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Chimericantigenreceptor (CAR) T cell therapy has achieved remarkable

success in treating haematologic malignancies. However, the rise in

clinical use has highlighted substantial challenges related to T cell- and
tumour-intrinsic mechanisms. Additionally, the tumour microenvironment
canrender these treatments dysfunctional. Extensive attemptsin the

field are optimizing the key elements of CAR T cell products for therapy,
including antigen specificity and affinity, metabolic fitness, phenotypic
stability and manufacturing. Recent efforts in transcriptomic and epigenetic
profiling, as well as high-throughput functional screening methods, have
identified new classes of targets, binders and mechanisms to be exploited.
Advancesingene editing and delivery offer opportunities to translate those
strategies into clinical trials. Here we discuss the multifaceted exploration
of CART cell engineering approaches and emerging directions, highlighting
the available strategies that can be built on to create the next generation of

cellular therapies.

Chimeric antigen receptor (CAR) T cell therapy involves the
genetic engineering of a patient’s T cells to express CARs that spe-
cifically target cancer cells in a major histocompatibility complex
(MHC)-independent manner. This allows the treatment of patients
with malignancies carrying acommon target antigen with the same
CAR construct—which can be introduced into their polyclonal T cell
pool—despite the diversity in haplotypes. Originating from work
using retroviral vectors for gene introductionin T cells, this technique
enabled the development of a first-generation ‘T-body’ CAR, and
subsequently five further generations (so far)'. Over the past
decade, CART cell therapy has shown success in treating haemato-
logical malignancies, with a substantial boost when the United States
Food and Drug Administration (FDA) approved the first two CAR T
cell products, Tisa-cel and Axi-cel, developed at the University of
Pennsylvania and the National Cancer Institute, respectively.
Ongoing preclinical research and clinical trials are expanding CAR

T celltherapies to combat solid tumours by improving the homing, infil-
tration, expansion and survival of CART cells within the hostile tumour
microenvironment (TME). This has been accompanied by advances
in smart CAR design and engineering strategies. In this Review we
summarize the current landscape of developments in the CAR
T cell field, providing an overview of the currently available con-
cepts and tools as a foundation for the next generation of tailored
T cell therapies.

Key elements of the CAR design

CARs combine the MHC-independent ability of antibodies tobind either
membrane-bound or soluble antigens with the signal-transducing
propertiesof the T cell receptor (TCR) machinery. The binding domain
specifies antigenreactivity, and the precise combination of signalling
and non-signalling (that is, structural) domains determines antigen
sensitivity.
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Fig. 1| Alternative binding domains in CAR engineering. The binding domain of conventional CARs can be replaced by alternative antibody derivatives and other
scaffold proteins such as monobodies, affibodies, DNA-binding proteins, DARPins or D-domains. Physiological binding can be exploited for CARs by use of the

ectodomain of natural receptors, ligands and cytokines.

Binding domains

Antibody binding domain. The earliest CAR architecture substi-
tuted the TCR Va and Vf domains with a single-chain variable frag-
ment (scFv) derived from the variable heavy (VH) and light (VL)
chains of a conventional antibody. The resulting T-bodies triggered
TCR-mediated signalling upon scFv-mediated antigen engagement,
astrategy that has been refined through subsequent generations of
CAR design**. As antibody-derived moieties, scFvs can be generated
rapidly against defined target antigens through well-established
methods of antibody development, including in vivo immunization,
hybridomatechnology, in vitro phage display, and recombinant pro-
tein production. Coupled with their high degree of antigen specificity,
their relative ease of development makes scFvs a flexible platform
for CAR engineering’. However, the size (30 kDa) and multidomain
structure of scFvs can lead to improper protein folding or protein
aggregation, which manifestin tonicsignalling, T cell exhaustion and
loss of therapeutic efficacy®’. Moreover, scFvs carry arisk of immuno-
genicity unless fully humanized®. Therefore, despite their widespread
usein CAR design, various alternatives have been developed (Fig.1).

Single-variable heavy domain of heavy-chain (VHH) antibody
(nanobody). Nanobodies are the smallest antigen binding unit
(-15kDa) of a heavy chain-only antibody that contain along comple-
mentarity determining region 3 (CDR3) essential for mediating specific
epitope binding with high affinity’. Their compact and smallstructure
simplifies production and integration into multiple target con-
structs. VHHs can replace scFvs in CAR constructs, giving rise to the
so-called nanoCAR, which may induce less tonic signalling'®". Notably,
ciltacabtagene autoleucel became the first and only B cell matura-
tion antigen (BCMA) nanoCAR T cell product approved by the FDA in
2022, using two VHHSs that bind to two distinct epitopes of BCMA™.
More recently developed nanoCARs tested in preclinical settings are
summarized in Table 1.

Alternative scaffold proteins. Further attempts have been made
to generate CART cells with even smaller protein binders that aim
to reduce immunogenicity, simplify folding and enhance binding

avidity. Unlike natural protein-binding scaffolds, designed ankyrin
repeat proteins (DARPins) are de novo synthetic binders charac-
terized by their compact size, typically around 14-17 kDa, with two
o-helices and one B-turn. They are usually composed of four or five
repeats with ~33 amino acids per unit. Preclinical studies have shown
that HER2-targeting DARPin-based CAR T cells exhibit comparable
cytotoxicity, cytokine secretion and antitumour responses relative
to conventional scFv-based controls®. Moreover, multispecific DARPin
CART cells against epidermal growth factor (EGFR), epithelial cell
adhesion molecule and human epidermal growth factor receptor 2
(HER2) have shown synergistic antitumour effects in heterogeneous
tumours™,

The D-domain is another synthetic binding domain recently
implemented in CAR designs. It represents a compact 8-kDa de novo-
designed mini protein complex comprising three helices, devoid of
disulfide bonds and N-linked glycosylation®”. D-domain-based CAR
T cells (ddCAR) have shown comparable activity to scFV-based CARs
against CD123* and BCMA" tumour cells in preclinical models'*".
Based on this observation, a phase 1 clinical trial study has reported
the safety of CART-ddBCMA, with high response rates, in relapsed/
refractory multiple myeloma (MM)'®, Of note, the potential immuno-
genicity of non-traditional binding domains remains a key concern.
As of today, several studies have mentioned this aspect but have not
investigated the persistence of the constructs.

Naturalreceptor-, ligand- and cytokine-based CARs. Physiological
interaction partners can also be exploited to generate receptor- or
ligand-based CARs. However, the incorporation of native receptor-
ligand interactions carries a heightened risk of off-target effects,
requiring careful context-specific consideration. Examples of
receptor-based approachesinclude CD27-based CART cells targeting
CD70, CD16-based CART cells targeting fragment crystallizable (Fc)
andNKG2D-based CART cells being tested in various cancer models® 2
(Table1).

Similarly, certain cytokines have been used to replace the scFv
as binding domain in CARs, creating cytokine-based CAR T cells
that redirect their cytotoxicity towards cancer cells expressing the
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Table 1] Alternative binding domains for CAR designs

Binding domain Target for Cancermodels Reference
of CAR CART
Antibody-derived fragment
BCMA MM 12
TAG-72 CRC, ES, T-ALL 213
GPC2 NB 214
CD38 MM 215
CD20, HER2 T-ALL 216
Nanobody CD20 B-NHL 217
PD-L1, EIlIB Melanoma, CRC 218
EGFR BC,OC 219
CD7 ALL 220
221
CD105 HCC 222
B7H3 NB, HCC, ES 223
Other protein scaffold
Monobody (adnectin) EGFR Solid tumours 32
Affibody HER2, EGFR ALL 33
Thermostable RBP4 ALL 34
DNA-binding protein
CD123 AML 17
D-domain MM 16
BCMA
RRMM NCT04155749
BC, melanoma 224
HER2 BC, OC 13
DARPin Solid tumours 225
EGFR, BC, NSCLC 14
EPCAM, HER2
Ligand-based CAR
FLT3L FLT3 AML 226
EPHRIN B2 EPHB4 RMS 227
CTLX CTLXR GBM 228
HNSCC NCT01818323
TIE ERBB2
BC 229
APRIL BCMA, TACI MM NCT03287804
NCT04657861
TriPRIL BCMA, TACI MM 230
BAFF BAFF-R,BCMA, MCL, MM, ALL 231
TACI
LFA1 ICAM-I TC 232
NCT04420754
FSH FSHR oC 233
TPO MPL AML 234
GM-CSF GMR AML, JMML 235
EGFRL EGFR NSCLC 236
Receptor-based CAR
CD27 CD70 Various 19
NCT02830724
CD16 Fc Various 22,237
NCT03266692
NCT02776813
NKG2D NKG2DL Various NCT04107142
(MICA, MICB, NCT03415100
ULBP1-6) NCT02203825

