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Simple Summary: Cell therapy with genetically retargeted T cells shows strong clinical efficacy
against leukaemia and lymphoma. To make this therapy efficient against solid cancers, a series of
hurdles must be addressed. This includes the need to enable the T cells to survive long term in
patients and to overcome immunosuppressive mechanisms in the tumour. Further, it is essential
to prevent tumour cells from escaping by losing the protein that is recognised by the infused cells.
The present article provides an overview of the key strategies that are currently being investigated
to overcome these hurdles. A series of approaches have been described in preclinical models, but
these remain untested in patients. The further progress of the field will depend on evaluating more
strategies in a proper clinical setting.

Abstract: Therapy with T cells equipped with chimeric antigen receptors (CARs) shows strong effi-
cacy against leukaemia and lymphoma, but not yet against solid cancers. This has been attributed to
insufficient T cell persistence, tumour heterogeneity and an immunosuppressive tumour microenvi-
ronment. The present article provides an overview of key strategies that are currently investigated to
overcome these hurdles. Basic aspects of CAR design are revisited, relevant for tuning the stimulatory
signal to the requirements of solid tumours. Novel approaches for enhancing T cell persistence are
highlighted, based on epigenetic or post-translational modifications. Further, the article describes
CAR T strategies that are being developed for overcoming tumour heterogeneity and the escape
of cancer stem cells, as well as for countering prevalent mechanisms of immune suppression in
solid cancers. In general, personalised medicine is faced with a lack of drugs matching the patient’s
profile. The advances and flexibility of modern gene engineering may allow for the filling of some of
these gaps with tailored CAR T approaches addressing mechanisms identified as important in the
individual patient. At this point, however, CAR T cell therapy remains unproved in solid cancers.
The further progress of the field will depend on bringing novel strategies into clinical evaluation,
while maintaining safety.

Keywords: chimeric antigen receptor; cell therapy; solid cancers; cancer immunotherapy

1. Introduction

T cells may be retargeted against cancer antigens by the use of chimeric antigen recep-
tors (CARs). Therapy with CAR T cells shows strong clinical efficacy against haematological
cancers [1], but not yet in solid tumours, except for individual cases [2]. The limited effect
in solid cancers has been attributed to tumour heterogeneity, insufficient T cell persistence
and an immunosuppressive tumour microenvironment (TME) [2,3]. Interestingly, therapy
with tumour infiltrating lymphocytes can be highly effective against melanoma, suggesting
a potential for cell therapy against solid cancers [4]. Additionally, some CAR studies have
indicated tumour escape through antigen loss, even in solid cancers [5,6]. CAR T produc-
tion involves isolating the patient’s T cells from blood, transducing with a gene encoding
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the CAR and giving them back to the patient [1]. In most CARs, the antigen binding part is
a single-chain fragment variable (scFv) derived from a monoclonal antibody (mAb). The
scFv is fused to a transmembrane domain and a signalling domain from the T cell receptor
(TCR). The CAR concept is not dependent on a scFv-derived binding element, but only
a few studies have employed other target-binding domains, such as natural ligands [7].
Compared to TCR, the CAR approach offers the advantage that T cell activation is indepen-
dent of HLA type, allowing use across the patient population. The present review focuses
on key challenges in the development of CAR T cell therapy against solid cancers, and on
promising strategies to overcome these hurdles.

2. Co-Stimulatory Domains and Tuning of T Cell Stimulation

The breakthrough for CAR T cell therapy was only achieved after the introduction
of second-generation CARs, that includes a co-stimulatory domain conferring the T cells
with more potent effector functions [8]. This appears crucial for the persistence of CAR
T cells in vivo, and for their clinical activity [2,9,10]. Third-generation CARs, with two
co-stimulatory endodomains, have been available for more than a decade, but so far it is
not known if this offers a clinical advantage. The most commonly used co-stimulatory
CAR domains are derived from CD28 or 4-1BB, but other alternatives such as OX-40,
GITR and ICOS have also been explored [11–13]. Most studies have been conducted
with CD19 targeting CARs against haematological cancers. The optimal co-stimulatory
domain may though differ between different cancer forms, target antigens and CAR
constructs. A study in lymphoma and melanoma animal models compared the intracellular
domains of CD28, Dap10, 4-1BB, GITR, ICOS, or OX40, using a chimeric receptor that
targets tumor-associated PD1 ligands [13]. Here, they found that the Dap10 or 4-1BB co-
stimulatory domains induced a preferential cytokine profile and T cell differentiation. There
is also accumulating evidence from other studies, suggesting that 4-1BB protects T cells
against exhaustion and activation-induced cell death, which is important for the long-term
survival and activity of CAR T cells [9,10]. Philipson et al. used a CD19 CAR to study
this question in a target-cell-free system, that may be informative also for solid cancers.
They found improved ex vivo survival and subsequent expansion of 4-1BB-z CAR T cells
when compared to CD28-z CAR T cells. Their data also pointed to a possible mechanism,
as only 4-1BB CARs conferred a basic activation of non-canonical nuclear factor kappaB
(ncNF-kappaB) signalling in the T cells. Further, the anti-CD19 4-1BB CAR enhanced
ncNF-kappaB signalling after ligand engagement. In another important study, Sun et al.
found that LCK, recruited into the synapse of a CD28-z CAR, caused antigen-independent
CD3-z phosphorylation and increased T cell activation. By contrast, the synapse formed
by a 4-1BB-z-CAR recruited the THEMIS-SHP1 phosphatase complex, that attenuates
CD3-z phosphorylation. Sun et al. also investigated approaches to mitigate these issues,
by engineering constructs to recruit LCK in 4-1BB CAR-T cells, or SHP1 in CD28 CAR T
cells, and showed that these modifications had the desired functional effects. In another
model, Zhao et al. demonstrated that CD28- and 4-1BB-mediated co-stimulation in CAR T
cells confer different kinetics, as the CD28 endodomain promotes faster antitumor activity,
compared to 4-1BB [11]. This observation is in line with a more glycolytic metabolism and
higher susceptibility to exhaustion in CD28-mediated co-stimulation. By comparison, 4-1BB-
mediated co-stimulation has been associated with a predominantly oxidative metabolism
and lower susceptibility to exhaustion [14,15].

The 4-1BB-based second generation CARs have been successful in clinical use against
haematological cancers. For solid tumours, issues with homing may delay the initial in vivo
CAR-target recognition, and an immune-suppressive tumour environment may hinder
their further expansion and persistence. Most likely, it is important to tune the activation
signal, in order to balance potent antitumour activity with T cell persistence and memory.
Sadelain and colleagues have explored if the activation potential of CD28-based CARs may
be calibrated, in order to differentially reprogram T cell function and differentiation. In an
elegant study, they found that CARs encoding a single immunoreceptor tyrosine-based
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activation motif directed T cells to different phenotypes [16]. The binding properties of the
CAR scFv also influences the signalling levels, and may be tuned to facilitate prolonged
T cell persistence [17]. These observations points to a possible strategy for durable memory
combined with sufficient effector functionality. Again, the studies were performed with
CD19 CARs. The signalling properties are dependent on the target and tumour form, and
there is an evident need for similar studies to be conducted in solid cancers.

