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Strategies to overcome tumour relapse
caused by antigen escape after CART therapy
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Abstract

Chimeric antigen receptor (CAR) T cell therapy has revolutionized the treatment of B cell and plasma cell
malignancies, and numerous promising targets against solid tumours are being explored. Despite their initial
therapeutic success in hematological cancers, relapse occurs in a significant fraction of patients, highlighting the
need for further innovations in advancing CAR T cell therapy. Tumour antigen heterogeneity and acquired tumour
resistance leading to antigen escape (antigen loss/downregulation) have emerged as a crucial factor contributing
to immune escape and CAR T cell resistance, particularly in the case of solid tumours with only limited success
achieved to date. In this review, we discuss mechanisms of tumour relapse in CAR T cell therapy and the promising
strategies that are under development to overcome multiple resistance mechanisms, thereby reducing outgrowth
of antigen escape variants. Specifically, we emphasize the importance of designing clinical translational strategies
to enhance CART cell crosstalk with host immune cells, eliciting endogenous antitumour immune responses
through antigen/epitope spreading, which offers a genuine solution to the limitations of targeting tumour antigen

spreading

heterogeneity in solid tumours with monospecific T cell therapies.
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Introduction

Chimeric antigen receptor T (CAR T) cell therapy has
exhibited remarkable clinical success, and it has driven
a paradigm shift in the treatment of relapsed/refrac-
tory (r/r) B cell lymphomas, B cell acute lymphoblastic
leukemia and multiple myeloma. At present, CD19 and
B cell maturation antigen (BCMA) are the most com-
mon targets in CAR T cell therapy, and numerous novel
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therapeutic targets are being explored for the treatment
of solid tumours.

However, despite the promising clinical outcome
achieved with CAR T cells, there is still a substantial
proportion of patients who ultimately have progressive
disease, either initial lack of response, known as primary
resistance or disease progression after an initial, transient
response, known as second resistance. For instance, the
documented complete remission (CR) rate for r/r B-ALL
treated with CAR T cells ranged from 70 to 94%. How-
ever, around 35—-55% of these patients eventually relapsed
[1-6]. In the pivotal phase II studies for r/r large B-cell
lymphoma, anti-CD19 CAR T achieved the CR rates of
39-58%, and nearly half of the treated patients devel-
oped primary resistance to CAR T therapy [7-9]. For
r/r multiple myeloma (MM), CAR T cell therapy target-
ing BCMA, acquired an overall response rates of 70-90%
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and complete response rates of 30—60% in pivotal trials
[10, 11]. However, when examining long-term outcomes,
most individuals with multiple myeloma will eventu-
ally relapse without any plateau in progression-free sur-
vival, as observed when using anti-CD19 CAR T cells for
patients with B-cell aggressive lymphomas or leukaemia.

Reasons leading to the failure of CAR T therapies are
complex, including tumour heterogeneity, T cell exhaus-
tion, decreased T cell persistence, limited tumour traf-
ficking, the presence of an immunosuppressive tumour
microenvironment (TME), metabolic stress, and various
other confounding factors [12]. This review focuses spe-
cifically on the importance of tumour relapse caused by
antigen escape after CAR T therapy and summarizes the
potential strategies that are being employed to overcome
this serious problem. And most importantly, we will pro-
vide an overview of current approaches to elicit epitope/
antigen spreading to address this element of CAR T cell
therapy.

Antigen escape and its mechanisms

Antigen escape is frequently seen in post-CART therapy
relapse

Antigen escape refers to the process in which tumour
cells evade immune detection and destruction by down-
regulation or loss of the specific antigens that targeted
therapies, such as CAR T therapy, are designed to rec-
ognize. This phenomenon allows tumour cells to survive
and proliferate, even in the presence of sustained CAR
T-mediated cytotoxicity and immune surveillance mech-
anisms. More and more data indicate that antigen escape
is a major mechanism of resistance in patients who
undergo CAR T therapy. Indeed, relapse due to antigen
escape following CAR T cell treatment has been observed
with multiple targets including CD19 [13], BCMA [14],
CD22 [15], EGFRVIII [16], IL-13Ra2 [17, 18] and ErbB2
[19]. The rate of disease relapse due to antigen escape
varies depending on the type of cancer and the target
antigen. In pediatric r/r B-ALL patients treated with tisa-
genlecleucel, wherein sustained immune pressure was
induced by prolonged persistence of the CAR T cells, 94%
(15/16) of relapses analyzed were attributed to CD19-
relapses, along with one patient CD19 +recurrence [2].
The other study in a real-world setting was reported on
patients with r/r B-ALL infused with tisagenlecleucel,
among relapses, 59% (30 out of 52) were CD19-positive
and 41% (22 out of 52) CD19-negative (three associated
with myeloid transformation) [20]. In large B cell lym-
phoma (LBCL), 10 of 16 LBCL patients with progres-
sive disease after axi-cel treatment had converted from
CD109 + pre-therapy to CD19-/low at relapse, exhibiting
either complete loss of CD19 or diminished CD19 [21].
It should be pointed out that most previous studies have
relied on antigen completely loss as a criterion, which
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inevitably leads to significant underestimation of inci-
dence of antigen escape, due to a considerable number of
patients exhibit low antigen relapse. It is well known that
CAR T cells may have a threshold tumour antigen den-
sity below which they are unable to kill, so both loss and
downregulation of antigen cannot elicit effective antitu-
mour immunity by CAR T cytotoxicity [15]. In practice,
antigen escape should include both loss and downregula-
tion of antigen in order to better reflect the incidence of
antigen escape. However, there is no uniform thresholds
of activation based on antigen levels, which depends on
the construction of individual CAR T and different types
of targeting antigens [22—24]. It is worth noting that two
independent studies evaluated resistance to CD19 CAR
T cell therapy in NHL and its association with low lev-
els or loss of CD19 at relapse, using the semiquantitative
immunohistochemistry (IHC) to measure CD19 expres-
sion at baseline and at disease progression. All patients
with paired pre-therapy and post-therapy showed com-
plete loss or significant decrease in CD19 expression at
relapse compared to tumour tissue before treatment [21,
25].