Table 1 (continued) | Alternative binding domains for
CAR designs

Binding domain Target for Cancer models  Reference
of CAR CART

B7H6 NKp30 TLBL, OC 238

BAFT, B7H6 NKp30 Various 239,240

Cytokine-based CAR

IL-10 IL-TOR AML 27

IL-11 IL-11R (O] 28

IL13 IL-13R GBM 30
NCT05540873
NCT04661384

Disease models: CRC, colorectal cancer; ES, epithelioid sarcoma; T-ALL, T cell acute
lymphoblastic leukaemia; NB, neuroblastoma; MM, multiple myeloma; B-NHL, B cell
non-Hodgkin lymphoma; ALL, acute lymphoblastic leukaemia; HCC, hepatocellular
carcinoma; AML, acute myelogenous leukaemia; RRMM, relapsed/refractory multiple
myeloma; RMS, rhabdomyosarcoma; GBM, glioblastoma; HNSCC, head and neck squamous
cell carcinoma; JMML, juvenile myelomonocytic leukaemia; NSLCC, non-small lung cancer
cells; OS, osteosarcoma; OC, ovarian cancer; BC, breast cancer; T-LBL, T cell-lymphoblastic
lymphoma; TC, thyroid cancer. Other abbreviations: TAG-72, tumour-associated glycoprotein
72; GPC2, glypican 2; HER2, human epidermal growth factor receptor 2; PD-L1, programmed
death-ligand 1; EIlIB, extra domain B fibronectin; EGFR, epidermal growth factor receptor;
B7H6, B7-homologue 6; RBP4, retinol binding protein 4; EpCAM, epithelial cell adhesion
molecule; FLT3, FMS-like tyrosine kinase-3; CTLXR, chlorotoxin receptor; ErbB, receptor
tyrosine kinases including HER1, HER2, HER3, HER4; TACI, transmembrane activator and
CAML interactor; ICAM-, intercellular adhesion molecule; FSHR, follicle-stimulating hormone
receptor; MLP, myeloproliferative leukaemia protein; GMR, granulocyte-macrophage
colony-stimulating factor GM-CSF receptor; NKG2D, natural killer group 2D; MICA and B,
MHC class | polypeptide-related sequence A and B; NKp30, NK cell-activating receptor.

corresponding cytokine receptors, such asinterleukin-10 (IL-10), IL-11
and IL-13*7*°, Ina different engineering approach, IL-12 has been incor-
porated in tandem between the scFv and transmembrane domain to
trigger endogenous IL-12 signalling in T cells, rather than acting as
binding domain. The engineered cells showed increased reactivity
against cancer cells with antigen loss through an antigen-independent
NK-like killing mechanism®. Other examples of small binding modules
currently in the preclinical investigation phase include monobodies
(10 kDa), affibodies (5 kDa) and thermostable DNA-binding proteins®>*,

Signalling domains

Theactivation of T cells relies primarily on antigen-driven TCR stimula-
tion and a co-stimulation signal. Mimicking both signals using synthetic
CARs was achieved by fusion of binding domains to co-stimulatory
domains such as CD28 or 4-1BB (CD28- or 4-1BB-based), followed by
the CD3{ signalling domain (Fig. 2). The incorporation of a single
co-stimulatory domain marks the second generation of CAR design,
and has enhanced CAR-mediated T cell activation and antitumour
responses, enabling translation into the clinic.

Upon TCR stimulation by antigen-MHC binding, the three
immunoreceptor tyrosine-based activation motifs (ITAMs) inCD3Care
phosphorylated at their tyrosine residues by Lck, initiating downstream
activation cascades®™,

In the effort to enhance persistence, a recent study introduced
point mutations at ITAM1, 2 or 3 within CD3(in CD28-based (287) CAR
T cells. The study found that single-ITAM-based CARs, particularly
ITAMI (1xx), favour amemory T cellsand anticancer response™, a find-
ing later confirmed by others®. In a phase I clinical study for relapsed
or refractory diffuse large B cell ymphoma, CD19-28(1xx CART cells
were demonstrated to be safe and able to induce complete remissions
in 63% of patients®. Alternatives to the CD3T signalling domain have
been proposed over the years, from FceRly to TREM1/DAP12, and most
recently CD38, CD3¢e or CD3y***% Although these candidates require
further validation, CD3Chas been established as areliable but tunable
signalling backbone that can potentially direct T cell fate during the
antitumour response.
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Fig. 2 |Evolution of the CAR structure. The CAR concept originated from
exploitation of TCR signalling elements including CD3{ (ITAM), co-stimulatory
and cytokine signalling. The CAR structure has evolved from the first generation
(1G) to the fifth generation (5G). Initially, the CAR intracellular domain featured
solely the CD3signalling domain (1G). Subsequent iterations involved the
addition of one co-stimulatory domain (2G) or two co-stimulatory domains (3G).
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The 4G CARincorporated nuclear factor of activated T cells (NFAT) signalling

to enable the secretion ofimmunomodulators such as cytokines. The 5G CAR
contains aninducer element derived from the IL2RB inserted between CD3{ and
the co-stimulatory domain (5G). The IL2RB fragment contains a STAT3 binding
motif to facilitate antigen-dependent activation of the JAK-STAT pathway.

Co-stimulatory domain

Introduction of the co-stimulatory domain CD28 into the CAR struc-
ture allowed CART cells to survive longer in vivo, and plays a crucial
role in determining CAR T cell efficacy, differentiation, safety and
kinetics®**%**"*¢_Screens for additional effective co-stimulatory
domains have identified several candidates.

For example, the CD28 co-stimulatory domain, derived from
the natural CD28 receptor found on T cells, serves as an accelera-
tor of CART cell activation. Incorporation of this domain into CAR
constructs enhances the recognition and elimination of cancer cells,
promoting cell proliferation and expansion while ensuring a sus-
tained antitumour response*®*, CD28 signalling triggers P13 kinase/
AKT/Bcl-XL-mediated activation in CD8" T cells*. However, although
CD28-based CART cells demonstrate superior cytotoxicity, they are
associated with higher toxicity and reduced persistence compared to
their 4-1BB counterparts*® ™,

CD28-based CART cells tend to favour a glycolytic metabolism,
which provides rapid bursts of energy enabling immediate cell acti-
vation upon antigen encounter and enables an effective and rapid
cytotoxic response of CAR T cells towards target cells’>'. However,
unchecked CD28-mediated signalling and metabolic rewiring canalso
result in limited persistence. Mutations in the CD28 signalling motif
have been shownto calibrate 28¢-CART cells to retain high responsive-
ness without compromising durability, and long-lasting antitumour
responses bothinvitroandin vivo™.

The 4-1BB (CD137) co-stimulatory domain, derived from the natu-
ral4-1BBreceptor expressed on T cells, is akey driver of T cell activation
signalling and significantly enhances CART cell persistence. CART cells
bearing 4-1BB (4-1BB-based) fused to CD3{ (4-1BB() showed improved
survival and efficacy in mice®. In line with this, it was found that 4-1BB
specifically promotes CART cells memory formation, cytokine secre-
tion, and especially persistence in vitro and in vivo*, CD19 4-1BB-based
CART cells could induce tumour control in patients with chronic
lymphocytic leukaemia that lasted up to ten years®*. Mechanistically,
CART cells bearing 4-1BB are less prone to exhaustion induced by
tonic signalling’. Relative to 287 CAR T cells, 4-1BB{ CAR T cells show
enhanced expression of activation gene signatures, including human
leukocyte antigen (HLA) class Il genes, ENPP2 and IL-21 axis genes,
and decreased PD-1 expression®. Moreover, 4-1BB-based CAR T cells
exhibit a preference for oxidative metabolism and tend to promote
prolonged and sustained activity, potentially leading to more durable
therapeutic responses. 4-1BB promotes the expression of peroxisome
proliferator-activated receptor-y co-activator-1a (PGC-1a) through
the p38 MAPK pathway, thereby initiating mitochondrial biogenesis
and oxidative metabolism®®. Of note, the combination of CD28-4-1BB
fused to an scFv binder, referred to as third-generation CAR (Fig. 2),
has been demonstrated to elicit superior function in certain tumour
models, such as B cell acute lymphoblastic leukaemia (B-ALL), meso-
thelioma or neuroblastoma, as compared to the second-generation
CAR design®05>5758,
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Table 2| Alternative co-stimulatory domains for CAR T cells

Co-stimulatory Target for CAR Cancer models Preclinical-
domains Tcells clinical studies

GD2 NB 241

CEA CRC 242
OX40 GD2 NB 243

CD30 HL, NHL 244

CD20 BCL 245
OX40+ICOS ROR1 MCL 62

MSLN MESO 60
ICOS

CD19 Various 246

CD19 BC, OC 63

NKG2D BC 247
CD27

NKG2D BC 246

GD2 Solid tumours 248

EPHA2 GBM, OS, BCL 64
MyD88/CD40

CD19, CD123 GBM 65
CD2 HER2, EGFR, Various 249

CD19

CD19 RR-ALL 250
TLRs (TLR2)

CD19, MSLN ALL, NSCLC 251
IL-2RB CD19 ALL 59
IL-15R CD19 ALL, CNSL 252

Disease models: RR DLBCL, relapsed/refractory diffuse large B cell lymphoma; MCL,

mantle cell lymphoma; MESO, mesothelioma; LCC, large cell carcinoma; B-ALL, B cell

acute lymphoblastic leukaemia; HL, NHL, Hodgkin or non-Hodgkin lymphomas; BCL,

B cell lymphoma; PCa, prostate cancer; RR-ALL, relapsed/refractory acute lymphoblastic
leukaemia; CNSL, central nervous system leukaemia. Other abbreviations: MSLN, mesothelin;
GD2, disialoganglioside; CEA, carcino-embryonic antigen; ROR1, receptor tyrosine kinase-like
orphan receptor 1; EPHA2, erythropoietin-producing hepatocellular carcinoma A2; PSMA,
prostate-specific membrane antigen.

