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Abstract
Chimeric antigen receptor T-cell (CAR-T) therapy represents a major advance in cellular immunotherapy and

has demonstrated substantial clinical benefit  in relapsed or refractory B-cell malignancies. However, autologous
CAR-T therapy remains constrained by manufacturing complexity,  high cost,  variability in product  quality,  and
treatment delays that may compromise outcomes in rapidly progressing disease. Allogeneic “off-the-shelf” CAR-
T  cell  approaches  have  emerged  as  a  potential  strategy  to  address  these  limitations  by  enabling  standardized
manufacturing,  rapid  availability,  and  scalable  production.  Nevertheless,  these  theoretical  advantages  must  be
carefully  balanced  against  significant  challenges,  including  alloreactivity,  immune  rejection,  complex  genome
engineering requirements, and regulatory constraints. This review provides a critical and balanced overview of the
advantages  and  limitations  of  allogeneic  CAR-T  cell  therapy,  with  a  particular  focus  on  applications  in  solid
tumors. We discuss key biological barriers, including tumor microenvironment-mediated immunosuppression, and
evaluate  current  engineering  strategies  aimed  at  enhancing  efficacy,  along  with  emerging  clinical  data.
Collectively,  while  allogeneic  CAR-T therapies  hold  considerable  promise,  substantial  scientific,  technical,  and
regulatory challenges must be addressed before their widespread clinical implementation.
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Introduction

Chimeric  antigen  receptor  T-cell  (CAR-T)  therapy
is  one of  the most  advanced areas of  modern cellular
immunotherapy.  CAR-T  cells  are  genetically
engineered  lymphocytes  designed to  redirect  antigen-
specific  cytotoxicity  toward  tumor  cells[1].  The  CAR
structure  integrates  an  extracellular  antigen-binding
domain,  a  transmembrane  region,  and  intracellular
signaling  modules  that  together  enable  antigen-

specific  T-cell  activation  independent  of  major
histocompatibility  complex  (MHC)  recognition[2].
Antigen  binding  is  most  commonly  mediated  by  a
single-chain  variable  fragment  (scFv),  while  CD3ζ
provides  the  primary  activation  signal,  and
costimulatory  domains  such  as  CD28  or  4-1BB
enhance proliferation, cytokine production, and in vivo
persistence[3].  The  structural  configuration  of  these
domains  critically  determines  CAR-T  cell
functionality,  stability,  and  antitumor  efficacy[4].  The

✉Corresponding  author:  Emil  Bulatov,  E-mail:  chembio.kazan@
gmail.com, ORCID: 0000-0003-2961-0032.
Received: 25 February 2026; Revised: 07 June 2026; Accepted: 11
June 2026; Available online: 20 June 2026
CLC number: R730.51, Document code: A

The authors reported no conflict of interests.
This is an open access article under the Creative Commons Attribu-
tion (CC BY 4.0) license, which permits others to distribute, remix,
adapt and build upon this  work,  for  commercial  use,  provided the
original work is properly cited.

Available online at www.jbr-pub.org.cn

Open Access at PubMed Central

Journal of Biomedical Research, 2026 40(0): 1–19
 

Review Article

©  2026 by Journal of Biomedical Research. https://doi.org/10.7555/JBR.40.20260137

Un
pro
ofe
d

mailto:chembio.kazan@gmail.com
mailto:chembio.kazan@gmail.com


most  recognized  targets  for  CAR-T  cells  are  B-cell
maturation antigen (BCMA) in multiple myeloma and
the B-cell antigen CD19 in various B-cell hematologic
malignancies[5-6].  Seven  CAR-T  cell  products  have
been  approved  by  the  US  Food  and  Drug
Administration  (FDA)  for  the  treatment  of  patients
with  relapsed  or  refractory  B  cell  malignancies[5-6].
However,  despite  advances  in  the  treatment  of
hematologic  malignancies,  the  efficacy  of  CAR-T
therapy  against  solid  tumors  remains  insufficient,
limited  by  several  factors,  including  an
immunosuppressive  and  hypoxic  tumor
microenvironment,  antigenic  heterogeneity,  and  other
barriers that impede CAR-T cell infiltration into tumor
tissue and promote T-lymphocyte anergy[7-10].
CAR-T  cell  therapies  in  advanced  development,

including  those  currently  available  in  clinical  practice,
are  autologous;  they  involve  the  extraction  of
peripheral blood cells from the patient,  which are then
engineered  into  CAR-T  cells  and  subsequently
reinfused  into  the  same  patient.  Despite  their
effectiveness,  autologous  CAR-T  therapies  face
significant limitations[8]. The customized manufacturing
process  is  not  only  expensive  and  labor-intensive  but
also  highly  variable,  leading  to  inconsistencies  in
treatment  outcomes.  Patient  variability  due  to  prior
therapies  and  individual  medical  histories  can  impact
cell  expansion  and  functionality.  Additionally,
logistical  challenges,  such as  delays  in  cell  production
and  transportation,  can  be  particularly  detrimental  for
patients  with  rapidly  progressing  disease[8].  Allogeneic
CAR-T  platforms  have  emerged  as  a  strategy  to
overcome  these  limitations  by  enabling  rapid,
standardized,  and  scalable  cell  production[11].  Despite
their  promising  potential,  allogeneic  CAR-T  therapies
for  tumors  face  several  serious  challenges.  One  of  the
main challenges is the risk of graft-versus-host disease
(GvHD)  and  host-versus-graft  rejection  (HvGR),
serious  complications  that  can  arise  when using donor
cells  and  require  careful  monitoring.  In  addition,  the
immunosuppressive  microenvironment  of  solid  tumors
often  creates  unfavorable  conditions  for  CAR-T  cell
activity, underscoring the need for innovative strategies
to  overcome  these  barriers  and  improve  therapeutic
efficacy[12].
This  review  provides  a  critical  and  integrated

analysis  of  “off-the-shelf”  allogeneic  CAR-T  cell
therapies,  focusing  on  their  therapeutic  potential  and
key  limitations.  Particular  attention  is  given  to  their
application  in  solid  tumors,  including  the  biological
barriers  that  restrict  efficacy  and  the  emerging
strategies to overcome them, such as advanced genetic
engineering and rational combination approaches. 

Allogeneic CAR-T cell therapy
 

Comparative analysis of autologous and allogeneic
CAR-T cell therapy: differences and similarities

CAR-T cell therapies can be broadly classified into
autologous  and  allogeneic  approaches  based  on  the
source of T lymphocytes. Autologous CAR-T cells are
generated  from  a  patient’s  own  T  cells,  whereas
allogeneic  products  are  derived  from  healthy  donors
(Fig.  1)[8].  Despite  the  demonstrated  clinical  efficacy
of  autologous  CAR-T  therapy,  its  broader
implementation  is  constrained  by  several  biological
and logistical  limitations (Table 1).  Patient-derived T
cells  are  often  functionally  impaired  due  to  tumor-
associated  immunosuppression  and  prior  cytotoxic
therapies.  This  can  lead  to  T-cell  exhaustion,
characterized  by  reduced  proliferation,  impaired
cytotoxicity,  and  limited  in  vivo  persistence[13].  In
addition,  restricted  availability  of  functional  starting
material and challenges in ex vivo expansion may lead
to manufacturing failure. The individualized nature of
production  also  entails  prolonged  manufacturing
timelines,  which  may  be  critical  for  patients  with
rapidly progressing disease[14], as well as complex and
resource-intensive  quality  control  requirements.
Furthermore,  high  treatment  costs  and  reliance  on
specialized  centers  limit  the  accessibility  of
autologous CAR-T therapy, particularly for patients in
resource-limited or geographically remote settings[15-16]. 

Advantages of allogeneic CAR-T cell therapy

The  use  of  healthy  donor  T  cells  enables  the
selection  based  on  favorable  characteristics  such  as
age.  CAR-T  cells  derived  from  younger  donors  may
exhibit a more favorable phenotype, lower expression
of  exhaustion  markers,  and  improved  long-term
cytotoxic  potential[17].  Autologous  CAR-T  therapies
are associated with high costs (approximately ＄373 000
–475 000  per  treatment)  due  to  individualized
manufacturing  and  complex  logistics[18].  In  contrast,
allogeneic  “off-the-shelf”  approaches  may  reduce
costs  through  scalable  production,  with  estimated
manufacturing expenses as low as ＄4 000–10 000 per
dose[19]. However, these estimates remain preliminary,
as  most  allogeneic  CAR-T  products  are  still  in  early
clinical  development[16].  A  further  important
advantage  is  that  allogeneic  CAR-T cells  can be  pre-
manufactured  and  cryopreserved  in  biobanks,
allowing  more  rapid  treatment  initiation  without  the
need  for  patient-specific  cell  harvesting  and
modification[8,20].  Furthermore, “off-the-shelf” CAR-T
cell therapy has the potential to expand access beyond
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highly  specialized  centers,  provided  that  appropriate
infrastructure  for  cell  administration  is  available[21].
The  possibility  of  producing  allogeneic  CAR-T  cells
at  scale  may  enable  batch-level  quality  control,  in
contrast  to  the  individualized  testing  required  for
autologous products[11].  However,  the extent to which
these  advantages  can  be  realized  in  clinical  practice
remains  contingent  upon  overcoming  existing
technical and regulatory challenges. 