3. Strategies for Improved CAR T Cell Persistence

T cell exhaustion may limit the efficacy of CAR T therapy [2]. This challenge may to some
extent be addressed by optimising the design of the CAR construct, as described above. Another
key element is the protocol for CAR T transduction and ex vivo expansion. A prolonged time
for cell expansion may be detrimental. This concern has limited the use of transposon-based
transduction, which even in state-of-the-art facilities has given a lower transduction efficiency
and depended on more sustained expansion of the transduced cells [18]. Improvements are
though being made with the Sleeping Beauty transposon technology [19]. Most current clinical
grade protocols for CAR T generation employ viral vectors and IL-2 as the only cytokine.
However, multiple other cytokine combinations have been tested in experimental models, some
of which have been reported to confer improved T cell survival and activity in vivo. This
includes the use of IL-7, IL-15 and IL-21 during T cell expansion [20–22]. Though several of
these alternatives have for many years been reported to be superior to the “IL-2 only” protocols,
no optimal cytokine combination has been identified. The contradictory reports and relatively
slow development of this fundamental aspect of CAR T research highlight the importance
of publishing even unsuccessful attempts at improving protocols, to avoid a publication bias.
The optimal cell generation protocol may depend on the microenvironment to which the cells
should home. If optimal, standardised CAR T generation protocols for solid tumours can be
determined, this will be valuable.

In 2021, two interesting reports emerged, demonstrating that epigenetic modifica-
tion can prevent CAR T exhaustion, and even rejuvenate already “exhausted” T cells.
Mackall’s group reported that the “resting” of CAR T cells with dasatinib, a clinically
available tyrosine kinase inhibitor, prevented exhaustion of CAR T cells [23]. This worked
both when applied during ex vivo CAR T expansion, and when administered as a drug
in vivo. Likewise, Wang et al. reported that in vitro administration of decitabine, a DNA
methyltransferase inhibitor, increased the functionality of CAR T cells both in vitro and
in vivo [24]. Mackall’s group also investigated the use of a drug-regulatable on/off-switch,
for transient inhibition of CAR surface expression. To this aim, a tonically signalling CAR
was modified with a C-terminal destabilizing domain to enable drug-dependent control
of CAR protein levels. The transient inhibition of CAR surface expression, and thereby
pause in tonic CAR signalling, prevented cells from developing exhaustion, and redirected
them to a memory-like phenotype. It is particularly interesting that these strategies for
“resting” CAR T cells did not only work when applied before the cells became exhausted,
but even restored functionality in phenotypically exhausted CAR T cells. This observation
challenges the perception of T cell exhaustion as a fixed and final state, and suggests that
it may be reversed. However, it remains unknown if this would apply also to T cells that
have been “exhausted” for a longer period of time.

Post-translational modifications also offer opportunities for countering T cell exhaustion.
In a pioneering study [25], Wei and colleagues studied regulatory RNase 1 (REGNASE-1) as
a potential target for improving the persistence of effector CAR T cells. REGNASE-1 is an
endoribonuclease that degrades RNA via internal cleavages and has been identified as an
inhibitory mechanism hampering the effector properties of T cells [26,27], and to be involved
in cancer [28]. Wei et al. found that the ablation of murine REGNASE-1 in CD8+ CAR T cells
prolonged their persistence in mouse models and improved the T cell accumulation in tumours.
They also demonstrated that the REGNASE-1-deficient CAR T cells had enhanced anticancer
efficacy in leukaemia and melanoma mouse models [25]. REGNASE-1 functions by targeting
a series of specific mRNAs to degradation. Wei et al. found that the elimination of BATF
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(basic leucine zipper ATF-like transcription factor) suppressed the beneficial effects observed
in REGNASE-1-deficient CD8+ CAR T cells [25]. Their study thus suggested that, in the
context of CAR T therapy, a key target for REGNASE-1 is mRNA encoding BATF. This is in
line with previous knowledge, as BATF is a transcription factor that is known to regulate the
differentiation of several lymphocyte lineages, including CD4+ and CD8+ T cells [29,30], and
a mediator of IL-12-induced Type-1 T cell differentiation. It has been reported that BATF is
induced by IL-12, and via inhibition of Sirt1 leads to histone acetylation of the T-bet locus
and increased production of ATP [31]. T-bet is a key transcription factor promoting Type-1
differentiation of both CD4+ and CD8+ T cells. It thus appears that the ablation of REGNASE-1
leads to the accumulation of BATF, thereby promoting the Type-1 differentiation of CAR T cells,
leading to more potent antitumour activity. Further, the reported metabolic effects of BATF
may explain why the persistence of CAR T cells was enhanced in the mouse models. This
may be of particular importance to overcome other suppressive influences in a solid tumour
microenvironment. However, it is worth noting that these effects of REGNASE-1 ablation on
CAR T cells have to date only been reported in murine systems and remains to be confirmed in
human T cells. Further, it should be underlined that REGNASE-1 silences a number of additional
mRNAs, beyond BATF. This includes ICOS, OX40 and cytokines such as IL-2 and IL-6. Possibly,
the ablation of REGNASE-1 may yield overly potent T cells and serious side effects. Still, the
example of REGNASE illustrates the potential in looking into how the metabolic fitness of
CAR T cells may be manipulated. The metabolic state of T cells has long been suggested
to be important for the in vivo T cell survival, but the mechanisms have only been partially
uncovered [32]. Possibly, increased knowledge on the specific mechanisms regulating T cell
metabolism may lead to approaches that can be exploited for extending the persistence and
function of CAR T cells in the solid tumour microenvironment.

4. Strategies for Countering Tumour Heterogeneity

Tumour heterogeneity, causing the escape of resistant cells, is a well-known challenge
across cancer therapies and a particular hurdle for CAR T cells, which in principle only
targets a single antigen. There is a lack of good CAR-targets in solid tumours, representing
a fundamental roadblock. Of note, CD19 that is targeted in most currently approved CAR
therapies, is not a tumour associated antigen, but a normal tissue differentiation antigen
expressed both by malignant and normal B cells. The success of the CAR therapy against
B cell malignancies is related to the fact that B cell deficiency is largely manageable, and
that CD19 expression is relatively conserved among malignant B cells. In haematological
cancers, the option of bone marrow transplant after CAR T therapy suggests that shared
antigens expressed in both malignant and normal blood cells may be targeted. By contrast,
the strategy of targeting a tissue-associated antigen, that is highly expressed in the corre-
sponding normal tissue, is not applicable to most solid cancers. Prostate cancer represents
a notable exception. Here, targets expressed even in normal prostate cells may be attractive,
e.g., prostate stem cell antigen (PSCA), prostate-specific membrane antigen (PSMA) and six
transmembrane epithelial antigen of the prostate 1 (STEAP1). Table 1 gives an overview
over target antigens that are currently investigated in clinical trials in solid cancer forms.

Tumour escape may be countered by targeting proteins that are crucial to cancer devel-
opment. Cancer initiating cells or so called cancer stem cells (CSCs) are a subpopulation of
tumour cells that promote tumorigenesis, metastasis, relapse and escape from therapy [33].
Several reports have suggested that CSCs are not only capable of self-renewal, but also less
sensitive to treatments [33–35]. The CSC-associated antigens are thus of huge importance
to the cancer, and attractive targets for avoiding tumour escape. However, it is challenging
to target CSCs without intolerable side effects, as CSC antigens are in general shared with
normal stem cells. This applies to surface proteins such as CD44, CD133 and ALDH, as
well as to intracellular CSC targets such as survivin and hTERT, which are being explored
as targets for TCR-redirected cell therapy [36–38]. Another important point for target
selection, is the issue of tumour evolution. This points to a need to target antigens that
are frequently preserved after metastasis [39]. Unfortunately, the knowledge on antigen
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expression in metastatic lesions is generally limited, as most studies and databases rely
on material from primary tumours. It is often ethically difficult to obtain biopsies from
metastatic lesions, in particular larger tissue samples and fresh frozen biopsies, as this
requires the use of invasive procedures, which are unlikely to provide any benefit for the
individual patient. Systematic studies based on autopsies may address this issue, but are
demanding to conduct appropriately in clinical practice. In spite of this data gap, it is well
known that separate metastatic lesions in individual patients often vary in their antigen
expression, and that different regions within each lesion may also show diversity [40,41].