Efforts are under way to explore alternatives to CD28 and 4-1BB,
resulting in an expanding body of reports (Table 2). One example is
the incorporation of a truncated IL-2R[3 between the co-stimulatory
domain, 4-1BB or CD28, and CD3{, which facilitates the recruitment
of STAT3 and STATS, initiating signalling cascades for T cell activation
(Fig.2),and canachieve superior efficacy, proliferation and persistence
compared to 4-1BB or CD28 second-generation configurations in a
context-dependent manner®’, Commonly activated pathways such
as MAPK, PI3K-AKT-mTOR and TRAF-NF-kB operate at moderate
levels to promote cell survival and immune responses while inhibiting
exhaustion and differentiation. ICOS (CD278) acts as an analogue of
CD28, featuring a distinct binding motif (YMFM) for activation of the
PI3K-AKT pathway®. In line with that concept, the combination of
4-1BB with membrane-proximal ICOS (ICOS-41BB-CD3(), rather than
membrane-distal ICOS (41BB-ICOS-CD3(), induces ahigher antitumour
response and cytokine secretion in solid tumours®. Furthermore,
the tandem of ICOS and OX40 replacing the CD28 co-stimulatory
domainshowed a durable tumour response in alymphoma xenograft
model®*. ACD27 (TNFRSF7)-CD3{ tandem CAR was designed capable
of upregulating Bcl-xL in CAR T cells, promoting persistence com-
parable to 4-1BB®*. Furthermore, CAR T cells bearing MyD88/CD40
as co-stimulatory domains outperformed 4-1BB in T cell persistence
in preclinical models®*, Notably, MyD88/CD40 CARs induce a high
level of key cell-cycle regulators during receptor-mediated activation.
Themodified T cells are characterized by enhanced proliferative capa-
city and antitumour activity in chronicactivation assays, as well as more
robust tumour control in vivo®*.

Non-signalling domains

Although the signalling domains of CARs are well recognized for
their role in initiating CAR T cell responses against cancer cells,
non-signalling domains—including the linker, spacer, hinge and trans-
membrane regions—have an important yet often overlooked impact
on CAR accessibility and affinity for their targets.

The spacer, located between the binding domain and trans-
membrane domain, can be derived from CD8«, IgG3-Fc, FcyRIl or
IgG4 Fc, CD28 or TNFSFR19, and impacts both structural flexibility
and orientation towards the antigen. We have reported that alonger
spacer improves the binding interaction between a ROR1 CAR and
ROR1antigen, therefore enabling engineered T cells to kill ROR1" cells
more efficiently than alternative designs with a shorter spacer®’.
The use of spacers derived from the IgG4 Fc was found to potentially
bind to FCyRs impeding CAR T cell function. Introducing mutations
within the IgG4 Fc spacer that abolish Fc receptor binding results in
improved T cell engraftment and effector function in vivo®, Further-
more, a CD8a-derived transmembrane domain elicited decreased
secretion ofinflammatory cytokines and activation-induced cell death
(AICD) compared to the CD28-derived counterpart, while showing
similar efficacy in a CD19-dependent in vivo model®.

The transmembrane domain anchors the CAR construct in the
T cell membrane, connecting the extracellular antigen-recognition
domain and the intracellular signalling components. One of the most
established domain anchors is derived from CD28 and can form
homodimers upon T cell activation. This dimerization process is
thought to bring the cytoplasmic signalling domainsinto close proxim-
ity, promoting downstream signalling through molecules such as PI3K,
AKT and mTOR. These pathways are important for cell survival, prolif-
eration and cytokine production. Besides exploitation of the TCR and
its co-stimulatory elements for conventional CARs, ongoing research
efforts are considering domains beyond the established designs,
such as by using DNAX-activating protein 10 (DAP10) as a transmem-
brane domain to improve 4-1BB{ CAR T cells targeting anti-glypican
3 (GPC3)’°. DAP10 is a downstream interaction partner of the natu-
ral killer group 2D (NKG2D) natively expressed on the T cell surface
to target NKG2D ligand-positive cancer cells. Thus, CAR constructs
using a fusion of scFvs to DAP10 transmembrane domains can
benefitfromboth the CAR antigen and the endogenous NKG2D-DAP10
interactionsynergistically’’. AGPC3-DAP10-CAR is under investigation
inclinicaltrials (NCT03198546,NCT03198052). Insummary, the impor-
tance of the transmembrane domainis growing as alternative options
to the conventional transmembrane domain are being proposed.

The impact of the linker on CAR T cell efficacy was unclear until
arecent study showing modulation in anti-CD22 CAR T cells”. Singh
and colleagues found that short linkers with only one repeat of GGGGS
connectingtheV, and V,,of an anti-CD22-scFv promoted homodimeri-
zation, leading to antigen-independent tonic signalling. Interestingly,
in this specific instance, the CD22-directed 4-1BB-based CAR is char-
acterized by alow natural degree of tonic signalling, and the resulting
increase in tonic signalling enhanced immune synapse formation,
expression of inflammatory gene signatures and effector function.
Meanwhile, the same beneficial effect was not observed in CD28-based
CARs, which already exhibit higher basal levels of tonic signalling”.

Controlling CAR expression

The expression level of the CAR plays a pivotal role in terms of safety
and efficacy of CAR-cell products. In contrast to viral transduction
using constitutive promoters, genome-editing tools including CRISPR-
Cas9, zinc finger proteins (ZFPs) or transcription activator-like effector
nucleases (TALENs) enable site-specific CAR transgene integrationinto
definedloci”*”* and more reliable site-specificintegration approaches
enable endogenous promotors, suchasthe TRAC and TET2 promotors,
to more uniformly regulate CAR expression at physiological levels™ .
Inaprominent example, T cells engineered to express the CAR under
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control of the endogenous T cell receptor-a constant (TRAC) locus
promoter exhibited more uniform CAR expression, reduced exhaus-
tion and superior tumour control, although their superiority has not
yetbeen proven in clinical studies”. Other approaches aim to restrict
CAR expression, thereby minimizing off-target effects as well as
exhaustion. Toward this end, CAR expression can be placed under the
control ofinducible promoters that respond to small-molecule reagents
suchas doxycycline or contain hypoxia-response elements (HREs)”8 %,
Finally, ongoing efforts are exploring synthetic T cell-specific promot-
ers for in vivo manufacturing®. However, the application and safety
of delivering the CAR transgene in vivo and specifically restricting
expression to T cells remain to be further validated.

TCR-inspired CAR designs

Not only the physiological expression level of the TCR but also its
unique architecture make T cells highly sensitive to detecting their
cognate antigen. Lipid-bilayers and single-molecule live-cell imaging
have been used to determine the antigen sensitivity of TCRsand CARs.
Thereby, the proximal signalling of CARs was shown to be 1,000 times
less efficient compared to TCR signalling due to inefficient recruitment
of ZAP-70*. This lack of sensitivity is a major challenge in CAR T cell
engineering with regard to the treatment of antigen heterogeneity in
tumours. Selective pressure caused by the antigen-directed targeting
of tumours has been reported to induce antigen downregulation or
even loss*>®,

To improve the sensitivity of CART cells, several groups have
proposed CAR designs that areinspired by the TCR architecture, such
asreplacement of the variable regions of the TCRa and TCRf3 chains by
light and heavy chains of an antibody. The synthetic TCR and antigen
receptor (STAR) construct was further modified to contain mutated
murine TCRa.and TCRP chains to avoid mispairing with the endogenous
human ones (muSTAR)®. In a similar approach, HLA-independent
TCRs (HIT) were established, reducing the mispairing with endog-
enous constant regions by applying a targeted knock-in of the modified
TCRa and TCR chains into the TCRa locus*. The muSTAR and HIT
elicited better proliferation, cytokine secretion and higher antigen
sensitivity compared to the conventional CAR format, bothinvitroand
invivo****. Another approach extended this concept to address antigen
loss by developing bispecific chimeric TCRs (Bi-ChTCRs). Fusion of a
CD19-specific scFvtothe TCRa and of CD22-scFv to the TCRf3 constant
region conferred a potent antitumour response against amixed target
antigen population®.