Limitations of allogeneic CAR-T cell therapy

Allogeneic  CAR-T  cell  therapy  has  emerged  as  a
scalable  alternative  to  autologous  approaches  in

oncology.  However,  its  implementation  in  clinical
practice  faces  several  challenges  related  to
alloreactivity  derived  from  both  donor  and  recipient
cells.  In  particular,  the  use  of  CAR-T  cells  obtained
from  an  incompatible  donor  may  lead  to  the
development  of  GvHD[22].  Conversely,  the  patient’s
immune  system  may  recognize  the  transplanted  cells
as  foreign,  leading to  HvGR and thereby limiting the
therapeutic  efficacy  of  allogeneic  “off-the-shelf”
CAR-T cells[8].
Beyond  immune-related  barriers,  the  commonly

cited  advantages  of  reduced  cost,  greater
homogeneity,  and  scalability  must  be  carefully
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Fig. 1   Schematic Representation of Allogeneic CAR-T Cell Manufacturing. Donor-derived T cells are genetically engineered to express
a CAR and reduce alloreactivity, followed by cell expansion, purification, storage, and use as an “off-the-shelf” therapy for multiple patient.
Created with BioRender.com. Abbreviations: CD52, cluster of differentiation 52; GvHD, graft-versus-host disease; HLA, human leukocyte
antigen; TCR, T-cell receptor.

 

Table 1   Comparative characteristics of autologous and allogeneic CAR-T cells.
Characteristics Autologous CAR-T Allogeneic CAR-T

Origin Made from the patient’s own T-cells Made from donor T-cells (usually healthy)

Immune response Minimal risk of rejection since cells are "self" Higher risk of GvHD and HvGR

Manufacturing process Long process (weeks), requires cell collection from the
patient Faster (can use pre-prepared cells)

Genetic modification Often tailored to the specific patient Can be standardized for various patients

Cost Generally higher due to individualized production Potentially lower with mass production

Risk of side effects Risk of toxicity (e.g., cytokine release syndrome,
neurotoxicity)

Similar risks, but may have additional risks due to
rejection, e.g., graft-versus-host disease

Clinical application Widely used, especially for certain cancers In clinical trials, but with promising potential

Availability Limited availability due to the need for patient cell
collection More accessible if produced at scale

Abbreviaitons: CAR-T, antigen receptor T-cell; GvHD, graft-versus-host disease; HvGR, host-versus-graft rejection.
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weighed  against  substantial  technical  and  economic
challenges.  The  manufacturing  of  allogeneic  CAR-T
products  relies  on  complex  gene-editing  strategies,
which  are  both  costly  and  technically  demanding.  In
addition,  variability  in  donor  material  and  editing
efficiency can compromise product consistency, while
stringent  safety  and  quality  requirements  further
constrain  large-scale  production.  Although  advances
in  manufacturing  may  eventually  alleviate  some  of
these  limitations,  they  currently  represent  key
bottlenecks  to  the  clinical  translation  of  allogeneic
CAR-T therapies. 

GvHD

GvHD  occurs  when  the  T-cell  receptor  (TCR)
expressed  on  the  surface  of  allogeneic  CAR-T  cells
recognizes  healthy  patient  tissues,  representing  a
serious,  potentially  life-threatening  complication[11,23].
GvHD  involves  inflammatory  damage  to  multiple
tissues,  including  the  skin,  gastrointestinal  tract,  and
liver in its acute form[22]. In the chronic setting, it can
lead  to  fibrosis  affecting  organs  such  as  the  eyes,
mouth, joints, and genital tract[23]. Various approaches
have been proposed to minimize the risk of GvHD[24].
The most straightforward of these is selecting a donor
with a fully matched human leukocyte antigen (HLA)
profile. However, given the low probability of finding

such a match, this approach requires the establishment
of  an  extensive  bank  of  cell  products,  which
diminishes  the  advantages  of  “off-the-shelf”
therapy[11].  As  illustrated  in  Fig.  2,  alternative
strategies  to  reduce  GvHD  risk  include  the  genetic
knockout  or  knockdown  of  TCR  genes,  the  use  of
cells with known TCR specificity, or cells that do not
express the TCRα/β complex[24].
(1) TCR deletion
Gene  editing  serves  as  a  prevalent  approach  to

mitigate  the  risk  of  GvHD.  Various  technologies  for
the  genetic  modification  of  CAR-T  cells  are  under
investigation,  including  the  use  of  transcription
activator-like  effector  nuclease  (TALEN),
CRISPR/Cas9,  zinc-finger  nuclease  (ZFN),  and  base
editing  (BE)[25-26].  Gene-editing  strategies  therefore
focus on targeting the TRAC and TRBC loci to disrupt
αβ  TCR expression[24].  The TRAC  gene,  which  codes
for the α-chain, has only one constant region, making
it  a  more  accessible  editing  target  than TRBC,  which
contains two constant regions (TRBC1 and TRBC2)[16].
Torikai  et  al[27]  initially  investigated  the  feasibility

of  disrupting  TCR  expression  in  CAR-T  cells  by
employing ZFNs to knock out TRAC/TRBC in CAR-T
cells  directed  against  CD19.  The  deletion  of
TRAC/TRBC  in  CAR-T  cells  was  demonstrated  to
inhibit  TCR  expression  while  preserving  CAR
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Fig. 2    Approaches to overcome GvHD. A. Genome editing technologies like CRISPR-Cas9, ZFNs, BE, and TALENs disrupt TRAC or
TRBC,  preventing TCR-mediated alloreactivity and recognition of pMHC molecules on host  cells.  B. Use non-α/β T cell  populations as a
source  for  allogeneic  CAR-T  cell  production.  C.  Use  of  T  cells  sourced  from  alternative  cell  populations.  Created  with  BioRender.com.
Abbreviations: BE, base editing; CAR, chimeric antigen receptor; CRISPR, clustered regularly interspaced short palindromic repeat; GvHD,
graft-versus-host  disease;  HSC,  hematopoietic  stem  cell;  iPSC,  induced  pluripotent  stem  cells;  pMHC,  peptide-major  histocompatibility
complex;  NK,  natural  killer;  NKT,  natural  killer  T;  TALEN,  transcription  activator-like  effector  nuclease;  TCR,  T  cell  receptor;  UCB,
umbilical cord blood; ZFN, zinc finger nuclease.
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specificity  for  CD19[27].  Subsequently,  similar  studies
were conducted using TALENs and CRISPR-Cas9 as
gene-editing  tools.  These  studies  demonstrated  the
efficacy  of  allogeneic  "off-the-shelf"  CAR-T  cells  in
treating  B-lineage  malignancies  while  avoiding  the
induction  of  GvHD[28-29].  An  intriguing  strategy  to
improve  the  controlled  prevention  of  GvHD involves
the  direct  introduction  of  a  CAR  transgene  into  the
TRAC  locus.  This  modification  not  only  reduces
GvHD  risk  but  also  allows  for  consistent  and
controlled CAR expression driven by the endogenous
TCR  promoter,  which  has  been  demonstrated  to
reduce  differentiation  and  exhaustion  of  CAR-T
cells[30].
Despite these advances,  important differences exist

between gene-editing platforms in terms of efficiency,
safety, and scalability. TALENs offer high specificity
but  are  less  suited  for  multiplex  editing,  whereas
ZFNs  are  constrained  by  complex  design[31].
CRISPR/Cas9 enables efficient multi-gene editing and
facilitates  the  generation  of  universal  CAR-T  cells.
However,  it  raises  concerns  regarding  off-target
effects  and  genomic  instability[31].  Base  editing  may
reduce  genotoxicity  by  avoiding  double-strand  DNA
breaks,  although  its  clinical  application  remains
limited[32].
Currently, several active clinical trials are assessing