Table 1. Target antigens investigated in ongoing or completed CAR T cell trials in solid cancers.

Antigen Target Clinical Trial Identifiers

AXL NCT03198052, NCT03393936, NCT05128786

B7-H3
NCT03198052, NCT04385173, NCT04185038, NCT04077866,
NCT04483778, NCT04483778, NCT04432649, NCT04670068,
NCT04077866

CAIX NCT04969354

CD147 NCT03993743, NCT04045847

CD171 NCT02311621, NCT02311621, NCT02311621

CD20 NCT03893019

CD44v6 NCT04430595, NCT04427449

CD70 NCT02830724, NCT04438083

CEA
NCT03818165, NCT04348643, NCT03682744, NCT02850536,
NCT04513431, NCT04037241, NCT01373047, NCT01212887,
NCT02349724

CLDN18.2 NCT04404595, NCT04467853, NCT03874897, NCT04977193,
NCT04966143, NCT03159819

CLDN6 NCT04503278

c-met NCT01837602, NCT03060356

DLL3 NCT03392064

DR5 NCT03638206, NCT03941626

EGFRvIII NCT03638206, NCT03941626, NCT02209376, NCT03726515,
NCT03283631, NCT02664363, NCT01454596

EpCAM NCT03563326, NCT03013712, NCT02915445, NCT04151186

ErbB NCT01818323

FRα NCT03585764, NCT03185468

GD2

NCT03356795, NCT04196413, NCT04539366, NCT02761915,
NCT03373097, NCT02765243, NCT04099797, NCT03635632,
NCT04430595, NCT03721068, NCT02992210, NCT01953900,
NCT01822652, NCT05070156

gp100 (MHC-I) NCT03649529

GFRα4 NCT04877613

GPC3
NCT03198052, NCT04506983, NCT03198546, NCT03198546,
NCT04121273, NCT04377932, NCT02905188, NCT02932956,
NCT03980288, NCT03884751, NCT05003895

HER2
NCT03198052, NCT03500991, NCT03696030, NCT04430595,
NCT02442297, NCT04511871, NCT00902044, NCT01109095,
NCT01935843
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Table 1. Cont.

Antigen Target Clinical Trial Identifiers

IL-13Rα2 NCT04510051, NCT02208362, NCT04661384

KLK2 kallikrein 2 NCT05022849

LeY NCT03851146, NCT03198052

LFA1 NCT04420754

MMP2 NCT04214392

Mesothelin

NCT03198052, NCT03638206, NCT03356795, NCT03941626,
NCT04503980, NCT04489862, NCT03747965, NCT03814447,
NCT03916679, NCT03638193, NCT03799913, NCT03545815,
NCT03497819, NCT03323944, NCT02414269, NCT03054298,
NCT02792114, NCT01897415, NCT04981691, NCT03615313,
NCT03054298, NCT02414269, NCT02792114

MUC1 NCT03198052, NCT03356795, NCT03633773, NCT03706326,
NCT03525782, NCT04020575

MUC16 NCT03907527

MUC16ecto NCT02498912

NECTIN4/FAP NCT03932565

NKG2D NCT03692429, NCT05131763

NKG2DL NCT04270461, NCT04107142

PSCA NCT03198052, NCT03873805, NCT02744287, NCT02744287

PSMA NCT03356795, NCT04053062, NCT04227275, NCT03089203,
NCT03185468, NCT04429451

ROR1 NCT02706392

ROR2 NCT03960060, NCT03393936

TM4SF1 NCT04151186

TnMUC1 NCT04025216
AXL, AXL receptor tyrosine kinase; CAR, chimeric antigen receptor; CEA, carcinoembryonic antigen; CLDN18.2,
claudin 18 isoform 2; CLDN6, claudin 6; DLL3, delta-like canonical notch ligand 3; DR5, death receptor 5; EGFR,
epidermal growth factor receptor; EGFRvIII, EGFR variant III; EpCAM, epithelial cell adhesion molecule; FAP,
Fibroblast activation protein; FRα, folate receptor-α; GD2, disialoganglioside; gp100, glycoprotein 100; GPC3,
glypican 3; HER2, human epidermal growth factor receptor 2; IL-13Rα2, interleukin 13 receptor α2; LeY, Lewis
Y; LFA1, lymphocyte function-associated antigen 1; MHC-I, major histocompatibility complex class I; MMP2,
matrix metalloproteinase 2; MUC1, mucin 1; MUC16ecto, mucin 16 ectodomain; NECTIN4, nectin cell adhesion
molecule 4; NKG2D, natural killer group 2D; NKG2DL, natural killer group 2D ligand; PSCA, prostate stem cell
antigen; PSMA, prostate-specific membrane antigen; ROR1, inactive tyrosine kinase transmembrane receptor 1;
TM4SF1, transmembrane 4L six family member 1; TnMUC1, Tn glycoform of mucin 1.

The combined targeting of several antigens represents an interesting approach for
overcoming heterogeneity. Several groups have explored so-called “logical gating” strate-
gies, where the T cells are triggered either by the combined expression of two antigens
(A + B), or by the expression of antigen A, combined with a lack of antigen B (A − B).
These approaches may allow for targeting antigens that are expressed both by tumour
cells and normal cells, provided that the selected antigen combination (A + B or A − B) is
tumour-specific (Figure 1). Kloss et al. pioneered the “A + B” approach, by using separate
CARs for triggering CD3z and the co-stimulatory signal [42]. In a prostate cancer animal
model, they demonstrated that tumour cells expressing both targets (PSMA and PSCA)
were killed by the CAR T cells, while cells expressing only one of the targets were spared.
Royal et al. developed another combinatorically activated system, in which a synthetic
Notch receptor for antigen A induces the expression of a CAR for antigen B. The T cells
were engineered to constitutively express a synNotch receptor that recognised antigen
A. Furthermore, a separate gene encoding a CAR against antigen B was inserted into the
T cell, but the expression of this gene was under the control of a promoter that required



