCT and have
reported reduced incidence of GVHD with no increase in risks of
infection, relapse, or early mortality.'"" Despite promising clinical
results, there are several major concerns regarding Tregs, specifically
their instability in inflammatory environments, where they are
prone to losing FOXP3 expression and thus losing their immuno-
suppressive ability.''* In addition, obtaining enough cells to transfer
remains challenging; thus, universal Treg products are urgently
needed but require additional manufacturing, such as knocking
out classical HLA molecules and knocking in non-canonical HLA

113
molecules.

Of note, given the robust ability of Tregs to suppress alloreactive
T cells, concerns arise about whether they might also inhibit the func-
tion of therapeutic cells, thereby reducing their tumor-killing efficacy.
However, several studies have demonstrated that CD8" T cells acti-
vated for leukemia treatment are not significantly impacted by the
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presence of Tregs.''*'"” To mitigate any residual concerns, strategies
that genetically engineer allogeneic therapeutic cells to resist Treg-
mediated suppression could be explored. One promising approach
is the use of CARs deficient in Lck signaling, which have been shown
to resist Treg suppression.''® Additionally, modifications such as ex-
pressing inhibitory molecules like CTLA-4 or PD-1 or knocking out
HLA molecules could be investigated to enhance the ability of thera-
peutic cells to evade Treg suppression. Continued research into these
approaches is necessary to determine whether they can successfully
preserve the efficacy of therapeutic cells while mitigating host-cell-
mediated allorejection, ultimately improving outcomes in allogeneic
therapies.

CLINICAL TRIAL EXPERIENCE USING ALLOGENIC
CELL PRODUCTS

Therapeutic cell types

Currently, three allogeneic therapeutic cell types, namely T cells, NK
cells, and NKT cells, have been studied in clinical trials, demon-
strating promising therapeutic efficacy and safety (Table 2). The ma-
jority of allogeneic cell therapies involve conventional CAR-T cells,
building on extensive experience from autologous CAR-T cell ther-
apy.®"'7!"® Allogeneic CAR-T cells have been extensively evaluated
in preclinical and clinical studies, with the primary safety concern be-
ing the risk of GVHD.'*''>'*° To address this, advanced gene-editing
strategies, such as knocking out TRAC and TRBC genes and knocking
in CAR constructs into the TRAC locus, have been applied.*"**%*!*!
However, endogenous TCRs provide certain benefits for CAR-T cell
function and persistence in vivo, suggesting that preserving intact
TCRs may be advantageous.'”> Therefore, future gene-engineering
strategies should focus on mitigating GvHD risk while maintaining
TCR-mediated functionality.

Allogeneic CAR-NK cells have also been explored in clinical trials,
such as a trial using cord blood-derived CAR-NK cells that were
partially HLA-matched with the recipient to treat CD19-positive
non-Hodgkin’s lymphoma or chronic lymphocytic leukemia.'*?
CAR-NK cells naturally induce lower GvHD risk and fewer adverse
effects, such as cytokine release syndrome (CRS) and neurotox-
icity."**"* However, CAR-NK cells face challenges related to limited
in vivo persistence and the inability to be cryopreserved for long-term
storage.'**"'*® In this phase I clinical trial, CAR-NK cells were freshly
infused into cancer patients 15 days post culture, which adds
complexity to the manufacturing process and requires close coordina-
tion between manufacturing and clinical operations.'** To enhance
in vivo persistence, immune-stimulatory genes such as IL-15 have
been included in CAR-NK cell products, resulting in improved per-
formance in vivo.'*

An allogeneic CD19-targeting CAR-NKT cell product has also been
investigated in a recent clinical trial for the treatment of relapsed or
refractory B cell malignancies.”” NKT cells exhibit potent antitumor
activity and can target multiple tumor mechanisms.**'*”'** Notably,
these cells recognize the non-polymorphic MHC-like molecule
CD1d, which eliminates the risk of GvHD, making them suitable
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for off-the-shelf cancer therapies.'*”™"*' CAR-NKT cells were engi-
neered with IL-15 to enhance their in vivo performance, showing
improved outcomes in both preclinical and clinical studies.”>'**'**
However, IL-15 has also been associated with increased CRS in con-
ventional CAR-T cell therapies, as demonstrated in a trial targeting
glypican-3 (GPC3) in hepatocellular carcinoma (HCC)."** Beyond
IL-15, other cytokines, such as IL-12, IL-18, and IL-21, have been
evaluated in preclinical studies, showing potential to enhance CAR-
engineered cell therapies.* Moving forward, selecting the most effec-
tive and safest immune-enhancing strategies for CAR-engineered cell
therapies will be critical in optimizing their clinical applications and
therapeutic efficacy.

Other cell types are emerging as promising avenues for advancing
allogeneic cell therapies, including gamma delta (yd) T cells, virus-
specific allogeneic T cells, and iPSC-derived NK/T cells showing
particular potential. Like NKT cells, ¥d T cells do not depend on
MHC-mediated antigen presentation, enabling the bypass of HLA
matching, which is an important advantage for allogeneic applica-
tions. A current clinical trial is investigating the use of allogeneic
Vy9Vd2 T cells to treat acute myeloid leukemia (AML), specifically
assessing the safety and feasibility of infusing y3 T cells from haploi-
dentical donors into patients with refractory or relapsed AML after
lymphodepletion.'*® The trial reported no serious treatment-related
adverse events or grade 3 or higher toxicities, confirming the safety
of ¥3 T cell infusions at doses up to 10° cells per kg body weight
per patient.'”” Nonetheless, the small sample size and the role of lym-
phodepleting chemotherapy in the observed responses remain impor-
tant areas for further investigation.

Virus-specific T cells (VSTs) derived from healthy donor blood have
emerged as a therapeutic option for treating virus-associated diseases
and malignancies, particularly in immunocompromised individuals
such as those who have undergone HSCT or organ transplantation.'*®
Clinical applications of donor-derived VSTs have shown promising
outcomes in managing post-transplant lymphoproliferative disor-
der'®” and refractory viral infection post HCT,'%® demonstrating a
favorable safety profile with limited toxicities. Despite these successes
in viral infections post transplant, the exploration of allogeneic VSTs
in the treatment of virus-driven cancers remains limited, indicating a
need for further clinical trials to assess their efficacy in oncological
settings.

iPSCs provide a promising platform for allogeneic cell therapies due
to their capacity for multiplex gene editing.'*” iPSCs can be engi-
neered to knock out HLA molecules or overexpress NK inhibitory li-
gands, enhancing immune evasion.”®'*’ They can also be modified to
express molecules like CD16 for improved ADCC or cytokines such
as IL-2 and IL-15 for enhanced in vivo expansion and persistence.
Furthermore, iPSCs eliminate donor variability and offer an unlim-
ited supply, making them ideal for large-scale production of alloge-
neic NK and T cells for off-the-shelf therapies. iPSC-derived
CAR-T cells have demonstrated tumor control in preclinical
studies,'"’ and clinical trials investigating iPSC-derived TCR-

knockout CAR-T cells is currently ongoing, highlighting the potential
of this approach in cancer treatment.'**

Clinical strategies to manage allorejection

Current allogeneic CAR-engineered cell products utilize a range of
gene-engineering strategies to mitigate host-cell-mediated allorejec-
tion, including lymphodepletion regimens, partial HLA matching,
and the knockout of HLA-I and HLA-II molecules (Tables 2 and
3). These approaches aim to improve the persistence and efficacy of
allogeneic cell therapies by reducing the risk of immune rejection.

Drawing on lessons from autologous CAR-T cell therapy, allogeneic
clinical trials typically employ lymphodepletion using fludarabine
and cyclophosphamide, with some protocols also incorporating alem-
tuzumab. Fludarabine and cyclophosphamide are cytotoxic agents
that reduce the number of circulating lymphocytes, including both
T cells and regulatory immune cells. This temporary immune suppres-
sion creates a favorable environment, or "space,” for the infused
CAR-T cells to proliferate and function effectively.'*>'** By weak-
ening the host’s immune response, these agents help reduce pre-exist-
ing immunity that could interfere with CAR-T cell engraftment
and persistence. Alemtuzumab, a monoclonal antibody that targets
CD52, is also used in some regimens for additional immunosuppres-
sion. It depletes a wide range of immune cells, including T cells, B cells,
NK cells, monocytes, and some dendritic cells.'* To avoid the deple-
tion of allogeneic CAR-T cells, which would express CD52, these ther-
apeutic cells are further engineered to knock out CD52, enabling them

to avoid alemtuzumab-mediated clearance.®®®*”®

In addition to these strategies, T cells can be engineered to resist spe-
cific drugs used in cancer therapy and transplant immunosuppres-
sion. For example, CAR-T cells have been modified for glucocorticoid
resistance by disrupting the glucocorticoid receptor using ZFNs.'*®
Immunosuppressant-resistant universal CAR-T cells have also been
developed by integrating CAR and mutated cyclosporine A genes
into the TRAC locus, simultaneously disrupting TCR expression.'*”
Lentiviral transduction facilitates CAR expression, while TALEN-
mediated edits target TRAC and deoxycytidine kinase, resulting in
CAR-T cells that are resistant to purine nucleotide analogues.'*®
Furthermore, co-expression of human dihydrofolate reductase and
inosine monophosphate dehydrogenase II conferred T cell resistance
to the cytocidal and anti-proliferative effects of methotrexate."*’
T cells can also resist rapamycin via a rapa-resistant mutant of
mTor and can be directed to B lymphomas through CAR engineering
expression."”” Additionally, a CRISPR-Cas9-based protocol can
knockout the FK506-binding protein 12 gene, which is vital for tacro-
limus’s immunosuppressive function.'”" Such modifications enable
therapeutic T cells to evade depletion and function effectively along-
side immunosuppressive agents, enhancing tumor control, improving
persistence, and reducing the risk of GVHD in allogeneic therapies.

In addition to lymphodepletion, several studies have used allogeneic
CAR-T or CAR-NK cells from donors that are partially HLA matched
with the recipient.””'** Partial HLA matching helps balance immune

Molecular Therapy Vol. 33 No 6 June 2025 2381


http://www.moleculartherapy.org

www.moleculartherapy.org

Review

2382

Table 3. Reported clinical trials of allogeneic CAR-NK and CAR-NKT cell therapy

over CAR-T cells, such as activating
NK cells, priming tumor-specific
CD8 T cells, and targeting
CD1d-positive tumor via

CAR-NKT cells offered advantages
NKT TCR (2019'%)

cord-blood NK cells engineered
to express IL-15 and a CD19-
targeting CAR showed long-
term persistence and potent
antitumor activity (20187°)

Related preclinical study

(year/reference)

and 5 patients with chronic

6 patients with relapsed or
non-Hodgkin’s lymphoma,
lymphocytic leukemia

5 patients with relapsed or

refractory CD19-positive

23y

Cell product (year/reference) Patient and disease

Allogeneic CD19-trageting

HLA-mismatched CD19-
targeting CAR-NK (2020’
CAR-NKT (2021%°)
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refractory B cell malignancies

expanded in vivo and peaked
at 6 weeks, persisting through

12 weeks post infusion

fludarabine and

cyclophosphamide

compatibility while maintaining the practical benefits of allogeneic
off-the-shelf therapies. HLA matching reduces the risk of GvHD,
where donor immune cells attack the recipient’s tissues. By partially
matching HLA molecules between the donor cells and the recipient,
the likelihood of GVHD is minimized compared to fully mismatched
cells. At the same time, partial matching decreases the chances of al-
lorejection, where the host immune system recognizes the allogeneic
cells as foreign and eliminates them.””'** This strategy improves the
persistence and efficacy of the infused CAR-T cells by enhancing their
ability to engraft and expand within the patient.

Another key strategy to prevent host rejection involves knocking out
HLA-T and HLA-II molecules, including critical genes such as B2M,
HLA-A, HLA-B, CIITA, and CD74 (Tables 2 and 3). The knockout of
these genes helps reduce the recognition of the donor cells by the host’s
T cells, which would otherwise target foreign HLA molecules and
initiate rejection. This approach enhances the persistence of allogeneic
CAR-engineered cells and improves therapeutic efficacy, allowing the
engineered cells to evade the host immune system more effectively.

In clinical trials, these strategies have been applied to generate alloge-
neic CAR-engineered cells that demonstrate notable in vivo persis-
tence. Some allogeneic CAR-engineered cells have shown significant
expansion post infusion, peaking at around 6 weeks and persisting for
up to 12 weeks.”> While challenges remain, including optimizing the
balance between immune suppression and cell function, these find-
ings highlight the potential of allogeneic cell therapies to provide
effective, scalable, and widely accessible treatments for cancer.