the  efficacy  of  TCR  deletion  in  the  development  of
allogeneic  CAR-T  cells.  For  instance,  allogeneic
CAR-T  therapies  developed  using  TALENs,  such  as
ALLO-501  (NCT03939026)[33],  UCART19
(NCT02746952)[34],  and  ALLO-715
(NCT04093596)[35],  have  shown  no  incidence  of
GvHD.  Likewise,  clinical  trials  utilizing  CRISPR-
Cas9  for  TCR  deletion,  such  as  CTX110
(NCT04035434)[36],  WU-CART007
(NCT04984356)[37],  and  TyU19  (NCT05859997)[38],
have  similarly  reported  no  GvHD  events.  However,
these studies are predominantly small  and short-term,
and  do  not  address  long-term  persistence  or
comparative  efficacy,  despite  consistently
demonstrating  reduced  GvHD  following  TCR
disruption[11].  Moreover,  extensive  genome  editing
may  impair  T-cell  fitness,  suggesting  that  increased
engineering  complexity  does  not  necessarily  translate
into improved clinical outcomes[39].
(2) Use of non-α/β T cell populations
A second approach to minimizing the risk of GvHD

is to use non-α/β T cells (Fig. 2). Particularly relevant
candidates for allogeneic CAR therapy are γδ T cells,
natural killer (NK) cells, natural killer T (NKT) cells,
and mucosal-associated invariant T (MAIT) cells
γδ  T-cells  are  important  in  tumor

immunosurveillance, as demonstrated by the favorable
prognostic significance of tumor-infiltrating γδ T-cells
in  diverse  human  malignancies[40-41].  Due  to  their
MHC-independent  antigen  recognition,  γδ  T  cells
exhibit a low risk of GvHD[42]. Early clinical data from
ADI-001,  an  allogeneic  γδ  T-cell-based  CAR-T
product  targeting  CD20,  demonstrated  a  favorable
safety  profile  and  preliminary  antitumor  activity  in
relapsed/refractory  B-cell  malignancies
(NCT04735471)[43].  Given  the  favorable  prognosis
associated with tumor-infiltrating γδ T cells in several
malignancies,  along  with  their  tissue-resident
properties and low alloreactive potential, γδ T cells are
being  actively  investigated  for  solid  tumor
immunotherapy[8,41].
Another  candidate  cell  type is  NK cells,  which are

effector cells of the innate immune system that play a
crucial  role  in  eliminating  both  virus-infected  and
malignant  cells.  NK  cells  constitute  5%–15%  of
human  peripheral  blood  leukocytes  and  are
characterized  by  the  expression  of  CD56  and  the
absence  of  CD3  and  the  T-cell  receptor[44].  NK  cells
exhibit  functional  similarities  to  cytotoxic  CD8+  T
cells,  employing  analogous  cytotoxic  mechanisms  to
eliminate target cells. However, in contrast to T cells,
NK  cells  do  not  depend  on  MHC-mediated  antigen
recognition;  rather,  they  rely  on  innate  recognition
mechanisms.  This  enables  them  to  circumvent  tumor
antigen  escape  mechanisms  and  mediate  cytotoxic
activity  against  tumor  cells  without  inducing  GvHD,
although  their  in  vivo  persistence  is  generally
limited[45].  Numerous  preclinical  studies  have
demonstrated  the  antitumor  activity  of  CAR-
engineered  NK  cells  against  hematologic
malignancies (e.g.,  CD19 and CD20) as well  as solid
tumors  (e.g.,  WT1  and  GD2),  including  ovarian  and
endometrial cancers and glioblastoma[46-48].
NKT cells are a subpopulation of lymphocytes that

express  both  NK  cell  markers  and  T  cell
differentiation antigens[49].  NKT cells are divided into
two types based on the structure of their TCR. Type I
cells  express  the  canonical  α  chain  associated  with  a
limited repertoire of β chains and are termed invariant
NKT  (iNKT)  cells.  iNKT  cells  recognize  glycolipid
antigens presented by CD1d, a nonpolymorphic HLA
class I-like molecule[50]. Li et al[51-53] created universal
CAR-iNKT cells by using TCR engineering and HLA
gene  editing  on  hematopoietic  stem  cells  (HSCs).
These  cells  exhibited  three  key  advantages:  high
purity, resistance to allorejection, and potent antitumor
activity  against  a  broad  range  of  both  hematological
malignancies  and  solid  tumors.  In  preclinical  mouse
models  of  acute myeloid leukemia,  allogeneic CD33-
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directed  CAR-iNKT  cells  demonstrated  robust  bone
marrow  homing  and  efficiently  eliminated  bone
marrow-resident  malignant  blast  cells,  including  the
therapy-resistant  CD33-low/negative  leukemia  stem
and progenitor cell  population[54].  Initial  clinical trials
have demonstrated encouraging outcomes in assessing
the  efficacy  of  allogeneic  CD19-targeted  CAR-NKT
therapy  in  acute  lymphoblastic  leukemia  (ALL)  and
non-Hodgkin lymphoma (NHL)[55].  Since CAR-iNKT
cells  do  not  rely  on  classical  MHC  molecules  and
CD1d  is  non-polymorphic,  the  risk  of  GvHD  is
reduced;  therefore,  CAR-iNKT cells  may  represent  a
viable  option  for  the  development  of  “off-the-shelf”
cell therapies[56].
MAIT  cells  are  a  distinct  subset  of  innate-like  T

lymphocytes  that  rapidly  respond  to  bacterial  and
fungal infections at mucosal barriers, in the liver, and
in  the  bloodstream[57].  These  cells  recognize
microbial-derived  vitamin  B2  (riboflavin)  metabolites
presented  by  the  non-classical  MHC  class  I-related
protein 1 (MR1) and, upon activation,  rapidly secrete
pro-inflammatory  cytokines  (e.g.,  IFN-γ,  TNF-α)  and
exert potent cytotoxicity to eliminate infected cells[57].
MAIT  cells  are  attracting  growing  interest  for  the
development  of  allogeneic  CAR-MAIT  cell  therapy
due  to  their  innate  effector  properties,  chemotherapy
resistance, and low risk of GvHD[58]. They express IL-
12R,  IL-18R,  and  IL-23R  receptors,  which  enable
their  activation  by  inflammatory  cytokines
independently  of  the  TCR.  Furthermore,  MAIT  cells
carry  activating  NK cell  receptors  (NKG2D,  CD161)
that  provide  alternative  mechanisms  for  tumor
recognition,  including  in  an  MR1-independent
manner[59]. Dogan et al[60] developed CAR-MAIT cells
targeting  CD19  and  HER2  to  evaluate  their  efficacy
relative  to  traditional  CAR-T  cells.  Their  findings
revealed that CAR-MAIT cells exhibit comparable or
even  superior  cytotoxicity  while  demonstrating
reduced  secretion  of  pro-inflammatory  cytokines  in
vitro  compared  with  conventional  CAR-T  cells,
suggesting  a  lower  risk  of  cytokine  release
syndrome[60].  These  findings  suggest  that  MAIT cells
may represent a potentially safer and more efficacious
alternative  to  conventional  CAR-based  treatments.
Nonetheless,  their  safety  and  efficacy  in  vivo  and  in
allogeneic  settings  require  validation,  necessitating
additional research[61].
(3)  Use  of  T  cells  obtained  from  alternative  cell

populations
Another  approach  to  preventing  GvHD  is  to  use

alternative  cell  populations  that  ultimately
differentiate  into  T  cells  and  can  be  used  for
allogeneic  CAR-T  therapy.  Such  populations  include

umbilical  cord  blood  cells  and  induced  pluripotent
stem cells.
Umbilical  cord  blood  (UCB),  a  childbirth  product,

is a promising source for cellular immunotherapy due
to  its  abundant  immune  cells  and  low  donor
morbidity[62]. T cells generated from UCB demonstrate
a diminished incidence and severity of GvHD as well
as  decreased  alloreactivity,  likely  attributable  to  their
naive  nature  and  lower  cytokine  output  upon
stimulation[63].  Liu  et  al[64]  demonstrated  that  CAR-T
cells  sourced  from  cord  blood  exhibited  better
anticancer  activity  and  prolonged  tumor-suppressive
effects  in  a  leukemia  mouse  model  compared  with
CAR-T  cells  obtained  from  patients  with
relapsed/refractory  acute  lymphoblastic  leukemia.
UCB  can  also  be  used  to  obtain  hematopoietic  stem
cells,  which  can  be  differentiated  into  T  cells  that
subsequently  undergo  transduction  to  express  a
CAR[65]. Given the numerous benefits of UCB-derived
T  cells,  they  represent  a  feasible  source  for  the
production  of  “off-the-shelf”  allogeneic  CAR-T  cells
for  patients  with  hematologic  malignancies  or  solid
tumors.
Induced  pluripotent  stem  cells  (iPSCs)  are  derived

from mature human tissues, such as skin or blood, and
possess  the  ability  to  differentiate  into  various  cell
types.  iPSCs  offer  product  homogeneity,  facilitating
the  introduction  of  genetic  modifications  using  gene-
editing technologies.  In  addition,  iPSCs allow for  the
production  of  cells  on  a  large  scale,  which  is
especially  important  for  the  generation  of  "off-the-
shelf"  cell  products[66].  Recent  studies  have
demonstrated  the  feasibility  of  generating  allogeneic
CAR-T cells from iPSCs. Examples include 1928z-T-
iPSC-T,  CAR iPSC-T  cells,  and  T-iPSCs[67-68].  These
findings  suggest  that  iPSC-derived  CAR-T  cells  may
represent  a  scalable  platform  for  “off-the-shelf”
immunotherapy, pending further clinical validation. 