Cancers 2022, 14, 571 7 of 14

activation by the synNotch induced transcription factor. Upon recognition of Ag A, the
synNotch receptor mediated the cleavage and release of the relevant transcription factor,
and expression of the CAR against Ag B. Hence, the dual-receptor T cells were only armed
and activated in the presence of tumour cells expressing both antigen A and B [43]. In an
animal model with GFP and CD19 as target antigens, the authors demonstrated that the
T cells efficiently eliminated combinatorial antigen tumours, while sparing cells/tumours
expressing only a single antigen. To my knowledge, this very elegant principle has not yet
been brought into clinical testing. It remains to be seen if the concept will work robustly in
T cells produced with clinical manufacturing practice protocols, and how the functionality
may be influenced by real-life expression levels of clinically relevant antigen combinations.
Other groups are exploring a different strategy, whereby a CAR is used to trigger the local
section of a tumour-targeting agent (Figure 1). Maus and colleagues have developed an
interesting variant of this approach, for therapy of glioblastoma. They cloned a construct
including a CAR specific for EGFRvIII, a glioblastoma-specific tumor antigen, that upon
activation leads to the local secretion of a bispecific T cell engager (BiTE) against EGFR, an
antigen frequently overexpressed in glioblastoma, but also expressed in normal tissues.
This therapy showed efficacy in a preclinical model of glioblastoma [44].
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Figure 1. CAR T strategies countering heterogeneity and immune suppression in solid tumours. The
figure depicts CAR T strategies that have been reported to work in animal models. T cells are labelled
as follows: (1) Dual-receptor CAR T cells only activated in the presence of antigen A and B. (2) CAR
T cell secreting the growth factor Flt3L or an agonist mAb against CD40, both of which stimulates
dendritic cells. (3) CAR T cell resistant to TGFβ suppression due to double negative, non-signalling
TGFβ receptor (dnTGFβ-R). (4) T cell that upon CAR activation secretes a bispecific T cell engager
(BiTE) against a cancer stem cell Ag also expressed by normal stem cell. (5) Bystander T cell with
irrelevant specificity triggered by BiTE against cancer stem cell Ag. Created with BioRender.com. In
addition, normal tissue expressing stem cell Ag was not discussed in main texts.

Tumour heterogeneity may also be addressed by using the CAR T cells for triggering
a host immune response against unknown antigens in the tumour. This strategy has been
pursued by Lai et al., who engineered T cells to secrete Fms-like tyrosine kinase 3 ligand
(Flt3L), which is a dendritic cell growth factor [45] (Figure 1). The Flt3L construct led

BioRender.com
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to enhanced antitumour activity in solid tumour animal models, and to the induction
of epitope spreading, i.e., reactivity towards antigens beyond those recognized by the
CAR T cells. This approach is in line with old lessons learned from cancer vaccines, where
epitope spreading has been linked to clinical efficacy [46]. A combination of CAR T cells
with vaccines may also be pursued to cover a broader spectrum of targets [47].

5. Strategies for Improved Safety

Adoptive T cell therapy may produce severe side effects that are not always detectable
in animal models or other preclinical test systems [48–51]. This applies even for on-target,
off-tumour toxicity for antigens shown to be sufficiently safe for antibody-based therapies,
such as HER2 [52]. Safety is a particular challenge when exploring novel CAR targets, as is
needed for making advances against solid cancers. The above-mentioned A + B and A − B
approaches offer the opportunity of targeting a wider range of antigens. However, the
inherent unknowns of “first-in-man” clinical studies remain, as does the concern that some
patients may develop side effects not observed in the majority. To address these safety
concerns, several groups have developed remote control “suicide-mechanisms”, whereby
the CAR T cells can be depleted if the patient develops severe side effects. Brenner and
colleagues pioneered this strategy by developing a construct containing the CAR as well as
iCasp9 [53]. In this system, the administration of AP1903 causes dimerization of iCasp9
within the CAR T cells and subsequent apoptosis, resulting in the specific depletion of the
CAR T cells. An issue with suicide genes, is the expression difficulties of large constructs,
which means that the addition of a suicide gene may limit the opportunity for other add-on
features in the construct. Pule and colleagues have addressed this challenge, by developing
a compact protein called RQR8, comprising a minimal binding epitope for rituximab,
combined with a CD34-derived epitope that may be used as a marker and for clinical grade
sorting of transduced cells. RQR8 is readily co-expressed with the CAR and allows for
the depletion of CAR T cells with the mAb rituximab [54]. Such depletion may, however,
not be complete. Most investigators employ vectors permanently integrating the receptor
sequence into the T cell genome. Since these gene-modified T cells persist and expand in the
patient, even a small population of remaining CAR T cells may expand and cause serious
complications. Transient CAR expression based on mRNA transfection offers a safer route
to clinical testing, and has been explored by us and others [12,36,55,56]. The advantage,
and also the limitation, is that the mRNA-transfected T cells express the receptors only
transiently. In our mRNA electroporation system, we demonstrated the eradication of
leukaemia in a NOD SCID mouse model, amid minimal toxicity [12]. This approach
overcomes safety concerns, eliminates expensive retrovirus production and simplifies the
process for regulatory approval. The UPENN milieu has brought mRNA-based CARs into
clinical testing, reporting possible clinical activity [55]. The efficacy of the mRNA approach
is still unclear, as it has not been evaluated with CAR constructs known to be effective
when used for viral, permanent retargeting.

6. Strategies for Overcoming Immune Suppression

A number of potent immunosuppressive mechanisms have been described in solid
tumours and may counter the efficacy of CAR T cell therapy [3,57]. Tumour lesions fre-
quently express inhibitory checkpoints such as PD-L1 and LAG-3, and are infiltrated by
immunosuppressive cell populations, such as regulatory T cells, myeloid-derived suppres-
sor cells, M2-macrophages and cancer-associated fibroblasts [3,57]. The cytokines TGFβ,
IL-4 and IL-10 have been described as key mechanistic factors [3,57,58], as has adenosine-
mediated suppression [59]. This knowledge points to a challenge, but also represents a rich
opportunity for improving the efficacy of CAR T cell therapy. There are currently several
ongoing clinical trials, mainly in heamatological malignancies, exploring the combination
of CAR T cells with mAbs modulating PD-1/PD-L1 or other immune checkpoints. This is
an attractive strategy, with a strong rational for synergy; the mAbs may enhance the effector
functions of the CAR T cells, which may in turn trigger inflammation in the TME and make
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the tumour susceptible to checkpoint modulation. However, the clinical benefit of combing
checkpoint modulating mAbs to CAR T cells remains unclear, as there are limited data
from randomised trials.

A number of interesting strategies are investigated for harnessing the CAR T cells with
add-on constructs, utilising technological advances in modern gene engineering [2]. This
includes switch receptors combining PD-1 with a stimulatory intracellular domain [60,61],
or engineered to secrete mAbs binding to agonist checkpoints such as CD40 [62] (Figure 1).
Albelda and colleagues have addressed another key mechanism, adenosine-mediated
immunosuppression. Adenosine and prostaglandin E2 (PGE2) activate protein kinase
A (PKA), which inhibits TCR/CAR activation. This inhibition process depends on the
localisation of PKA to the immune synapse, via binding to the membrane protein ezrin.
Albelda and colleagues generated CAR T cells that expressed a small peptide that inhibits
the association of PKA with ezrin, thus aborting the negative effects of PKA on CAR
activation. The modified CAR T cells showed resistance to PGE2 and adenosine in vitro
and increased antitumour activity in vivo [59].

Several groups have engineered CAR T cells to secrete pro-inflammatory cytokines
such as IL-12, IL-15, IL-18 or IL-21, with promising results in animal models [63–65]. This
may allow for using cytokines that are too toxic when administrated systemically, as their
secretion can be triggered locally through CAR activation [66]. Still, systemic toxicity
was observed in a pioneering clinical trial with tumour infiltrating lymphocytes that
were engineered to secrete IL-12 [67], and the clinical benefit of CAR-associated cytokine
secretion has not yet been established. A few clinical trials are currently ongoing in solid
cancers, investigating the use of CAR T cells expressing IL-12 or IL-15 (Table 2).

Table 2. Selected CAR T cell trials in solid cancers exploring novel features.