Therapy design

Recent clinical trials of allogeneic CAR-engineered cell therapy have
employed various dosing strategies to optimize efficacy while mini-
mizing allorejection risks (Tables 2 and 3). A key trend is the use of
escalating dose approaches, allowing for adjustments based on indi-
vidual patient responses and safety. For example, in a study treating
B cell acute lymphoblastic leukemia (B-ALL), UCART19 cells were
administered to adult patients at escalating doses from 6 x 10° to
1.8-2.4 x 10® cells per kilogram of body weight, showcasing a flexible
dosing strategy.’® Similarly, ALLO-501 and ALLO-715 therapies also
utilized escalating doses to treat B cell lymphoma and multiple
myeloma, emphasizing dose modification to enhance outcomes while
ensuring safety.’>%*7®

Weight-based dosing is another key principle observed across
various clinical trials, particularly important in pediatric populations
where body size varies significantly. For instance, in the administra-
tion of UCART19 cells to children, doses ranged from 1.1 to
2.3 x 10° cells/kg, underscoring the necessity of tailoring therapies
to individual body weights.*® This personalized dosing strategy is de-
signed to optimize the therapeutic efficacy while minimizing potential
side effects associated with higher doses.

Additionally, infusion doses vary across different CAR-engineered
cell types. CAR-NK and CAR-NKT cells were typically administered
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at lower doses than conventional CAR-T cells, with CAR-NK cells
infused at doses ranging from 1 x 10° to 1 x 107 cells/kg*>'*’
This conservative dosing approach likely stems from the limited pa-
tient cohorts and clinical trial data available, which restricts the abil-
ity to safely escalate doses for CAR-NKT and CAR-NK cells. In
contrast, CAR-T cells were often given at higher doses, with some
trials reporting doses as high as 9.0 x 10° cells per patient.** This
disparity emphasizes the necessity to adapt dosing strategies based
on the unique properties and therapeutic profiles of the various
cell types.

Many trials incorporated combination therapies that included immu-
nosuppressive agents, such as alemtuzumab, alongside standard
lymphodepletion regimens of fludarabine and cyclophosphamide
(Tables 2 and 3). This strategy is designed to establish an optimal
microenvironment for the infused CAR-engineered cells while miti-
gating the risk of immune rejection. The approach often enabled
higher total cell doses, balancing adequate immune suppression
with the functionality of therapeutic cells.

Immune sensitization poses a significant obstacle in the clinical use
of CAR-T cell therapies, as the immunogenicity of CAR compo-
nents can trigger an immune response that results in the prema-
ture clearance of CAR-T cells, emphasizing the necessity for repeat
dosing. To address this issue, some trials, such as ALLO-501A and
CTX110, incorporate a redosing strategy to enhance allogeneic
CAR-T cell expansion in patients.”””* In the ALLO-501A trial, a
second, consolidation dose of therapeutic cells, combined with
lymphodepletion, provided additional benefits, with a complete
response rate of 66.7%.°° Similarly, in the CTX110 trial, a second
infusion led to CAR-T cell expansion in all patients and a deeper
clinical response in 62.5%.”* Notably, the second CTX110 dose was
well tolerated and demonstrated further clinical benefits.””

By utilizing escalating doses, weight-based adjustments, combina-
tion therapies, and redosing strategies, clinical trials are adopting
more personalized and effective therapeutic strategies. These meth-
odologies not only enhance the potential of achieving positive clin-
ical outcomes but also address crucial safety concerns, facilitating
the development of more accessible and scalable immunotherapy
treatments.

Clinical outcome: Safety

Safety profiles of allogeneic CAR-engineered cell therapies exhibit
both promising outcomes and persistent challenges that require
careful management. CRS is a common adverse event, observed
in varying levels across different therapies. For instance,
UCART19 exhibited grade 1-2 CRS in 91% of patients, with
14% experiencing grade 3-4 CRS.° While ALLO-501 demon-
strated grade 1-2 CRS in 21.7% of patients, ALLO-501A showed
no cases of CRS, highlighting the variability in safety profiles
across different product types.®®” In the case of allogeneic CD7-
targeting CAR-T cells, 67% of WU-CART-0071001 patients expe-
rienced CRS, whereas patients receiving cells from HLA-matched

or haploidentical donors had grades 1-2 CRS in 90% of cases
and grades 3-4 in 10%.”%”°

GvHD presents another significant safety concern. For UCART19,
10% of patients developed grade 1 skin GvHD, and 60% of patients
receiving CD7-targeting CAR-T from HLA-matched or haploidenti-
cal donors reported grade 1-2 GvHD.**”’ However, products such as
HLA-mismatched CAR-NK and CAR-NKT therapies reported no
instances of GvHD, highlighting their potential as safer alterna-
tives.>'** Cytopenia remains a frequent concern, with high incidence
rates reported: 50% in CTA101 (CD19/CD20 dual-targeting CAR-T),
82.6% in ALLO-501 (CD19-targeting CAR-T), and 100% in some
allogeneic CD7-targeting CAR-T therapies.”***”° Additionally, in-
fections, particularly grade 3 or higher, were observed in multiple
studies, affecting 23.9% of patients treated with ALLO-501.°° Treat-
ment-related mortality was also reported in certain cases, indicating
a need for enhanced monitoring and management strategies.

The overall safety of allogeneic CAR-engineered cell therapies reflects
a complex interplay of efficacy and adverse effects. More in-depth
evaluation and optimization of safety measures are essential to
mitigate risks while maximizing therapeutic benefits, ultimately
improving patient outcomes in this evolving landscape.

Clinical outcome: Efficacy

The efficacy of various allogeneic CAR-engineered cell products
demonstrates significant potential in treating hematologic malig-
nancies. Notable response rates have been achieved across multiple
therapies, particularly within the CD19-targeting cohort. For
instance, UCART19 reported an overall response rate (ORR) of
48%, with a median progression-free survival of 2.1 months.*>”" In
contrast, the HLA-mismatched CD19-targeting CAR-NK product
achieved a remarkable 73% response rate, with CAR-NK cells persist-
ing at low levels for at least 12 months in all patients.'*” Similarly,
allogeneic CD19-targeting NKT cells displayed promising outcomes,
achieving complete remission in 1 of 2 patients with acute lympho-
blastic leukemia and 2 of 7 patients with non-Hodgkin lymphoma.”
Likewise, ALLO-501 achieved a maximum complete response lasting
over 15 months, with a complete response rate of 50%.°° Regarding
CD7-targeting CAR-T cells, WU-CART-0071001 demonstrated a
response duration of 86 days, while cells from HLA-matched or hap-
loidentical donors showed persistence in 83.3% of patients at
6 months post infusion.””””

The persistence of CAR-engineered cells is another critical
factor influencing efficacy. Most cell products in clinical trials demon-
strated in vivo expansion after either the first or second infusion, with
CAR-T cell levels peaking around 6 weeks post infusion (Tables 2
and 3).”>°%"7 This persistence is crucial for sustained antitumor activ-
ity and for improving long-term outcomes. Moreover, the immune
response associated with CAR-NK therapies is particularly note-
worthy, as these therapies often avoid CRS and neurotoxicity, sug-
gesting a more favorable safety profile while still maintaining
efficacy.'”
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MANUFACTURING CONSIDERATIONS FOR
ALLOGENEIC CELL PRODUCTS

Allogeneic cell therapies offer a promising alternative to autologous
treatments but still face manufacturing challenges. First, scaling up
production to generate enough cells for multiple patients requires
large expansion platforms like stirred tank bioreactors, which can
introduce issues such as shear forces, unstable gas exchange, and
non-physiological conditions, potentially compromising product
quality."”* Therefore, procedures for developing, transporting, and
preserving donor cells must be thoroughly researched and rigorously
validated to ensure reliability and quality.'**'** Second, while using
healthy donor cells reduces variability, donor-to-donor differences
persist. This has caused debate about repeatedly sourcing cells from
a single donor or establishing a master cell bank (MCB)."** iPSC-
derived MCBs provide a limitless supply but take years to establish,
supporting large-scale, on-demand manufacturing. Importantly,
robust testing protocols for cell banks should be implemented to
ensure safety, effective quality control, and validated efficacy.'”
These standards must account for the specific characteristics of
the cells, the production process, and their intended clinical use,
ensuring consistency and compliance with quality and regulatory

. 153,154
requirements.

A major challenge in increasing the scalability of gene editing for
allogeneic CAR-engineered cell therapies is safely removing multiple
genes while minimizing off-target effects. Tools like ZFNs, TALENS,
and CRISPR-Cas9 have advanced preclinical and clinical research,
but their off-target activity remains a concern.'*'>> To address this,
improved gene-editing technologies, such as CRISPR hybrid RNA-
DNA (chRDNA), have been developed to enhance precision and
scalability, reducing the risk of chromosomal abnormalities.'>
Recent clinical trials show promising results, with minimal GvHD
and host rejection in gene-edited allogeneic CAR-T products, demon-
strating their safety and potential for large-scale therapeutic
applications.™®

Although establishing a manufacturing facility for allogeneic ther-
apy requires a significant initial investment, off-the-shelf CAR-T
therapies hold substantial promise for cost savings compared to

196157 By utilizing a single healthy donor to

autologous treatments.
produce multiple cryopreserved batches, the manufacturing process
becomes more efficient, leading to lower costs for healthcare institu-
tions and patients.”® To further drive down costs, several innova-
tive approaches are emerging. For example, although lentiviral vec-
tors are currently effective, their production is both costly and time
intensive.'”® Non-viral gene delivery techniques, such as electropo-
ration and lipid nanoparticles, offer a cost-effective alternative by
eliminating the need for expensive Good Manufacturing Practice
(GMP)-grade viral vectors."”*'®" Additionally, enhancements in
production processes, such as optimized media and self-stimulatory
cells, can further reduce expenses related to labor and raw mate-
rials."”® With these advancements, the cost of producing CAR-T
therapies was predicted to decrease by up to 75% over the next 5

158
years. ~
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CONCLUSIONS

Allogeneic CAR-T cell therapy offers substantial benefits, notably the
ability to treat more patients in a timely manner, despite additional
technical challenges. Clinical trial experiences have highlighted the
limitations associated with manufacturing and administering autolo-
gous CAR-T cell products. However, two significant challenges
exist in allogeneic cell therapy: the risk of GvHD and allorejection.
The risk of GVHD is primarily a safety concern, closely related to pa-
tient morbidity and mortality; severe GVHD can be life threat-

. 2
enlng.lg’lbl’l()‘

Consequently, various strategies have been imple-
mented to mitigate GvHD, making it a primary consideration in
the development of allogeneic cell therapies. In addition, host im-
mune cell-mediated allorejection is a critical factor affecting the effi-
cacy of allogeneic therapies. While not the primary concern
compared to safety issues, it remains essential to address to ensure
therapeutic effectiveness. Various strategies have been developed to
enhance efficacy and mitigate allorejection, such as genetic modifica-
tions to reduce immunogenicity and the use of immune-suppression
protocols (Figure 3). This review comprehensively examines all as-
pects related to allorejection of off-the-shelf cell therapies, including
the immunological basis, current mitigation strategies, and insights
from recent clinical trials.

Immune suppression is a critical and viable clinical strategy in alloge-
neic cell therapy. It is important to recognize that immune reactivity
can be triggered by polymorphic proteins beyond the HLA molecules.
For instance, KIRs, which are expressed on NK cells and some T cells,
interact with HLA molecules and exhibit significant polymorphism,
influencing immune regulation and potentially leading to immune
reactivity.'” Additionally, MHC class I-related chain A (MICA), a
highly polymorphic protein, is known to stimulate immune re-
sponses, particularly in the context of transplantation and cancer im-
munity.'* Although HLAs are well established as key determinants
of immune compatibility, researchers must also consider the role of
other polymorphic proteins, such as KIRs and MICA, which may
contribute to immune complications in cell-based therapies.

One of the significant challenges in assessing strategies to evade allor-
ejection in allogeneic cell therapy is the development of translational
assays that can determine whether a specific genetic modification has
a clinical impact. While several assays have been established to eval-
uate host T cell- and NK cell-mediated allorejection, detecting rejec-
tion mediated by innate immunity remains considerably more prob-
lematic. Moreover, these assays predominantly rely on preclinical
models, including in vitro systems and humanized in vivo models,
which may not fully capture the complexities of the human immune
response (Figure 2). Therefore, clinical testing is crucial to thoroughly
evaluate the immunogenicity and potential allorejection of off-the-
shelf cell products. Ultimately, the gold standard for demonstrating
a lack of rejection is the in vivo persistence of the infused cells as
measured in clinical settings.

Many technologies have been developed to circumvent host T and NK
cell-mediated allorejection; however, the role of antibody-mediated
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allorejection is often underappreciated in efforts to safeguard off-the-
shelf cell therapies and ensure safety. For example, after recognizing
foreign HLA molecules, alloantibodies excreted by B cells will mediate
allorejection in several ways, including recruiting various immune
cells such as macrophages and neutrophils to target graft cells. Recent
studies have focused on strategies to shield cell therapies from host
antibody-mediated immune responses. For instance, Peraro et al. uti-
lized bacterial immunoevasins to create "shield" CAR-T cells, which
successfully cleaved cytotoxic IgG, including anti-CAR antibodies
found in patient samples, and maintained robust antitumor activity
in the presence of anti-cell IgG in vivo.'®> Additionally, Gravina
et al. engineered CAR-T cells to overexpress the IgG receptor CD64,
which provided protection against both HLA and non-HLA anti-
body-mediated cytotoxicity without impairing the cells’ overall
efficacy.”’