In general, the currently available data on anti-BCMA
CAR T cells, have demonstrated that BCMA loss after
treatment is not a common event, with BCMA expres-
sion remaining positive in the majority of patients [26,
27]. However, although some BCMA-positive MM cells
still existed in these relapsed patients, the BCMA expres-
sion level and the BCMA antigen-binding capacity were
strongly reduced. Decreased BCMA expression levels
were observed by Cohen et al. in 12 out of 18 patients
who received BCMA CAR T [28]. Recently, by integrat-
ing genomic and single-cell transcriptome profiling, Da
Via et al. reported for the first time that homozygous
BCMA gene deletion led to a complete and irreversible
loss of BCMA expression in a r/r MM [29]. Likewise,
Samur et al. and Leblay et al. found a similar biallelic
BCMA loss (mutation +deletion or deletion + deletion)
as a resistance mechanism in other r/r MM patients
who relapsed after ide-cel treatment [30]. Functionally,
although these mutants retained surface BCMA expres-
sion, they escaped the binding and cytotoxicity of anti-
BCMA CART [31].

Taken together, although the antigen escape after CAR
T therapy as the unique cause of tumour relapse is not
fully established, these findings underscore the impor-
tance of overcoming this kind of drug resistance by
developing diversified immune responses to unleash the
full potential of the immune system against cancer.

The mechanisms of antigen escape

The mechanisms of antigen escape are also multiple,
including the selection of pre-existing antigen-negative
clones, the spontaneous antigen loss due to stress [1, 32],
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acquired mutations [3, 13], splicing site variations [13],
T-cell trogocytosis [33] and lineage switching from a
lymphoid to a myeloid phenotype [34, 35], failure of sur-
face antigen presentation [36, 37], and epitope masking,
among others [38]. For instance, in B-ALL patients with
antigen-negative escape after CAR T cell therapy, anti-
gen escape has occurred as a result of CD19 alternative
splicing that lack the exon recognized by the CAR or the
transmembrane domain, and frameshift mutations lead-
ing to truncation or absence of the CD19 transmembrane
region [13, 39]. Remarkably, the study demonstrated that
anti-CD19 CAR T cell therapy exerted selective pressure
on cells, and cells carrying these pre-existing alternatively
spliced CD19 isoforms could evolve as a dominant clone,
thereby affecting the efficacy of CAR T cell treatment
[13]. Single-cell RNA sequencing also confirmed that
CD19-B-ALL cells can exist before CAR T cell therapy
and are enriched by selection to be dominant within
the tumour [32]. Unfortunately, technologies are not yet
available to identify patients at risk for immune escape
before therapy.

Strategies to overcome target downregulation

The expression density of the target antigen is an impor-
tant factor that determines the function of engineered T
cells since a minimum threshold of antigen expression is
needed for preserved T cell activity [15, 40, 41]. CARs are
highly reliant on target antigen density, therefore, CAR
T cells lose their functionality when antigen expression
drops below a threshold that depends on the type of the
target and the CAR binding properties [22, 24, 41]. Given
the fact that nearly all targets on solid tumours are het-
erogeneously expressed and the efficacy of CAR therapies
require high antigen expression for significant activity, it
has profound implications for the development of thera-
peutic CAR T for solid tumours.

Generally speaking, there are two strategies to over-
come tumour recurrence caused by antigen downregula-
tion in CAR T therapy. One is to increase the expression
level of antigens on the target cells, and the other is to
enhance the sensitivity of CAR T to recognize low anti-
gen density.

Pharmacologic modulation to induce the expression of
targeting antigens

BCMA is a protein expressed on the surface of plasma
cells and is cleaved by the plasma cell membrane
y-secretase. y-Secretase inhibitors abrogate enzymatic
function and substantially increase BCMA surface den-
sity on plasma cells and reduce its soluble form, thereby
improving the activity of anti-BCMA CAR T cells in
preclinical models [42]. Recently, Cowan and colleagues
combined y-secretase inhibitors with anti-BCMA CAR
T cells in a phase I study to increase BCMA antigen
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density before CAR T-cell infusion. The potential of this
combination strategy provides encouraging preliminary
results, with the overall response rate achieving 89% (16
of 18 participants), and the median duration of response
achieving 14.4 months [43].

Similarly, bryostatin 1 has been shown to upregulate
CD22 protein expressed on the cell surface and increases
the efficacy of CD22-targeted CAR T cell therapy in pre-
clinical models, although the mechanism of this CD22
upregulation remains to be elucidated [41].

Epigenetic modulators to induce the expression of
targeting antigens

Epigenetic modifications, such as DNA methylation and
histone alteration, can silence gene to reduce the expres-
sion levels or post-transcriptional modifications upon
being targeted by CAR T to avoid immune surveillance
[44]. Aberrant hypermethylation occurring in lymphoma
patients and their cell lines, which is often located on
CpG island within the promoter region of tumour sup-
pressor gene, can lead to the silencing of the gene [45].
In fact, preclinical studies have found promoter hyper-
methylation in primary CLL cells when challenged with
CD19 CAR, and verified an inverse correlation between
CD19 promoter DNA methylation and its expression in
the relapsed tumours. Importantly, the expression loss
was partially reversible by treatment with a DNA meth-
yltransferase (DNMT) inhibitor, azacytidine (AZA),
validating the repressive character of methylation [46].
Similarly, rapid restoration of CD20 expression on CD20-
negative lymphoma cells after using CD20-targeting
rituximab was shown to occur within a few days after
treatment with the epigenetic modulators, DNMT inhib-
itors and histone deacetylase (HDAC) inhibitors, and
expression lasted more than 10 weeks in vitro [47].

