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INTRODUCTION 

Chimeric antigen receptor (CAR) T-cell therapy has revolu
tionized the treatment of hematologic malignancies. Since 
the initial approval of tisagenlecleucel and axicabtagene 
ciloleucel in 2017, the number of CAR T-cell infusions per
formed annually has grown exponentially, and the number 
of indications continues to expand. As of December 2023, 
six CAR T-cell products have been approved by the United 
States Food and Drug Administration (FDA), four for a va
riety of lymphoid malignancies (diffuse large B-cell lym
phoma, follicular lymphoma, acute lymphoblastic 
leukemia, etc.) and two for multiple myeloma (MM). De
spite their impressive efficacy, notable challenges exist 
which continue to limit patient access to these life-saving 
therapies.1,2 In particular, their cost and logistical burdens, 
including the supportive care necessary to safely deliver 
them, have restricted their use to large referral centers and 
made adoption by community practitioners difficult. 

All of the CAR T-cell products that are currently FDA-ap
proved are autologous in nature, meaning that each dose 
must be individually manufactured for each patient using 
the patient’s own cells. This process occurs in a centralized 
manufacturing facility and typically requires several weeks 
from T-cell collection to re-infusion. This lengthy manufac
turing time limits the use of these therapies for aggressive 
malignancies, and frequently requires the use of bridging 
therapies to prevent symptomatic disease progression or 
even death.3 Furthermore, manufacturing bottlenecks with 
certain CAR T-cell products have substantially limited the 
number of patients who can receive them, and the possi
bility that a manufactured product will not meet techni
cal specifications introduces further uncertainty regarding 
whether a patient planned for CAR T-cell therapy will ulti
mately receive their infusion.4 

In addition to these logistical challenges, the autologous 
nature of the current manufacturing process results in het
erogeneous products, whose variable quality may nega
tively impact efficacy and toxicity. CAR T-cell phenotype is 

felt to be a key determinant of efficacy, and several studies 
have examined in detail the association between infusion 
product characteristics and clinical outcomes.5,6 Concerns 
regarding the impact of prior cancer-directed therapies on 
T-cell fitness have provided motivation for avoiding treat
ments such as bendamustine, if CAR T-cell therapy is 
planned,7 and attempting to incorporate CAR T-cells into 
earlier lines of therapy.8 Toxicity is another important limi
tation of the currently available CAR T-cell products. While 
the rates of cytokine release syndrome (CRS) and immune 
effector cell-associated neurotoxicity syndrome (ICANS) 
vary by product, they remain high enough so that CAR 
T-cell therapy is generally available only at experienced 
centers, capable of providing the appropriate supportive 
care and implementing the FDA-mandated risk evaluation 
and mitigation strategies (REMS) programs. Several strate
gies, including the use of prophylactic corticosteroids9 and 
prophylactic anakinra,10,11 have been proposed to reduce 
treatment-related toxicity. However, the impact on toxicity 
incidence and severity has been relatively modest, and al
ternative platforms which fully eliminate these toxicities 
would be of great benefit. 

Recently, the development of bispecific antibodies tar
geting both CD3 on recipient T-cells and tumor antigens 
such as CD19 and CD20 has provided a potential alternative 
to autologous CAR T therapy.12,13 Bispecific antibodies are 
logistically simpler to deliver as they are immediately avail
able and typically associated with lower-grade toxicities 
than CAR T-cell therapy. Nevertheless, they too depend on 
the fitness of the recipient’s immune system to exert their 
effect and, unlike CAR T-cells, require extended or indefi
nite dosing regimens. Furthermore, although bispecific an
tibodies and CAR T-cells have not been directly compared, 
the observed response rates with bispecific antibodies are 
typically lower than those seen with CAR T-cells in similar 
lines of therapy.14‑17 Thus, there remains a pressing need 
for advancements to enhance the efficacy and accessibility 
of the CAR T platform. 