To advance the development of allogeneic cell therapies, it is imper-
ative to create robust and predictive assays that can bridge the gap be-
tween preclinical studies and clinical outcomes. Enhancing the sensi-
tivity and specificity of assays for innate immune-mediated rejection
is essential, as innate immunity plays a critical role in the initial
response to transplanted cells.'°>'””  Additionally, integrating
comprehensive immune monitoring in clinical trials will provide
valuable insights into the mechanisms of allorejection and the efficacy
of strategies designed to mitigate it. Collaborative efforts between re-
searchers, clinicians, and regulatory agencies will be vital in establish-
ing standardized methodologies. Ultimately, ensuring the long-term
persistence and functionality of allogeneic CAR-engineered cells in
patients will confirm the success of these strategies and contribute
to the overall efficacy and sustainability of this promising therapeutic
approach.

In addition, several critical questions need to be explored and resolved
to advance the development of allogeneic cell therapy. These include
enhancing current strategies to prevent host recognition and rejection
without compromising the function of CAR-engineered cells, and
determining the optimal level of host immune suppression required
to prevent allorejection while minimizing the risk of infections and
other adverse effects. Developing truly universal donor CAR-engi-
neered cells that are compatible with any recipient without eliciting
an immune response is another key objective. Ensuring long-term
persistence and sustained functionality of allogeneic CAR-engineered
cells in the host environment, understanding the long-term effects
and potential risks associated with extensive genetic modifications
to prevent allorejection, and identifying combination therapies that
can mitigate allorejection while enhancing antitumor efficacy are
also paramount. Addressing these challenges will be crucial for
unlocking the full potential of allogeneic cell therapies, ultimately
transforming patient care and advancing the field of cell-based
immunotherapy.

ACKNOWLEDGMENTS
This work was supported by a UCLA BSCRC Innovation Award (to L.Y.), and an Ablon
Scholars Award (to L.Y.). Y.-R L. is a postdoctoral fellow supported by a UCLA MIMG M.

John Pickett Post-Doctoral Fellow Award, a CIRM-BSCRC Postdoctoral Fellowship, a
UCLA Sydney Finegold Postdoctoral Award, and a UCLA Chancellor’s Award for Post-
doctoral Research.

AUTHOR CONTRIBUTIONS
Y.-R.L. and LY. designed the study. Y.-R.L,, Y.F,, SN, Y.C, and Z.L. wrote the manu-
script. All authors have read and agreed to the published version of the manuscript.

DECLARATION OF INTERESTS

L.Y. is a scientific advisor to AlzChem and Amberstone Biosciences, and a cofounder,
stockholder, and advisory board member of Appia Bio. None of the declared companies
contributed to or directed any of the research reported in this article.

REFERENCES

1. Rafig, S., Hackett, C.S., and Brentjens, R.J. (2020). Engineering strategies to over-
come the current roadblocks in CAR T cell therapy. Nat. Rev. Clin. Oncol. 17,
147-167. https://doi.org/10.1038/s41571-019-0297-y.

IS}

. Guedan, S., Ruella, M., and June, C.H. (2019). Emerging Cellular Therapies for
Cancer. Annu. Rev. Immunol. 37, 145-171. https://doi.org/10.1146/annurev-immu-
nol-042718-041407.

3. Lim, W.A,, and June, C.H. (2017). The Principles of Engineering Immune Cells to
Treat Cancer. Cell 168, 724-740. https://doi.org/10.1016/j.cell.2017.01.016.

4. Baker, D.J., Arany, Z., Baur, J.A., Epstein, J.A., and June, C.H. (2023). CAR T therapy
beyond cancer: the evolution of a living drug. Nature 619, 707-715. https://doi.org/
10.1038/541586-023-06243-w.

v

. Larson, R.C., and Maus, M.V. (2021). Recent advances and discoveries in the mech-
anisms and functions of CAR T cells. Nat. Rev. Cancer 21, 145-161. https://doi.org/
10.1038/s41568-020-00323-z.

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

7. Mo, F., Mamonkin, M., Brenner, M.K,, and Heslop, H.E. (2021). Taking T-Cell
Oncotherapy Off-the-Shelf. Trends Immunol. 42, 261-272. https://doi.org/10.
1016/}.it.2021.01.004.

]

. Caldwell, K.J.,, Gottschalk, S., and Talleur, A.C. (2020). Allogeneic CAR Cell
Therapy-More Than a Pipe Dream. Front. Immunol. 11, 618427. https://doi.org/
10.3389/fimmu.2020.618427.

el

. Depil, S., Duchateau, P., Grupp, S.A., Mufti, G., and Poirot, L. (2020). “Off-the-
shelf” allogeneic CAR T cells: development and challenges. Nat. Rev. Drug
Discov. 19, 185-199. https://doi.org/10.1038/s41573-019-0051-2.

10. Li, Y.-R,, Zhou, Y., Yu, ], Zhu, Y., Lee, D., Zhu, E,, Li, Z,, Kim, Y.J., Zhou, K,, Fang,
Y., et al. (2024). Engineering Allorejection-Resistant CAR-NKT Cells from
Hematopoietic Stem Cells for Off-The-Shelf Cancer Immunotherapy. Mol. Ther.
32, 1849-1874. https:/doi.org/10.1016/j.ymthe.2024.04.005.

11. Li, Y.-R,, Zhou, Y., Yu, J., Kim, Y.J., Li, M., Lee, D., Zhou, K., Chen, Y., Zhu, Y.,
Wang, Y.-C,, et al. (2024). Generation of allogeneic CAR-NKT cells from hemato-
poietic stem and progenitor cells using a clinically guided culture method. Nat.
Biotechnol. 1-16. https://doi.org/10.1038/s41587-024-02226-y.

12. Li, Y.-R,, Zhou, Y., Kim, Y.J., Zhu, Y., Ma, F,, Yu, J., Wang, Y.-C,, Chen, X,, Li, Z.,
Zeng, S., et al. (2021). Development of allogeneic HSC-engineered iNKT cells for
off-the-shelf cancer immunotherapy. Cell Rep. Med 2, 100449. https://doi.org/10.
1016/j.xcrm.2021.100449.

13. Sasu, B.J., Lauron, E.J., Schulz, T., Cheng, H.-Y., and Sommer, C. (2024). Allogeneic
CAR T Cell Therapy for Cancer. Annu. Rev. Cancer Biol. 8, 227-243. https://doi.
org/10.1146/annurev-cancerbio-062822-023316.

14. Lonez, C., and Breman, E. (2024). Allogeneic CAR-T Therapy Technologies: Has the
Promise Been Met? Cells 13, 146. https://doi.org/10.3390/cells13020146.

15. Li, Y.-R,, Dunn, Z.S,, Yu, Y., Li, M., Wang, P., and Yang, L. (2023). Advancing cell-
based cancer immunotherapy through stem cell engineering. Cell Stem Cell 30,
592-610. https://doi.org/10.1016/j.stem.2023.02.009.

Molecular Therapy Vol. 33 No 6 June 2025 2385


https://doi.org/10.1038/s41571-019-0297-y
https://doi.org/10.1146/annurev-immunol-042718-041407
https://doi.org/10.1146/annurev-immunol-042718-041407
https://doi.org/10.1016/j.cell.2017.01.016
https://doi.org/10.1038/s41586-023-06243-w
https://doi.org/10.1038/s41586-023-06243-w
https://doi.org/10.1038/s41568-020-00323-z
https://doi.org/10.1038/s41568-020-00323-z
https://doi.org/10.1158/1078-0432.CCR-16-1300
https://doi.org/10.1016/j.it.2021.01.004
https://doi.org/10.1016/j.it.2021.01.004
https://doi.org/10.3389/fimmu.2020.618427
https://doi.org/10.3389/fimmu.2020.618427
https://doi.org/10.1038/s41573-019-0051-2
https://doi.org/10.1016/j.ymthe.2024.04.005
https://doi.org/10.1038/s41587-024-02226-y
https://doi.org/10.1016/j.xcrm.2021.100449
https://doi.org/10.1016/j.xcrm.2021.100449
https://doi.org/10.1146/annurev-cancerbio-062822-023316
https://doi.org/10.1146/annurev-cancerbio-062822-023316
https://doi.org/10.3390/cells13020146
https://doi.org/10.1016/j.stem.2023.02.009
http://www.moleculartherapy.org

www.moleculartherapy.org

Review

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

2386

Hill, G.R,, Betts, B.C., Tkachev, V., Kean, L.S., and Blazar, B.R. (2021). Current
Concepts and Advances in Graft-Versus-Host Disease Immunology. Annu. Rev.
Immunol. 39, 19-49. https://doi.org/10.1146/annurev-immunol-102119-073227.

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

Fang, Y., Zhu, Y., Kramer, A., Chen, Y., Li, Y.-R., and Yang, L. (2023). Graft-versus-
Host Disease Modulation by Innate T Cells. Int. J. Mol. Sci. 24, 4084. https://doi.org/
10.3390/ijms24044084.

Li, Y.-R,, Dunn, Z.S., Zhou, Y., Lee, D., and Yang, L. (2021). Development of Stem
Cell-Derived Immune Cells for Off-the-Shelf Cancer Immunotherapies. Cells 10,
3497. https://doi.org/10.3390/cells10123497.

Kagoya, Y., Guo, T., Yeung, B., Saso, K., Anczurowski, M., Wang, C.-H., Murata, K.,
Sugata, K., Saijo, H., Matsunaga, Y., et al. (2020). Genetic Ablation of HLA Class I,
Class II, and the T-cell Receptor Enables Allogeneic T Cells to Be Used for Adoptive
T-cell Therapy. Cancer Immunol. Res. 8, 926-936. https://doi.org/10.1158/2326-
6066.CIR-18-0508.

Jo, S., Das, S., Williams, A., Chretien, A.-S., Pagliardini, T., Le Roy, A., Fernandez,
J.P., Le Clerre, D, Jahangiri, B., Chion-Sotinel, L, et al. (2022). Endowing universal
CAR T-cell with immune-evasive properties using TALEN-gene editing. Nat.
Commun. 13, 3453. https://doi.org/10.1038/s41467-022-30896-2.

Wiebking, V., Lee, CM., Mostrel, N., Lahiri, P., Bak, R., Bao, G., Roncarolo, M.G.,
Bertaina, A., and Porteus, M.H. (2021). Genome editing of donor-derived T-cells to
generate allogenic chimeric antigen receptor-modified T cells: Optimizing o T cell-
depleted haploidentical hematopoietic stem cell transplantation. Haematologica
106, 847-858. https://doi.org/10.3324/haematol.2019.233882.

Eyquem, J., Mansilla-Soto, J., Giavridis, T., van der Stegen, S.J.C., Hamieh, M.,
Cunanan, K.M.,, Odak, A., Génen, M., and Sadelain, M. (2017). Targeting a CAR
to the TRAC locus with CRISPR/Cas9 enhances tumour rejection. Nature 543,
113-117. https://doi.org/10.1038/nature21405.

Hu, Y., Zhou, Y., Zhang, M., Ge, W., Li, Y., Yang, L., Wei, G, Han, L., Wang, H., Yu,
S., et al. (2021). CRISPR/Cas9-Engineered Universal CD19/CD22 Dual-Targeted
CAR-T Cell Therapy for Relapsed/Refractory B-cell Acute Lymphoblastic
Leukemia. Clin. Cancer Res. 27, 2764-2772. https://doi.org/10.1158/1078-0432.
CCR-20-3863.

Ramos, C.A., Courtney, A.N., Robinson, S.N., Dakhova, O., Lulla, P.D., Kamble, R.,
Carrum, G., Wang, T., Zhang, C,, Di Pierro, E., and Metelitsa, L.S. (2021). Allogeneic
NKT Cells Expressing a CD19-Specific CAR in Patients with Relapsed or Refractory
B-Cell Malignancies: An Interim Analysis. Blood 138, 2819. https://doi.org/10.1182/
blood-2021-149712.

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

Arias, J., Yu, J., Varshney, M., Inzunza, J., and Nalvarte, 1. (2021). Hematopoietic
stem cell- and induced pluripotent stem cell-derived CAR-NK cells as reliable
cell-based therapy solutions. Stem Cells Transl. Med. 10, 987-995. https://doi.org/
10.1002/sctm.20-0459.

Lu, H.,, Zhao, X,, Li, Z., Hu, Y., and Wang, H. (2021). From CAR-T Cells to CAR-NK
Cells: A Developing Immunotherapy Method for Hematological Malignancies.
Front. Oncol. 11, 720501. https://doi.org/10.3389/fonc.2021.720501.

Zhu, Y., Smith, D.J., Zhou, Y., Li, Y.R,, Yu, ]., Lee, D., Wang, Y.C,, Di Biase, S., Wang,
X., Hardoy, C,, et al. (2019). Development of Hematopoietic Stem Cell-Engineered
Invariant Natural Killer T Cell Therapy for Cancer. Cell Stem Cell 25, 542-557.€9.
https://doi.org/10.1016/j.stem.2019.08.004.