GD2, a disialoganglioside, is highly expressed by a vari-
ety of embryonal cancers, including brain tumours, reti-
noblastoma, osteosarcoma and Ewing’s sarcoma, but it is
barely expressed in normal cells [48], making it a target
for CAR T therapy. Kailayangiri et al. established that
EZH2 (a histone methyltransferase) inhibitors, GSK126
and tazemetostat, significantly upregulated GD2 surface
expression in a majority of GD2 low or negative Ewing’s
sarcoma cells, sensitizing the sarcoma cells to killing by
GD2-specific CAR T cells [49]. Mechanically, EZH2
inhibitor enhances the expression of two key enzymes
of GD2 biosynthesis via reducing H3K27 trimethylation
[49]. Coincidentally, further independent clinical obser-
vations support the upregulation of genes encoding com-
ponents of the ganglioside synthesis pathway in H3K27M
mutant glioma cells, showing uniform and high expres-
sion of GD2 [50, 51].

On top of that, a potential benefit for the administra-
tion of epigenetic reprogramming is to maintain the
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functionality of CAR T cells. Epigenetic remodeling fol-
lowing CAR T infusion can counteract detrimental epi-
genetic and transcriptional changes that affect T-cell
function, exhaustion, and tumour infiltration. In several
recent studies, strategies such as using DNMT inhibitor
and HDAC inhibitor have enabled CAR T to alleviate
exhaustion and improve therapeutic efficacy [52-56].

Chimeric co-stimulatory receptor (CCR) sensitizes CART to
low antigen expression

One successful approach involves expressing a fully
functional second-generation CAR alongside a chime-
ric co-stimulatory receptor (CCR) containing CD28 or
4-1BB. With this combinatory approach, this CAR has
demonstrated superior antitumour activity against low
antigen variants by increasing the overall functional avid-
ity compared to conventional second-generation CAR
T cells alone [57, 58]. For instance, Katsarou et al. dem-
onstrated that combining a fully functional 28] CAR
targeting either BCMA or CD19 with a CCR binding to
CD38, an antigen highly expressed in B-cell malignan-
cies, can remarkably improve cytotoxicity of a CAR and
better response to lower antigen expression [58]. It is
worthy of note that T cells bearing the CD38-CCR alone
did not induce cell lysis of CD38 expressing targets [58].
Together, these data support that the combination of a
CAR and a CCR allows for multiplexed targeting, as well
as co-stimulation, generating potent and durable effectors
with enhanced in vivo eradication of antigen-low tumour
clones, which were otherwise resistant to treatment with
conventional CAR T cells, thus preventing relapses of
tumour clones with low target antigen density(Figure
1). Mechanically, the coexpression of a CCR not only
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allows the engagement of the CCR with a second antigen
to strengthen the synaptic tension between the CAR T
cell and the tumour cell, but also enables the synergy of
CD28 and 4-1BB co-stimulatory signaling as in the pro-
cess of physiologic T cell activation [59, 60]. Therefore,
CAR+CCR T cells improve cytokine and granzyme B
production, cell proliferation, as well as impressive per-
sistence and reduced expression of exhaustion related
markers in vivo, compared to second-generation CAR T.

Optimizing the CAR construction

Refinement of CAR design can tune the threshold for
antigen recognition and endow CARs with enhanced
capacity to recognize antigen-low targets while retain-
ing a superior capacity for persistence. A promising
strategy to overcome this obstacle is the engineering of
CAR T with improved co-stimulatory domains, which
are crucial for T-cell proliferation, survival, and effector
functions. Incorporating potent co-stimulatory domains,
such as 4-1BB (CD137) or CD28, contributes to T-cell
proliferation, antigen-specific cytokine secretion, and
prolonged antitumour activity. For instance, it has been
demonstrated that the CD19-CD28({ CAR T cells confer
enhanced efficacy against antigen-low targets, as CAR T
cells are less susceptible to trogocytosis-mediated antigen
downregulation and contribute to the formation of more
stable immunologic synapses than CD19-4-1BB{ CAR
T cells [22, 58]. Enhancing signal strength by including
additional immunoreceptor tyrosine-based activation
motifs (ITAM) of CD3( in the CAR enables enhancement
of CAR activity against low antigen density cells, whereas
ITAM deletions blunt signal and increase the antigen
density threshold. Furthermore, the substitution of the
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Fig. 1 Combination of a CAR and a CCR sensitizes CART to low antigen expression. T cells coexpress a fully functional second-generation CAR specific for
antigen A and a CCR specific for antigen B. A, CART cells are fully activated if the CAR engages with antigen A expressed at high levels on tumour cells.
B, If tumours express antigen A at low levels, they are insufficient to activate second-generation CART cells. C, If tumours express antigen A at low levels,
full T cell activation requires CCR engagement with antigen B. D, If tumours express antigen B only, they do not activate CART cells. Figure created with
BioRender (biorender.com)
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CD8 hinge-transmembrane (H/T) region of a 4-1BB{
CAR with a CD28H/T lowers the threshold for CAR
reactivity despite identical signaling molecules. Intrigu-
ingly, CARs incorporating a CD28-H/T show a more
organized and stable synapse that is able to recruit both
more CAR-ligand complexes and downstream ZAP70,
resulting in superior antitumour activity [22]. To further
improve the efficacy of CAR design, GPC2-CAR incorpo-
rating CD28TM and c-Jun overexpression enables potent
and durable eradication of neuroblastoma with low-den-
sity target antigen [61, 62]. Notably, although CARs were
designed to mimic T cell receptor (TCR) signaling, TCRs
are at least 100-fold more sensitive to antigen [63]. The
mechanism underlying this observation is that CAR T
cells do not form highly organized immune synapses in
contrast to those seen when the T cell receptor engages
antigen [64]. To improve the quality of CAR synapse for-
mation, a novel synthetic receptor has been developed
by incorporating into the TCR-CD3 complex the same
heavy and light chains of the CAR scFv. These recep-
tors, known as HLA-independent TCRs (HIT) receptors,
improved the signaling properties of CARs by incorpo-
rating native TCR elements, offering new opportunities
for the targeting of low-density antigens [65, 66].

Strategies to overcome target loss

Dual-targeted and multi-targeted CART cells

The most intuitive strategy to address the risk of antigen
loss is to empower T cells with two CARs targeting two
different antigens, either by amalgamate two populations
of distinct CAR Ts, each engaging a different tumour-
associated antigen (pooled CAR T cells), or by using a
single CAR T product with two specificities [19, 67, 68].
The latter can be carried out with two types of products:
tandem (or bivalent) CARs that link two distinct antigen-
binding domains on a single extracellular domain, and
bicistronic CARs that are transduced using a single vec-
tor encoding two distinct CARs that are expressed in two
separate extracellular receptors.