Target Antigen Clinical Trial Identifiers Novel Feature

EGFR

NCT04153799 CAR T cells modified to express C-X-C Chemokine receptor type 5

NCT03618381 CAR T cells directed at EGFR and CD19, based on the hypothesis that CD19+ B cells will
promote CAR T persistence

NCT03542799 CAR T with NFAT transcription factors inducing expression of IL—12

GPC3 NCT04377932 CAR T cells modified to secrete interleukin-15; safety/killing switch

MUC16 NCT03907527 CAR T cells expressing membrane-bound IL-15; safety/killing switch

MUC16ecto NCT02498912 Intravenous and intraperitoneal infusion of CAR T cells modified to secrete IL-12

NECTIN4/FAP NCT03932565 Intratumoural injection of Nectin4/FAP-targeted fourth-generation CAR T cells
expressing IL7 and CCL19, or IL12

PSMA
NCT03089203 CAR T cells expressing dominant negative TGFβ receptor

NCT04227275 CAR T cells expressing dominant negative TGFβ receptor

CAR, chimeric antigen receptor; EGFR, epidermal growth factor receptor; FAP, Fibroblast activation protein;
GPC3, glypican 3; MUC1, mucin 16; MUC16ecto, mucin 16 ectodomain; NECTIN4, nectin cell adhesion molecule
4; PSMA, prostate-specific membrane antigen.

TGFβ-mediated immunosuppression is important in most solid tumours [68–70]. Sys-
temic targeting of TGFβ is difficult due to side effects, and several CAR T strategies for local
countering of TGFβ-mediated suppression are being investigated [58]. Brenner’s group de-
veloped a double negative, non-signalling TGFβ receptor (dnTGFβ-R) [71] (Figure 1). The
dnTGFβ-R approach is currently tested in clinical trials (Table 2), and a study has been com-
pleted in patients with castration-resistant metastatic prostate cancer (NCT03089203) [72].
Here, a PSA decline was observed in six out of ten patients, and PSA30 response occurred
in four out of ten patients [73]. Chang et al. has pursued a different approach, developing
a CAR that binds TGFβ by a scFv-binding domain and stimulates the engineered T cell
through CD28 signaling [74]. The Th2 hallmark cytokine IL-4 may influence T cell dif-
ferentiation and oppose CAR T activity [75]. To counter this, Vera and colleagues have
developed a switch receptor converting IL-4 binding into stimulation, through the bridging
of the IL-4 receptor exodomain to the IL-7 receptor endodomain. In a preclinical model of
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pancreatic cancer, they obtained promising data by combining this switch receptor with a
hybrid receptor fusing the TGFβ receptor II exodomain with the endodomain of 4-1BB [75].

7. Perspectives on the Role of CAR T Cell Therapy and the Way Forward

Cancer is a moving target, escaping therapy through its adaptability. There is now
considerable knowledge on how tumour heterogeneity, immune evasion and survival of
so-called cancer stem cells mediate tumour escape. However, this knowledge has proved
difficult to convert into improved therapy. As a result, metastatic solid cancers are still
generally incurable. CAR T cell therapy has, in haematological malignancies, shown a
remarkable capacity to cure disseminated and aggressive disease, and may hold a similar
potential in metastatic solid cancers. A major hurdle for widespread application, is the
fact that CAR T cell therapy is highly resource demanding. This highlights the need
for simplified and automated production technologies, preferably de-centralised to the
patient´s hospital. Still, this therapy is unlikely to be used for patients that can be cured by
other treatments, and it is important to keep a firm focus on targets and mechanisms that
are relevant in the metastatic and treatment refractory setting.

CAR T cell therapy has been pioneered in haematological cancers, and to a large extent
with CARs against the CD19 target. This means that the most fundamental principles of
CAR design rely on data from CD19 CARs, and have not been optimised for solid tumour
targets. Ideally, there is a need for tailoring the co-stimulatory domain, spacer and binding
affinity to the target epitope, and the expression levels on tumour cells. The same applies to
other key factors. Possibly, many of the conclusions would remain, but important progress
may be achieved through revisiting and challenging basic principles, in the appropriate
solid tumour setting. The complexity and multiplicity of these interacting factors suggest
that it is not feasible to test every combination in informative animal models, let alone in
patients. To address this, artificial intelligence may be useful, in order to develop in silico
algorithms and large-throughput in vitro screening assays, that may serve to select CAR
constructs for advanced preclinical and clinical testing.

The field of CAR T therapy is currently fragmented, as many companies and research
milieus conduct similar trials against the same targets, and in the same patient populations.
The results from these studies are difficult to compare. A plethora of interesting strategies
have been explored in preclinical studies, some of which have been described above.
However, it remains largely unknown if these strategies would work in patients, and how
they depend on the cancer form and other clinical variables. As mentioned, a few clinical
trials have been initiated, exploring add-on features in CAR T cells, designed to improve
the efficacy in solid cancers. A selection of interesting trials is listed in Table 2, all of which
are phase 1 or phase I/II studies. The sparse number of clinical trials investigating novel
features in CAR T cells is striking, compared to the plethora of attractive strategies that
have shown efficacy in animal models. A key issue may be the fact that many approaches
have been developed in model systems optimised to show the effect, often with CD19
CARs, while clinically relevant targets and the solid tumour microenvironment represent a
very different challenge. Furthermore, CAR T production protocols optimised for research
use may not easily be transferred to GMP. In order to bring the CAR T field forward,
there is a need to address these hurdles, and for more clinical trials evaluating the novel
concepts. In particular, randomised studies comparing specific alternatives in well-defined
patient populations would be of substantial interest. Moreover, important insight may be
gained from conducting personalised medicine studies in which strategies for countering
patient-specific mechanisms of resistance are evaluated.

The CAR T approach is less restricted by host factors, compared to checkpoint in-
hibitors and vaccines, as the patient´s immune response is outsourced and generated in
the laboratory. The approach allows us to design therapies utilising our knowledge on
tumour biology and therapy escape, and even for personalising the treatment. In general,
personalised medicine is faced with the lack of drugs matching the patient’s profile. The
advances and flexibility of modern gene engineering may allow the filling of some of these
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gaps with tailored CAR T approaches addressing mechanisms identified as important in the
individual patient. Possibly, the lack of perfect targets in solid tumours may be overcome
by mapping the patient’s tumour antigen expression and microenvironment at baseline,
and repeated mapping if therapy resistance develops. So far, there are few clinical studies
pursuing this strategy, but with the increasing availability of CARs targeting different
antigens and immunosuppressive mechanisms, studies comprising an a-la-carte menu of
CARs may become doable.

8. Conclusions

CAR T cell therapy remains unproven in solid cancers. There is a need to overcome
key hurdles, such as tumour heterogeneity, an immunosuppressive tumour microenviron-
ment and insufficient T cell persistence. A series of approaches are being investigated to
address these issues, with promising results in preclinical models. However, these concepts
remain untested in patients and the leap from preclinical to clinical success should not
be underestimated. The further progress of the field will depend on selecting the right
strategies for clinical development and more effectively bringing these into proper clinical
evaluation, while maintaining patient safety.

Funding: The author has received grants for CAR T cell research from the Norwegian Health Region
South East, the Norwegian Cancer Society, Novo Seeds and the Norwegian Research Council. No
additional funding has been received for writing this review article.

Conflicts of Interest: The author is an inventor on two patent applications for CAR T cell products.
The author declares no other conflict of interest.