Chen, Y., Zhu, Y., Kramer, A., Fang, Y., Wilson, M., Li, Y.-R,, and Yang, L. (2023).
Genetic engineering strategies to enhance antitumor reactivity and reduce alloreac-
tivity for allogeneic cell-based cancer therapy. Front. Med. 10, 1135468. https://doi.
org/10.3389/fmed.2023.1135468.

Ingulli, E. (2010). Mechanism of cellular rejection in transplantation. Pediatr.
Nephrol. 25, 61-74. https://doi.org/10.1007/s00467-008-1020-x.

Molecular Therapy Vol. 33 No 6 June 2025

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Boardman, D.A,, Jacob, J., Smyth, L.A., Lombardi, G., and Lechler, R.I. (2016). What
Is Direct Allorecognition? Curr. Transpl. Rep. 3, 275-283. https://doi.org/10.1007/
540472-016-0115-8.

Felix, N.J., and Allen, P.M. (2007). Specificity of T-cell alloreactivity. Nat. Rev.
Immunol. 7, 942-953. https://doi.org/10.1038/nri2200.

Carnel, N., Lancia, H.H., Guinier, C., and Benichou, G. (2023). Pathways of Antigen
Recognition by T Cells in Allograft Rejection. Transplantation 107, 827-837. https://
doi.org/10.1097/TP.0000000000004420.

Deuse, T., Hu, X,, Gravina, A., Wang, D., Tediashvili, G., De, C., Thayer, W.O.,
Wahl, A, Garcia, J.V., Reichenspurner, H,, et al. (2019). Hypoimmunogenic deriv-
atives of induced pluripotent stem cells evade immune rejection in fully immuno-
competent allogeneic recipients. Nat. Biotechnol. 37, 252-258. https://doi.org/10.
1038/541587-019-0016-3.

Lee, N., Llano, M., Carretero, M., Ishitani, A., Navarro, F., Lépez-Botet, M., and
Geraghty, D.E. (1998). HLA-E is a major ligand for the natural killer inhibitory re-
ceptor CD94/NKG2A. Proc. Natl. Acad. Sci. USA 95, 5199-5204. https://doi.org/10.
1073/pnas.95.9.5199.

Lanza, R, Russell, D.W., and Nagy, A. (2019). Engineering universal cells that evade
immune detection. Nat. Rev. Immunol. 19, 723-733. https://doi.org/10.1038/
s41577-019-0200-1.

Lv, Z., Luo, F., and Chu, Y. (2023). Strategies for overcoming bottlenecks in alloge-
neic CAR-T cell therapy. Front. Immunol. 14, 1199145. https://doi.org/10.3389/
fimmu.2023.1199145.

Megan, A., Waldrop, M.W.L., Vetter, T.A., Frair, E.,, Beatka, M., Meng, H.,
Tammarino, M., Sabo, B., Subramanian, S., and Kaler, M.M. (2023). Presidential
Symposium and Presentation of Top Abstracts. Mol. Ther. 31, 1-794. https://doi.
org/10.1016/j.ymthe.2023.04.017.

Schmitz, R., Fitch, Z.W., Schroder, P.M., Choi, A.Y., Jackson, A.M., Knechtle, S.J.,
and Kwun, J. (2020). B cells in transplant tolerance and rejection: friends or foes?
Transpl. Int. 33, 30-40. https://doi.org/10.1111/tri.13549.

Chong, A.S., Rothstein, D.M., Safa, K., and Riella, L.V. (2019). Outstanding ques-
tions in transplantation: B cells, alloantibodies, and humoral rejection. Am. J.
Transpl. 19, 2155-2163. https://doi.org/10.1111/ajt.15323.

Ng, Y.-H., Oberbarnscheidt, M.H., Chandramoorthy, H.C.K., Hoffman, R, and
Chalasani, G. (2010). B cells help alloreactive T cells differentiate into memory
T cells. Am. J. Transpl. 10, 1970-1980. https://doi.org/10.1111/j.1600-6143.2010.
03223.x.

Furukawa, Y., Ishii, M., Ando, J., Ikeda, K., Igarashi, K.J., Kinoshita, S., Azusawa, Y.,
Toyota, T., Honda, T., Nakanishi, M., et al. (2023). iPSC-derived hypoimmunogenic
tissue resident memory T cells mediate robust anti-tumor activity against cervical
cancer. Cell Rep. Med. 4, 101327. https://doi.org/10.1016/j.xcrm.2023.101327.

Bromelow, K.V., Hirst, W., Mendes, R.L., Winkley, A.R., Smith, LE., O’Brien, M.E.,
and Souberbielle, B.E. (2001). Whole blood assay for assessment of the mixed
lymphocyte reaction. J. Immunol. Methods 247, 1-8. https://doi.org/10.1016/
$0022-1759(00)00311-2.

Chen, X,, Tan, B,, Xing, H., Zhao, X, Ping, Y., Zhang, Z., Huang, J., Shi, X,, Zhang, N.,
Lin, B,, etal. (2024). Allogeneic CAR-T cells with of HLA-A/B and TRAC disruption
exhibit promising antitumor capacity against B cell malignancies. Cancer Immunol.
Immunother. 73, 13. https://doi.org/10.1007/s00262-023-03586-1.

Karahan, G.E,, Claas, F.H.J., and Heidt, S. (2020). Pre-existing Alloreactive T and B
Cells and Their Possible Relevance for Pre-transplant Risk Estimation in Kidney
Transplant Recipients. Front. Med. 7, 340. https://doi.org/10.3389/fmed.2020.
00340.

Bestard, O., Crespo, E., Stein, M., Lucia, M., Roelen, D.L., de Vaal, Y.J., Hernandez-
Fuentes, M.P., Chatenoud, L., Wood, K.J., Claas, F.H., et al. (2013). Cross-validation
of IFN-v Elispot assay for measuring alloreactive memory/effector T cell responses
in renal transplant recipients. Am. J. Transpl. 13, 1880-1890. https://doi.org/10.
1111/ajt.12285.

Jian, B., Yang, I, and Parsa, A.T. (2010). Monitoring immune responses after glioma
vaccine immunotherapy. Neurosurg. Clin. N. Am. 21, 195-199. https://doi.org/10.
1016/j.nec.2009.09.004.

Rongvaux, A., Takizawa, H., Strowig, T., Willinger, T., Eynon, E.E., Flavell, R.A., and
Manz, M.G. (2013). Human hemato-lymphoid system mice: current use and future


https://doi.org/10.1146/annurev-immunol-102119-073227
https://doi.org/10.1126/scitranslmed.aat8410
https://doi.org/10.1126/scitranslmed.aat8410
https://doi.org/10.3390/ijms24044084
https://doi.org/10.3390/ijms24044084
https://doi.org/10.3390/cells10123497
https://doi.org/10.1158/2326-6066.CIR-18-0508
https://doi.org/10.1158/2326-6066.CIR-18-0508
https://doi.org/10.1038/s41467-022-30896-2
https://doi.org/10.3324/haematol.2019.233882
https://doi.org/10.1038/nature21405
https://doi.org/10.1158/1078-0432.CCR-20-3863
https://doi.org/10.1158/1078-0432.CCR-20-3863
https://doi.org/10.1182/blood-2021-149712
https://doi.org/10.1182/blood-2021-149712
https://doi.org/10.1038/leu.2017.226
https://doi.org/10.1002/sctm.20-0459
https://doi.org/10.1002/sctm.20-0459
https://doi.org/10.3389/fonc.2021.720501
https://doi.org/10.1016/j.stem.2019.08.004
https://doi.org/10.3389/fmed.2023.1135468
https://doi.org/10.3389/fmed.2023.1135468
https://doi.org/10.1007/s00467-008-1020-x
https://doi.org/10.1007/s40472-016-0115-8
https://doi.org/10.1007/s40472-016-0115-8
https://doi.org/10.1038/nri2200
https://doi.org/10.1097/TP.0000000000004420
https://doi.org/10.1097/TP.0000000000004420
https://doi.org/10.1038/s41587-019-0016-3
https://doi.org/10.1038/s41587-019-0016-3
https://doi.org/10.1073/pnas.95.9.5199
https://doi.org/10.1073/pnas.95.9.5199
https://doi.org/10.1038/s41577-019-0200-1
https://doi.org/10.1038/s41577-019-0200-1
https://doi.org/10.3389/fimmu.2023.1199145
https://doi.org/10.3389/fimmu.2023.1199145
https://doi.org/10.1016/j.ymthe.2023.04.017
https://doi.org/10.1016/j.ymthe.2023.04.017
https://doi.org/10.1111/tri.13549
https://doi.org/10.1111/ajt.15323
https://doi.org/10.1111/j.1600-6143.2010.03223.x
https://doi.org/10.1111/j.1600-6143.2010.03223.x
https://doi.org/10.1016/j.xcrm.2023.101327
https://doi.org/10.1016/s0022-1759(00)00311-2
https://doi.org/10.1016/s0022-1759(00)00311-2
https://doi.org/10.1007/s00262-023-03586-1
https://doi.org/10.3389/fmed.2020.00340
https://doi.org/10.3389/fmed.2020.00340
https://doi.org/10.1111/ajt.12285
https://doi.org/10.1111/ajt.12285
https://doi.org/10.1016/j.nec.2009.09.004
https://doi.org/10.1016/j.nec.2009.09.004
http://www.moleculartherapy.org

www.moleculartherapy.org

Review

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

potential for medicine. Annu. Rev. Immunol. 31, 635-674. https://doi.org/10.1146/
annurev-immunol-032712-095921.

Katalini¢, N., Starcevi¢, A., Mavrinac, M., and Balen, S. (2017). Complement-depen-
dent cytotoxicity and Luminex technology for human leucocyte antigen antibody
detection in kidney transplant candidates exposed to different sensitizing events.
Clin. Kidney J. 10, 852-858. https://doi.org/10.1093/ckj/sfx050.

Torikai, H., Reik, A., Soldner, F., Warren, E.H., Yuen, C., Zhou, Y., Crossland, D.L.,
Huls, H., Littman, N., Zhang, Z., et al. (2013). Toward eliminating HLA class i
expression to generate universal cells from allogeneic donors. Blood 122, 1341-
1349. https://doi.org/10.1182/blood-2013-03-478255.

Kwon, Y.-W., Ahn, H.-S,, Lee, ].-W., Yang, H.-M., Cho, H.-],, Kim, S.J., Lee, S.-H.,
Yang, H.-M,, Jang, H.-D., Kim, S.J., and Kim, H.S. (2021). HLA DR Genome Editing
with TALENs in Human iPSCs Produced Immune-Tolerant Dendritic Cells. Stem
Cells Int. 2021, 8873383. https://doi.org/10.1155/2021/8873383.

Amiri, F.,, Ranjbar, M., Pirouzfar, M., Nourigorji, M., and Dianatpour, M. (2021).
HLA-A gene knockout using CRISPR/Cas9 system toward overcoming transplanta-
tion concerns. Egypt. J. Med. Hum. Genet. 22, 37. https://doi.org/10.1186/s43042-
021-00155-y.

Thongsin, N., and Wattanapanitch, M. (2022). CRISPR/Cas9 Ribonucleoprotein
Complex-Mediated Efficient B2M Knockout in Human Induced Pluripotent Stem
Cells (iPSCs). Methods Mol. Biol. 2454, 607-624. https://doi.org/10.1007/
7651_2021_352.

Mattapally, S., Pawlik, KM., Fast, V.G., Zumaquero, E., Lund, F.E., Randall, T.D.,
Townes, T.M., and Zhang, J. (2018). Human Leukocyte Antigen Class I and II
Knockout Human Induced Pluripotent Stem Cell-Derived Cells: Universal Donor
for Cell Therapy. J. Am. Heart Assoc. 7, €010239. https://doi.org/10.1161/JAHA.
118.010239.

Lanier, L.L. (2008). Up on the tightrope: natural killer cell activation and inhibition.
Nat. Immunol. 9, 495-502. https://doi.org/10.1038/ni1581.

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

Xu, H., Wang, B., Ono, M., Kagita, A., Fujii, K., Sasakawa, N., Ueda, T., Gee, P.,
Nishikawa, M., Nomura, M., et al. (2019). Targeted Disruption of HLA Genes via
CRISPR-Cas9 Generates iPSCs with Enhanced Immune Compatibility. Cell Stem
Cell 24, 566-578.¢7. https://doi.org/10.1016/j.stem.2019.02.005.

Wang, B., Iriguchi, S., Waseda, M., Ueda, N., Ueda, T., Xu, H., Minagawa, A.,
Ishikawa, A., Yano, H,, Ishi, T., et al. (2021). Generation of hypoimmunogenic
T cells from genetically engineered allogeneic human induced pluripotent stem cells.
Nat. Biomed. Eng. 5, 429-440. https://doi.org/10.1038/s41551-021-00730-z.