HvGR

To  maximize  the  efficacy  of  allogeneic  CAR-T
cells,  it  is  also  important  to  minimize  the  risk  of
HvGR. As discussed above, GvHD can be effectively
mitigated  through  TCR  disruption  or  the  use  of
alternative  cell  sources[24].  In  contrast,  overcoming
HvG-mediated  rejection  remains  more  challenging
and  represents  a  key  factor  limiting  CAR-T  cell
persistence. Standard lymphodepletion regimens using
cyclophosphamide  and  fludarabine  can  transiently
delay host immune rejection and promote initial CAR-
T  cell  engraftment[69].  However,  these  effects  are
short-lived  and  insufficient  to  provide  sustained
suppression of HvGR[70].
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Immune  rejection  of  allogeneic  CAR-T  cells  is
primarily  mediated  by  recipient  T-cell  recognition  of
donor  HLA molecules.  To  address  this,  CAR-T  cells
are commonly engineered to evade immune detection,
for example, through deletion of HLA class I and II to
reduce  CD8+  and  CD4+  T  cell-mediated  clearance[71].
One  of  the  most  widely  used  approaches  is  the
inactivation  of  the  gene  encoding  β2-microglobulin
(B2M),  which  abolishes  HLA  class  I  surface
expression  and  thereby  reduces  allorecognition  by
host  T  cells[72-73].  However,  HLA  class  I  molecules
also  serve  as  essential  inhibitory  ligands  for  natural
killer (NK) cells[74]. Thus, loss of HLA class I renders
CAR-T cells susceptible to NK cell-mediated lysis via
“missing-self” recognition.  To address this  challenge,
additional engineering strategies have been developed
to  mitigate  NK  cell-mediated  clearance,  including
overexpression  of  non-classical  HLA molecules  such
as  HLA-E  or  HLA-G[75].  For  example,  Jo  et  al[70]
developed  immune-evasive  universal  CAR-T  cells
(ΔTRAC  CAR  ΔB2M  HLAE)  by  integrating  CAR
and  HLA-E —a  non-polymorphic  NK  cell
inhibitor—into the TRAC and B2M  loci, respectively.
These  CAR  cells  exhibited  antitumor  efficacy  and
resistance  to  both  alloreactive  T  cells  and  NK  cells
derived  from  both  healthy  donors  and  patients  with
acute  myeloid  leukemia[70].  Other  approaches  to
preventing NK cell  rejection are  also  being explored,
including  overexpression  of  CD47,  a  "don't  eat  me"
signal that was first shown to protect against killing by
macrophages  but  was  recently  found  to  also  prevent
killing  by  NK  cells  expressing  the  corresponding
SIRPα receptor[76]. Knockout of CD58 and CD54 also
prevents  NK  cell  targeting  of  HLA  class  I-negative
cells[77].
Taken  together,  these  findings  indicate  that  HLA

disruption alone is insufficient, and that combinatorial
strategies  incorporating  NK-inhibitory  signaling  are
required  to  enhance  CAR-T  cell  persistence.  Such
approaches  are  currently  being  evaluated  in  clinical
trials  (e.g.,  NCT04035434,  NCT04502446,
NCT04960579, NCT05239143)[78-80]. Another strategy
to reduce host-mediated rejection is to abrogate CD52
expression on allogeneic CAR-T cells and use an anti-
CD52 conditioning antibody (alemtuzumab) to sustain
host's  lymphodepletion[81].  This  allows  for  long-term
persistence of allogeneic CAR-T cells without the risk
of  HvGR  and  is  currently  being  actively  studied  in
clinical trials[34-35,82].
Collectively,  these  approaches  highlight  that

effective  control  of  HvGR  requires  multi-layered
immune  evasion  strategies.  Despite  significant
progress,  achieving  durable  persistence  of  allogeneic

CAR-T  cells  remains  a  major  challenge,  and  further
optimization  of  genome  engineering  and  immune
modulation  will  be  critical  for  improving  long-term
clinical outcomes. 

Allogeneic CAR-T cell therapy for solid tumors

CAR-T  cell  therapy  has  demonstrated  limited
efficacy in solid tumors compared with hematological
malignancies,  reflecting  the  convergence  of  multiple
tumor-intrinsic  and  microenvironmental  barriers,
including  antigen  heterogeneity,  impaired  trafficking
and  infiltration,  limited  persistence,  and  progressive
loss  of  effector  function  within  the  tumor
microenvironment  (TME)[12,83].  As  noted  above,  the
intrinsic  fitness  of  T  cells  is  a  central  determinant  of
CAR-T cell  durability  and  antitumor  activity.  This  is
further  compromised  by  profound  T-cell  depletion
following  chemotherapy,  which  is  often  more
pronounced in patients with solid tumors than in those
with  leukemia[84],  thereby  constraining  therapeutic
efficacy.  In  this  context,  allogeneic  CAR-T  cell
platforms  may  offer  a  conceptual  advantage  by
providing  access  to  functionally  competent  donor-
derived  T  cells  with  enhanced  proliferative  capacity
and  persistence  in  hostile  microenvironments[85].
Moreover,  allogeneic  approaches  enable  the  scalable
generation  of  multi-antigen-targeting  or  multivalent
CAR-T  cell  products,  thereby  directly  addressing
tumor antigen heterogeneity[86-87].
The TME constitutes a major barrier to CAR-T cell

efficacy  and  can  be  conceptualized  as  a  multilayered
and  interconnected  network  of  immunosuppressive
mechanisms.  These  include  suppressive  cellular
populations,  soluble  and  metabolic  inhibitory  factors,
and  inhibitory  receptor  signaling  pathways,  all  of
which  collectively  contribute  to  CAR-T  cell
dysfunction and exhaustion[88-90].
At  the  cellular  level,  the  TME  is  enriched  with

immunosuppressive  populations,  such  as  myeloid-
derived  suppressor  cells  (MDSCs),  regulatory  T
(Treg)  cells,  and  tumor-associated  macrophages
(TAMs)[88].  These  cells  actively  promote  tumor
progression and suppress antitumor immunity through
the production of inhibitory cytokines, including IL-4,
IL-10,  and  transforming  growth  factor-β  (TGF-β)[89].
Importantly, these populations not only directly inhibit
T-cell  function  but  also  reinforce  other
immunosuppressive circuits within the TME.
Soluble  and  metabolic  factors  further  exacerbate