The increased antigen sensitivity of these designs may enable
robust elimination of cancer characterized by low and heterogeneous
expressionof the target antigen. However, evaluation of the therapeu-
tic potential of the muSTAR, HIT and Bi-ChTCR formats is currently
restricted to the limitations of preclinical models. Standard models rely
onimmortalized cell lines, often engineered to overexpress the target
antigen and differing in the physiological distribution and endogenous
regulation of the antigen. Moreover, the transplantation of xenogeneic
celllinesintoimmunodeficient systems does not replicate the hetero-
geneity and evolutionary dynamics of genetic models on a syngeneic
background® %, To evaluate the muSTAR, HIT and Bi-ChTCR concepts
inimmunocompetent host animals, a partial or fully murinized design
would berequired.

Administering TCR-inspired CAR T cells as primary engineered
T cell therapy might not provide sufficient insight into their perfor-
mance in comparison to second-generation CART cells, as both would
exert similar selective pressure driving tumour evolution. In this con-
text, itwould be unclear whether the antigen levels present were insuf-
ficient for the CAR T cell product to control the tumour. Moreover,
antigen heterogeneity is probably not the sole determinant of therapy
outcome. Dynamic changesin the TME, along with the potential advan-
tages in T cell fitness conferred by TRAC locus-targeted insertion of
TCR-inspired CARs, may also impact efficacy. Future studies should

aim to compare these constructs to the commercially available CAR
formats in models that closely mimic the selection pressure-driven
antigen escape observed in patients.

Advanced genetic engineering facilitates tailored
T cell generation

Although the second generation of CAR T cells show remarkable
responseratesinclinics, tonic signalling, exhaustion, graft-versus-host
disease (GvHD), antigen escape and immunosuppressive TME factors
all present challenges to therapeutic persistence and potential, espe-
cially in solid malignancies. The use of genome editing, gene transfer
technologies and synthetic biology tools have enabled the design of
various strategies to reduce toxicities and enhance the functionality
of engineered immune cells, including the deprivation of inhibitory
signals, overexpression of TME-modulatory factors, and metabolic
rewiring.

Metabolic engineering of CART cells

T cells undergo metabolic changes during their expansion and dif-
ferentiation process. Memory T cells primarily rely on oxidative phos-
phorylation (OXPHOS) and catabolism, whereas effector T cells shift
towards aerobicglycolysis, the pentose phosphate pathway (PPP) and
theanabolic pathway®. These pathways are not very energy-efficient,
but their intermediate products serve as building blocks for cellular
compartments, preparing the cells for rapid division, proliferation and
expansion. The previously discussed differences between CD28- and
4-1BB-based CARs have inspired modulation of T cell metabolism to
achieve favourable phenotypes in vivo (Fig. 3).

Nutrient transporters. Improving the capacity of CART cells to take
up essential nutrients in a hostile TME could optimize their function.
Recently, CAR T cells expressing amino-acid transporters such as
SLC7AS5 or SLC7A11 have been shown to survive in nutrient-deficient
conditions such as low tryptophan and cysteine, while maintain-
ing their function®. Modulation of the tryptophan metabolism and
activation of the aryl hydrocarbonreceptor (AHR) can also affect the
differentiation of regulatory T cells (T cells)”’. Overexpression of the
glucose transporter GLUT1 promotes glycolysis and the proliferation
of effector CD4 and CD8 T cells (Fig. 3)°>. GLUT overexpression in
CART cells could enhance their response in the TME and help them
compete with tumour cells, although this hypothesis requires clini-
cal validation.

Accumulation of unwanted glycolysis by-products, such aslactate,
in the TME creates an acidic environment, which can result in sup-
pressed T cell functions. Consequently, knocking down the acid loader
chloride/bicarbonate anion exchanger 2 (Ae2) gene or overexpressing
the proton channel HvCN1 may restore the favourable pH, and promote
the survival and functionality of T cells in the TME®,

Metabolic enzymes and regulators. Metabolic enzymes are cru-
cial to convert nutrients into useful sources for the metabolic cycles
that fuel T cell activities. For example, glutamic-oxaloacetic transami-
nase 2 (GOT2) facilitates the conversion of aspartate into oxaloacetate,
ensuring a consistent source for the tricarboxylic acid cycle (TCA)
in mitochondria. Enzymes such as argininosuccinate synthase (ASS)
and ornithine transcarbamylase (OTC) are integral components of
the urea cycle, facilitating arginine biosynthesis and ammonia
detoxification’. Overexpression of GOT2 or ASS/OTC in CART cells
bolsters their expansion, antitumour efficacy and persistence, espe-
ciallyinarginine-low microenvironments’***, Furthermore, depletion
of isocitrate dehydrogenase (IDH) in CAR T cells leads to memory
formation®. Interestingly, it was shown in cancer cells that IDH mutants
can favour accumulation of 2-hydroxyglutarate (D2-HG), which is
a weak competitive inhibitor of a-KG dioxygenases, including the
Tet family”.
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Fig. 3| Engineering strategies for favourable CART cell metabolism. Targets
to be knocked out and knocked in are shownin red and green, respectively.
Diacylglycerol kinase (DGK) phosphorylates diacylglycerol (DAG) to
phosphatidic acid (PA), thereby inhibiting T cell signalling. Functional DGK
disruptioninduces resistance to TGF-f and prostaglandin E2 (PGE2) signalling.
The co-stimulatory domain of CAR and overexpression of PGC-1a promote
mitochondrial biogenesis. Overexpression of glucose, amino-acid transporters

Effector genes

FoxP3

(GLUT1, SLC7AS or SLC7A11) and enzymes in metabolic cycles (OTC, ASS, GOT2)
enable cells to survive in nutrient-deprived conditions as well as to avoid toxic
substance accumulation. Knockout of DGK prevents excessive activation of the
T cell response and enables them to resist TGF-p and PGE2 in the TME. Knockout
of ACAT1 prevents cholesteryl ester accumulation, thereby avoiding cell death.
Knockout of AE2 and overexpression of HYCN1enable the cell to resist high
lactate and low pH intracellularly.

Unlike the above-mentioned enzymes, whose activities favour
the T cell response, other enzymes work as metabolic checkpoints®.
Forinstance, disruption of diacylglycerol kinase (DGK) induces resist-
ance to immunosuppressive signals and empowers killing activity
in the hostile milieu of a glioblastoma model®. As another example,
acyl-CoA:cholesterol acyltransferase 1 (ACAT1) mediates the conver-
sion of free cholesterol and fatty acids into cholesteryl esters, whose
accumulationleads to T cell death (Fig. 3). Disruption of ACAT1in MSLN
CART cells enhances cytotoxicity and cytokine production, ultimately
resulting in enhanced tumour control'®,

Peroxisome proliferator-activated receptor-y co-activator 1o
(PGC-1a) is a master regulator of oxidative phosphorylation. In par-
ticular, PGC-1a acts as a co-activator for several transcription factors
that control a network of genes related to mitochondrial biogen-
esis and function, including transcription factors NRF-1and NRF-2.
Accordingly, it can finetune the energy-production machinery within
Tcells'. EGFR CART cells overexpressing a full-length PGC-1a exhibit
substantially enhanced efficacy in vivo compared to a truncated
version (Fig. 3)'"".

Engineering strategies to overcome T cell dysfunctionality

The main challenges for CART cell therapy are resistance and toxicity.
Resistance can be caused by intrinsic T cell mechanisms, including
checkpoint pathways, cell death programs and exhaustion-related

dysfunction, immune rejection, suppression or antigen escape in
tumour cells (Fig. 4).