Han, X., Wang, M., Duan, S., Franco, P.J., Kenty, ].H.-R., Hedrick, P., Xia, Y., Allen,
A., Ferreira, LM.R,, Strominger, J.L., et al. (2019). Generation of hypoimmunogenic
human pluripotent stem cells. Proc. Natl. Acad. Sci. USA 116, 10441-10446. https://
doi.org/10.1073/pnas.1902566116.

Gravina, A., Tediashvili, G., Rajalingam, R., Quandt, Z., Deisenroth, C., Schrepfer,
S., and Deuse, T. (2023). Protection of cell therapeutics from antibody-mediated
killing by CD64 overexpression. Nat. Biotechnol. 41, 717-727. https://doi.org/10.
1038/s41587-022-01540-7.

Jang, Y., Choi, J., Park, N., Kang, J., Kim, M., Kim, Y,, and Ju, J.H. (2019).
Development of immunocompatible pluripotent stem cells via CRISPR-based hu-
man leukocyte antigen engineering. Exp. Mol. Med. 51, 1-11. https://doi.org/10.
1038/s12276-018-0190-2.

Kitano, Y., Nishimura, S., Kato, T.M., Ueda, A., Takigawa, K., Umekage, M.,
Nomura, M., Kawakami, A., Ogawa, H., Xu, H,, et al. (2022). Generation of hypo-
immunogenic induced pluripotent stem cells by CRISPR-Cas9 system and detailed
evaluation for clinical application. Mol. Ther. Methods Clin. Dev. 26, 15-25. https://
doi.org/10.1016/j.0mtm.2022.05.010.

Hou, X., Zaks, T., Langer, R,, and Dong, Y. (2021). Lipid nanoparticles for mRNA
delivery. Nat. Rev. Mater. 6, 1078-1094. https://doi.org/10.1038/s41578-021-
00358-0.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Mendes, B.B., Conniot, J., Avital, A., Yao, D,, Jiang, X., Zhou, X., Sharf-Pauker, N.,
Xiao, Y., Adir, O., Liang, H., et al. (2022). Nanodelivery of nucleic acids. Nat. Rev.
Methods Primers 2, 24. https://doi.org/10.1038/s43586-022-00104-y.

Benjamin, R., Graham, C., Yallop, D., Jozwik, A., Mirci-Danicar, O.C., Lucchini, G.,
Pinner, D., Jain, N., Kantarjian, H., Boissel, N., et al. (2020). Genome-edited, donor-
derived allogeneic anti-CD19 chimeric antigen receptor T cells in paediatric and
adult B-cell acute lymphoblastic leukaemia: results of two phase 1 studies. Lancet
396, 1885-1894. https://doi.org/10.1016/S0140-6736(20)32334-5.

Qasim, W., Zhan, H., Samarasinghe, S., Adams, S., Amrolia, P., Stafford, S., Butler,
K., Rivat, C., Wright, G., Somana, K., et al. (2017). Molecular remission of infant
B-ALL after infusion of universal TALEN gene-edited CAR T cells. Sci. Transl.
Med. 9, €aaj2013. https://doi.org/10.1126/scitranslmed.aaj2013.

Neelapu, S.S., Nath, R., Munoz, J., Tees, M., Miklos, D.B., Frank, M.]., Malik, S.A.,
Stevens, D., Shin, C.R,, Balakumaran, A,, et al. (2021). ALPHA Study: ALLO-501
Produced Deep and Durable Responses in Patients with Relapsed/Refractory
Non-Hodgkin’s Lymphoma Comparable to Autologous CAR T. Blood 138, 3878.
https://doi.org/10.1182/blood-2021-146038.

Lekakis, L.J., Locke, F.L., Tees, M., Neelapu, S.S., Malik, S.A., Hamadani, M., Frank,
M., Popplewell, L.L., Abramson, J.S., de Vos, S, et al. (2021). ALPHA2 Study:
ALLO-501A Allogeneic CAR T in LBCL, Updated Results Continue to Show
Encouraging Safety and Efficacy with Consolidation Dosing. Blood 138, 649.
https://doi.org/10.1182/blood-2021-146045.

Pan, ], Tan, Y., Wang, G., Deng, B., Ling, Z., Song, W., Seery, S., Zhang, Y., Peng, S.,
Xu, J., et al. (2021). Donor-Derived CD7 Chimeric Antigen Receptor T Cells for
T-Cell Acute Lymphoblastic Leukemia: First-in-Human, Phase I Trial. J. Clin.
Oncol. 39, 3340-3351. https://doi.org/10.1200/JCO.21.00389.

Benjamin, R,, Jain, N., Maus, M.V,, Boissel, N., Graham, C,, Jozwik, A., Yallop, D.,
Konopleva, M., Frigault, M.J., Teshima, T., et al. (2022). UCART19, a first-in-class
allogeneic anti-CD19 chimeric antigen receptor T-cell therapy for adults with
relapsed or refractory B-cell acute lymphoblastic leukaemia (CALM): a phase 1,
dose-escalation trial. Lancet Haematol. 9, e833-e843. https://doi.org/10.1016/
$2352-3026(22)00245-9.

McGuirk, J.P., Tam, C.S., Kréger, N., Riedell, P.A., Murthy, H.S., Ho, P.J., Maakaron,
J.E., Waller, E.K., Awan, F.T., Shaughnessy, P.J., et al. (2022). CTX110 Allogeneic
CRISPR-Cas9-Engineered CAR T Cells in Patients (Pts) with Relapsed or
Refractory (R/R) Large B-Cell Lymphoma (LBCL): Results from the Phase 1 Dose
Escalation Carbon Study. Blood 140, 10303-10306. https://doi.org/10.1182/blood-
2022-166432.

Poirot, L., Philip, B., Schiffer-Mannioui, C., Le Clerre, D., Chion-Sotinel, I,
Derniame, S., Potrel, P., Bas, C., Lemaire, L., Galetto, R,, et al. (2015). Multiplex
Genome-Edited T-cell Manufacturing Platform for “Off-the-Shelf” Adoptive
T-cell Immunotherapies. Cancer Res. 75, 3853-3864. https://doi.org/10.1158/
0008-5472.CAN-14-3321.

Dholaria, B., Kocoglu, M.H,, Kin, A., Asch, A.S., Ramakrishnan, A., Bachier, C.,
Rodriguez, T.E., Shune, L., McArthur, K., McCaigue, J., et al. (2023). Early Safety
Results of P-BCMA-ALLOI, a Fully Allogeneic Chimeric Antigen Receptor
T-Cell (CAR-T), in Patients with Relapsed/Refractory Multiple Myeloma
(RRMM). Blood 142, 3479. https://doi.org/10.1182/blood-2023-182430.

Ghobadi, A., Aldoss, I., Maude, S., S Wayne, A., Bhojwani, D., Bajel, A., Dholaria, B.,
Faramand, R., Mattison, R., Rettig, M., et al. (2023). P356: Phase 1/2 Dose-Escalation
Study of Anti-CD7 Allogenic CAR-T Cell in Relapsed or Refractory(R/R) T-Cell
Acute  Lymphoblastic ~ Leukemia/Lymphoblastic =~ Lymphoma(T-ALL/LBL).
HemaSphere 7, €1789302. https://doi.org/10.1097/01.HS9.0000968336.17893.02.

Leedom, T., Hamil, A.S., Pouyanfard, S., Govero, J., Langland, R., Ballard, A.,
Schwarzkopf, L., Martens, A., Espenschied, A. Vinay, P, et al. (2021).
Characterization of WU-CART-007, an Allogeneic CD7-Targeted CAR-T Cell
Therapy for T-Cell Malignancies. Blood 138, 2772. https://doi.org/10.1182/blood-
2021-153150.

Zhang, Y., Li, C., Du, M., Jiang, H., Luo, W., Tang, L., Kang, Y., Xu, J., Wu, Z., Wang,
X.,, et al. (2023). Allogenic and autologous anti-CD7 CAR-T cell therapies in
relapsed or refractory T-cell malignancies. Blood Cancer J. 13, 61. https://doi.org/
10.1038/541408-023-00822-w.

Mailankody, S., Matous, J.V., Chhabra, S., Liedtke, M., Sidana, S., Oluwole, O.0.,
Malik, S., Nath, R, Anwer, F., Cruz, J.C,, et al. (2023). Allogeneic BCMA-targeting

Molecular Therapy Vol. 33 No 6 June 2025 2387


https://doi.org/10.1146/annurev-immunol-032712-095921
https://doi.org/10.1146/annurev-immunol-032712-095921
https://doi.org/10.1093/ckj/sfx050
https://doi.org/10.1182/blood-2013-03-478255
https://doi.org/10.1155/2021/8873383
https://doi.org/10.1186/s43042-021-00155-y
https://doi.org/10.1186/s43042-021-00155-y
https://doi.org/10.1007/7651_2021_352
https://doi.org/10.1007/7651_2021_352
https://doi.org/10.1161/JAHA.118.010239
https://doi.org/10.1161/JAHA.118.010239
https://doi.org/10.1038/ni1581
https://doi.org/10.1038/nbt.3860
https://doi.org/10.1016/j.stem.2019.02.005
https://doi.org/10.1038/s41551-021-00730-z
https://doi.org/10.1073/pnas.1902566116
https://doi.org/10.1073/pnas.1902566116
https://doi.org/10.1038/s41587-022-01540-7
https://doi.org/10.1038/s41587-022-01540-7
https://doi.org/10.1038/s12276-018-0190-2
https://doi.org/10.1038/s12276-018-0190-2
https://doi.org/10.1016/j.omtm.2022.05.010
https://doi.org/10.1016/j.omtm.2022.05.010
https://doi.org/10.1038/s41578-021-00358-0
https://doi.org/10.1038/s41578-021-00358-0
https://doi.org/10.1038/s43586-022-00104-y
https://doi.org/10.1016/S0140-6736(20)32334-5
https://doi.org/10.1126/scitranslmed.aaj2013
https://doi.org/10.1182/blood-2021-146038
https://doi.org/10.1182/blood-2021-146045
https://doi.org/10.1200/JCO.21.00389
https://doi.org/10.1016/S2352-3026(22)00245-9
https://doi.org/10.1016/S2352-3026(22)00245-9
https://doi.org/10.1182/blood-2022-166432
https://doi.org/10.1182/blood-2022-166432
https://doi.org/10.1158/0008-5472.CAN-14-3321
https://doi.org/10.1158/0008-5472.CAN-14-3321
https://doi.org/10.1182/blood-2023-182430
https://doi.org/10.1097/01.HS9.0000968336.17893.02
https://doi.org/10.1182/blood-2021-153150
https://doi.org/10.1182/blood-2021-153150
https://doi.org/10.1038/s41408-023-00822-w
https://doi.org/10.1038/s41408-023-00822-w
http://www.moleculartherapy.org

www.moleculartherapy.org

Review

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91

92.

93.

2388

CAR T cells in relapsed/refractory multiple myeloma: phase 1 UNIVERSAL trial
interim results. Nat. Med. 29, 422-429. https://doi.org/10.1038/s41591-022-
02182-7.

Jain, N., Chevallier, P., Liu, H., Schiller, G.J., Méar, J.-B., DeAngelo, D.J., Curran,
KJ., Grupp, S., Baruchel, A., Balsat, M., et al. (2023). Updated Results of the
Phase I BALLI-01 Trial of UCART22 Process 2 (P2), an Anti-CD22 Allogeneic
CAR-T Cell Product Manufactured By Cellectis Biologics, in Patients with
Relapsed or Refractory (R/R) CD22+ B-Cell Acute Lymphoblastic Leukemia
(B-ALL). Blood 142, 4847. https://doi.org/10.1182/blood-2023-187252.

Wang, X,, Wu, X,, Tan, B,, Zhu, L., Zhang, Y., Lin, L., Xiao, Y., Sun, A., Wan, X,, Liu,
S., et al. (2024). Allogeneic CD19-targeted CAR-T therapy in patients with severe
myositis and systemic sclerosis. Cell 187, 4890-4904.€9. https://doi.org/10.1016/j.
cell.2024.06.027.

Phely, L., Hensen, L., Faul, C., Ruff, C.A., Schneider, D., Bethge, W.A., and Lengerke,
C. (2024). Allogeneic CD19/CD22 CAR T-Cell Therapy for B-Cell Acute
Lymphoblastic Leukemia. JAMA Oncol. 10, 821-824. https://doi.org/10.1001/ja-
maoncol.2024.0473.

Pal, SK., Tran, B., Haanen, ].B.A.G., Hurwitz, M.E., Sacher, A., Tannir, N.M.,
Budde, L.E,, Harrison, S.J., Klobuch, S., Patel, S.S., et al. (2024). CD70-Targeted
Allogeneic CAR T-Cell Therapy for Advanced Clear Cell Renal Cell Carcinoma.
Cancer Discov. 14, 1176-1189. https://doi.org/10.1158/2159-8290.CD-24-0102.

Li, H,, Yang, Y., Hong, W., Huang, M., Wu, M., and Zhao, X. (2020). Applications of
genome editing technology in the targeted therapy of human diseases: mechanisms,
advances and prospects. Signal Transduct. Targeted Ther. 5, 1. https://doi.org/10.
1038/541392-019-0089-y.