References
1. Grupp, S.A.; Kalos, M.; Barrett, D.; Aplenc, R.; Porter, D.L.; Rheingold, S.R.; Teachey, D.T.; Chew, A.; Hauck, B.; Wright, J.F.; et al.

Chimeric antigen receptor-modified T cells for acute lymphoid leukemia. N. Engl. J. Med. 2013, 368, 1509–1518. [CrossRef]
2. Weber, E.W.; Maus, M.V.; Mackall, C.L. The Emerging Landscape of Immune Cell Therapies. Cell 2020, 181, 46–62. [CrossRef]
3. Abken, H. Adoptive therapy with CAR redirected T cells: The challenges in targeting solid tumors. Immunotherapy 2015, 7,

535–544. [CrossRef]
4. Rosenberg, S.A.; Yang, J.C.; Sherry, R.M.; Kammula, U.S.; Hughes, M.S.; Phan, G.Q.; Citrin, D.E.; Restifo, N.P.; Robbins, P.F.;

Wunderlich, J.R.; et al. Durable complete responses in heavily pretreated patients with metastatic melanoma using T-cell transfer
immunotherapy. Clin. Cancer Res. 2011, 17, 4550–4557. [CrossRef]

5. O’Rourke, D.M.; Nasrallah, M.P.; Desai, A.; Melenhorst, J.J.; Mansfield, K.; Morrissette, J.J.D.; Martinez-Lage, M.; Brem, S.;
Maloney, E.; Shen, A.; et al. A single dose of peripherally infused EGFRvIII-directed CAR T cells mediates antigen loss and
induces adaptive resistance in patients with recurrent glioblastoma. Sci. Transl. Med. 2017, 9, eaaa0984. [CrossRef]

6. Brown, C.E.; Badie, B.; Barish, M.E.; Weng, L.; Ostberg, J.R.; Chang, W.C.; Naranjo, A.; Starr, R.; Wagner, J.; Wright, C.; et al. Bioac-
tivity and Safety of IL13Ralpha2-Redirected Chimeric Antigen Receptor CD8+ T Cells in Patients with Recurrent Glioblastoma.
Clin. Cancer Res. 2015, 21, 4062–4072. [CrossRef]

7. Lee, L.; Draper, B.; Chaplin, N.; Philip, B.; Chin, M.; Galas-Filipowicz, D.; Onuoha, S.; Thomas, S.; Baldan, V.; Bughda, R.; et al. An
APRIL-based chimeric antigen receptor for dual targeting of BCMA and TACI in multiple myeloma. Blood 2018, 131, 746–758.
[CrossRef]

8. Sadelain, M.; Brentjens, R.; Riviere, I. The basic principles of chimeric antigen receptor design. Cancer Discov. 2013, 3, 388–398.
[CrossRef]

9. Philipson, B.I.; O’Connor, R.S.; May, M.J.; June, C.H.; Albelda, S.M.; Milone, M.C. 4-1BB costimulation promotes CAR T cell
survival through noncanonical NF-kappaB signaling. Sci. Signal. 2020, 13. [CrossRef]

10. Sun, C.; Shou, P.; Du, H.; Hirabayashi, K.; Chen, Y.; Herring, L.E.; Ahn, S.; Xu, Y.; Suzuki, K.; Li, G.; et al. THEMIS-SHP1
Recruitment by 4-1BB Tunes LCK-Mediated Priming of Chimeric Antigen Receptor-Redirected T Cells. Cancer Cell 2020, 37,
216–225.e6. [CrossRef]

11. Zhao, Z.; Condomines, M.; van der Stegen, S.J.C.; Perna, F.; Kloss, C.C.; Gunset, G.; Plotkin, J.; Sadelain, M. Structural Design of
Engineered Costimulation Determines Tumor Rejection Kinetics and Persistence of CAR T Cells. Cancer Cell 2015, 28, 415–428.
[CrossRef]

12. Almasbak, H.; Walseng, E.; Kristian, A.; Myhre, M.R.; Suso, E.M.; Munthe, L.A.; Andersen, J.T.; Wang, M.Y.; Kvalheim, G.;
Gaudernack, G.; et al. Inclusion of an IgG1-Fc spacer abrogates efficacy of CD19 CAR T cells in a xenograft mouse model. Gene
Ther. 2015, 22, 391–403. [CrossRef] [PubMed]

13. Kintz, H.; Nylen, E.; Barber, A. Inclusion of Dap10 or 4-1BB costimulation domains in the chPD1 receptor enhances anti-tumor
efficacy of T cells in murine models of lymphoma and melanoma. Cell. Immunol. 2020, 351, 104069. [CrossRef] [PubMed]

http://doi.org/10.1056/NEJMoa1215134
http://doi.org/10.1016/j.cell.2020.03.001
http://doi.org/10.2217/imt.15.15
http://doi.org/10.1158/1078-0432.CCR-11-0116
http://doi.org/10.1126/scitranslmed.aaa0984
http://doi.org/10.1158/1078-0432.CCR-15-0428
http://doi.org/10.1182/blood-2017-05-781351
http://doi.org/10.1158/2159-8290.CD-12-0548
http://doi.org/10.1126/scisignal.aay8248
http://doi.org/10.1016/j.ccell.2019.12.014
http://doi.org/10.1016/j.ccell.2015.09.004
http://doi.org/10.1038/gt.2015.4
http://www.ncbi.nlm.nih.gov/pubmed/25652098
http://doi.org/10.1016/j.cellimm.2020.104069
http://www.ncbi.nlm.nih.gov/pubmed/32106933


Cancers 2022, 14, 571 12 of 14

14. Kawalekar, O.U.; O’Connor, R.S.; Fraietta, J.A.; Guo, L.; McGettigan, S.E.; Posey, A.D., Jr.; Patel, P.R.; Guedan, S.; Scholler, J.;
Keith, B.; et al. Distinct Signaling of Coreceptors Regulates Specific Metabolism Pathways and Impacts Memory Development in
CAR T Cells. Immunity 2016, 44, 380–390. [CrossRef] [PubMed]

15. Long, A.H.; Haso, W.M.; Shern, J.F.; Wanhainen, K.M.; Murgai, M.; Ingaramo, M.; Smith, J.P.; Walker, A.J.; Kohler, M.E.;
Venkateshwara, V.R.; et al. 4-1BB costimulation ameliorates T cell exhaustion induced by tonic signaling of chimeric antigen
receptors. Nat. Med. 2015, 21, 581–590. [CrossRef]

16. Feucht, J.; Sun, J.; Eyquem, J.; Ho, Y.J.; Zhao, Z.; Leibold, J.; Dobrin, A.; Cabriolu, A.; Hamieh, M.; Sadelain, M. Calibration of CAR
activation potential directs alternative T cell fates and therapeutic potency. Nat. Med. 2019, 25, 82–88. [CrossRef]

17. Ghorashian, S.; Kramer, A.M.; Onuoha, S.; Wright, G.; Bartram, J.; Richardson, R.; Albon, S.J.; Casanovas-Company, J.; Castro, F.;
Popova, B.; et al. Enhanced CAR T cell expansion and prolonged persistence in pediatric patients with ALL treated with a
low-affinity CD19 CAR. Nat. Med. 2019, 25, 1408–1414. [CrossRef]

18. Maiti, S.N.; Huls, H.; Singh, H.; Dawson, M.; Figliola, M.; Olivares, S.; Rao, P.; Zhao, Y.J.; Multani, A.; Yang, G.; et al. Sleeping
beauty system to redirect T-cell specificity for human applications. J. Immunother. 2013, 36, 112–123. [CrossRef]