This review will cover innovative CAR platforms which 
seek to overcome the limitations of currently available 
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Figure 1. Comparison of autologous and allogeneic CAR T-cell therapies         

therapies and facilitate continued development of this ex
citing technology. 

ALLOGENEIC CAR T-CELL THERAPY 

As many of the limitations of autologous CAR T-cell ther
apies are related to the need for individual dose manufac
turing, there has been substantial interest in developing 
allogeneic “off-the-shelf” therapies (Figure 1 ). These 
treatments would be immediately available when needed, 
and would reduce the cost by taking advantage of 
economies of scale during the manufacturing process.18,19 

Additionally, the use of healthy donors without prior expo
sure to chemotherapy may improve T-cell fitness and the 
efficacy of the resulting CAR T product. Nevertheless, the 
use of allogeneic cells has its own unique challenges which 
require innovative strategies to overcome. 

The currently available autologous CAR T-cell therapies 
are each manufactured from a single leukapheresis product 
collected from the patient of interest. While this strategy 
provides sufficient material to generate multiple CAR T 
doses, the desire to produce hundreds or even thousands 
of doses from a single donor has prompted exploration 
of alternative cell sources.18,20 Umbilical cord blood has 
been proposed as a source of antigen-naïve T-cells with 
enhanced tumor-reactive characteristics.21‑23 Induced 
pluripotent stem cells (iPSCs) have also been proposed as a 
source of allogeneic CAR T-cells, and would be particularly 
attractive as they, theoretically, have unlimited capacity to 
self-renew and could be used indefinitely.24‑26 Regardless 
of the cell source, the phenotype of the resulting T cells 
is of paramount concern. Several studies have identified a 
stem cell memory T (TSCM) phenotype which is long-lived, 
self-renewing and capable of giving rise to effector popula

tions responsible for antitumor activity.27‑29 This cell type 
would serve as an ideal component of an allogeneic CAR T-
cell product.30,31 In contrast, exhausted CD8+ T cell pop
ulations in autologous CAR T infusion products have been 
associated with poor clinical responses and would prefer
ably be avoided.5,32 Refinement of the allogeneic CAR T-
cell manufacturing process to optimize T-cell phenotype 
while maintaining scalability will be an important chal
lenge moving forward. 

One of the early concerns with allogeneic CAR T-cell 
therapy was the potential for graft-versus-host disease 
(GVHD) caused by recognition of recipient antigens by the 
endogenous allogeneic αβ T-cell receptor (TCR). This con
cern has been effectively ameliorated through genetic 
knockout of the TCR followed by depletion of any residual 
cells expressing an αβ TCR.33 In fact, no cases of GVHD 
were reported in any of several phase-1 trials conducted us
ing a variety of different allogeneic CAR T-cell products, all 
of which had genetic knockout of the TRAC locus to pre
vent TCR expression.34‑38 Other strategies to avoid GVHD 
include the use of T-cells expressing a virus-specific TCR39,

40 or the use of alternative cell types which do not cause 
GVHD, as will be described on subsequent sections. 

A significant challenge to clinical translation of allo
geneic CAR T-cell therapies has been their limited expan
sion and persistence in vivo, particularly when compared 
to their autologous counterparts. CAR T-cell expansion fol
lowing target antigen exposure is crucial to antitumor ef
ficacy, and high peak CAR T-cell concentrations are as
sociated with clinical responses in both autologous and 
allogeneic therapies.16,41,42 Pharmacokinetics of the cur
rently available autologous products are strongly influ
enced by the nature of their co-stimulatory domains. Prod
ucts with a 4-1BB co-stimulatory domain (e.g., 
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Figure 2. Strategies to improve allogeneic CAR T-cell expansion, persistence and efficacy.           
Flu: Fludarabine; Cy: Cyclophosphamide; MHC: Major histocompatibility complex’ HLA-E: Human leukocyte antigen E; PD-1: Programmed cell death protein 1 