CAR-T  cell  dysfunction.  TGF-β  is  a  central
immunosuppressive  cytokine  that  inhibits  T-cell
proliferation and effector activity while promoting the
expansion  of  regulatory  immune  subsets[91].  In
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parallel,  hypoxia —a  defining  feature  of  solid
tumors—drives  metabolic  reprogramming,  leading  to
the  accumulation  of  extracellular  adenosine[92].
Engagement of the A2A receptor (A2AR) on CAR-T
cells  increases  intracellular  cyclic  AMP  (cAMP)
levels  and  activates  protein  kinase  A  (PKA),
ultimately  suppressing  effector  function[93].  Notably,
hypoxia-driven adenosine accumulation, together with
cytokines  such  as  TGF-β  and  IL-10  produced  by
TAMs and MDSCs, establishes a reinforcing network
of  metabolic  and  cytokine-mediated
immunosuppression.
A third layer of regulation is mediated by inhibitory

immune  checkpoint  pathways.  Molecules  such  as
programmed cell death protein 1 (PD-1), cytotoxic T-
lymphocyte-associated  protein  4  (CTLA-4),
lymphocyte  activation  gene-3  (LAG-3),  and  T-cell
immunoglobulin  and  mucin  domain-containing
protein  3  (TIM-3)  are  upregulated  in  response  to
chronic  antigen  stimulation  and  the
immunosuppressive  milieu,  resulting  in  T-cell
exhaustion  and  diminished  therapeutic  efficacy[90].
These pathways are functionally integrated with other
components of the TME, as TGF-β signaling enhances
checkpoint  expression,  while  suppressive  immune
cells sustain inhibitory receptor signaling.
Given the interconnected nature of  these resistance

mechanisms,  effective  CAR-T  cell  engineering
strategies  must  target  multiple  layers  of  TME-
mediated  suppression.  One  major  approach  involves
disruption  of  inhibitory  receptor  signaling,  including
the  use  of  antibodies  targeting  PD-1,  CTLA-4,  and
TIM-3,  as  well  as  the  incorporation  of  dominant-
negative  or  switch  receptors.  In  parallel,
CRISPR/Cas9-mediated  gene  editing  has  been
employed  to  abrogate  checkpoint  expression,
including PD-1 and CTLA-4[83-85]. For example, Wang
et  al[94]  demonstrated  the  feasibility  and  safety  of
allogeneic  CAR-T  cells  with  simultaneous  disruption
of PD-1 and TCR in solid tumor settings.  In addition
to gene knockout approaches, emerging CAR designs
incorporate  PD-1/CD28  switch  receptors,  which
convert  inhibitory  PD-1  signaling  into  a  co-
stimulatory activation signal, thereby enhancing CAR-
T  cell  function  and  persistence  under
immunosuppressive  conditions  within  the  tumor
microenvironment[95].
To  overcome  soluble  immunosuppression,  CAR-T

cells  have been engineered to resist  TGF-β signaling.
Disruption of  TGF-β receptor  II  (TGFBR2) enhances
antitumor  activity  in  both  in  vitro  and  in  vivo
models[96],  while  expression  of  dominant-negative
TGFBR2 variants improves persistence and resistance

to  exhaustion[97-98].  More  recently,  inverted  cytokine
receptor  strategies  have  been  developed  to  convert
inhibitory signals  into  stimulatory ones.  For  instance,
TGF-β  signaling  can  be  rewired  into  an  IL-15-
mediated  activation  signal,  markedly  enhancing
antitumor  efficacy  in  preclinical  models[99].  Clinical
evaluation  of  allogeneic  CAR-T  cells  with  TGFBR2
disruption  is  currently  underway[78],  as  discussed  in
the following section.
Targeting  metabolic  constraints  represents  an

additional  strategy.  Deletion  of  ADORA2A  enables
CAR-T cells to resist adenosine-mediated suppression
and  maintain  functionality  under  hypoxic
conditions[100].  Consistent  with  the  need  to
simultaneously  address  multiple  barriers,  Hatfield  et
al[101] developed allogeneic CAR-T cells incorporating
six  genetic  modifications  to  prevent  allorejection
(B2M,  CIITA),  eliminate  GvHD  (CD3E),  and
overcome  both  metabolic  (ADORA2A)  and
immunological  (CD274,  TGFB1)  suppression.  This
multi-layered  engineering  approach  resulted  in
enhanced  tumor  clearance  and  improved  survival  in
humanized  models[101].  Additional  strategies  include
the  genetic  disruption  of  intracellular  negative
regulators such as PTPN6, PTEN, CBLB, NR4A1, and
ZC3H12A/RC3H1,  as  well  as  engineering  CAR-T
cells  to  secrete  activating  molecules,  including
bispecific T-cell engagers (BiTEs) and cytokines such
as  IL-12[12,102-103].  Collectively,  these  approaches  aim
to  reprogram CAR-T cells  to  withstand  the  complex,
interconnected  immunosuppressive  networks  of  the
TME,  rather  than  targeting  individual  pathways  in
isolation,  thereby  enhancing  therapeutic  efficacy  in
solid tumors. 

Clinical  trials  of  allogeneic  CAR-T  cell  therapy
against solid tumors

In  contrast  to  autologous  CAR-T  cell  therapy,
which is an established and effective treatment for B-
cell  malignancies  with  durable  responses,  allogeneic
CAR-T  approaches —particularly  for  solid
tumors —remain  in  early  clinical  development.
According  to  ClinicalTrials.gov,  only  a  limited
number  of  early-phase  trials  have  been  conducted,
with  most  data  derived  from  small  phase  I  studies
primarily  designed  to  assess  safety  rather  than
efficacy,  and  characterized  by  small  patient  cohorts
and short follow-up periods (Table 2).
An  early-phase  clinical  study  by  Wang  et  al[94]

investigated  CRISPR/Cas9-edited  allogeneic  CAR-T
cells  with  simultaneous  disruption  of  PD-1  and  TCR
in  mesothelin-positive  solid  tumors  (NCT03545815).
Among 15 treated patients, no dose-limiting toxicities
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or  unexpected  adverse  events  were  reported,  and  no
severe  cytokine  release  syndrome  (CRS)  or
neurotoxicity  was  observed.  Clinical  efficacy  was
limited, with no objective responses and stable disease
achieved  in  two  of  15  patients.  Importantly,  CAR-T
cell expansion peaked at days 7–14 post-infusion and
declined  rapidly,  becoming  undetectable  beyond  one
month,  indicating  limited  in  vivo  persistence.  These
findings highlight a favorable initial safety profile but
underscore  the  challenges  of  achieving  durable
responses  and  sustained  CAR-T  cell  persistence  in
solid  tumors[94].  A  related  product,  CHT102
(NCT06717022),  is  currently  under  clinical
evaluation, with results expected in 2026[104].
Celyad  Oncology  developed  the  non-gene-edited

allogeneic  CAR-T  product  CYAD-101  for  the
treatment  of  patients  with  unresectable  metastatic
colorectal cancer[105].  In the phase I alloSHRINK trial
(NCT03692429),  CYAD-101  showed  a  favorable
safety  profile,  with  no  dose-limiting  toxicities  or
GvHD  and  predominantly  low-grade  CRS,  without
severe  neurotoxicity.  Preliminary  efficacy  was
modest,  with  partial  responses  observed in  two of  15
patients[105].  CAR-T  cell  expansion  decreased  after
repeated  infusions,  as  reflected  by  a  reduction  in
Cmax, suggesting limited persistence, possibly due to
HvGR[106].  The FDA paused the alloSHRINK clinical

trial  in  March  2022  due  to  insufficient  evidence  to
assess  its  risk  to  participants;  although the  FDA later
lifted  the  pause,  development  of  CYAD-101  has  not
yet resumed.
ALLO-316  is  an  allogeneic  CAR-T  cell  therapy

designed  to  recognize  and  target  both  CD70-positive
tumor  cells  and  host  CD70-positive  T  cells,  which
contribute  to  allorejection[107].  In  the  phase  1a/b
TRAVERSE  study  (NCT04696731),  preliminary
results  in  heavily  pretreated  renal  cell  carcinoma
patients  showed  an  objective  response  rate  of  20%,
increasing  to  33%  in  patients  with  high  CD70
expression  (≥  50%).  All  confirmed  responses  were
ongoing  at  the  data  cut-off  (2.1–8.4  months),
suggesting  early  durability[108].  CRS occurred  in  57%
of  patients,  with  grade ≥  3  events  observed  in  2%.
Immune  effector  cell-associated  neurotoxicity
syndrome (ICANS) was less frequent (9% overall; no
grade  ≥  3  events)[104].  Overall,  ALLO-316
demonstrates  early  clinical  activity  with  manageable
but  significant  toxicity,  warranting  further  evaluation
of persistence and long-term efficacy.
The  next  product,  CTX131,  consists  of  allogeneic

anti-CD70  CAR-T  cells  with  knockout  of  the
TGFBR2  and  ZC3H12A  genes  for  patients  with
advanced solid tumors, including renal cell carcinoma.
Disruption  of  ZC3H12A  improves  the  functional

 

Table 2   Clinical trials of allogeneic CAR-T cell therapy against solid tumors (updated from clinicaltrials.gov.)
ClinicalTrials.gov
ID

Product name Phase Target
antigen Indication Study start date Location

NCT03545815 Anti-mesothelin
CAR-T cells

Phase Ⅰ Mesothelin Mesothelin-positive multiple solid tumors March 19, 2018 China

NCT03692429 CYAD-101 Phase Ⅰ NKG2D Unresectable metastatic colorectal cancer November 28,
2018

United States,
Belgium

NCT04696731 ALLO-316 Phase Ⅰ CD70 Clear cell renal cell carcinoma February 24, 2021 United States