The most extensively investigate combinations, such as
CD19/CD20 or CD19/CD22, which are both expressed
in malignant B cells, have shown encouraging outcomes
in patients with ALL and diffuse large B-cell lymphoma.
Initial results from preliminary clinical trials using CD19/
CD22 dual-targeted CAR Ts not only preserve bi-func-
tionality against both CD19 and CD22, but also reduced
the risk of relapse due to the loss of CD19 expression [21,
69]. Additionally, CD123/CLL-1 tandem CAR Ts dem-
onstrate significantly increased cytotoxicity and cytokine
release to AML cells, expressing both CD123 and CLL-1
antigens in comparison to single-target CAR T therapy
[70]. Of interest, a tandem HER2/IL13Ra2 CAR dem-
onstrated enhanced potency and antitumour activity in
vivo when two CARs were expressed as a single molecule
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compared with expressing two separate CARs individu-
ally on each T cell or co-infusing two populations of cells,
each expressing a monospecific receptor [71].

Although most studies have shown muti-targeting
CAR could be an alternative way to lower the risk of anti-
gen escape-mediated relapse and enhance therapeutic
efficiency, a significant percentage of patients still relapse
and die of progressive disease. So far, there is no solid
evidence that dual targeting is significantly superior to
single target. The possible reasons for the unconvincing
advantage of dual targeting may be attributed to the wide
intrinsic heterogeneity [72]. In the context of DLBCL,
sequential loss of tumour antigens following sequen-
tial CAR immunotherapy has been observed [73]. These
cases highlight the importance of tumour evolution
driven by immune-mediated selective pressure, which
results in the loss of antigen expression.

Furthermore, tri-specific CAR T cells, simultaneously
targeting three antigens, have been studied in preclinical
models of hematological malignancies and glioblastoma,
both of which expand tumour antigen coverage and elicit
robust immune synapse formation [74, 75]. Nevertheless,
with the increase in the size of tri-specific CAR, manu-
facturing process needs to be optimized, and clinical
results are still lacking so far.

The switchable CAR T cell system is another strategy to
increase flexibility and expand antigen recognition. The
CAR is divided into two distinct components that must
interact via intermediary for activation. CAR T cells are
directly link to a small intermediary, such as chemicals
and peptides. Only when the separate antitumour anti-
body moiety coupled to this intermediary is present, the
CAR T cells are activated. This strategy was designed for
multi-antigen targeting with single CAR T cells using
multiple adapters simultaneously, conferring CAR T cells
with near-infinite antigen [76, 77]. More detail on how
engineered T cell therapies may benefit from targeting
more than one antigen is discussed in recent reviews [72,
78, 79].

Induce epitope/antigen spreading via cross presentation
of endogenous tumour antigens

It has been increasingly recognized that developing
diversified immune responses is critical to overcome the
limitations of current immunotherapies. Of particular
interest are professional antigen-presenting cells (APCs)
that, while present in low numbers within tumours and
lymphoid organs, play critical roles in initiating and
regulating tumour-specific adaptive and innate immu-
nity. APC has important established functions in anti-
tumour response, wherein they can prime antitumour T
cell responses through their TCR by presenting antigenic
peptides on their cell surface via major histocompatibil-
ity complex-I (MHC-I) and MHC-II [80]. Several clinical
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trials have demonstrated that epitope spreading via T
cell-APC crosstalk to elicit effective antitumour immune
responses is essential to improving immunotherapy [81,
82].

Epitope spreading was initially defined as the diver-
sification of epitope specificity from the initial focused,
dominant epitope-specific immune response to subdomi-
nant epitopes on the same protein [83, 84]. In this review,
epitope spreading, extending this view, is a process in
which the specificity of the immune response spreads
beyond the initial CAR T targeting epitope. During this
process, cancer debris generated by CAR T cytotoxic-
ity is ingested and cross-presented by host APCs. Some
mutations in tumour cells may generate neoantigens that
are presented to endogenous naive CD8 + T lymphocytes
in the context of HLA-I molecules and these neoanti-
gens subsequently activate specific endogenous T-cell
responses that were critical to a broader array of tumour
antigens(Figure 2). Indeed, a syngeneic mouse model has
shown that CAR T cells can induce long-term resistance
even if the rechallenge tumour does not show expression
of the antigen targeted by CAR T cells. This has dem-
onstrated that by unleashing an endogenous immune
response during CAR T therapy could promote antigen
spreading to other tumour specific neoantigens, and thus
reduce the potential for antigen escape. Recently, sev-
eral combination strategies are underway to promote the
interplay between CAR T cells and the host’s immune

CAR T-mediated
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system, broadening epitope spreading following CAR T
cell therapy [85].

Combining CAR T cell therapy with immune checkpoint
inhibitors (ICls)

In addition to targeting tumours, CAR T cells also need
to overcome the direct T cell inhibitory signals present in
TME. While multiple inhibitory signals can be present in
the TME, the best characterized pathway involves PD-1.
PD-1 is an immune-checkpoint receptor expressed on
activated T cells and, when bound by PD-L1, which can
be expressed by tumour cells as well as other cell types,
induces T cells to adopt an exhausted, ineffective pheno-
type. Recent studies have demonstrated that proper T cell
priming is critical for the clinical efficacy of PD-1 block-
ade and that PD-1 blockade can unleash the inhibition of
immune response and restore their ability to attack can-
cer cells. A recent study has revealed that PD-1 blockade
leads to the expansion of novel tumour reactive T cell
clones instead of pre-existing tumour-infiltrating T lym-
phocytes in patients with advanced skin cancer [86]. Sim-
ilarly, in patients with advanced melanoma, non-small
cell lung cancer or bladder cancer who received a person-
alized neoantigen vaccine concurrently with anti-PD-1
antibody, T cell responses against 33 of 330 nonvaccine
neoepitopes across 25 patients were detected, indicating
epitope spreading in a larger cohort of patients [87]. In
a separate study in patients with melanoma, anti-PD-1