Georgiadis, C., Preece, R., Nickolay, L., Etuk, A., Petrova, A., Ladon, D., Danyi, A.,
Humphryes-Kirilov, N., Ajetunmobi, A., Kim, D., et al. (2018). Long Terminal
Repeat CRISPR-CAR-Coupled “Universal” T Cells Mediate Potent Anti-leukemic
Effects. Mol. Ther. 26, 1215-1227. https://doi.org/10.1016/j.ymthe.2018.02.025.

Dehn, J.,, Spellman, S., Hurley, CK., Shaw, B.E., Barker, J.N., Burns, L.J., Confer,
D.L., Eapen, M., Fernandez-Vina, M., Hartzman, R, et al. (2019). Selection of unre-
lated donors and cord blood units for hematopoietic cell transplantation: guidelines
from the NMDP/CIBMTR. Blood 134, 924-934. https://doi.org/10.1182/blood.
2019001212.

Pizzato, H.A., Alonso-Guallart, P., Woods, J., Johannesson, B., Connelly, J.P.,
Fehniger, T.A., Atkinson, J.P., Pruett-Miller, S.M., Monsma, FJ, and
Bhattacharya, D. (2024). Engineering human pluripotent stem cell lines to evade
xenogeneic transplantation barriers. Stem Cell Rep. 19, 299-313. https://doi.org/
10.1016/j.stemcr.2023.12.003.

Labi, V., Bertele, D., Woess, C., Tischner, D., Bock, F.J., Schwemmers, S., Pahl, H.L.,
Geley, S., Kunze, M., Niemeyer, C.M.,, et al. (2013). Haematopoietic stem cell sur-
vival and transplantation efficacy is limited by the BH3-only proteins Bim and
Bmf. EMBO Mol. Med. 5, 122-136. https://doi.org/10.1002/emmm.201201235.

Kollek, M., Voigt, G., Molnar, C., Murad, F., Bertele, D., Krombholz, C.F., Bohler, S.,
Labi, V., Schiller, S., Kunze, M., et al. (2017). Transient apoptosis inhibition in donor
stem cells improves hematopoietic stem cell transplantation. J. Exp. Med. 214, 2967-
2983. https://doi.org/10.1084/jem.20161721.

Ambrosini, G., Adida, C., and Altieri, D.C. (1997). A novel anti-apoptosis gene, sur-
vivin, expressed in cancer and lymphoma. Nat. Med. 3, 917-921. https://doi.org/10.
1038/nm0897-917.

Dohi, T., Salz, W., Costa, M., Ariyan, C., Basadonna, G.P., and Altieri, D.C. (2006).
Inhibition of apoptosis by survivin improves transplantation of pancreatic islets for
treatment of diabetes in mice. EMBO Rep. 7, 438-443. https://doi.org/10.1038/s].
embor.7400640.

Singh, P., Fukuda, S., Liu, L., Chitteti, B.R., and Pelus, L.M. (2018). Survivin Is
Required for Mouse and Human Bone Marrow Mesenchymal Stromal Cell
Function. Stem Cells 36, 123-129. https://doi.org/10.1002/stem.2727.

Assadiasl, S., Mousavi, M.J., and Amirzargar, A. (2018). Antiapoptotic Molecule
Survivin in Transplantation: Helpful or Harmful? J. Trans. 2018, 6492034. https://
doi.org/10.1155/2018/6492034.

Wang, Z., McWilliams-Koeppen, H.P., Reza, H., Ostberg, J.R., Chen, W., Wang, X,,
Huynh, C,, Vyas, V., Chang, W.-C,, Starr, R,, et al. (2022). 3D-organoid culture sup-

Molecular Therapy Vol. 33 No 6 June 2025

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

ports differentiation of human CAR+ iPSCs into highly functional CAR T cells. Cell
Stem Cell 29, 515-527.€8. https://doi.org/10.1016/j.stem.2022.02.009.

Jeng, RR,, and van den Brink, M.R.M. (2010). Allogeneic haematopoietic stem cell
transplantation: individualized stem cell and immune therapy of cancer. Nat. Rev.
Cancer 10, 213-221. https://doi.org/10.1038/nrc2804.

Strzelec, M., Detka, J., Mieszczak, P., Sobocinska, M.K., and Majka, M. (2023).
Immunomodulation-a general review of the current state-of-the-art and new ther-
apeutic strategies for targeting the immune system. Front. Immunol. 14, 1127704.
https://doi.org/10.3389/fimmu.2023.1127704.

Guo, W.W,, Su, X.H., Wang, M.Y., Han, M.Z,, Feng, X.M., and Jiang, E.L. (2021).
Regulatory T Cells in GVHD Therapy. Front. Immunol. 12, 697854.

Coutinho, A.E.,, and Chapman, K.E. (2011). The anti-inflammatory and immuno-
suppressive effects of glucocorticoids, recent developments and mechanistic in-
sights. Mol. Cell. Endocrinol. 335, 2-13. https://doi.org/10.1016/j.mce.2010.04.005.

Chang, Y.-J., Xu, L.-P., Wang, Y., Zhang, X.-H., Chen, H., Chen, Y.-H., Wang, F.-R,,
Han, W, Sun, Y.-Q., Yan, C.-H,, et al. (2019). Effects of Low-Dose Glucocorticoid
Prophylaxis on Chronic Graft-versus-Host Disease and Graft-versus-Host
Disease-Free, Relapse-Free Survival after Haploidentical Transplantation: Long-
Term Follow-Up of a Controlled, Randomized Open-Label Trial. Biol. Blood
Marrow Transpl. 25, 529-537. https://doi.org/10.1016/j.bbmt.2018.11.020.

Westin, J.R., Saliba, R.M., De Lima, M., Alousi, A., Hosing, C., Qazilbash, M.H.,
Khouri, LF.,, Shpall, EJ, Anderlini, P, Rondon, G., et al. (2011). Steroid-
Refractory Acute GVHD: Predictors and Outcomes. Adv. Hematol. 2011, 601953.
https://doi.org/10.1155/2011/601953.

Cutler, C,, Logan, B., Nakamura, R, Johnston, L., Choi, S., Porter, D., Hogan, W.J.,
Pasquini, M., MacMillan, M.L., Hsu, ].W., et al. (2014). Tacrolimus/sirolimus vs ta-
crolimus/methotrexate as GVHD prophylaxis after matched, related donor alloge-
neic HCT. Blood 124, 1372-1377. https://doi.org/10.1182/blood-2014-04-567164.

Otsuka, S., Melis, N., Gaida, M.M., Dutta, D., Weigert, R., and Ashwell, J.D. (2021).
Calcineurin inhibitors suppress acute graft-versus-host disease via NFAT-indepen-
dent inhibition of T cell receptor signaling. J. Clin. Invest. 131, €147683. https://doi.
org/10.1172/JCI147683.

Azzi, J.R,, Sayegh, M.H., and Mallat, S.G. (2013). Calcineurin Inhibitors: 40 Years
Later, Can’t Live Without. J. Immunol. 191, 5785-5791. https://doi.org/10.4049/jim-
munol.1390055.

Unni, N, and Arteaga, C.L. (2019). Is Dual mTORCI and mTORC2 Therapeutic
Blockade Clinically Feasible in Cancer? JAMA Oncol. 5, 1564-1565. https://doi.
org/10.1001/jamaoncol.2019.2525.

Joo, V., Abdelhamid, K., Noto, A., Latifyan, S., Martina, F., Daoudlarian, D., De
Micheli, R, Pruijm, M., Peters, S., Hullin, R., et al. (2024). Primary prophylaxis
with mTOR inhibitor enhances T cell effector function and prevents heart trans-
plant rejection during talimogene laherparepvec therapy of squamous cell carci-
noma. Nat. Commun. 15, 3664. https://doi.org/10.1038/s41467-024-47965-3.

Armand, P., Gannamaneni, S., Kim, H.T., Cutler, C.S., Ho, V.T., Koreth, J., Alyea,
E.P., LaCasce, A.S., Jacobsen, E.D., Fisher, D.C,, et al. (2008). Improved survival
in lymphoma patients receiving sirolimus for graft-versus-host disease prophylaxis
after allogeneic hematopoietic stem-cell transplantation with reduced-intensity con-
ditioning. J. Clin. Oncol. 26, 5767-5774. https://doi.org/10.1200/JCO.2008.17.7279.

Ramirez, C.B., and Marino, LR. (2007). The role of basiliximab induction therapy in
organ transplantation. Expert Opin. Biol. Ther. 7, 137-148. https://doi.org/10.1517/
14712598.7.1.137.

Hu, S, Liang, S., Guo, H., Zhang, D., Li, H., Wang, X, Yang, W., Qian, W., Hou, S.,
Wang, H,, et al. (2013). Comparison of the inhibition mechanisms of adalimumab
and infliximab in treating tumor necrosis factor a-associated diseases from a molec-
ular view. J. Biol. Chem. 288, 27059-27067. https://doi.org/10.1074/jbc.M113.
491530.

Bello, C., and Sotomayor, E.M. (2007). Monoclonal Antibodies for B-Cell
Lymphomas: Rituximab and Beyond. Hematol. Am. Soc. Hematol. Educ.
Program 2007, 233-242. https://doi.org/10.1182/asheducation-2007.1.233.

Haribhai, D., Williams, J.B., Jia, S., Nickerson, D., Schmitt, E.G., Edwards, B.,
Ziegelbauer, J., Yassai, M., Li, S.-H., Relland, L.M,, et al. (2011). A requisite role
for induced regulatory T cells in tolerance based on expanding antigen receptor di-
versity. Immunity 35, 109-122. https://doi.org/10.1016/j.immuni.2011.03.029.


https://doi.org/10.1038/s41591-022-02182-7
https://doi.org/10.1038/s41591-022-02182-7
https://doi.org/10.1182/blood-2023-187252
https://doi.org/10.1016/j.cell.2024.06.027
https://doi.org/10.1016/j.cell.2024.06.027
https://doi.org/10.1001/jamaoncol.2024.0473
https://doi.org/10.1001/jamaoncol.2024.0473
https://doi.org/10.1158/2159-8290.CD-24-0102
https://doi.org/10.1038/s41392-019-0089-y
https://doi.org/10.1038/s41392-019-0089-y
https://doi.org/10.1016/j.ymthe.2018.02.025
https://doi.org/10.1182/blood.2019001212
https://doi.org/10.1182/blood.2019001212
https://doi.org/10.1016/j.stemcr.2023.12.003
https://doi.org/10.1016/j.stemcr.2023.12.003
https://doi.org/10.1002/emmm.201201235
https://doi.org/10.1084/jem.20161721
https://doi.org/10.1038/nm0897-917
https://doi.org/10.1038/nm0897-917
https://doi.org/10.1038/sj.embor.7400640
https://doi.org/10.1038/sj.embor.7400640
https://doi.org/10.1002/stem.2727
https://doi.org/10.1155/2018/6492034
https://doi.org/10.1155/2018/6492034
https://doi.org/10.1016/j.stem.2022.02.009
https://doi.org/10.1038/nrc2804
https://doi.org/10.3389/fimmu.2023.1127704
http://refhub.elsevier.com/S1525-0016(24)00762-7/sref96
http://refhub.elsevier.com/S1525-0016(24)00762-7/sref96
https://doi.org/10.1016/j.mce.2010.04.005
https://doi.org/10.1016/j.bbmt.2018.11.020
https://doi.org/10.1155/2011/601953
https://doi.org/10.1182/blood-2014-04-567164
https://doi.org/10.1172/JCI147683
https://doi.org/10.1172/JCI147683
https://doi.org/10.4049/jimmunol.1390055
https://doi.org/10.4049/jimmunol.1390055
https://doi.org/10.1001/jamaoncol.2019.2525
https://doi.org/10.1001/jamaoncol.2019.2525
https://doi.org/10.1038/s41467-024-47965-3
https://doi.org/10.1200/JCO.2008.17.7279
https://doi.org/10.1517/14712598.7.1.137
https://doi.org/10.1517/14712598.7.1.137
https://doi.org/10.1074/jbc.M113.491530
https://doi.org/10.1074/jbc.M113.491530
https://doi.org/10.1182/asheducation-2007.1.233
https://doi.org/10.1016/j.immuni.2011.03.029
http://www.moleculartherapy.org

www.moleculartherapy.org

Review

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

Lim, J.-Y., Im, K.-I,, Song, Y., Kim, N., Nam, Y.-S,, Jeon, Y.-W., and Cho, S.-G.
(2018). Third-party regulatory T cells prevent murine acute graft-versus-host dis-
ease. Korean J. Intern. Med. 33, 980-989. https://doi.org/10.3904/kjim.2016.319.

Brunstein, C.G., Miller, J.S., Cao, Q., McKenna, D.H., Hippen, K.L., Curtsinger, J.,
DeFor, T., Levine, B.L., June, C.H., Rubinstein, P., et al. (2011). Infusion of
ex vivo expanded T regulatory cells in adults transplanted with umbilical cord blood:
Safety profile and detection kinetics. Blood 117, 1061-1070. https://doi.org/10.1182/
blood-2010-07-293795.