NCT05239143 P-MUC1C-
ALLO1

Phase Ⅰ MUC1-C Advanced epithelial malignancy February 15, 2022 United States

NCT05795595 CTX131
Phase Ⅰ
and

Phase Ⅱ
CD70 Relapsed or refractory solid tumors March 13, 2023 United States

NCT05302037 CTM-N2D Phase Ⅰ NKG2DL Advanced solid tumors November 19,
2024

Singapore,
Malaysia

NCT06717022 CHT102 Phase Ⅰ Mesothelin Mesothelin-positive
solid tumors May 6, 2024 China

NCT06592092 QH104 Phase Ⅰ B7H3 Meningeal metastases of B7H3+ solid
tumors April 1, 2024 China

NCT06730659 CHT101 Phase Ⅰ CD70 Advanced solid tumors April 19, 2024 China

NCT06682793 A2B395
Phase Ⅰ
and

Phase Ⅱ
EGFR Solid tumors with HLA-A*02 LOH May 22, 2025 United States

Abbreviaitons: CAR-T, antigen receptor T-cell; LOH, loss of heterozygosity.
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stability of CAR-T cells by increasing their expansion
potential.  Disruption of TGFBR2 allows CAR-T cells
to  evade  suppression  by  the  TME.  Together,  these
modifications  increase  efficacy  by  at  least  10-fold[78].
Preclinical  studies  demonstrated  increased expansion,
reduced  exhaustion,  and  enhanced  cytokine
production,  resulting  in  durable  tumor  regression
across  multiple  xenograft  models.  Multiplex  gene
editing  did  not  induce  uncontrolled  clonal  expansion,
supporting  a  favorable  preclinical  safety  profile.  No
evidence of clonal expansion or cytokine-independent
growth  was  observed,  demonstrating  that  multiplex
editing  of  CTX131  cells  is  safe  for  clinical
application[78].  However,  clinical  data  remain  limited.
Although  early-phase  trials  (NCT05795595)  have
been  completed,  detailed  results  on  efficacy,
persistence, and treatment-related toxicities are not yet
available,  and  the  clinical  relevance  of  these
preclinical findings remains to be established.
Poseida  Therapeutics  has  developed  P-MUC1C-

ALLO1,  an  allogeneic  CAR-T  cell  product  targeting
MUC1-C-positive  epithelial  tumors,  including  breast,
pancreatic,  and  colorectal  cancers.  The  product  is
generated  using  a  transposon-based  vector  and  Cas-
CLOVER™ gene editing to disrupt TRBC and reduce
alloreactivity[80].  In  an  early-phase  clinical  trial
(NCT05239143),  evaluation  in  heavily  pretreated
patients  (n  =  41)  demonstrated  a  manageable  safety
profile,  with  no  cases  of  GvHD  or  ICANS  reported.
CRS occurred in 16% of patients, including grade ≥ 3
events  at  higher  dose  levels,  while  grade  ≥  3
hematologic  toxicities  were  common  (e.g.,
neutropenia  in  88%).  However,  clinical  efficacy
remains  incompletely  defined,  with  limited  data  on
response durability and in vivo persistence, precluding
firm conclusions regarding long-term benefit[80].
Cytomed  Therapeutics  has  developed  CTM-N2D,

an  allogeneic  NKG2DL-targeting  CAR  γδ  T-cell
therapy  for  advanced  solid  tumors[109].  Preclinical
studies demonstrated enhanced cytotoxicity and tumor
regression, with a 132% increase in median survival in
mouse  models.  In  the  ongoing  ANGELICA  trial
(NCT05302037),  patients  receive  escalating  doses
following lymphodepletion[110]. The main limitation of
this approach is the recognition of NKG2D ligands on
healthy cells.  Cases of CRS, ICANS, and tumor lysis
syndrome  have  also  been  reported[111].  The  final
results  of  this  clinical  trial  are  expected  in  December
2026.
Clinical  trial  NCT06592092  is  evaluating  QH104,

an  allogeneic  B7H3-targeted  CAR-γδ  T-cell  therapy,
in  patients  with  leptomeningeal  metastases  from
B7H3-positive solid tumors. As of January 2025, two

patients  with  lung  adenocarcinoma  received  a  single
intrathecal dose (3 × 107 cells)[112].  No adverse events
above grade 3 were reported; one patient experienced
a transient low-grade seizure. At day 30, both patients
achieved stable disease, with reduction or clearance of
tumor  cells  in  the  cerebrospinal  fluid  and  clinical
improvement.  CAR-γδ  T  cells  persisted  in  the
cerebrospinal  fluid  for  approximately  one  week,
without  detectable  systemic  expansion.  These
preliminary data suggest a favorable safety profile and
early  signs  of  activity;  however,  the  very  limited
sample size and short persistence preclude conclusions
regarding  response  durability  and  efficacy[112,113].
Additionally,  the  Tmod  platform  incorporates  an
shRNA module targeting B2M to reduce MHC class I
expression  and  potentially  mitigate  HvGR[113].
However,  clinical  data  on  efficacy,  persistence,  and
safety—including CRS and neurotoxicity—are not yet
available. Patients are prospectively identified through
the  BASECAMP-1  prescreening  study
(NCT04981119),  which  uses  next-generation
sequencing to detect HLA loss of heterozygosity[114].
Across  studies,  allogeneic  CAR-T  therapies

demonstrate generally acceptable safety profiles, with
a low incidence of GvHD, reflecting advances in gene
editing  and  cell  engineering.  Nevertheless,  toxicities
such  as  cytokine  release  syndrome,  immune  effector
cell-associated  neurotoxicity  syndrome,  and  potential
risks  related  to  off-target  gene  editing  remain
important  considerations,  although  their  incidence  in
allogeneic  settings  is  not  yet  fully  defined.  A  central
limitation is the short in vivo persistence of allogeneic
CAR-T  cells,  which  likely  contributes  to  reduced
durability  of  clinical  responses  compared  with
autologous approaches. In solid tumors, this challenge
is  further  exacerbated  by  the  immunosuppressive
tumor  microenvironment,  which  constrains  CAR-T
cell expansion and functional activity. 

Safety  and  regulatory  challenges  in  allogeneic  cell
therapy

Despite  their  clear  therapeutic  promise,  the
transition  of  allogeneic  CAR-T  therapies  into  routine
clinical  practice  remains  far  from  straightforward.  A
number  of  interconnected  challenges  spanning
manufacturing,  genome  engineering,  regulation,  and
logistics  continue  to  limit  their  broader
implementation.
From a manufacturing perspective, requirements for

allogeneic products are inherently more stringent than
for  autologous  approaches.  This  is  largely  due  to  the
scale: a single production run may generate doses for
multiple  patients,  meaning  that  any  error  or
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contamination  event  carries  amplified  consequences.
As  a  result,  compliance  with  Good  Manufacturing
Practice (GMP) standards is not only essential but also
operationally  demanding,  requiring  tight  control
across  the  entire  workflow,  from  donor  cell
procurement  to  final  product  release[115].  The
incorporation  of  multiplex  gene  editing,  such  as  the
knockout  of  TCR  and  HLA  class  I  alongside  the
addition  of  the  CAR  construct,  complicates  the
process  further.  Each  novel  genetic  alteration  raises
legitimate  concerns  regarding  off-target  effects  and
genomic  instability,  potentially  jeopardizing  patient
safety[116].  Viral  vectors  commonly  used  for  gene
delivery  are  particularly  susceptible  to  random
integration,  which  can  inadvertently  activate  proto-
oncogenes  or  disrupt  tumor  suppressor  genes.
Although  CRISPR/Cas9  and  TALENs  provide  more
precise  editing,  they  are  not  immune  to  off-target
effects, which can lead to unintended genetic changes
and  increase  the  risk  of  malignancy.  For  example,
during  the  UCAR-T19  gene  editing  process,  the
simultaneous  targeting  of  the  TRAC  gene
(chromosome 14) and the CD52 gene (chromosome 1)
unexpectedly  resulted  in  the  detection  of  the
chromosomal  translocation  t(1;14)  in  all  batches  of
UCART19 cells[34].  While  the  clinical  significance  of
such findings is still being clarified, they highlight the
need for careful genomic monitoring[117].
Researchers  often  view  newer  approaches,  such  as

base  and  prime  editing,  as  attractive  alternatives  due
to  their  ability  to  avoid  double-strand  DNA  breaks.
However, their application in primary T cells remains
limited  by  editing  efficiency  and  targeting  scope[118].
In addition, there is growing recognition that extensive
editing  –  regardless  of  the  platform—can  come  at  a
biological  cost,  affecting  T-cell  functional
competence,  expansion  capacity,  and  effector
activity[39].  Efforts  to mitigate these risks are ongoing
and  include  the  use  of  high-fidelity  editing  systems,
targeted insertion into defined loci,  and incorporation
of  safety  mechanisms  such  as  inducible  kill
switches[119,120].
Regulatory  challenges  add  another  layer  of