tisagenlecleucel, lisocabtagene maraleucel) exhibit less ro
bust expansion but durable persistence, while products 
with a CD28 co-stimulatory domain (e.g., axicabtagene 
ciloleucel, brexucabtagene autoleucel) exhibit rapid expan
sion but shorter persistence.1 Nevertheless, circulating CAR 
T-cells from autologous CD28-containing products can rou
tinely be detected several months after treatment16 and 
CAR T-cells from a 4-1BB-containing product have even 
been detected 10 years after the initial infusion.43 In con
trast, allogeneic CAR T-cell products with a 4-1BB co-stim
ulatory domain typically persist on the order of several 
weeks35,41 and there have been concerns regarding durabil
ity of response due to early relapses noted in some trials.36,

37 Strategies to improve allogeneic CAR T-cell expansion 
and persistence include alterations to the lymphodepletion 
and dosing regimens, as well as genetic modifications in
tended to minimize rejection by the recipient immune sys
tem (Figure 2 ). 

Prior to CAR T-cell infusion, a lymphodepleting condi
tioning regimen of fludarabine (Flu) and cyclophosphamide 
(Cy) is typically administered. This regimen is crucial for 
CAR T-cell expansion and functions through multiple 
mechanisms, including alterations in circulating cytokine 
levels and effects on recipient immune cells.44‑47 Enhanced 
lymphodepletion consisting of higher doses of Flu and Cy 
(Flu 30 mg/m2/day x 4 days/Cy 1000 mg/m2/day x 3 days 
compared to standard Flu 30 mg/m2/day x 3 days/Cy 500 
mg/m2/day x 3 days) resulted in a striking 80-fold improve
ment in CAR T-cell expansion.37 However, only 3/15 re
sponses were ongoing at > 6 months duration, and infec
tious complications limited subsequent use of this 
lymphodepletion regimen. Another technique involves in
corporating an anti-CD52 antibody into the conditioning 

regimen while knocking out CD52 in the allogeneic CAR T-
cells to prevent these cells from being targeted. This strat
egy has been shown to improve CAR T-cell expansion and 
is under investigation in several ongoing clinical trials,35,

48,49 although concerns regarding infectious complications 
remain. As enhanced lymphodepletion techniques result 
in deeper and longer suppression of recipient T-cell func
tion compared to conventional lymphodepletion, they may 
also be associated with prolonged cytopenias and increased 
rates of atypical viral and fungal infections.50 Additional 
data regarding the type and frequency of these infections 
are needed to inform infection surveillance and antibiotic 
prophylaxis strategies for patients receiving enhanced lym
phodepletion regimens. Of note, the possibility of repeat 
dosing using CAR T-cells generated from the same or a 
different donor presents exciting possibilities for consoli
dation of therapeutic responses and treatment of relapsed 
disease. At the present time, however, data regarding the 
optimal applications of this approach and associated lym
phodepletion strategies are lacking. 

Rejection by the recipient immune system has been im
plicated as a key factor limiting the expansion and persis
tence of allogeneic CAR T-cells.18,51 Although the precise 
mechanisms governing this process are not well under
stood, recipient T-cells, NK-cells and antibodies to the in
fused product are all thought to contribute. Several genetic 
modifications of allogeneic CAR T-cells have been proposed 
to minimize rejection by these components of the immune 
system. Recipient T-cells have been a primary focus of 
these efforts due to their well-established role in failure of 
hematopoietic stem cell transplants52 and the current im
practicality of full human leukocyte antigen (HLA) match
ing of allogeneic CAR T-cell donors to recipients. Initial 
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efforts to prevent T-cell mediated rejection included knock
down of beta-2 microglobulin to prevent major histocom
patibility complex (MHC) class I expression53,54 and rejec
tion by CD8+ T-cells. Despite strong preclinical rationale, 
this approach has not translated into dramatically im
proved clinical outcomes, with one recent trial reporting 
that 11/27 (41%) patients attained a complete response af
ter receiving such a product, but only 5 of these patients 
maintained their response at 6 months.55 One possible ex
planation for these findings is that elimination of MHC I re
moves a key inhibitory signal for NK cells and renders the 
CAR T-cells more susceptible to NK cell-mediated rejection. 
To address this issue, several groups have proposed to up
regulate the minimally polymorphic HLA-E molecule to in
hibit NK cell activation while still preventing rejection by 
CD8+ T-cells.56‑58 Other proposed strategies to minimize 
immune rejection include CIITA knockout to disrupt MHC 
class II expression necessary for CD4+ T-cell activation,59,