Inhibition of T cell signalling. Upon antigen exposure, T cell signalling
cascades are activated, some of which serve to inhibit T cell activa-
tion, referred to as intracellularimmune checkpoints'>. Mechanisms
include recruiting certain proteins such as Grb2 and Crk-L that destabi-
lize TCRactivation engagement such as by E3 ubiquitin-protein ligase
CBL-B, phosphorylating tyrosine residues on specific signalling mol-
ecules,suchasCD3,ZAP-70 or the lymphocyte-specific protein tyrosine
kinase (Lck), or phosphorylating the adapter protein SLP76, thereby
disrupting the stability of the TCR signalling complex'®*"'°%, Unlike the
above negative regulators of T cell signalling, Lck acts asakey enzyme
that promotes T cell signalling. However, its functional disruption by
geneediting or pharmacological inhibition canalso lead to enhanced
CART cell function'®, Mechanistically, Lck depletion shifts the acti-
vation signalling cascades toward FYN dependence, which eventually
inducesastronger and more durable CART cell response by enhancing

expansion, proliferation and memory formation'®,

Immune checkpoints and inhibitory receptors. Following persistent
antigen exposure,immune checkpoints are expressed as crucialindica-
tors of T cell exhaustion and dysfunction, restraining T effector func-
tions. To some extent, these checkpoints are beneficial in controlling
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Fig. 4| Engineering strategies and targets to overcome T cell dysfunction.
Strategies include empowering CART cell functionality by knocking out the
negative-feedback mechanisminfluencing T cell signalling (for example, LCK,
PTPN2 and SHP-1), immune checkpoints (for example, PD-1and CTLA-4), cell
death programs (for example, FAS) and gene regulation (including transcription

factors (TFs), repressors and epigenetic enzymes). Increasing T cell survival by
knocking down fratricide-inducing antigens or downregulation of inhibitory
receptors (for example, for TGF-p and adenosine) might serve as suitable
approaches. By engineering metabolically relevant enzymes and nutrient
transporters, CART cells can be adapted to the hostile TME.

excessive immune responses in T cells, and are important for T cell
survival and functional persistence. Indeed, it is argued that these
immune checkpoints should notbe downregulated as it makes T cells
rapidly progress to terminal differentiation and cell death™ . However,
given the limited amount of infused CAR T cell product, exhaustion
hinders its potency and long-term persistence. Genetic disruption of
theseimmune checkpoints, suchasPD-1, LAG-3and CTLA-4, hasbeen
demonstrated to rejuvenate the antitumour response in multiple CAR
T cell products and different cancer models, and is advancing to clinical
trials (Table 3)1271¢,

Apart fromimmune checkpoint molecules, inhibitory molecules
present in the TME, such as TGF- or adenosine, can render T cells
dysfunctional. Knocking out TGF-BRII by CRISPR-Cas9 in mesothelin
CART cells restored effector function, reduced T, cell transforma-
tion and resulted in a sustained memory phenotype among circu-
lating CAR T cells. This strategy demonstrated enhanced tumour
controlinasquamous cell carcinoma model'. Inline with theidea of
blocking TGF-f signalling, other approaches such as protein inhibi-
tors or the overexpression of dominant-negative TGF-BRIl have been
investigated"®"", A phase I clinical trial assessing TGF-B-insensitive
PSMA CART cells hasreported a decline in prostate-specific antigen
(PSA) inapproximately 30% of treated patients, but responses were of
limited durability’*°. Adenosine is secreted by cancer cells and binds
to the A2 adenosine receptor (A2AR) to suppress T cell responses.
Knocking down this receptor by shRNA enhances cytokine produc-
tion, activation and efficacy in MSLN CAR T cells encountering their
targets"®'*. In line with these findings, A2AR knockout using CRISPR-
Cas9 improves antitumour response and avoids exhaustion of CAR
T cells in vitro, eventually leading to better tumour control in solid
tumour models'?.

Programmed death regulator. It is reported that CAR T cells are
prone to cell death due to ahigh level of cell death program-mediating
proteinsincluding Fas, as well as FasL, DR5 and TRAIL, hindering their

efficacy'?'**. Therefore, disruption of these signalling pathways in
T cells may reinvigorate T cell activity. In particular, the Fas receptor
(also named CD95 or APO-1) ablation reduces apoptosis in CD19 CAR
T cells after repeated exposure to CD19* cancer cells, and boosts T cell
expansion'”. Attempts to design universal CART cells by triple knock-
out of TCR/HLA-I/Fas in allogeneic CAR T cells resulted in enhanced
degranulation, killing capacity, cytokine production and prolonged

survivalin vitroand in vivo'®.

Transcriptional and epigenetic regulators. Epigenetic regulators,
transcription factors and co-repressors workin concertto governthe
plasticity and function of T cells, operating at various levels across his-
tone, DNA modification, and transcriptional and post-transcriptional
regulation (Fig. 4). For example, epigenetic modifiers such as histone-3,
lysine-9 methyltransferase (SUV39H1), DNA methyltransferase 3a
(DNMT3A) and DNA modifier methylcytosine dioxygenase encoded by
theten-eleventranslocation2 (TET2) gene inhibit BATF, cJUN and TCF7
activity, thereby promoting the terminal differentiation of T cells'* ",
AttheDNAlevel, transcription factorsregulate key T cell differentiation
and exhaustion genes, and disruption of these transcription factors
has been associated with condensed chromatin at their target gene
locus™ ™, Additionally, factors favouring gene programs opposing
T cell effector function might be a suitable target for editing. Among
those are regnase 1 and roquin 1, which disrupt the transcription of
inflammatory genes™* ", Other examples include transducin-like
enhancers of split 4 (TLE4), which inhibits the interferon-y (IFN-y)
response through epigenetic silencing, and Ikaros family zinc finger
protein 2 (IKZF2), associated with mediating T,., cell gene signatures.
Notably, double knockout of TLE4 and IKZF2 has resulted in enhanced
CART cellactivation signalling and memory phenotype, while reduc-
ing exhaustion®$"°,

Off-tumour CAR targets. Targeting antigens that are widely expressed
could avoid issues of mutational burden leading to potential antigen
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Table 3 | Engineering strategies to overcome T cell dysfunction

Target genes Knockout tools CARtarget Cancer models/entities  Preclinical-clinical studies
Immune checkpoint inhibitors

shRNA CD38 RR AML 253

CRISPR-Cas9 CD33 GBM 13
PO shRNA CD19 PCa, CML 254

shRNA MSLN MESO 255
PD-1, CTLA-4 siRNA CSPG4 Melanoma 256
TIGIT shRNA MSLN MESO 257
TIM-3 shRNA MSLN MESO 258
LAG-3 CRISPR-Cas9 CD19 CML 12
PD-1, TIM-3, LAG-3, CTLA-4, TIGIT shRNA CRCO1 RRBCL NCT04836507
Inhibitory receptor

CRISPR-Cas9 EGFR Solid tumours NCT0497621
TGF-BRII

CRISPR-Cas9 MSLN MESO 117,118

shRNA HER2 BC 259
Adenosine receptor: A2AR CRISPR-Cas9 MSLN (P4) MESO 122

shRNA MSLN MESO 116,121
Apoptosis
FAS CRISPR-Cas9 CD19 ALL, CML 125
Transcription factors
TOX or TOX2 shRNA CD19 Melanoma 131
BLIMP1and NR4A3 CRISPR-Cas9 CD19 PCa 133
NR4As Cre system CD19 Melanoma, COAD 132
Epigenetic enzymes

E1879Q mutant CD19 CML 73
TET2

CRISPR-Cas9 CD19 B-ALL, PCa 260
SUV39H1 CRISPR-Cas9 PSMA PCa 130,261
DNMT3A CRISPR-Cas9 EphA2, CD19, HER2, IL-13Ra ALL, MESO, GBM 126
Transcription repressors
Regnase-1and roquin-1 CRISPR-Cas9 MSLN, CD19, NYESO TCR CML, MESO 262
TLE2/ IKZF2 CRISPR-Cas9 IL13Ro2 GBM 138
Avoid fratricide
CD38 CRISPR-Cas9 CD38 ALL 75
CD7 CRISPR-Cas9 CD7 ALL 142
CD70 TALEN CD7 T-ALL 143
Metabolic enzymes
ACAT1 SiRNA MSLN PCa 100
DGK CRISPR-Cas9 EGFRuvIII GBM 99

Disease models: RR AML, relapsed/refractory acute myeloid leukaemia; CML, chronic myeloid leukaemia; RR BCL, relapsed/refractory B cell lymphoma; COAD, the invasion and metastasis of
colon adenocarcinoma. Other abbreviations: EGFRvIII, epidermal growth factor receptor variant Ill; shRNA, short hairpin RNA; CRISPR-Cas9, clustered regularly interspaced short palindromic

repeats; Cre system, enzyme recombinase Cre; TALEN, transcription activator-like effector nuclease; siRNA, smallinterfering RNA.

downregulation or loss; however, this often results in more on-target/
off-tumour toxicities, and in some case even fratricidal killing.
A SLAMF7-targeting CAR T cell product has shown efficacy against
MM, but also depleted SLAMF7*/"€" NK cells, CD4" and CD8" T cells,
and B cells. However, SLAMF7-low expressing cells among those
subsets remained spared from fratricide, and were thus functional™*°.
The CARAMBA trial has built on these preclinical data and demon-
strated the efficient production, safety and feasibility of autologous
SLAMF7 CAR T cells for the treatment of patients with MM'*, For
CARs that do not spare antigen-low cells, functional disruption or

engineered epitope masking on the CAR T cell surface could offer
a potential strategy to mitigate fratricide, as reported for targets
such as CD38, CD70, CD7 and NKG2D”>**™*_ Although antigens
with essential functions for T cell signalling are not amenable to total
geneticablation, precision genome-editing tools can modify the target
epitopeto protect genetically modified CART cells. Furthermore, the
application of adenine base editing to introduce a mutation in CD45
preserves its function while not being recognized by CD45-directed
CARs. Epitope-edited CAR T cells were resistant to CD45-mediated
fratricide but effective against haematologic malignancies. Moreover,
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(1) Regulation of CAR T cells by upregulating nuclear factors, metabolic enzymes
and nutrient or ion transporters to support the T cell response. (2) Modulation
of T cells expressing dominant-negative receptor or switch receptors, or
secretingimmunomodulators againstimmunosuppressive or toxicity-mediated
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the same edit in haematopoietic stem cells allowed engraftment and
differentiationin mice as a potential for sufficientimmune reconstitu-

tion combined with CAR T therapy'®.