19. Monjezi, R.; Miskey, C.; Gogishvili, T.; Schleef, M.; Schmeer, M.; Einsele, H.; Ivics, Z.; Hudecek, M. Enhanced CAR T-cell
engineering using non-viral Sleeping Beauty transposition from minicircle vectors. Leukemia 2017, 31, 186–294. [CrossRef]

20. Singh, H.; Figliola, M.J.; Dawson, M.J.; Huls, H.; Olivares, S.; Switzer, K.; Mi, T.; Maiti, S.; Kebriaei, P.; Lee, D.A.; et al.
Reprogramming CD19-specific T cells with IL-21 signaling can improve adoptive immunotherapy of B-lineage malignancies.
Cancer Res. 2011, 71, 3516–3527. [CrossRef]

21. Hoffmann, J.M.; Schubert, M.L.; Wang, L.; Huckelhoven, A.; Sellner, L.; Stock, S.; Schmitt, A.; Kleist, C.; Gern, U.; Loskog, A.; et al.
Differences in Expansion Potential of Naive Chimeric Antigen Receptor T Cells from Healthy Donors and Untreated Chronic
Lymphocytic Leukemia Patients. Front. Immunol. 2017, 8, 1956. [CrossRef] [PubMed]

22. Wang, X.; Naranjo, A.; Brown, C.E.; Bautista, C.; Wong, C.W.; Chang, W.C.; Aguilar, B.; Ostberg, J.R.; Riddell, S.R.;
Forman, S.J.; et al. Phenotypic and functional attributes of lentivirus-modified CD19-specific human CD8+ central memory T
cells manufactured at clinical scale. J. Immunother. 2012, 35, 689–701. [CrossRef] [PubMed]

23. Weber, E.W.; Parker, K.R.; Sotillo, E.; Lynn, R.C.; Anbunathan, H.; Lattin, J.; Good, Z.; Belk, J.A.; Daniel, B.; Klysz, D.; et al.
Transient rest restores functionality in exhausted CAR-T cells through epigenetic remodeling. Science 2021, 372, eaba1786.
[CrossRef]

24. Wang, Y.; Tong, C.; Dai, H.; Wu, Z.; Han, X.; Guo, Y.; Chen, D.; Wei, J.; Ti, D.; Liu, Z.; et al. Low-dose decitabine priming endows
CAR T cells with enhanced and persistent antitumour potential via epigenetic reprogramming. Nat. Commun. 2021, 12, 409.
[CrossRef] [PubMed]

25. Wei, J.; Long, L.; Zheng, W.; Dhungana, Y.; Lim, S.A.; Guy, C.; Wang, Y.; Wang, Y.D.; Qian, C.; Xu, B.; et al. Targeting REGNASE-1
programs long-lived effector T cells for cancer therapy. Nature 2019, 576, 471–476. [CrossRef] [PubMed]

26. Matsushita, K.; Takeuchi, O.; Standley, D.M.; Kumagai, Y.; Kawagoe, T.; Miyake, T.; Satoh, T.; Kato, H.; Tsujimura, T.;
Nakamura, H.; et al. Zc3h12a is an RNase essential for controlling immune responses by regulating mRNA decay. Nature
2009, 458, 1185–1190. [CrossRef]

27. Xu, J.; Peng, W.; Sun, Y.; Wang, X.; Xu, Y.; Li, X.; Gao, G.; Rao, Z. Structural study of MCPIP1 N-terminal conserved domain
reveals a PIN-like RNase. Nucleic Acids Res. 2012, 40, 6957–6965. [CrossRef]

28. Lu, W.; Ning, H.; Gu, L.; Peng, H.; Wang, Q.; Hou, R.; Fu, M.; Hoft, D.F.; Liu, J. MCPIP1 Selectively Destabilizes Transcripts
Associated with an Antiapoptotic Gene Expression Program in Breast Cancer Cells That Can Elicit Complete Tumor Regression.
Cancer Res. 2016, 76, 1429–1440. [CrossRef]

29. Kurachi, M.; Barnitz, R.A.; Yosef, N.; Odorizzi, P.M.; DiIorio, M.A.; Lemieux, M.E.; Yates, K.; Godec, J.; Klatt, M.G.; Regev, A.; et al.
The transcription factor BATF operates as an essential differentiation checkpoint in early effector CD8+ T cells. Nat. Immunol.
2014, 15, 373–383. [CrossRef]

30. Quigley, M.; Pereyra, F.; Nilsson, B.; Porichis, F.; Fonseca, C.; Eichbaum, Q.; Julg, B.; Jesneck, J.L.; Brosnahan, K.; Imam, S.; et al.
Transcriptional analysis of HIV-specific CD8+ T cells shows that PD-1 inhibits T cell function by upregulating BATF. Nat. Med.
2010, 16, 1147–1151. [CrossRef]

31. Kuroda, S.; Yamazaki, M.; Abe, M.; Sakimura, K.; Takayanagi, H.; Iwai, Y. Basic leucine zipper transcription factor, ATF-like
(BATF) regulates epigenetically and energetically effector CD8 T-cell differentiation via Sirt1 expression. Proc. Natl. Acad. Sci.
USA 2011, 108, 14885–14889. [CrossRef] [PubMed]

32. Kishton, R.J.; Sukumar, M.; Restifo, N.P. Metabolic Regulation of T Cell Longevity and Function in Tumor Immunotherapy. Cell
Metab. 2017, 26, 94–109. [CrossRef] [PubMed]

33. Meacham, C.E.; Morrison, S.J. Tumour heterogeneity and cancer cell plasticity. Nature 2013, 501, 328–337. [CrossRef] [PubMed]
34. Quaglino, E.; Conti, L.; Cavallo, F. Breast cancer stem cell antigens as targets for immunotherapy. Semin. Immunol. 2020, 47, 101386.

[CrossRef]
35. Guo, Y.; Feng, K.; Wang, Y.; Han, W. Targeting cancer stem cells by using chimeric antigen receptor-modified T cells: A potential

and curable approach for cancer treatment. Protein Cell 2018, 9, 516–526. [CrossRef]
36. Kyte, J.A.; Fane, A.; Pule, M.; Gaudernack, G. Transient redirection of T cells for adoptive cell therapy with telomerase-specific T

helper cell receptors isolated from long term survivors after cancer vaccination. Oncoimmunology 2019, 8, e1565236. [CrossRef]

http://doi.org/10.1016/j.immuni.2016.01.021
http://www.ncbi.nlm.nih.gov/pubmed/26885860
http://doi.org/10.1038/nm.3838
http://doi.org/10.1038/s41591-018-0290-5
http://doi.org/10.1038/s41591-019-0549-5
http://doi.org/10.1097/CJI.0b013e3182811ce9
http://doi.org/10.1038/leu.2016.180
http://doi.org/10.1158/0008-5472.CAN-10-3843
http://doi.org/10.3389/fimmu.2017.01956
http://www.ncbi.nlm.nih.gov/pubmed/29375575
http://doi.org/10.1097/CJI.0b013e318270dec7
http://www.ncbi.nlm.nih.gov/pubmed/23090078
http://doi.org/10.1126/science.aba1786
http://doi.org/10.1038/s41467-020-20696-x
http://www.ncbi.nlm.nih.gov/pubmed/33462245
http://doi.org/10.1038/s41586-019-1821-z
http://www.ncbi.nlm.nih.gov/pubmed/31827283
http://doi.org/10.1038/nature07924
http://doi.org/10.1093/nar/gks359
http://doi.org/10.1158/0008-5472.CAN-15-1115
http://doi.org/10.1038/ni.2834
http://doi.org/10.1038/nm.2232
http://doi.org/10.1073/pnas.1105133108
http://www.ncbi.nlm.nih.gov/pubmed/21873234
http://doi.org/10.1016/j.cmet.2017.06.016
http://www.ncbi.nlm.nih.gov/pubmed/28683298
http://doi.org/10.1038/nature12624
http://www.ncbi.nlm.nih.gov/pubmed/24048065
http://doi.org/10.1016/j.smim.2020.101386
http://doi.org/10.1007/s13238-017-0394-6
http://doi.org/10.1080/2162402X.2019.1565236