60 and CD64 overexpression to prevent antibody-mediated 
cell destruction.61 Alternatively, expression of a CAR tar
geting antigens expressed on activated T-cells has been 
proposed as a means to improve CAR T-cell expansion 
through elimination of the recipient alloreactive T-cells re
sponsible for CAR T-cell rejection.62,63 Allogeneic CAR T-
cell products with combinations of these modifications 
have demonstrated promising persistence and efficacy in 
preclinical models64,65 and are currently being evaluated in 
clinical trials. 

The techniques used to deliver and edit genes during the 
CAR T manufacturing process have also served as an im
portant focus of research. While all the currently available 
CAR T-cell products use viral vectors to introduce the CAR 
transgene, there has been growing interest in virus-free de
livery techniques, which would simplify the manufactur
ing process and overcome the limitations associated with 
viral gene delivery. These challenges include the limited 
size of viral gene inserts, difficulty in producing high titers 
of stable viral particles, and potential immunogenicity of 
virus-derived peptides.66 Transposon-based systems, such 
as Sleeping Beauty67 and piggyBac,68 have been success
fully used to generate a variety of CAR T-cell products.69‑72 

These platforms involve the transfection (typically by elec
troporation) of T-cells with plasmids encoding the CAR of 
interest and a transposase which facilitates integration of 
CAR DNA into the genome. Transposon-based systems al
low delivery of larger genes and are simpler to manufacture 
than viral vectors. However, they typically have lower trans
duction efficiencies and lack the ability to control the site 
of insertion into the genome. The importance of CAR in
sertion site was highlighted following the discovery of CAR 
T-cell-derived lymphomas in two patients receiving anti-
CD19 products generated using the piggyBac transposon 
system in a phase 1 clinical trial.73 Genetic analysis showed 
a high transgene copy number in these lymphomas but no 
insertion into typical oncogenes. Although global changes 
in transcription predominantly correlated with gene copy 
number, the investigators did note transgene promoter-
driven transcriptional upregulation of regions surrounding 
the insertion site, despite the use of insulator sequences 

surrounding the transgene. Other gene delivery strategies 
involving electroporation74,75 and self-assembled nanos
tructures76,77 also hold promise to simplify the CAR T-cell 
manufacturing process. However, the efficiency and persis
tence of the resulting genetic modifications remain impor
tant considerations when selecting a particular technique 
for CAR T-cell generation. 