Armouring T cells to reach and modulate the TME

The efficacy of CAR T cells in patients can be limited by the
hostile, immunosuppressive environment characteristics of
solid tumours or the bone marrow niche. Current strategies to
improve migration through the TME involve boosting intrinsic
T cell activity, improving infiltration and trafficking to and into
the tumour sites, strengthening survival and countering immune
suppression (Fig. 5).

Homing and infiltration capacities. Tumour cells often express several
chemokines that attract immunosuppressive cells such as neutro-
phils (CXCL1and CXCL2), T, cells (CCR10, CCR4 and CCR5) or MSDCs
(CCL2,CXCL5 and CXCL12). CART cells can be engineered to express
chemokine receptors to mediate homing to tumour sites™**°, Several
clinical trials are ongoing to assess the potential of homing receptors
in CART cells, including CCR5 (NCT05060796) and CCR4™°. Although
homing towards the tumour is an essential feature, simply equipping

CART cells with chemokine receptors may not be sufficient to support
tumour invasion. In particular, cancer-associated fibroblasts produce
dense collagen networks that can inhibit CART cell interactions with
tumour cells and broadly exclude immune cells. Recently, it was dem-
onstrated that inhibition of collagen crosslinking facilitates T cell
migration into the islets in solid tumour slices™". In line with these
findings, engineering CAR T cells to secrete heparanase increased
their capability toinfiltrate and reject tumours, an approach that may
synergize with homing receptor expression™.

Switch and cytokine fusion receptors. Chimeric switch receptors
(CSRs) are designed to promote T cell functions in response to sup-
pressive signals present in the external TME. Fusion of an extracel-
lular domain derived from an inhibitory receptor to the intracellular
signalling domain of an immunostimulatory receptor can convert
a suppressive signal from the TME into an activating one'*. There is
a growing body of data supporting the real potential of the switch
receptor to boost CAR T cell function including TIM-3/CD28, TIGIT/
CD28 and PD-L1.4-1BB"*'* (Table 4).

ThePD-1/CD28 CSR has been studied both in preclinical and clini-
cal settings, showing enhanced CAR T cell efficacy, proliferation and
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Table 4 | Engineering strategies to overcome challengesin
the TME

Modification CARtarget Cancer model/entity  Preclinical/
clinical studies
Homing receptors
CCR2 GD2 NB 263
CXCR5 EGFR NSLCC 149
NCTO5060796
CXCR4 CD30 HL 147
CXCR2 MSLN MESO 146
CXCR1, CXCR2 CD70 GBM 148
Natural or chimeric co-stimulatory receptor
CD19 ALL 264
CD40L
MSLN Solid tumours NCT05693844
ICOS-L/4-1-BB GPC3 HCC 265,266
GBM NCT04099797
C7R (CD34/IL-7R) GD2
Solid tumours NCT03635632
IL-2/IL-9R MSLN PDAC 266
Chimeric switch receptor
CD19 Melanoma 154
TIGIT/CD28
CD19 RR DLBCL NCT04850560
C-Met GC 156
PD-1/CD28 2ol
MUC-1 CCA 268
T3/CD28 (TIM-3) CD19 B-ALL 269
IL-4R/IL-2RB TIE HNC NCT01818323
TGF-BR-4-1BB STEAP1 PCa 270
IL-4R-IL-7R EBV LCL 271
GM-CSF/IL-18R EPHA2, HER2 B-ALL, melanoma 272
Dominant-negative receptors
TGF-BDNR PSMA PCa NCT04227275,
NCT03089203
FAS DNR CD19 B-ALL 160
PD-1DNR MSLN MESO NCT04577326
Enzymes
Heparanase GD2 NB 152
CpNA CD19, EGFR Melanoma, GBM 273
Adenosine deaminase 1 CcD19 Colon 274
hTERT CD19 B-ALL 275
Noncoding RNAs
RN7SL1 CD19, MSLN Melanoma 179
miR155 or LSD1shRNA CD19 B-ALL 180
miR-17-92 EGFRuvIII GBM 178
Immunomodulators
VHH
Anti-CD47, anti-PD-L1, PD-L1, EllIB Melanoma 218
anti-CTLA-4 276
scFv
CD22 CCs NCT04556669
Anti-PD-L1
CAIX ccRCC 277
Anti-CD40 MSLN MESO 278
Anti-PD-1 MSLN MESO NCTO05373147
NCTO3030001
NCT03615313
MUC-1 Solid tumours NCT03179007
Anti-PD-/anti-CTLA-4 EGFR Solid tumours NCT03182816
MSLN MESO NCT03182803

Table 4 (continued) | Engineering strategies to overcome
challenges in the TME

Modification CAR target Cancer model/entity  Preclinical/
clinical studies
Anti-IL-6, -IL-1 CD19, BCMA NHL, MM 279
BITE
EGFR BITE EGFRvIII GBM NCT05660369
NCT05024175
IL-13Ra2 BITE EGFR GBM 166
B7H3 BITE GPC3 HCC 280
PD-L1 nanobody BITE HLA-G Solid tumours 163
FAP BITE MSLN MESO 281
Cytokines
Superkine IL-2 B7H6 Solid tumours 157
IL-7/CCL-21 CLDN18.2 Solid tumours 282
CD19 B-ALL NCT04833504
CD19 ALL 169,283
IL-7/CCL9 GPC3 HCC NCT03198546
Integrin 37, MM NCTO3778346
BCMA, CS1,
CD38or
CD138
IL-7/CCL-19 or IL-12 Nectin-4/FAP Solid tumours NCT03932565
IL-7/Flt3L EGFRvIII GBM 284
MUC16 oC NCT02498912
GPC3 HCC 285
IL-12 CD19 BCL 174
EGFR CRC NCT03542799
CD19 B-ALL, HBL, BC, OC 286
GD2 NB NCT03294954
IL15 NCT03721068
IL-13Ra2 GBM 173
RRNHL, DLBCL, FL, NCT04684563
IL18 cDI19 MCL, CLL, SLL
BCL 287
IL-23 IL-23-PSMA PCa 288
IL-23p40 GD2 NB 172
IL-33 B7H6 Melanoma, NSCLC 157
IL-36y CD19 B-ALL 289
Nuclear factors
JUN CD19, GD2, NB 175
HER2, CD22
BATF CD19 Melanoma, GBM 177,290
TF AP4+BATF CD19, HA, Melanoma, B-ALL 176
GD2

Disease models: HL, Hodgkin lymphoma; RR DLBCL, relapsed/refractory diffuse

large B cell lymphoma; HBL, human Burkitt lymphoma; FL, follicular lymphoma; CLL,
chronic lymphocytic leukaemia; SLL, small lymphocytic lymphoma; PDAC, pancreatic
ductal adenocarcinoma; GC, gastric cancer; CCA, cholangiocarcinoma; HNC, head

and neck cancer; LCL, lymphoblastoid cell lines; CCS, cervical carcinosarcoma;

ccRCC, metastatic clear cell renal cell carcinoma. Other abbreviations: GPC3,

glypican 3; c-Met, mesenchymal-epithelial transition factor; MUC-1, mucin 1; STEAP1,

six transmembrane epithelial antigen of the prostate 1; EBV, Epstein-Barr virus; EphA2,
erythropoietin-producing hepatocellular carcinoma A2; PD-L1, programmed death-ligand
1; CAIX, carbonic anhydrase IX; HLA6, human leukocyte antigen 6; CLDN18.2, claudine
18.2; HA, homology arms; CCR2, c-c chemokine receptor type 2; CXCR, CXC chemokine
receptor; TIGIT, T cell immunoreceptor with lg and ITIM domains; IL, interleukin; GM-CSF,
granulocyte-macrophage colony-stimulating factor; TGF-@3, transforming growth factor
8; FAS, TPO1 or CD95; PD-1, programmed cell death 1; CoNA, Clostridium perfringens
neuraminidase; hTERT, human telomerase reverse transcriptase; CTLA-4, cytotoxic
T-lymphocyte-associated protein 4; FAP, Flt3 (Fms-like tyrosine kinase-3); JUN, transcription
factor JUN.
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« Inhibitory receptors (A2AR)