difficulty  to  using  allogeneic  CAR-T  therapies  in
clinical practice. Agencies like the FDA and European
Medicines  Agency  (EMA)  require  comprehensive
data  on  product  characterization,  sterility,  and
potency-and  because  multiplex-edited  CAR-T
products  are  still  novel,  specific  guidelines  are  still
evolving.  This  creates  uncertainty  in  the  approval
pathway,  leaving  developers  navigating  a  shifting
landscape[121].
Finally,  long-term  safety  remains  incompletely

defined.  While  risks  such  as  GvHD  and  HvGR  are
relatively  well  characterized,  the  consequences  of
extensive  genome  editing  are  less  well  understood.
Off-target  effects  and  editing-induced  genomic
instability  may  lead  to  uncontrolled  cellular
proliferation  and  increase  the  risk  of  malignant
transformation,  although  definitive  clinical  evidence
remains  limited.  Accordingly,  long-term  patient
monitoring  is  considered  essential,  despite  the
practical  challenges  associated  with  its
implementation at scale[39].
Taken  together,  these  issues  illustrate  that  the

development  of  allogeneic  CAR-T  therapies  is  not
only a scientific endeavor but also a multidisciplinary
coordination  challenge.  Progress  in  this  field  will
likely  depend  on  continued  alignment  between
academia,  industry,  regulators,  and  clinical  centers,
alongside  efforts  to  standardize  manufacturing
approaches and streamline regulatory pathways. Only
through  such  coordinated  advances  can  the  full
potential of allogeneic CAR-T therapies be realized in
routine clinical settings. 

Combining  allogeneic  CAR-T  cell  therapy  with
other therapies

Combination  strategies  are  increasingly  being
explored to  overcome resistance mechanisms that  are
not  fully  addressed  by  CAR-T  cell  engineering
alone[122].  CAR-T  cell  therapy  can  be  combined  with
various  therapeutic  modalities,  including
chemotherapy,  radiotherapy,  oncolytic  viruses,
checkpoint inhibitors, cancer vaccines, cytokines, and
bispecific T-cell engagers (BiTEs)[123].
Co-administration  of  chemotherapy  with  CAR-T

cells  can  reduce  immunosuppressive  cell  populations
and  promote  lymphodepletion,  thereby  enhancing
CAR-T cell expansion and persistence in vivo[124]. The
combination  of  cyclophosphamide  (Cy)  and
fludarabine  (Flu)  is  a  standard  lymphodepleting
chemotherapy  protocol  used  in  conjunction  with
allogeneic  CAR-T  cells[81].  For  example,  a  clinical
trial  NCT04637763  showed  the  safety,  potential
efficacy, and immunogenicity of CB-010, a CRISPR-
edited  allogeneic  anti-CD19  CAR-T  cell  with  a
PDCD1  knockout,  in  adults  with  relapsed/refractory
B-cell  non-Hodgkin  lymphoma  following
lymphodepletion  with  cyclophosphamide  and
fludarabine[125].
One of the most promising strategies for enhancing

the efficacy of CAR-T cell therapy is its combination
with  immune  checkpoint  inhibitors  (ICIs).  The
combination  of  CAR-T  cells  and  ICIs  can  enhance
both the expansion and persistence of CAR-T cells in
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the  tumor  microenvironment[126].  Carneiro  et  al[127]
studied  the  effect  of  agenT-797,  an  allogeneic  CAR-
iNKT  cell,  alone  or  in  combination  with  PD-1
inhibitors (pembrolizumab or nivolumab) in a phase 1
clinical  trial  in  patients  with  advanced  solid  tumors,
including  pancreatic  cancer,  non-small  cell  lung
cancer,  colorectal  cancer,  and  several  other  solid
tumors,  demonstrating  the  safety  and  tolerability  of
agenT-797 across various malignancies.  In a Phase II
clinical trial,  researchers will  study the use of agenT-
797  in  combination  with  botensilimab,  a  novel  Fc-
enhanced CTLA-4 inhibitor, and balstilimab (anti-PD-
1)  in  esophageal  and  gastric  adenocarcinoma
(NCT06251973).  Researchers  anticipate  the  trial
results in 2027.
Oncolytic  virotherapy  is  an  innovative

immunotherapeutic  strategy  for  cancer  treatment.
Oncolytic  viruses  selectively  replicate  within
neoplastic cells, eliciting tumor-specific inflammatory
responses  that  destroy  tumor  cells  while  sparing
normal  tissue[128].  The  combination  of  oncolytic
viruses with CAR-T cells has demonstrated enhanced
antitumor  activity  in  preclinical  solid  tumor  models.
Oncolytic  viruses induce lysis  of  tumor cells,  leading
to  the  release  of  tumor  antigens  that  subsequently
activate  CAR-T  cells.  Additionally,  oncolytic  viruses
can  modify  the  cellular  makeup  of  the  tumor
microenvironment,  leading  to  diminished  local
immunosuppression  and  an  enhanced  cytotoxic
response  from  CAR-T  cells[129].  Park  et  al[130]
conducted  immunotherapy  using  a  novel  poxvirus-
based  chimeric  oncolytic  virus  called  onCARlytics
(Imugene  Limited),  which  was  engineered  to  express
an  inactive  truncated  CD19  antigen  (CD19t)  for
tumor-selective delivery, in combination with off-the-
shelf allogeneic CyCART-19 T cells targeting CD19+
solid  tumors.  This  combined  approach  effectively
promoted  in  vivo  tumor  regression  in  human  tumor
xenograft models[130].
Maldini  et  al[131]  used  the  immunosuppressants

rapamycin  and  tacrolimus  to  mitigate  host
immunologic  rejection  of  HLA-mismatched  CAR-T
cells, which required genetic disruption of FKBP1A in
allogeneic  CAR-T  cells  to  establish  drug
resistance[131].  Allogeneic  CAR-T  cells,  coupled  with
rapamycin and tacrolimus, displayed strong anticancer
efficacy in relevant preclinical models.
In conclusion, the advent of alloCAR-T cell therapy

represents  an  important  advance  in  cancer
immunotherapy.  Its  combination  with  additional
immunomodulatory agents can enhance the antitumor
immune response and effectively overcome resistance
mechanisms  that  often  hinder  treatment.  Further

research  in  this  area  may  lead  to  the  development  of
new therapeutic options that could potentially improve
clinical outcomes for cancer patients. 

In Vivo CAR engineering

The main modalities of CAR-based immunotherapy
are  autologous,  allogeneic,  and  in  vivo  CAR
engineering.  In  vivo  CAR  engineering  offers  an
innovative  approach  by  facilitating  the  direct
production of CAR-expressing cells within the patient,
thus  surmounting  the  logistical  and  manufacturing
challenges  associated  with  ex  vivo  techniques[132].
Diverse  strategies  have  been  established,
encompassing  lipid  nanoparticle  (LNP)-encapsulated
nucleic  acids,  polymeric  nanoparticles  loaded  with
nucleic  acids,  lentiviral  or  adeno-associated  virus
delivery  systems,  and  bioinstructive  implantable
scaffolds[132].  Each  strategy  has  its  own  advantages
and  limitations  in  terms  of  cell  specificity,  systemic
effects, and the risk of insertional mutagenesis.
LNP-mRNA technology  utilizes  a  well-established

clinical  manufacturing  framework,  demonstrated  by
the  extensive  production  and  FDA  authorization  of
Coronavirus  Disease  2019  (COVID-19)  vaccines,
supporting  its  applicability  to  in  vivo  CAR
engineering[133].  Preclinical  data  demonstrate  that
LNPs conjugated to antibodies or scFvs against CD3,
CD4,  CD5,  CD7,  and  CD8  can  be  engineered  to
selectively target distinct immune cell populations[134].
For  example,  CD3-targeted  LNPs  have  demonstrated
enhanced in vivo efficacy, achieving up to 90% B cell
depletion in mice via dose-dependent CAR expression
and  efficient  cytokine  release  while  exhibiting  little
hepatic toxicity[134]. In humanized NSG mouse models
of  Burkitt  lymphoma,  a  LNP  system  co-delivering  a
CD19  CAR  and  IL-6-targeted  short  hairpin  RNA
attained 80% CAR transfection of human T cells, with
CAR-T  cells  persisting  for  over  90  days  and
mediating  significant  tumor  suppression  while
reducing  the  risk  of  CRS[135].  Nonetheless,  obstacles
persist,  such  as  off-target  effects  (e.g.,  macrophage
transfection)  and  manufacturing  complexities  related
to  antibody  conjugation.  These  challenges  may
diminish  particle  yield,  stability,  and  long-term
storage viability[136].
Biodegradable  poly(β-aminoester)  (PBAE)-based