APC maturation and
antigen presentation

cell lysis cell debris
CART " tufmour > =
cell cell 4 uptaked by
APCs
tumour c
lysis

J

tumour reactived T cells with diverse specificities

Fig. 2 CART elicits epitope/antigen spreading to immunity against tumour antigen heterogeneity. CART cells can recognize their cognate antigen on
the surface of tumour cells and further cytolytic activity against cells expressing the target antigen. New antigens derived from dead tumour cells are
engulfed by APCs such as macrophages or DCs, processed, and cross-presented to naive antigen-specific T cells, leading to the priming and expansion of
polyclonal T cell responses with diverse specificities to initiate tumour cytotoxicity. Figure created with BioRender (biorender.com)
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therapy broaden the spectrum of vaccine-induced neoan-
tigen-specific T cell responses, as well as additional non-
vaccine antigen-directed responses [88]. Of note, epitope
spreading was associated with prolonged progression-
free survival [87].

Given that treatment with anti-PD-1 antibody alone,
the T cell response may undergo epitope spreading after
initial priming by the original tumour antigens [89], it
holds promise in combining CAR T cell immunotherapy
with immune checkpoint inhibition as a means of both
enhancing CAR T cells as well as endogenous T cell accu-
mulation and activation, overall resulting in improved
tumour control. Underpinning this strategy is the con-
cept that in cancers where endogenous tumour-reactive
T cells are sparse, infusing a bolus of tumour antigen-
specific T cells would provide effectors that can respond
more vigorously in vivo following the reduced inhibition
and increased metabolic fitness afforded by checkpoint
blockade. Numerous studies are underway to evaluate the
combination of PD-1 pathway blockade and CAR T. Con-
siderable evidence has demonstrated increased efficacy
of CAR T cell therapy by epitope spreading with coad-
ministration of PD-1 blockade in ALL [90] and diffuse
large B cell lymphoma [91]. Furthermore, CAR T cells
engineered to secrete PD-1 blocking single-chain variable
fragments have been developed and investigated in clini-
cal trials for the treatment of EGFR-positive solid malig-
nancies [92, 93]. Alternatively, another approach involves
using CRISPR/Cas9 to knock out genes responsible for
immune checkpoint proteins or inhibitory receptors on
CAR Ts, such as PD-1 and TGFBR2. By removing these
inhibitory signals, CAR Ts can maintain their activity and
continue targeting tumour cells effectively while antigen
expression is reduced [94, 95]. Furthermore, CRISPR-
Cas9 allows the insertion of CAR cassette into the PD-1
locus successfully by a two-in-one approach [25, 96].
Thus, the long-term persistence of functional CAR T
cells, in conjunction with expansion and diversification
of neoantigen-specific T cell clones, through immune-
checkpoint blockade, may be very suitable to improve
antitumour efficacy.

Combining CARTT cell therapy with cytokines

Cytokines can shape both T cells and the surrounding
tumour microenvironment. They can be administered
systemically or produced by the CAR T cells themselves,
known as T cells redirected for universal cytokine-medi-
ated killing (TRUCKSs) or armoured CARs. Especially in
the context of solid tumours, where T cell survival and
trafficking are of immense importance, cytokines play
an important role. Cytokines can enhance CAR T cell
persistence by promoting survival and growth, and they
also play a crucial role in enabling effective migration
to tumours. CAR T cells may be engineered to produce
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several distinct cytokines that boost their persistence or
favorably modulate the TME. In this section, we mainly
discuss the importance of cytokines in enhancing the
crosstalk between CAR T cells and host immune cells,
and triggering nearby T cells to eliminate antigen-nega-
tive cancer cells at the target site.

Several different cytokines that are naturally not
secreted by T cells have been introduced into CAR
T cells, such as interleukin (IL)-12, which is canoni-
cally secreted by licensed dendritic cells (DCs). In the
context of IL-12 armoured CAR T cell therapy, it was
shown to improve the antitumour response by affecting
“bystander” cells presented in the tumour microenviron-
ment. IL-12-secreting CARs can induce accumulation of
activated macrophages, as demonstrated in an immune
competent mouse model, resulting in the ability to target
antigen-negative tumour cells [97, 98].

IL-18 exerts several beneficial effects on both CAR T
cells and the TME. IL-18 secretion by CAR T cells can
also improve antitumour function with enhanced pro-
liferation, IFN-y production and a reduction in mark-
ers of exhaustion compared to IL-12 secreting CAR T
cells [99, 100]. Furthermore, IL-18 secretion from CAR
T cells engaged the local immune response in immuno-
competent tumour-bearing mice by inducing an increase
in M1- polarized macrophages (M1) and NK cells and a
decrease in T regulatory cells (Tregs), suppressive DCs
and M2-polarized macrophages (M2) within the TME
[99, 101].

IL-36y armoured CARs have also been shown to medi-
ate enhanced antitumour activity by engaging endog-
enous immune responses. IL-36y CAR T cells increase
IL-6 production by DCs and IFN-y and tumour necro-
sis factor (TNF)-a release by endogenous T cells, which
could then eradicate a secondary challenge with antigen-
negative tumour cells [102].

The coexpression of IL-7 with either CCL19 or CCL21
can enhance CAR T cell persistence and antitumour
function [103, 104]. Previous studies have established that
IL-7 supports the survival of naive T cells and selectively
expands tumour-redirected cytotoxic T lymphocytes. In
lymphoid organs IL-7 and CCL19 produced by T zone
reticular cells are crucial for the formation and mainte-
nance of T cell regions [105]. A recent study showed that
engineered CAR T cells coexpress both IL-7 and CCL19
can enhance the antitumour potential of CAR T cells in
coordination with activation of tumour-reactive recipi-
ent T cells and their memory formation. IL-7 and CCL19
(7 x 19) secretion promotes T cell and dendritic cell (DC)
recruitment and tumour infiltration in an immunocom-
petent mouse model. Remarkably, mice treated with
7x19 CAR T cells could eradicate both antigen positive
and antigen-negative tumour rechallenge, indicating the
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development of a robust memory response and epitope
spreading [104, 106].