In addition to reliable gene delivery techniques, the 
number and complexity of genetic modifications involved 
in manufacturing allogeneic CAR T-cells requires the use of 
precise gene-editing technologies. Several allogeneic CAR 
T-cell products use transcription activator-like effector nu
cleases (TALENs), which are nucleases fused to sequence-
specific DNA-binding domains that allow them to cut DNA 
at precise locations.34,35,78 Other products use gene editing 
platforms derived from the clustered regularly interspaced 
short palindromic repeats (CRISPR)-CRISPR associated 
protein 9 (Cas9) system, which uses a guide RNA strand to 
allow for selective editing of the genome.55,79,80 Although 
the details of the gene editing process are beyond the scope 
of this review, it is important to note that this aspect of 
manufacturing carries important regulatory and clinical 
implications. For instance, as gene editing technologies re
main imperfect, and some modifications (e.g., TRAC knock
out) are intended to minimize toxicity, there is a need to 
ensure that unedited or incompletely edited cells are not 
present in the final product. The optimal strategy for this 
purpose depends on the precise gene edits in question. 
However, FDA guidance suggests incorporating techniques 
that assess the intended functional outcomes of the ge
nomic modifications.81 For products with TCR knockout, a 
purification step involving magnetic bead depletion of cells 
continuing to express the αβ TCR has proven effective at 
ameliorating the risk of GVHD.33,82 Additionally, there is 
concern that unexpected or off-target genomic alterations 
may result in development of a malignant clone. This con
cern led to a clinical hold of a trial involving ALLO-501A, an 
anti-CD19 allogeneic CAR T-cell product, after identifica
tion of a clonal chromosome 14 inversion in a patient who 
developed cytopenias following treatment.83 On further as
sessment, this rearrangement was not found to occur at the 
site of TALEN gene editing and, instead, appeared to be as
sociated with the naturally occurring recombination-acti
vating gene (RAG) enzyme implicated in physiologic V(D)J 
recombination. The clinical hold has since been lifted and 
ALLO-501A is currently being evaluated in a registrational 
phase 2 trial for treatment of relapsed/refractory large B-
cell lymphoma (NCT04416984). This case highlights the 
challenges involved in clinical translation of gene editing 
technologies, and emphasizes the importance of detailed 
scientific analyses to elucidate the underlying causes of 
events noted in clinical trials. 

ALTERNATIVE CELL TYPES 

Although CAR T-cells have demonstrated impressive ef
ficacy in hematologic malignancies, their toxicity profile 
and poor efficacy in solid tumors have prompted interest 
in other cell types whose physiological properties may be 
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Table 1. Comparison of cell types used for engineered cellular therapies          

Cell Type αβ T Cells αβ NK Cells γδ T Cells γδ Macrophages 

Source 

Mechanism 
of Killing 

Modifications 
to Reduce 
GVHD Risk 

TCR Knockout None None None 

Non-CAR 
Activation 
Mechanisms 

None 
(TCR knockout) 

Activating/inhibitory surface 
receptors 

Activating/inhibitory surface 
receptors 

Activating/
inhibitory 
surface 
receptors 

Toxicity Risk Higher Lower Lower Lower 

UCB: Umbilical cord blood; iPSCs: Induced pluripotent stem cells; TRAIL: TNF-related apoptosis-inducing ligand; TCR: T-cell receptor 

leveraged to overcome these challenges. Each cell type has 
unique characteristics which provide advantages in specific 
clinical applications (Table 1 ). The most extensively stud
ied to date is the natural killer (NK) cell.84,85 Like T-cells, 
NK cells exhibit direct cytotoxicity through the release of 
lytic granules and activation of death receptors on the tar
get cell.86 However, NK cells are not associated with devel
opment of GVHD, CRS or ICANS even in the absence of ad
ditional genetic modifications. Additionally, NK cells may 
be activated through CAR-independent mechanisms which 
could provide benefit with tumor types which do not homo
geneously express a particular target antigen. Nevertheless, 
persistence of these cells and the durability of clinical re
sponses remain a concern. Several different manufacturing 
strategies and genetic modifications have been proposed to 
optimize CAR NK-cell efficacy in vivo. 

As with T-cells, sources of NK cells for product man
ufacturing include peripheral blood mononuclear cells,87 

umbilical cord blood88 and iPSCs.89 Appropriate cytokine 
stimulation is critical for proliferation of NK cells in vitro 
as well as antitumor efficacy and persistence in vivo. CAR 
NK-cells derived from umbilical cord blood and modified 
to constitutively express IL-15 have demonstrated antitu
mor activity in both animal models88 and clinical trials.90 

Of note, no GVHD, CRS, ICANS or increase in the levels of 
inflammatory cytokines were noted during that study. Sim
ilar strategies, including the use of an IL-15 receptor fusion 
protein91 and exogenous IL-2 administration,92 have also 
been investigated in iPSC-derived CAR-NK cells. Stimula
tion with IL-12, IL-15 and IL-18 during NK cell expansion 
has been shown to induce a memory-like NK cell pheno
type93 with functional benefits for antitumor activity.87,94,

95 However, the application of this manufacturing process 
to the production of CAR NK-cells has not yet been studied. 
Although NK cells hold great promise as a platform for 
adoptive cell therapy, further studies are needed to identify 

the precise cellular modifications and clinical applications 
which will lead to optimal efficacy. 