polymeric nanoparticles electrostatically complex with
nucleic  acids  (DNA  or  mRNA),  enhancing  their
delivery  to  target  cells,  such  as  T  cells  and
macrophages[137].  Lyophilization  enables  the
generation  and  preservation  of  nanoparticles  in  a
stable  dry  powder  format,  improving  scalability  and
cost-efficiency[138].  PBAE  nanoparticles,  engineered
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for CAR delivery, have exhibited therapeutic efficacy
in preclinical models of leukemia, prostate cancer, and
hepatitis  B-induced  hepatocellular  carcinoma,
achieving  tumor  regression  similar  to  traditional
adoptive  CAR-T  cell  therapy[139].  Nonetheless,
mRNA-based  therapeutics  require  multiple
administrations  due  to  transient  CAR  expression,
whereas  DNA-based  platforms  present  a  risk  of
insertional mutagenesis, underscoring the necessity for
additional  research  into  long-term  biocompatibility
and  safety  prior  to  clinical  application[140].  The
Implantable  Multifunctional  Alginate  Scaffold  for  T
Cell Engineering and Release (MASTER) exemplifies
a  hybrid  approach to  in  vivo  and ex  vivo CAR-T cell
engineering.  Initial  T-cell  isolation  is  necessary,
although processing time is minimized to one day[141].
The  alginate  scaffold  creates  a  confined  milieu  that
facilitates  interactions  among  T  cells,  viral  vectors,
cytokines,  and  chemokines,  thereby  enhancing  CAR
transduction  efficacy  and  reducing  systemic  side
effects.  An  alginate-based  scaffold  infused  with
CD3/CD28  antibodies  and  IL-2  is  loaded  with
autologous  T  cells  and  retroviruses  prior  to
implantation. In a humanized mouse model of CD19+
lymphoma,  this  technique  produced  CD19  CAR-T
cells  that  demonstrated  efficacy  comparable  to
traditional  ex  vivo  cells  in  tumor  growth  control,
exhibiting enhanced expansion and persistence[142].

In  vivo  CAR  T-cell  therapy  primarily  investigates
two  classes  of  viral  vectors:  replication-defective
lentiviruses  (the  most  common  platform)  and  adeno-
associated  viruses.  Lentiviruses,  with  a  single-
stranded RNA genome, integrate into the host genome
for  long-term  transgene  expression,  but  their  in  vivo
infection efficiency is often limited by low target-cell
affinity[143].  To  enhance  targeting,  lentiviral  vectors
can be pseudotyped with viral envelopes (e.g., Nipah,
measles,  or  Sindbis)  or  engineered  to  display  ligands
(e.g., scFvs or designed ankyrin repeat proteins) fused
to  envelope  proteins  for  specific  T-cell  subtype
targeting[143].  Michaels  et  al[144]  created  VivoVec,  a
cocal  glycoprotein-pseudotyped,  CD3-redirected
lentivirus that encodes a CD19 CAR and a rapamycin-
activated  synthetic  cytokine  receptor.  In  humanized
NSG  mice,  the  administration  of  107  transduction
units  (TU)  resulted  in  the  detection  of  CAR  T  cells
and  nearly  full  B-cell  depletion  by  day  11.  Doses
between 2.7 × 107 and 2.7 × 108 TU produced a dose-
dependent increase of CAR T-cells (reaching up to 30
CAR  T  cells/μL  blood  on  day  11)  and  nearly  full
tumor  control  for  around  50  days[144].  Interius
BioPharma's  UB-VV111  delivers  a  CD19-directed
CAR  and  a  RACR  module  that  work  together  to

control  the  growth  and  survival  of  CAR-T  cells[145].
Preliminary  findings  from  a  Phase  I  study
(NCT06528301)  in  lymphoma  patients  suggest
encouraging sustained CAR expression and peripheral
B-cell  depletion,  accomplished  without
lymphodepleting preconditioning and devoid of dose-
limiting  toxicities.  However,  a  small  sample  size  and
short follow-up period limit these findings[145]. In vivo
technology,  which  enables  the  generation  of  CAR-T
cells  directly  in  the  patient's  body,  offers  a  practical
alternative  to  traditional  ex  vivo  methods.  Shorter
treatment cycles and fewer infrastructure requirements
make  this  approach  more  accessible,  especially  in
resource-limited settings. However, implementing this
technology into routine practice faces several hurdles,
ranging  from  developing  reliable  delivery  vectors  to
scaling  up  production  and  ensuring  consistent  batch
quality. 

Conclusions and perspective

Since  2017,  the  FDA  has  approved  seven
commercially  available  CAR-T  cell  products,  all
derived  from  autologous  T  cells.  While  autologous
CAR-T cell therapy demonstrates high efficacy, it has
several  limitations,  including  insufficient  numbers  of
functional  T  cells  in  the  patient,  long  manufacturing
times,  high  cost,  and  the  limited  availability  of
specialized  centers.  Although  allogeneic  CAR-T  cell
therapy  has  not  yet  reached  the  clinical  maturity  of
autologous  CAR-T  therapy,  its  “off-the-shelf”
availability, potential for repeated dosing, and scalable
manufacturing  remain  important  advantages.
Recently,  numerous  clinical  trials  have  been
conducted  to  evaluate  the  safety  and  efficacy  of
allogeneic  CAR-T  cells.  To  prevent  GvHD  and
HvGR,  researchers  have  used  various  approaches,
such as TCR modification, the use of non-α/β T cells,
the  use  of  T  cells  obtained  from  alternative  cell
populations, and the deletion of B2M and CD52. Gene
editing has become a priority strategy in clinical trials,
as scientists aim to create a universal allogeneic CAR
therapy  platform.  Advances  in  gene  editing
technologies  have  improved  the  safety  profile  of
allogeneic  cell  therapy  by  enabling  more  precise  and
controlled  genome  engineering.  The  ability  to
simultaneously  introduce  multiple  genetic
modifications into a single cell significantly increases
the  therapeutic  potential  of  this  approach,  although  it
requires  long-term  monitoring  of  the  safety  of  the
genetically  modified  products  used  in  patients.  A
comprehensive assessment of therapeutic efficacy and
the  durability  of  the  treatment  effect  requires  longer
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observation  periods  and  a  larger  number  of  clinical
trial participants.
Allogeneic CAR-T therapy represents a scalable but

currently  incomplete  solution,  with  efficacy  in  solid
tumors  still  constrained  by  biological  and
immunological  barriers.  Preclinical  studies  suggest
that  donor-derived  CAR-T  cells  may  retain  greater
proliferative  capacity  and  functional  activity  within
immunosuppressive  tumor  microenvironments  than
heavily  pretreated  autologous  T  cells.  Given  the
complexities  associated  with  CAR-T  cell  therapy  for
solid  tumors,  the  greater  flexibility  for  multiplex
editing  afforded  by  allogeneic  products  may  be
particularly advantageous. For example, modifications
potentially  aimed  at  eliminating  immunosuppression
in  the  tumor  microenvironment,  such  as  genetic
knockout  of  TGFBR2  and/or PDCD1,  may  be  more
readily  achieved  in  allogeneic  CAR-T  cell  products
than  in  autologous  ones.  Future  progress  will  depend
on  the  integration  of  multiplex  genome  engineering
with  strategies  that  ensure  durable  persistence  in
immunosuppressive tumor environments.
The  diverse  in  vivo  CAR-engineering  strategies

address  several  key  limitations  associated  with  both
autologous  and  allogeneic  CAR-T  therapies.  While
allogeneic approaches offer the key advantage of off-
the-shelf  availability  and  rapid  administration,  they
face challenges such as HvGR and GvHD; in contrast,
in vivo methods enable the direct generation of CAR-
T  cells  within  the  patient’s  body,  significantly
reducing  systemic  toxicity  and  eliminating  the  need
for  complex  ex  vivo  manufacturing  and
cryopreservation.  Future  synergy  between  these
complementary  modalities  may  improve  treatment
durability  and  accessibility:  leveraging  in  vivo
techniques  (e.g.,  LNP–mRNA  delivery)  for  rapid
initial  tumour  control  via  transient  CAR  expression,
followed  by  allogeneic  infusions  to  provide  durable
immune memory and sustained remission. 
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