MacMillan, M.L., Hippen, K.L., McKenna, D.H., Kadidlo, D., Sumstad, D., DeFor,
T.E., Brunstein, C.G., Holtan, S.G., Miller, J.S., Warlick, E.D., et al. (2021). First-
in-human phase 1 trial of induced regulatory T cells for graft-versus-host disease
prophylaxis in HLA-matched siblings. Blood Adv. 5, 1425-1436. https://doi.org/
10.1182/bloodadvances.2020003219.

Raffin, C,, Vo, L.T., and Bluestone, J.A. (2020). T(reg) cell-based therapies: chal-
lenges and perspectives. Nat. Rev. Immunol. 20, 158-172. https://doi.org/10.1038/
s41577-019-0232-6.

Edinger, M., Hoffmann, P., Ermann, J., Drago, K., Fathman, C.G., Strober, S., and
Negrin, R.S. (2003). CD4+CD25+ regulatory T cells preserve graft-versus-tumor ac-
tivity while inhibiting graft-versus-host disease after bone marrow transplantation.
Nat. Med. 9, 1144-1150. https://doi.org/10.1038/nm915.

Trenado, A., Charlotte, F., Fisson, S., Yagello, M., Klatzmann, D., Salomon, B.L., and
Cohen, J.L. (2003). Recipient-type specific CD4+CD25+ regulatory T cells favor im-
mune reconstitution and control graft-versus-host disease while maintaining graft-
versus-leukemia. J. Clin. Invest. 112, 1688-1696. https://doi.org/10.1172/JCI17702.

Suryadevara, C.M., Desai, R., Farber, S.H., Choi, B.D., Swartz, A.M., Shen, SH.,
Gedeon, P.C,, Snyder, D.J., Herndon, J.E., 2nd, Healy, P., et al. (2019). Preventing
Lck Activation in CAR T Cells Confers Treg Resistance but Requires 4-1BB
Signaling for Them to Persist and Treat Solid Tumors in Nonlymphodepleted
Hosts. Clin. Cancer Res. 25, 358-368. https://doi.org/10.1158/1078-0432.CCR-
18-1211.

DiNofia, A.M., and Grupp, S.A. (2021). Will allogeneic CAR T cells for CD19(+)
malignancies take autologous CAR T cells “off the shelf”? Nat. Rev. Clin. Oncol.
18, 195-196. https://doi.org/10.1038/s41571-021-00485-1.

Majzner, R.G., and Mackall, C.L. (2019). Clinical lessons learned from the first leg of
the CAR T cell journey. Nat. Med. 25, 1341-1355. https://doi.org/10.1038/s41591-
019-0564-6.

Sommer, C., Boldajipour, B., Kuo, T.C., Bentley, T., Sutton, J., Chen, A., Geng, T.,
Dong, H., Galetto, R., Valton, J., et al. (2019). Preclinical Evaluation of Allogeneic
CAR T Cells Targeting BCMA for the Treatment of Multiple Myeloma. Mol.
Ther. 27, 1126-1138. https://doi.org/10.1016/j.ymthe.2019.04.001.

Tipanee, J., Samara-Kuko, E., Gevaert, T., Chuah, M.K,, and VandenDriessche, T.
(2022). Universal allogeneic CAR T cells engineered with Sleeping Beauty transpo-
sons and CRISPR-CAS9 for cancer immunotherapy. Mol. Ther. 30, 3155-3175.
https://doi.org/10.1016/j.ymthe.2022.06.006.

Stadtmauer, E.A., Fraietta, J.A., Davis, M.M., Cohen, A.D., Weber, K.L., Lancaster,
E., Mangan, P.A,, Kulikovskaya, I., Gupta, M., Chen, F., et al. (2020). CRISPR-engi-
neered T cells in patients with refractory cancer. Science 367, eaba7365. https://doi.
org/10.1126/science.aba7365.

Stenger, D., Stief, T.A., Kaeuferle, T., Willier, S., Rataj, F., Schober, K., Vick, B., Lotfi,
R., Wagner, B., Griinewald, T.G.P., et al. (2020). Endogenous TCR promotes in vivo
persistence of CD19-CAR-T cells compared to a CRISPR/Cas9-mediated TCR
knockout CAR. Blood 136, 1407-1418. https://doi.org/10.1182/blood.2020005185.

Liu, E., Marin, D., Banerjee, P., Macapinlac, H.A., Thompson, P., Basar, R., Nassif
Kerbauy, L., Overman, B., Thall, P., Kaplan, M., et al. (2020). Use of CAR-
Transduced Natural Killer Cells in CD19-Positive Lymphoid Tumors. N. Engl. J.
Med. 382, 545-553. https://doi.org/10.1056/nejmoal910607.

Laskowski, T.J., Biederstddt, A., and Rezvani, K. (2022). Natural killer cells in anti-
tumour adoptive cell immunotherapy. Nat. Rev. Cancer 22, 557-575. https://doi.
0rg/10.1038/541568-022-00491-0.

Li, Y., Hermanson, D.L., Moriarity, B.S., and Kaufman, D.S. (2018). Human iPSC-
Derived Natural Killer Cells Engineered with Chimeric Antigen Receptors Enhance
Anti-tumor Activity. Cell Stem Cell 23, 181-192.e5. https://doi.org/10.1016/j.stem.
2018.06.002.

126.

127.

128.

129.

130.

13

—

132.

133.

134.

135.

136.

137.

138.

139.

140.

Dagher, O.K., and Posey, A.D. (2023). Forks in the road for CAR T and CAR NK cell
cancer therapies. Nat. Immunol. 24, 1994-2007. https://doi.org/10.1038/541590-
023-01659-y.

Li, Y.-R,, Ochoa, CJ., Zhu, Y., Kramer, A., Wilson, M., Fang, Y., Chen, Y., Singh, T.,
Di Bernardo, G., Zhu, E,, et al. (2023). Profiling ovarian cancer tumor and microen-
vironment during disease progression for cell-based immunotherapy design.
iScience 26, 107952. https://doi.org/10.1016/j.is¢i.2023.107952.

Li, Y.-R,, Zhou, Y., Wilson, M., Kramer, A., Hon, R, Zhu, Y., Fang, Y., and Yang, L.
(2022). Tumor-Localized Administration of a-GalCer to Recruit Invariant Natural
Killer T Cells and Enhance Their Antitumor Activity against Solid Tumors. Int. J.
Mol. Sci. 23, 7547. https://doi.org/10.3390/ijms23147547.

Li, Y.-R, Zeng, S., Dunn, Z.S., Zhou, Y., Li, Z,, Yu, J., Wang, Y.-C,, Ku, J., Cook, N.,
Kramer, A., and Yang, L. (2022). Off-the-shelf third-party HSC-engineered iNKT
cells for ameliorating GVHD while preserving GvL effect in the treatment of blood
cancers. iScience 25, 104859. https://doi.org/10.1016/j.isci.2022.104859.

Pillai, A.B., George, T.L, Dutt, S., Teo, P., and Strober, S. (2007). Host NKT Cells Can
Prevent Graft-versus-Host Disease and Permit Graft Antitumor Activity after Bone
Marrow Transplantation. J. Immunol. 178, 6242-6251. https://doi.org/10.4049/jim-
munol.178.10.6242.

. Coman, T., Rossignol, J., D’Aveni, M., Fabiani, B., Dussiot, M., Rignault, R., Babdor,

J., Bouillé, M., Herbelin, A., Coté, F., et al. (2018). Human CD4- invariant NKT lym-
phocytes regulate graft versus host disease. Oncoimmunology 7, €1470735. https://
doi.org/10.1080/2162402X.2018.1470735.

Heczey, A., Xu, X,, Courtney, A.N,, Tian, G., Barragan, G.A., Guo, L., Amador, CM.,
Ghatwai, N., Rathi, P, Wood, M.S., et al. (2023). Anti-GD2 CAR-NKT cells in
relapsed or refractory neuroblastoma: updated phase 1 trial interim results. Nat.
Med. 29, 1379-1388. https://doi.org/10.1038/s41591-023-02363-y.

Xu, X., Huang, W., Heczey, A, Liu, D., Guo, L., Wood, M,, Jin, J., Courtney, A.N.,
Liu, B,, Di Pierro, EJ., et al. (2019). NKT cells coexpressing a GD,-specific chimeric
antigen receptor and IL15 show enhanced in vivo persistence and antitumor activity
against neuroblastoma. Clin. Cancer Res. 25, 7126-7138. https://doi.org/10.1158/
1078-0432.CCR-19-0421.

Steffin, D., Ghatwai, N., Montalbano, A., Rathi, P., Courtney, A.N., Arnett, A.B,,
Fleurence, J., Sweidan, R., Wang, T., Zhang, H., et al. (2024). Interleukin-15-
armored GPC3-CAR T cells for patients with solid cancers. Res. Sq. rs.3.rs-
4103623. https://doi.org/10.21203/rs.3.rs-4103623/v1.

Vydra, J., Cosimo, E., Lesny, P., Wanless, R.S., Anderson, J., Clark, A.G., Scott, A.,
Nicholson, EXK., and Leek, M. (2023). A Phase I Trial of Allogeneic yd T
Lymphocytes From Haploidentical Donors in Patients With Refractory or
Relapsed Acute Myeloid Leukemia. Clin. Lymphoma Myeloma Leuk. 23, e232-
€239. https://doi.org/10.1016/j.clm1.2023.02.003.

Nelson, A.S., Clark, T., Clark, D., Grimley, O., Rubinstein, ].D., Zhu, X., Wilhelm, J.,
Bollard, C.M., Hanley, P.J., Keller, M.D., et al. (2020). Allogeneic Viral Specific
T Cells Are Safe and Can be Efficient in the Treatment of Infections in Solid
Organ Transplant Recipients. Biol. Blood Marrow Transpl. 26, S344-S345.
https://doi.org/10.1016/j.bbmt.2019.12.379.

O’Reilly, RJ., Prockop, S., Hasan, A.N., Koehne, G., and Doubrovina, E. (2016).
Virus-specific T-cell banks for “off the shelf” adoptive therapy of refractory infec-
tions. Bone Marrow Transpl. 51, 1163-1172. https://doi.org/10.1038/bmt.2016.17.

Pfeiffer, T., Tzannou, I., Wu, M., Ramos, C., Sasa, G., Martinez, C., Lulla, P., Krance,
R.A,, Scherer, L., Ruderfer, D., et al. (2023). Posoleucel, an Allogeneic, Off-the-Shelf
Multivirus-Specific T-Cell Therapy, for the Treatment of Refractory Viral Infections
in the Post-HCT Setting. Clin. Cancer Res. 29, 324-330. https://doi.org/10.1158/
1078-0432.CCR-22-2415.

Ando, M., Nishimura, T., Yamazaki, S., Yamaguchi, T., Kawana-Tachikawa, A.,
Hayama, T., Nakauchi, Y., Ando, J., Ota, Y., Takahashi, S., et al. (2015). A
Safeguard System for Induced Pluripotent Stem Cell-Derived Rejuvenated T Cell
Therapy. Stem Cell Rep. 5, 597-608. https://doi.org/10.1016/j.stemcr.2015.07.011.

Taylor, C.J., Peacock, S., Chaudhry, AN., Bradley, J.A., and Bolton, E.M. (2012).
Generating an iPSC bank for HLA-matched tissue transplantation based on known
donor and recipient HLA types. Cell Stem Cell 11, 147-152. https://doi.org/10.1016/
j.stem.2012.07.014.

Molecular Therapy Vol. 33 No 6 June 2025 2389


https://doi.org/10.3904/kjim.2016.319
https://doi.org/10.1182/blood-2010-07-293795
https://doi.org/10.1182/blood-2010-07-293795
https://doi.org/10.1182/bloodadvances.2020003219
https://doi.org/10.1182/bloodadvances.2020003219
https://doi.org/10.1038/s41577-019-0232-6
https://doi.org/10.1038/s41577-019-0232-6
https://doi.org/10.1038/nm915
https://doi.org/10.1172/JCI17702
https://doi.org/10.1158/1078-0432.CCR-18-1211
https://doi.org/10.1158/1078-0432.CCR-18-1211
https://doi.org/10.1038/s41571-021-00485-1
https://doi.org/10.1038/s41591-019-0564-6
https://doi.org/10.1038/s41591-019-0564-6
https://doi.org/10.1016/j.ymthe.2019.04.001
https://doi.org/10.1016/j.ymthe.2022.06.006
https://doi.org/10.1126/science.aba7365
https://doi.org/10.1126/science.aba7365
https://doi.org/10.1182/blood.2020005185
https://doi.org/10.1056/nejmoa1910607
https://doi.org/10.1038/s41568-022-00491-0
https://doi.org/10.1038/s41568-022-00491-0
https://doi.org/10.1016/j.stem.2018.06.002
https://doi.org/10.1016/j.stem.2018.06.002
https://doi.org/10.1038/s41590-023-01659-y
https://doi.org/10.1038/s41590-023-01659-y
https://doi.org/10.1016/j.isci.2023.107952
https://doi.org/10.3390/ijms23147547
https://doi.org/10.1016/j.isci.2022.104859
https://doi.org/10.4049/jimmunol.178.10.6242
https://doi.org/10.4049/jimmunol.178.10.6242
https://doi.org/10.1080/2162402X.2018.1470735
https://doi.org/10.1080/2162402X.2018.1470735
https://doi.org/10.1038/s41591-023-02363-y
https://doi.org/10.1158/1078-0432.CCR-19-0421
https://doi.org/10.1158/1078-0432.CCR-19-0421
https://doi.org/10.21203/rs.3.rs-4103623/v1
https://doi.org/10.1016/j.clml.2023.02.003
https://doi.org/10.1016/j.bbmt.2019.12.379
https://doi.org/10.1038/bmt.2016.17
https://doi.org/10.1158/1078-0432.CCR-22-2415
https://doi.org/10.1158/1078-0432.CCR-22-2415
https://doi.org/10.1016/j.stemcr.2015.07.011
https://doi.org/10.1016/j.stem.2012.07.014
https://doi.org/10.1016/j.stem.2012.07.014
http://www.moleculartherapy.org

www.moleculartherapy.org

Review

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

2390

Jing, R., Scarfo, I, Najia, M.A., Lummertz da Rocha, E., Han, A., Sanborn, M.,
Bingham, T., Kubaczka, C., Jha, D.K,, Falchetti, M., et al. (2022). EZH1 repression
generates mature iPSC-derived CAR T cells with enhanced antitumor activity.
Cell Stem Cell 29, 1181-1196.e6. https://doi.org/10.1016/j.stem.2022.06.014.