Other components of the innate immune system have 
also been proposed as cell therapy platforms due to their 
intrinsic cytotoxic properties. Unlike the αβ T-cells that 
predominate in current CAR T-cell products, γδ T-cells do 
not mediate GVHD and are capable of recognizing antigens 
in an MHC-unrestricted manner.96,97 A phase-1 study of 
anti-CD20 CAR γδ T-cells showed promising safety and 
efficacy, with 7/9 (78%) of patients achieving a complete 
response and no grade ≥3 CRS or ICANS noted.98 CAR 
macrophages have also been explored for use in solid tu
mors.99,100 These cells typically exert their cytotoxic effects 
through phagocytosis. However, they also produce a unique 
set of cytokines and chemokines which may be crucial to 
overcoming the immunosuppressive nature of the solid tu
mor microenvironment.101 Although development of these 
platforms is still in its early stages, they demonstrate the 
variety of cell types which may be harnessed to overcome 
the challenges associated with CAR T-cell therapy. 

INNOVATIVE MANUFACTURING 
PLATFORMS 

Despite the potential advantages of allogeneic cell therapy, 
there remains considerable interest in improving autolo
gous CAR T-cell manufacturing processes to make CAR T-
cell production quicker and logistically simpler (Figure 3 ). 
One such strategy involves de-centralizing the manufactur
ing process and allowing each treatment center to gener
ate their own CAR T-cells on-site. As most treatment cen
ters will not have access to good manufacturing practices 
(GMP)-compliant production facilities, several automated 
tabletop GMP-compliant manufacturing systems have been 
implemented for this purpose.102 This paradigm has 
demonstrated feasibility in the clinical trial setting103 and 
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Figure 3. Innovative CAR T-cell manufacturing paradigms      

multicenter trials using these manufacturing platforms are 
ongoing. Nevertheless, the time required for T-cell activa
tion, transduction and expansion, as well as the extensive 
testing required by regulatory authorities before release of 
each dose remain significant challenges. 

The currently available CAR T-cell products utilize man
ufacturing processes which typically take 7-14 days. How
ever, there has been growing interest in manufacturing 
platforms which can generate CAR T-cells more rapidly, 
within 24 hours in some cases.104 One such approach in
volves the transduction of non-activated T-cells along with 
other modifications to compensate for the poor transduc
tion efficiency typically associated with non-dividing 
cells.105 Cells manufactured using a similar process have 
more desirable stem-like phenotypes and have shown 
promising efficacy in clinical trials.106‑108 Other innovative 
platforms include the generation of CAR T-cells on im
plantable tissue scaffolds109 and in vivo generation of CAR 
T-cells through the use of viral or nanoparticle-based gene 
delivery systems.110‑113 While still in early stages of de
velopment, these strategies exemplify some of the innova
tive solutions proposed to overcome the logistical barriers 
to CAR T-cell therapy. 

CONCLUSIONS 

Despite its demonstrated efficacy, the impact of autologous 
CAR T-cell therapy has been limited by cost, toxicity and 

logistical challenges. Innovative cell therapy platforms, in
cluding the use of allogeneic donors, alternative cell types, 
and rapid manufacturing protocols, hold promise to over
come these limitations. Each of these strategies has unique 
advantages and disadvantages which will determine their 
ultimate role in clinical practice. As the barriers to CAR T-
cell therapy are overcome and novel targets are discovered, 
this form of treatment is sure to play an increasing role in 
the management not only of hematologic malignancies, but 
of solid tumors and non-malignant disorders as well. This 
broad range of potential applications highlights the excit
ing possibilities and immense promise for the future of en
gineered cell therapies. 
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