« TFs (TOX, TOX2, BLIMP1 and NR4A4)

« Epigenetics (TET2, SUV39H1, DNMT3A)

« Transcription repressors (regnase-1, roquin-1, TLE2/IKZF2)
« Fractricide (CD38, CD7, CD70)

Advantages:
- Releasing the ‘immune brakes’
« Empowering T cell function and fitness

.. @ Armouring T cells

« Homing receptors (CCR2, CXCR1/2/4)

« CCR (ICOSL/4-1BB, IL2/IL9R)

« CSR (PD-1/CD28, TIM-3/CD28, GM-CSF/IL18R)

« DNR (FAS, TGF-, PD-1)
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+ Enhanced T cell survival in solid tumour microenvironment
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Engineering strategies to overcome T cell-intrinsic dysfunction

« Immune checkpoints (for example, PD-1,
TIM-3, LAG-3, CTLA-4, TIGIT)
« Inhibitor receptor (TGF-BRII)

Disadvantages:
« Risk of exhaustion and toxicity
« Risk of genetic instability and second malignancy

« Receptors (CXCR4, CD40L, C7R)
« Switch receptor (TIGIT/CD28, IL-4R/IL2RB)
« Secretion (aPD-1, IL-7/CCL19, IL-15, IL-18)

Disadvantages:

« Risk of genetic instability and second malignancy

Fig. 6 | Clinical readiness level of current CART cell engineering approaches. Engineering strategies targeting CAR design, CAR expression, metabolism, T cell-
intrinsic mechanisms and armouring are undergoing intensive investigation, moving from preclinical (in vitro and in vivo studies) to clinical research (phases I-1V).

cytokine expression, while being tolerable and safe, with encourag-
ing responses in patients with refractory lymphoma®*'’, Similar to
switch receptors derived from immune checkpoint molecules, chi-
meric cytokine receptors (CCRs) or inverted cytokine receptors were
generated to sustain CART cell function despite inhibitory signalling
cytokines in the TME. For instance, the IL-4R extracellular domain
canbegrafted with anintracellular domain from signalling receptors
providing stimulation such ascommony-chainreceptors. CART cells
expressingavariety of inverted cytokine receptors have been explored
in preclinical studies, and are being assessed in clinical phase I trials
(NCTO01818323) (Fig. 6).Inline with the concept of converting inhibitory
signals, the development of a TGF-B-responsive CAR has demonstrated
analternative approachthat cansustain T cell functioninasuppressive
TGF-B-high environment™,

Dominant-negative receptors. Dominant-negative receptors (DNRs)
are truncated or dysfunctional variants of inhibitory receptors lack-
ing the intracellular signalling or functional binding domain. The

expression of DNRs for ligands such as TGF-3, PD-1/PD-L1 or Fas dimin-
ishes theimmunosuppressive effects of ligand binding. Overexpression
of a TGF-BRII DNR on PSMA CART cells has been found to enhance
T cell proliferation and tumour control in prostate cancer models*'?°,
In addition, CD19 CAR T cells with a PD-1 DNR have shown promising
resultsin patients withrefractory/relapsed B celllymphoma (RRBCL)"’.
Based onthis concept, T cells expressing Fas DNR have demonstrated
enhanced survival and persistence in a murine CD19-dependent leu-
kaemia model'.

Secretion of antibody fragments (VHH, scFv, bispecifics). Cell engi-
neering methods enable T cells to actively secrete modulatory media-
tors. Inparticular, CAR T cells can be engineered to express scFv, VHH,
bispecific T cell engagers (BITEs) or cytokines delivered locally to the
TME. Typically, theseimmunomodulators targetimmune checkpoint
proteins'®"'* (Table 4).

Recently, BITEs that simultaneously bind to CD3 on T cells and anti-
genson cancer cellswereintroduced into clinical practice, exemplified
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Fig. 7| Future direction of engineering CART cell therapy. Treatment involves
combining multiple modifications of T cells, including knock in and knockout, to
obtain multifunctional CAR T cell products. Off-the-shelf therapeutics include
the generation of universal CAR T cells, in vivo gene transfer and alternative

CARimmune cells such as natural killer cells, macrophages and dendritic cells.
Patient data exploration, mining and Al enable outcome prediction as well as
personalized CART cell products.

by the FDA approval of blinatumomab. By targeting additional tumour
antigens and activating bystander T cells, BITEs could complement
CART cell therapy by helping to overcome limitations associated with
heterogeneous solid tumours and antigen escape, while potentially
reducing dosing'®*'*”, For example, EGFRVIII CAR T cells secreting an
EGFR-targeting BITE demonstrate tumour control of heterogeneous
glioblastoma without detectable toxicity'**'**. Additionally, CART cells
cansecrete cytokines that areimportant for T cell self-renewal, prolif-
eration and stemness, or that favour sustained effector function and
activation of endogenousimmune cellsin hostile environments''¢-7*
(Table 4).

Transcriptional regulators. Understanding and reprogramming
gene networks can optimize the maintenance of T cell responsiveness
through the use of transcriptional regulators (Fig. 5). Whereas deple-
tion of the transcription factor JUN and FOS dimers was described to
cause T cell exhaustion, overexpression of JUN boosts the proliferation
and effector function of GD2 and CD19 CART cells, and confers resist-
anceto T cell exhaustion, resulting in more robust tumour regression
in mouse models'. Similarly, basic leucine zipper ATF-like transcrip-
tion factor (BATF) interacts with Interferon regulatory factors IRF4
and IRF8 to regulate early responses to TCR activation, and drives
cells towards effector function or exhaustion. BATF overexpression
promotes CD19 CAR CD8" T cell proliferation and enhanced gran-
zyme and cytokine production, resulting in prolonged cytotoxicity
and long-term tumour regression in mice’°. In contrast, BATF deple-
tion preserves CAR T cell effector functions and improves resistance

to T cell exhaustion in models of mesothelin-expressing cancers'”’.
Furthermore, adouble knock-in of BATF and transcription factor AP4
enhances T cell persistence'”.

Apart from transcription factors, noncoding RNAs, particularly
microRNAs (miRNAs), play a pivotal roleinregulating various aspects
of T cell function through intricate mechanisms. For instance, miR-17-
92targets phosphatase and TENsin homologue (PTEN) and promotes
the expansion and survival of EGFRvIII CAR T cells'®. RN7SL1is an
RNA scaffold molecule for RNA-binding proteins involved in protein
translation, therefore promoting CAR T cell proliferation and differ-
entiation””. Under pathological conditions, RN7SL is packaged in the
extracellular vesicles and transported into the TME, where it triggers
enhanced antigen presentation on cancer cells. Finally, engineered

CART cells expressing miR155 exhibit boosted effector function'.

Transient modulation of CART cell activity
Thegenetic-engineering approaches discussed to modulate CAR T cell
functionrepresent long-lasting, usually irreversible cellular changes.
CART cell activity has been transiently modulated by the addition of
soluble drugs such as dasatinib, an inhibitor of Lck. Consequently,
blocking the phosphorylation of ZAP-70 ablates CAR signalling and
induces areversible off state. Such an intervention can serve as an
approach to mitigate CAR T cell mediated toxicities such as cytokine
release syndrome™.

To limit on-target, off-tumour toxicity, CARs that forms a revers-
ible covalent bond with a 1,3-diketone hapten-conjugated adap-
tor molecule were developed. The adaptor molecule specifies and
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regulates sensitivity to the target antigen. Screening of small-molecule
binders by a DNA-encoded library could facilitate the generation
of various soluble adapters that regulate CAR T cell function in
a concentration-dependent manner'®’. Small molecules have also
beenused to control CAR dimerization using an alternative on-switch
mechanism. Implementation of binding domains for small molecules
between the CD3{and co-stimulatory domain enabled the activation
of CAR signalling and cytotoxic function upon small-molecule admin-
istration in vitro and in vivo™. In a different iteration of an on-switch
system, binders were developed that specifically recognized confor-
mational changes in the human retinol binding protein 4 induced by
the small molecule A1120. A CAR platform was established that
consisted of a hRPB4-anti-CD19 scFv binding to a membrane-
bound 28Cadapter. On administration of the A1120, aconformational
change led to assembly of the CAR construct®*. The control of CAR
T cells using small molecules is a versatile and dynamic strategy to con-
trol CART cell activity over time and thereby limit potential toxicities.
On-off-onschedules could further prolong their fitness. However, as
thesereversible approaches depend on the presence of small-molecule
drugs, it remains to be evaluated how biodistribution and avail-
ability, especially in the sequestering TME, will affect the kineticsina
clinical situation.