Cichocki, F., van der Stegen, S.J.C., and Miller, J.S. (2023). Engineered and banked
iPSCs for advanced NK- and T-cell immunotherapies. Blood 141, 846-855. https://
doi.org/10.1182/blood.2022016205.

Sidana, S., Hosoya, H., Jensen, A., Liu, L., Goyal, A., Hovanky, V., Sahaf, B,
Bharadwaj, S., Latchford, T., Arai, S., et al. (2023). Bendamustine vs. fludarabine/
cyclophosphamide lymphodepletion prior to BCMA CAR-T cell therapy in multiple
myeloma. Blood Cancer J. 13, 158. https://doi.org/10.1038/s41408-023-00929-0.

Fabrizio, V.A., Boelens, J.J., Mauguen, A., Baggott, C., Prabhu, S., Egeler, E.,
Mavroukakis, S., Pacenta, H., Phillips, C.L., Rossoft, J., et al. (2022). Optimal fludar-
abine lymphodepletion is associated with improved outcomes after CAR T-cell ther-
apy. Blood Adv. 6, 1961-1968. https://doi.org/10.1182/bloodadvances.2021006418.

Wood, H. (2011). Benefits of alemtuzumab in MS. Nat. Rev. Neurol. 7, 245. https://
doi.org/10.1038/nrneurol.2011.57.

Brown, C.E.,, Rodriguez, A., Palmer, J., Ostberg, J.R., Naranjo, A., Wagner, J.R,,
Aguilar, B, Starr, R., Weng, L., Synold, T.W., et al. (2022). Off-the-shelf, steroid-
resistant, IL13Ra2-specific CAR T cells for treatment of glioblastoma. Neuro.
Oncol. 24, 1318-1330. https://doi.org/10.1093/neuonc/noac024.

Zhang, Y., Fang, H.,, Wang, G., Yuan, G, Dong, R, Luo, J., Lyu, Y., Wang, Y., Li, P.,
Zhou, C,, et al. (2023). Cyclosporine A-resistant CAR-T cells mediate antitumour
immunity in the presence of allogeneic cells. Nat. Commun. 14, 8491. https://doi.
0rg/10.1038/s41467-023-44176-0.

Valton, J., Guyot, V., Marechal, A., Filhol, J.-M., Juillerat, A., Duclert, A., Duchateau,
P., and Poirot, L. (2015). A Multidrug-resistant Engineered CAR T Cell for
Allogeneic Combination Immunotherapy. Mol. Ther. 23, 1507-1518. https://doi.
0rg/10.1038/mt.2015.104.

Jonnalagadda, M., Brown, C.E., Chang, W.-C., Ostberg, J.R., Forman, SJ., and
Jensen, M.C. (2013). Engineering human T cells for resistance to methotrexate
and mycophenolate mofetil as an in vivo cell selection strategy. PLoS One 8,
€65519. https://doi.org/10.1371/journal.pone.0065519.

Huye, L.E., Nakazawa, Y., Patel, M.P., Yvon, E., Sun, J., Savoldo, B., Wilson, M.H.,
Dotti, G., and Rooney, C.M. (2011). Combining mTor inhibitors with rapamycin-
resistant T cells: a two-pronged approach to tumor elimination. Mol. Ther. 19,
2239-2248. https://doi.org/10.1038/mt.2011.179.

Amini, L., Wagner, D.L., Réssler, U., Zarrinrad, G., Wagner, L.F., Vollmer, T,
Wendering, D.J., Kornak, U., Volk, H.-D., Reinke, P., and Schmueck-Henneresse,
M. (2021). CRISPR-Cas9-Edited Tacrolimus-Resistant Antiviral T Cells for
Advanced Adoptive Immunotherapy in Transplant Recipients. Mol. Ther. 29,
32-46. https://doi.org/10.1016/j.ymthe.2020.09.011.

Abou-El-Enein, M., Elsallab, M., Feldman, S.A., Fesnak, A.D., Heslop, H.E., Marks,
P, Till, B.G., Bauer, G., and Savoldo, B. (2021). Scalable Manufacturing of CAR
T cells for Cancer Immunotherapy. Blood Cancer Discov. 2, 408-422. https://doi.
org/10.1158/2643-3230.BCD-21-0084.

Abraham, E., Trainor, N., Ostrout, N., and Hewitt, M.M. (2021). Cell therapy prod-
ucts are revolutionizing multiple therapeutic areas; to maintain this pace of innova-

Molecular Therapy Vol. 33 No 6 June 2025

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

tion, manufacturing solutions must adapt. Curr. Opin. Biomed. Eng. 20, 100340.
https://doi.org/10.1016/j.cobme.2021.100340.

Reddy, O.L., Stroncek, D.F,, and Panch, S.R. (2020). Improving CAR T cell therapy
by optimizing critical quality attributes. Semin. Hematol. 57, 33-38. https://doi.org/
10.1053/j.seminhematol.2020.07.005.

Moradi, V., Khodabandehloo, E., Alidadi, M., Omidkhoda, A., and Ahmadbeigi, N.
(2024). Progress and pitfalls of gene editing technology in CAR-T cell therapy: a
state-of-the-art review. Front. Oncol. 14, 1388475. https://doi.org/10.3389/fonc.
2024.1388475.

Mohty, R., and Lazaryan, A. (2024). “Off-The-Shelf” allogeneic chimeric antigen re-
ceptor T-cell therapy for B-cell malignancies: current clinical evidence and chal-
lenges. Front. Oncol. 14, 1433432. https://doi.org/10.3389/fonc.2024.1433432.

Jenkins, M.]., and Farid, S.S. (2018). Cost-effective bioprocess design for the manu-
facture of allogeneic CAR-T cell therapies using a decisional tool with multi-attri-
bute decision-making analysis. Biochem. Eng. J. 137, 192-204. https://doi.org/10.
1016/j.bej.2018.05.014.

Khang, M., Suryaprakash, S., Kotrappa, M., Mulyasasmita, W., Topp, S., and Wu, J.
(2023). Manufacturing innovation to drive down cell therapy costs. Trends
Biotechnol. 41, 1216-1219. https://doi.org/10.1016/j.tibtech.2023.04.006.

Zhang, J., Hu, Y., Yang, J., Li, W., Zhang, M., Wang, Q., Zhang, L., Wei, G., Tian, Y.,
Zhao, K., et al. (2022). Non-viral, specifically targeted CAR-T cells achieve high
safety and efficacy in B-NHL. Nature 609, 369-374. https://doi.org/10.1038/
541586-022-05140-y.

Pinto, LS., Cordeiro, R.A., and Faneca, H. (2023). Polymer- and lipid-based gene de-
livery technology for CAR T cell therapy. J. Control Release 353, 196-215. https://
doi.org/10.1016/j.jconrel.2022.11.038.

Shlomchik, W.D. (2007). Graft-versus-host disease. Nat. Rev. Immunol. 7, 340-352.
https://doi.org/10.1038/nri2000.

Martinez-Cibrian, N., Zeiser, R., and Perez-Simon, J.A. (2021). Graft-versus-host
disease prophylaxis: Pathophysiology-based review on current approaches and
future directions. Blood Rev. 48, 100792. https://doi.org/10.1016/j.blre.2020.100792.

Middleton, D., and Gonzelez, F. (2010). The extensive polymorphism of KIR genes.
Immunology 129, 8-19. https://doi.org/10.1111/j.1365-2567.2009.03208x.

Choy, M.-K., and Phipps, M.E. (2010). MICA polymorphism: biology and impor-
tance in immunity and disease. Trends Mol. Med. 16, 97-106. https://doi.org/10.
1016/j.molmed.2010.01.002.

Peraro, L., Bourne, C.M., Dacek, M.M., Akalin, E., Park, J.H., Smith, E.L., and
Scheinberg, D.A. (2021). Incorporation of bacterial immunoevasins to protect cell
therapies from host antibody-mediated immune rejection. Mol. Ther. 29, 3398-
3409. https://doi.org/10.1016/j.ymthe.2021.06.022.

Petrus-Reurer, S., Romano, M., Howlett, S., Jones, J.L., Lombardi, G., and Saeb-
Parsy, K. (2021). Immunological considerations and challenges for regenerative
cellular therapies. Commun. Biol. 4, 798. https://doi.org/10.1038/s42003-021-
02237-4.

Spahn, J.H., Li, W.,and Kreisel, D. (2014). Innate immune cells in transplantation. Curr.
Opin. Organ Transpl. 19, 14-19. https://doi.org/10.1097/MOT.0000000000000041.


https://doi.org/10.1016/j.stem.2022.06.014
https://doi.org/10.1182/blood.2022016205
https://doi.org/10.1182/blood.2022016205
https://doi.org/10.1038/s41408-023-00929-0
https://doi.org/10.1182/bloodadvances.2021006418
https://doi.org/10.1038/nrneurol.2011.57
https://doi.org/10.1038/nrneurol.2011.57
https://doi.org/10.1093/neuonc/noac024
https://doi.org/10.1038/s41467-023-44176-0
https://doi.org/10.1038/s41467-023-44176-0
https://doi.org/10.1038/mt.2015.104
https://doi.org/10.1038/mt.2015.104
https://doi.org/10.1371/journal.pone.0065519
https://doi.org/10.1038/mt.2011.179
https://doi.org/10.1016/j.ymthe.2020.09.011
https://doi.org/10.1158/2643-3230.BCD-21-0084
https://doi.org/10.1158/2643-3230.BCD-21-0084
https://doi.org/10.1016/j.cobme.2021.100340
https://doi.org/10.1053/j.seminhematol.2020.07.005
https://doi.org/10.1053/j.seminhematol.2020.07.005
https://doi.org/10.3389/fonc.2024.1388475
https://doi.org/10.3389/fonc.2024.1388475
https://doi.org/10.3389/fonc.2024.1433432
https://doi.org/10.1016/j.bej.2018.05.014
https://doi.org/10.1016/j.bej.2018.05.014
https://doi.org/10.1016/j.tibtech.2023.04.006
https://doi.org/10.1038/s41586-022-05140-y
https://doi.org/10.1038/s41586-022-05140-y
https://doi.org/10.1016/j.jconrel.2022.11.038
https://doi.org/10.1016/j.jconrel.2022.11.038
https://doi.org/10.1038/nri2000
https://doi.org/10.1016/j.blre.2020.100792
https://doi.org/10.1111/j.1365-2567.2009.03208.x
https://doi.org/10.1016/j.molmed.2010.01.002
https://doi.org/10.1016/j.molmed.2010.01.002
https://doi.org/10.1016/j.ymthe.2021.06.022
https://doi.org/10.1038/s42003-021-02237-4
https://doi.org/10.1038/s42003-021-02237-4
https://doi.org/10.1097/MOT.0000000000000041
http://www.moleculartherapy.org

	Managing allorejection in off-the-shelf CAR-engineered cell therapies
	Introduction
	Immunological basis of allorejection for cell-based therapy
	In vitro and in vivo assays to evaluate allorejection
	Strategies to mitigate allorejection
	Ablation of HLA molecules and overexpression of NK inhibitory ligands
	HLA matching and donor selection
	Overexpression of anti-apoptotic genes
	Stem cell differentiation and culture platforms
	Immunomodulation

	Clinical trial experience using allogenic cell products
	Therapeutic cell types
	Clinical strategies to manage allorejection
	Therapy design
	Clinical outcome: Safety
	Clinical outcome: Efficacy

	Manufacturing considerations for allogeneic cell products
	Conclusions
	Acknowledgments
	Author contributions
	Declaration of interests
	References