Tumour antigen spreading mediated by vaccine-boosted CAR
T cells

The main rationale behind developing a vaccine approach
combined with CAR T cells in cancer immunotherapy is
the addition of vaccine can potentially expand and boost
antitumour efficacy of CAR T cells, making it possible
to achieve complete remission. One group used an RNA
vaccine strategy combined with claudin 6 (CLDNG6)-tar-
geting CAR T cells [107]. They administered liposomal
CLDNG6-encoding RNA (CLDN6-LPX), which designed
for body-wide delivery of the CLDNG6 antigen into lym-
phoid compartments, stimulates adoptively transferred
CLDNG6 CAR T cells. In addition, it is likely that the same

ols

tumour cell lysis

vaccine-boosted
CART cells

vaccine
(CLDN6-LPX
or amph-vax)

lymph node

Page 8 of 17

APCs concurrently process and present CLDN6 on MHC
molecules, which may result in priming and activation of
endogenous CLDNG6-specific T cells. Collectively, presen-
tation of the natively folded target on resident APCs pro-
motes cognate and selective expansion of CAR T cells.
In preclinical study, improved engraftment of CAR T
cells and regression of large tumours in difficult-to-treat
mouse models was achieved at subtherapeutic CAR T
cell doses [107] (Figure 3). Building on these initial prom-
ising results, follow-up work has shed a positive light in
patients administered these agents in a Phase I clinical
trial, 7 of 21 treated patients with tumours that express
CLDNG6 achieved an objective response (ORR 33%),
including one complete response. Particularly, patients
with germ cell tumours treated at the higher dose level

heterogeneous tumour

tumour cell lysis

k: ﬂ’//) antigen
“ spreading

S~
-

- :‘;,Aractivated T cells

Fig. 3 Vaccine-boosted CART crosstalk with host immunity to reject tumours with antigen heterogeneity. DCs within lymph nodes internalize the vac-
cine and efficiently display it as a surface ligand for CART cells. CART cells interact with DCs via vaccine can enhance their metabolic profile, expansion,
cytotoxicity, and increase IFNy expression. IFNy secreted by vaccine-boosted CART cells can promote macrophage and DC activation, in turn resulting in
augmented tumour antigen uptake, increased intratumoural IL-12 production, priming of endogenous T cells, and elimination of antigenically heterog-
enous tumours. Adapted from Alizadeh and colleagues [109]. Figure created with BioRender (biorender.com)
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exhibited the highest response rate (ORR 57% (4 of 7))
[108].

Another novel strategy for vaccination involved admin-
istering a CAR T ligand with amphiphilic properties,
called amph-ligand that, upon administration, efficiently
trafficked to draining lymph nodes and decorated the
surfaces of APCs with CAR T ligands, thereby prim-
ing CAR Ts in the native lymph node microenviron-
ment. CAR T cells encountering ligand-decorated DCs
in the lymph node receive stimulation through the CAR
in tandem with native co-stimulatory receptor signals
and cytokine stimulation from the ligand-APCs, leading
to CAR T massive cell expansion and enhanced func-
tionality in multiple immunocompetent mouse tumour
models [110]. Interestingly, stimulation of CAR T cells
by these APCs in lymph nodes enabled a proportion of
complete responses even when the initial tumour was
50% CAR antigen negative. They further delineated how
vaccine boosted CAR T cells can eradicate antigenically
heterogenous tumours and induce antigen spreading
[111]. Mechanistically, they demonstrated that vaccine-
boosted CAR T cells exhibited an improved metabolic
profile and polyfunctionality, which, in turn, amplified
CAR T cell IFNy production. Enhanced IFNy secre-
tion by vaccine-boosted CAR T cells promote recruit-
ment of macrophage and DC expressing IL-12 to the
tumour microenvironment and resulted in augmented
solid tumour antigen uptake by DCs as well as priming
of endogenous T cells to eliminate antigenically heter-
ogenous solid tumours [111](Figure 3). In short, vaccine
boosting CAR T cell promote crosstalk between CAR T
cells and endogenous immunity to elicit and sustain anti-
gen spreading, thereby effectively treating tumours with
antigen heterogeneity.

Combining CARTT cell therapy with radiotherapy

The benefits of abscopal effect, the effect whereby radio-
therapy at one site may lead to regression of distant met-
astatic cancer that has not been irradiated, is connected
to mechanisms priming the immune system to target
both local and distant tumour sites [112]. Mechanically,
radiotherapy was originally used because of its ability to
induce DNA damage, resulting in cell death via mitotic
catastrophe, apoptosis, necrosis, and autophagy [113,
114]. Antigens from damaged immunogenic tumour cells
can be taken up by APCs, which travel to the lymph node
to cross-prime naive T cells [115, 116]. This usually takes
place in tumour-draining lymph nodes, where the T cells
are primed, proliferate, and develop into T effector cells.
Subsequently, activated T cells travel to both irradiated
tumours and distant metastases, and eliciting an endog-
enous tumour-specific cellular immune responses [112].
Moreover, radiation has been shown to upregulate the
expression of MHC I molecules and tumour-associated
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antigens (TAAs) in a dose-dependent manner in a vari-
ety of different tumour types, rendering them better pre-
sentation of tumour antigens and more susceptible to
immune cell attacks [117-119]. Importantly, irradiation
can stimulate the secretion of various chemokines, such
as CXCL10 and CXCL16, which can attract effector T
cells into the tumour microenvironment [120]. Evidence
is emerging that radiation can modulate all of the steps
in driving T-cell-mediated immune responses, and has
opened a new era in which radiation is being tested as an
adjuvant to immunotherapy.