Translational challenges

Most engineering approaches described in this Review involve gene
vectors thatintegrate semi-randomly into the host genome, which can
disrupt gene regulation and potentially lead to cancer. Gammaretro-
viral and lentiviral vectors are particularly risky due to their tendency
to integrate near active gene regulatory regions. Although non-viral
systems such as Sleeping Beauty or PiggyBAC may offer safer alterna-
tives, cases of T cell ymphoma linked to PiggyBAC-engineered CAR
T cells have raised concerns and prompted FDA reviews. Large-scale
data show no T cell malignancies in over 3,000 CAR T cell infusions,
but low rates of secondary cancers and the increasing use of CRISPR
haveintensified safety discussions'®*'*. The lack of robust genotoxic-
ity models and clear product release criteriaunderscores the need for
better assays and consensus on acceptable risk levels'®’.

Predicting the behaviour of next-generation cell therapies remains
difficult due tolimited and non-standardized test models. In vitro and
immunodeficient mouse models often overestimate CAR T cell efficacy
and fail to capture the complexity of the TME and immune interactions.
Syngeneic mouse models, using immunocompetent hosts, better
replicate clinical conditions by including native immune components
and allowing the assessment of persistence, biodistribution and lym-
phodepletion strategies'*®. These models have successfully reflected
patient responses to immunotherapies and highlight the role of the
microbiome in treatment outcomes. However, differences in antigen
expressionand limited cross-reactivity of CAR constructs withmurine
targets restrict their clinical relevance.

Whenmurine targets are lacking, organotypic human tissue slices
offer acomplementary approach to assess toxicities in healthy human
or efficacy intumour tissues, but they are limited by tissue availability
and potential allogenicity'®*'*°, Despite the advances in ex vivo mod-
els and recent changes allowing human trials without animal testing,
in vivo models still offer critical insights into systemic effects that
invitrosystems currently cannot fully replicate'”. Future efforts should
focus ondeveloping models that accurately predict efficacy and toxic-
ity, preserve or mimic the TME, as well as the host tissue architecture,
while using samples derived from clinical studies that allow meaningful
correlative assessments.

Besides efforts in benchmarking genetic and non-genetic modi-
fications, another step forward will be to investigate the impact of
their combined use in a single cell product, or the co-administration
of multiple engineered products to benefit from synergistic effects. At
the same time, it is essential to evaluate whether such combinations

may negatively impact cell performance. An earlier study using TALEN
technology reported on a dual gene-editing approach (TRAC and
CD52) to generate an allogeneic CART cell product, observing minimal
toxicity despite translocations'. In one of our studies, we described
thefeasibility of atriple KO (TRAC, TRBC and PDCD1) foraphase I TCR
T celltrial, highlighting minimal off-target effects and alow frequency
of translocations'®>. These clinical studies support the feasibility of
multiplexed gene editing with low genotoxicity, increasing the confi-
denceinthe use of more sophisticated engineering strategies tailored
to specific therapeutic needs. However, as gene editing will become
more prominentin the future, approaches such as base editing might
be a safer and more scalable alternative to classic CRISPR editing'*.
Although multiplexed gene editing has been performed in preclinical
studies, itslong-term impactin patients remains to be determined and
will warrant extended clinical follow-up.

Future directions and perspectives

Initially, CAR T cell therapy was designed to be a versatile single-shot
treatment that can be adapted to a variety of malignant entities.
Although CART cells have indeed revolutionized cancer immuno-
therapy and are even offering a chance to cure many B cell malignan-
cies, thegrowing body of clinical experience emphasizes that alack of
sustainable response and persistence, especially in solid tumour and
cold TMEs, remain roadblocks (Fig. 6)""'.

Advances in the field of gene delivery and editing using CRISPR-
based methods have become handy tools to swiftly knock in or knock
out elements of interest with high precision at distinct loci”°%1¢,
Although these technologies have demonstrated the ability to gener-
ate new cell products with various edits under research conditions, it
remains tobe determined whether patientimmune cells—after several
lines of treatment and pre-conditioning—retain sufficient fitness to
withstand extensive genetic engineering. Furthermore, recent cases
of rare malignant transformation by administered CAR T cell prod-
ucts have raised an awareness for potential genotoxic events ask-
ing for safety profiling and measures in the future, especially in light
of multiplex-edited strategies'®>'”’. Thus, future approaches should
also consider non-genetic modification options to enhance T cell fit-
ness. Epigenetic and metabolic small-molecule modulators have been
shown toimprove CART cell manufacturing and antitumour activity,
offering alternative engineering strategies, or a synergy with genetic
engineering'®”* (Fig. 4). Moreover, discussion with regulatory authori-
ties will be key to finding an optimal solution balancing the safety of
multi-gene-edited cell products and the ability to flexibly adapt them
toapatient’s TME.

Another option to obtain fitter T cells is the use of allogeneic
sources. Toimplement allogeneic CART cellsinthe clinic, keyimmuno-
logicaland technical challenges must be addressed. Immune rejection
and GvHD are major concerns, requiring substantial gene editing'**'*’,
Enhancing persistence is critical and may involve engineering strate-
gies exploiting virus-like immune escape mechanisms?’°. Scalable,
off-the-shelf manufacturing must ensure consistent quality, potency
and safety across batches. Regulatory frameworks need to evolve
to define standards for gene edits, safety monitoring and product
approval. Ethical and logistical considerations, including informed
consent and long-term follow-up, should also be addressed.

Despite ongoing efforts to tune efficacy, reliable safety measures
need tobeimplemented to prevent severe cytokine release syndrome
or mitigate risks from insertional mutagenesis. Besides equipping
CART cells with a controllable ‘safety switch’, small-molecule admin-
istration can precisely control CAR T cell activity. However, future
approaches could consider designing advanced circuits thatintegrate
the expression or repression of cellular functions depending on the
environmental circumstances. For instance, the expression of gene
programs or TME-modulating factors could be controlled by the meta-
bolic cell state or the nutrients available in the tumour milieu, thereby
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increasing efficacy and target specificity. Another iteration of this
concept could be linking effector function to the differentiation state
or lineage commitment of the engineered immune cell.

An additional layer of safety can be provided by local delivery
technologies such as hydrogels or scaffolds. Biomaterial-supported
systems might help to reduce systemic exposure, enhance infiltration
inthe target tissue and adjust the required dose®”’. In contrast to such
local delivery concepts, in vivo generation of engineered immune cells
requires thorough investigations of its systemic effects. Lipid nano
and adeno-associated virus particles have shown that gene transfer
ofaCAR constructinvivois feasible, and could substantially decrease
the required infrastructure and costs for autologous manufacturing
as part of abedside manufacturing set-up®*****. Increasing target cell
specificity of the vector and exploring the feasibility of multiplexed
gene editing will be among the next steps forward.

The modular use of CAR technology has mainly been demon-
strated in T cells. Engineering in different immune cell subsets that
will be combined with each other to assess synergistic effects can be
a strategy to optimize the features of a heterogeneous cell product.
The versatility of cell therapy may be exploited in disease settings
even beyond cancer. Recent examples have demonstrated the use
of CD19 CART cells in B cell-mediated autoimmune diseases such as
lupus erythematosus and myasthenia gravis?*>*°°. By redirecting the
CART cell response towards autoreactive plasma cells, the pool of
autoantibody-producing cells has been successfully depleted, leading
to sustained drug-free remissions.

Finally, theinterplay between the tumour, immune environment
and therapy outcome remains a crucial area for exploration. In par-
ticular, host-derived factors such as the microbiome composition
have been shown to have predictive value regarding response and
resistance to immunotherapy approaches®”. Thus, the future of CAR
T cell therapy involves predicting efficacy and toxicity by integrat-
ing multidimensional profiling information on biomarkers, clinical
parameters and individual patient history?*®?°°. Machine learning and
artificial intelligence could play a crucial rolein CART cell therapy by
assisting in patient selection through the analysis of genetic and clini-
cal data, aidingin the design of CAR constructs by predicting optimal
receptor configurations and streamlining manufacturing processes
through automated workflows?**", Dual-targeting concepts such
as Boolean-logic AND-gated platforms might support the transla-
tion of targeting Al-identified antigen profiles into cell products with
reduced on-target, off-tumour toxicity?. The use of these advanced
tools could optimize bench-to-bedside translation and provide help to
create accessible therapy tailored toindividual patient needs, thereby
improving outcomes and reducing healthcare costs (Fig. 7).
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