In accordance with this, radiation is confirmed work-
ing synergistically with CAR T cell therapy by increasing
the release of tumour-specific antigens, thus improving
tumour recognition by immune cells as well as increas-
ing the sensitivity of tumour to the cytotoxic effects by
CAR T cells. In addition, tumour cells exposed to low-
dose radiation can be eliminated through TRAIL-medi-
ated death by locally activated CAR T cells. In a model
of pancreatic adenocarcinoma, with heterogeneously
expressing sialyl Lewis-A (sLeA), it proved that not only
sLeA +but also sLeA— tumour cells exposed to low-dose
radiation become susceptible to CAR therapy, reduc-
ing antigen negative tumour relapse. They find that sLeA
targeted CAR T cells produce TRAIL upon activated
by engaging sLeA +tumour cells, and activated CAR T
exerts a significant apoptotic effect on sLeA- tumour cells
previously exposed to low-dose radiation in a TRAIL
dependent manner irrespective of immunogenicity. This
approach enhances the prospects for successfully apply-
ing CAR therapy to heterogeneous solid tumours [121].
Local delivery of radiation followed by CAR T cell infu-
sion demonstrated superior attenuation of orthotopic
glioblastoma tumour and pancreatic ductal adenocarci-
noma growth compared to radiation or CAR T cell treat-
ment alone. Moreover, the combination therapy induced
an abscopal effect in a dual-flank tumour model [122—
124]. Therefore, local or systemic radiation is integral to
many tumours’ standard of care and can be easily imple-
mented as a CAR T conditioning regimen [125]. In a
phase II trial focusing on CAR T therapy for r/r DLBCL,
patients who received radiotherapy before their CAR T
cell treatment achieved a 100% response rate [126].

Combining CAR T cell therapy with oncolytic virotherapy
(OVT)

OVT has its unique advantages and prospects, because
oncolytic viruses (OVs) selectively replicate in and
kill cancer cells either due to natural tumour tropism
or genetic manipulation of the wild-type virus [127].
OVs can mediate antitumour effects through a variety
of mechanisms, including direct tumour cell destruc-
tion and activation of the antitumour immune response
through the release of TAAs, intracellular damage
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associated molecular patterns (DAMPs), viral pathogen-
associated molecular patters (PAMPs), as well as release
of stimulatory cytokines and chemokines to reverse the
immunosuppressive TME [128]. This activation pro-
motes the recruitment and infiltration of immune effec-
tor cells into the TME, turning immunologically “cold”
tumours into “hot” tumours [129, 130]. Importantly, the
destruction of tumour cells by OVs results in a debris
field consisting of PAMPs and DAMPs to be taken up and
cross-presented by APCs, contributing to an additional
downstream recruitment and infiltration of additional
TAA-specific CTLs, effectively eliciting bystander killing
of uninfected tumour cells in TME.

However, to date, OVs monotherapies have exhibited
only mild antitumour effects in patients. Recently, pre-
clinical studies have demonstrated the promising poten-
tial of combining CAR T therapy with oncolytic viruses.
This synergistic approach has resulted in enhanced
tumour infiltration, persistence, and antitumour efficacy
[131-134].

Park et al. engineered an oncolytic virus to deliver
truncated CD19 to tumours, enabling targeting by CD19-
CAR T cells, thereby passively sensitizing them to CD19
CAR T cells and triggering local immunity character-
ized by both endogenous and adoptively transferred T
cells [135]. Evgin et al. further innovated this synergistic
approach and developed the dual-specific CAR T that
not only recognizes CAR specific antigens, but also has
natural TCR reactivity against oncolytic vesicular stoma-
titis virus (VSV). These CAR T cells could be stimulated
through their native TCR upon reactivity against viral or
virally encoded VSV antigens. In a tumour model with
EGERVIII expression in 10% of tumour cells, it showed
that the treatment promote the activation and prolif-
eration of endogenous T cells, as well as epitope spread-
ing to protect against CAR antigen-negative tumours
[136]. Moreover, these viruses can be armed with sev-
eral immunostimulatory molecules, such as chemokine
ligand 5 (CCL5) and IL-12, to further tip the balance in
favor of therapeutic efficacy [132, 137].

Boost DC at the tumour site by FIt3L or CD40

Whilst the above strategies emphasize the importance of
engaging APCs in engendering host antitumour immu-
nity, none of these approaches have investigated the
potential for directly activating both migratory and resi-
dent DC, as a way to activate and recruit endogenous
polyclonal T cells able to recognize non-CAR target anti-
gens, such as neoantigens.

FMS-like tyrosine kinase 3 ligand (FLT3L), a DC
growth factor, is associated with DC proliferation
[138]. Binding of FLT3L to its receptor FLT3 induces
DC expansion in circulation, thereby promoting their
immune function and tumour-killing behavior. Beavis et
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al. designed a CAR T that engineered to secrete FIt3L,
effectively driving the DC proliferation of intratumoural
DCs in mice bearing colon adenocarcinoma and breast
cancer. Once activated, the intratumoural DCs expand
and stimulate endogenous tumour-infiltrating T cells.
The activated polyclonal endogenous T cells are able to
recognize a broad range of tumour-associated antigens to
more effectively target heterogeneous tumours. Overall,
this result suggests that increasing the number of endog-
enous DCs and CD8+T cells is a promising strategy to
overcome the challenge of antigen negative tumour
escape following CAR T therapy [139].

CD40, a member of the TNF receptor superfamily,
is expressed on a variety of APCs, including DCs, and
is essential for their activation and proliferation [140].
Human CAR T cells modified to constitutively express
CD40L, an immune-stimulatory molecule CD40 ligand,
are capable of activate neighboring CD40-expressing DCs
in vivo, and enhanced recruitment of immune effectors,
and mobilized endogenous tumour recognizing T cells,
inducing an endogenous antitumour response. Accord-
ingly, CD19-CD40L CAR T cell treatment protected
mice from antigen-negative tumour outgrowth in both
xenograft leukemia and lymphoma models. Additionally,
CD40L+CAR T cells can directly lyse CD40 + tumour
cells in a CAR-independent fashion, regardless of tar-
get antigen expression, through CD40/CD40L-mediated
cytotoxicity on CD40-expressing tumour cells [141].
(Fig. 4)

Combining CAR T cell therapy with CAR-macrophages (CAR-
M)

APC cells are essential for exerting the effect of epitope
spreading, although originally thought to be an exclusive
characteristic of DCs, recently it is now firmly estab-
lished that various types of tissue-resident macrophages
are able to cross-present via similar cellular pathways as
DCs. Macrophages are also abundant within the TME
and could be particularly well suited to trafficking to
and surviving within it. Therefore, CAR-M is capable of
better migrating to the tumour mass, directly phagocy-
tose cancer cells, and naturally act as professional APCs,
and further play a role in boosting the host antitumour
immune.

One major concern in macrophage-based therapies is
the high plasticity of macrophages. In response to exter-
nal stimuli like cytokines, macrophages differentiate into
antitumour proinflammatory M1 or immunosuppres-
sive M2 phenotypes. M1 macrophages are equipped
with antitumourigenic properties that can efficiently
eliminate tumour cells through phagocytosis and cyto-
toxicity, while M2 macrophages on the other hand help
to promote tumour angiogenesis, immunosuppression,
growth, and metastasis [142]. Although M1 macrophages
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Fig. 4 CD40L-armoured CD19 CART cells enhance antitumour function by eliciting an endogenous antitumour response. CD40L+CART cells kill anti-
gen-negative tumour cells through direct CD40/CD40L-mediated cytotoxicity. Furthermore, CD40L+CAR T cells license APCs prime non-CAR T cells to
recognize tumour cells and produce cytokines to recruit and activate myeloid cells with enhanced antigen-presenting features, resulting in endogenous
immune responses. Adapted from Kuhn and colleagues [141]. Figure created with BioRender (biorender.com)

have demonstrated antitumour abilities, the majority of
tumour-associated macrophages (TAMs) exhibit behav-
ior characteristic of M2 macrophages, which promote
tumour progression. Thus, reprogramming M2 TAMs
into M1 TAMs may be an effective and promising strat-
egy for macrophage-based immunotherapy. Remarkably,
Klichinsky et al. utilized an adenoviral vector (Ad5f35)
to transfer anti-HER2 CAR into human macrophages.
Importantly, the authors observed that, regardless of
CAR expression, adenovirally transduced macrophages
induced a pro-inflammatory M1 phenotype in the
infected macrophages, as well as induced a proinflamma-
tory milieu, skewing the bystander myeloid cells towards
a M1 phenotype, with upregulation of interferon-induced
and antigen-presenting machinery genes [143].

In addition to the aforementioned benefits, CAR-M are
able to remodel the extracellular matrix (ECM) by secret-
ing a wide range of matrix metalloproteinases (MMPs)
that are engaged in ECM and basement membrane deg-
radation, which, in turn, increased intratumoural infil-
tration of tumour infiltrating cells, such as CAR-M,
cytotoxic T cells (CTL), antitumoural neutrophils, and
NK cells, leading to wide communication between mac-
rophages and other immune components, promoting
antigen spread and endogenous antitumour immunity
[144, 145]. Distinctively, in recent preclinical studies,
adopt CAR-M or CAR-iMAC, demonstrated that macro-
phages were able to cross-present tumour-derived anti-
gens after phagocytosis, suggesting that CAR-Ms lead
to epitope spreading [143, 146]. Collectively, CAR-Ms
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Table 1 A summarized table about the aforementioned strategies
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Antigen escape

Strategies to overcome antigen escape

target downregulation
pharmacologic modulation
epigenetic modulators
2.sensitize CART

1. induce the expression of targeted antigen

chimeric co-stimulatory receptor (CCR)

optimization of the CAR design
target loss

1. dual-targeted and multi-targeted CART cells

pooled CART cells, tandem/bivalent CARs, bicistronic CARs

tri-specific CART cell
switchable CART cell

2.induce epitope/antigen spreading via cross presentation of endogenous tumour antigens

(1) engage APC in engendering
host antitumour immunity

(2) directly activate DC
(3) activate macrophage

immune checkpoint inhibitors (ICl)

cytokines

vaccine-boosted CART cells

radiotherapy

oncolytic virotherapy

boost DC at the tumour site by FIt3L or CD40
CAR-macrophages

leverage the innate properties of macrophages with the
specificity and potency of CAR technology, engaging the
entire immune system aimed at eliminating tumour cells
through multiple mechanisms.

Conclusion

CAR T cell therapy has emerged as one of the most rap-
idly advancing modalities in immunotherapy, and clinical
success observed in hematological malignancies struggle
to be extended to solid tumours, which issues of tumour
heterogeneity and immune escape may be even more
prevalent. Levels of antigen expression in tumour cells
either decreased or were eliminated under selective pres-
sure by CAR T cells, ultimately leading to tumour relapse.
So, insufficient reactivity against cells with low antigen
density has emerged as an important cause of CAR T-cell
resistance.

With immune escape and regrowth of antigen negative
tumour cells now being a well-documented mechanism
of resistance to CAR T therapy, we suggest that curative
strategies should aim at activating the endogenous anti-
tumour response to reach durable response and allow
for the eradication of antigen escape variants. Currently,
multiple efforts are underway to enable CAR T cells to
boost host immunity, therefore triggering antigen spread-
ing and effectively preventing antigen-negative relapse.
These approaches include armoured CARs to recruit
endogenous T cells via the secretion of activating cyto-
kines, optimization of CAR signaling to improve clinical
efficacy, the checkpoint inhibitor to reinvigorate both
CAR T cells and endogenous tumour-reactive T cells
and activating DC to orchestrate a sustained endogenous

antitumour response by mobilizing innate and adaptive
members of the immune system(Table 1).

In summary, this review suggest that CAR T cells can
serve not only as direct antitumour effector cells, but
also as cellular vectors to deliver immune-regulatory
molecules to the tumour microenvironment. The abil-
ity to stimulate broad, durable, and adaptable immune
responses toward multiple tumour antigens by recruiting
and activating the endogenous T cell offers a practicable
solution to the limitations of targeting tumour antigen
heterogeneity in solid tumours with monospecific CAR T
cell therapies.
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CLDN6-LPX  CLDN6-encoding RNA



Lu and Zhao Molecular Cancer (2025) 24:126

ORR Objective response rate
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