Cancers 2022, 14, 571 13 of 14

37. Leisegang, M.; Wilde, S.; Spranger, S.; Milosevic, S.; Frankenberger, B.; Uckert, W.; Schendel, D.J. MHC-restricted fratricide of
human lymphocytes expressing survivin-specific transgenic T cell receptors. J. Clin. Investig. 2010, 120, 3869–3877. [CrossRef]

38. Kyte, J.A.; Gaudernack, G.; Faane, A.; Lislerud, K.; Inderberg, E.M.; Brunsvig, P.; Aamdal, S.; Kvalheim, G.; Walchli, S.;
Pule, M. T-helper cell receptors from long-term survivors after telomerase cancer vaccination for use in adoptive cell therapy.
Oncoimmunology 2016, 5, e1249090. [CrossRef]

39. Zhao, Y.; Fu, X.; Lopez, J.I.; Rowan, A.; Au, L.; Fendler, A.; Hazell, S.; Xu, H.; Horswell, S.; Shepherd, S.T.C.; et al. Selection of
metastasis competent subclones in the tumour interior. Nat. Ecol. Evol. 2021, 5, 1033–1045. [CrossRef]

40. Dentro, S.C.; Leshchiner, I.; Haase, K.; Tarabichi, M.; Wintersinger, J.; Deshwar, A.G.; Yu, K.; Rubanova, Y.; Macintyre, G.;
Demeulemeester, J.; et al. Characterizing genetic intra-tumor heterogeneity across 2,658 human cancer genomes. Cell 2021, 184,
2239–2254.e39. [CrossRef]

41. Bailey, C.; Black, J.R.M.; Reading, J.L.; Litchfield, K.; Turajlic, S.; McGranahan, N.; Jamal-Hanjani, M.; Swanton, C. Tracking Cancer
Evolution through the Disease Course. Cancer Discov. 2021, 11, 916–932. [CrossRef]

42. Kloss, C.C.; Condomines, M.; Cartellieri, M.; Bachmann, M.; Sadelain, M. Combinatorial antigen recognition with balanced
signaling promotes selective tumor eradication by engineered T cells. Nat. Biotechnol. 2013, 31, 71–75. [CrossRef]

43. Roybal, K.T.; Rupp, L.J.; Morsut, L.; Walker, W.J.; McNally, K.A.; Park, J.S.; Lim, W.A. Precision Tumor Recognition by T Cells
With Combinatorial Antigen-Sensing Circuits. Cell 2016, 164, 770–779. [CrossRef] [PubMed]

44. Choi, B.D.; Yu, X.; Castano, A.P.; Bouffard, A.A.; Schmidts, A.; Larson, R.C.; Bailey, S.R.; Boroughs, A.C.; Frigault, M.J.;
Leick, M.B.; et al. CAR-T cells secreting BiTEs circumvent antigen escape without detectable toxicity. Nat. Biotechnol. 2019, 37,
1049–1058. [CrossRef]

45. Lai, J.; Mardiana, S.; House, I.G.; Sek, K.; Henderson, M.A.; Giuffrida, L.; Chen, A.X.Y.; Todd, K.L.; Petley, E.V.; Chan, J.D.; et al.
Adoptive cellular therapy with T cells expressing the dendritic cell growth factor Flt3L drives epitope spreading and antitumor
immunity. Nat. Immunol. 2020, 21, 914–926. [CrossRef]

46. Knutson, K.L.; Disis, M.L. Tumor antigen-specific T helper cells in cancer immunity and immunotherapy. Cancer Immunol.
Immunother. 2005, 54, 721–728. [CrossRef]

47. Slaney, C.Y.; von Scheidt, B.; Davenport, A.J.; Beavis, P.A.; Westwood, J.A.; Mardiana, S.; Tscharke, D.C.; Ellis, S.; Prince, H.M.;
Trapani, J.A.; et al. Dual-specific Chimeric Antigen Receptor T Cells and an Indirect Vaccine Eradicate a Variety of Large Solid
Tumors in an Immunocompetent, Self-antigen Setting. Clin. Cancer Res. 2017, 23, 2478–2490. [CrossRef]

48. Parkhurst, M.R.; Yang, J.C.; Langan, R.C.; Dudley, M.E.; Nathan, D.A.; Feldman, S.A.; Davis, J.L.; Morgan, R.A.; Merino, M.J.;
Sherry, R.M.; et al. T cells targeting carcinoembryonic antigen can mediate regression of metastatic colorectal cancer but induce
severe transient colitis. Mol. Ther. 2011, 19, 620–626. [CrossRef]

49. Linette, G.P.; Stadtmauer, E.A.; Maus, M.V.; Rapoport, A.P.; Levine, B.L.; Emery, L.; Litzky, L.; Bagg, A.; Carreno, B.M.;
Cimino, P.J.; et al. Cardiovascular toxicity and titin cross-reactivity of affinity-enhanced T cells in myeloma and melanoma. Blood
2013, 122, 863–871. [CrossRef] [PubMed]

50. Morgan, R.A.; Chinnasamy, N.; Abate-Daga, D.; Gros, A.; Robbins, P.F.; Zheng, Z.; Dudley, M.E.; Feldman, S.A.; Yang, J.C.;
Sherry, R.M.; et al. Cancer regression and neurological toxicity following anti-MAGE-A3 TCR gene therapy. J. Immunother. 2013,
36, 133–151. [CrossRef]

51. Lamers, C.H.; Sleijfer, S.; van Steenbergen, S.; van Elzakker, P.; van Krimpen, B.; Groot, C.; Vulto, A.; den Bakker, M.; Oosterwijk, E.;
Debets, R.; et al. Treatment of metastatic renal cell carcinoma with CAIX CAR-engineered T cells: Clinical evaluation and
management of on-target toxicity. Mol. Ther. 2013, 21, 904–912. [CrossRef]

52. Morgan, R.A.; Yang, J.C.; Kitano, M.; Dudley, M.E.; Laurencot, C.M.; Rosenberg, S.A. Case report of a serious adverse event
following the administration of T cells transduced with a chimeric antigen receptor recognizing ERBB2. Mol. Ther. 2010, 18,
843–851. [CrossRef]

53. Di Stasi, A.; Tey, S.K.; Dotti, G.; Fujita, Y.; Kennedy-Nasser, A.; Martinez, C.; Straathof, K.; Liu, E.; Durett, A.G.; Grilley, B.; et al.
Inducible apoptosis as a safety switch for adoptive cell therapy. N. Engl. J. Med. 2011, 365, 1673–1683. [CrossRef]

54. Philip, B.; Kokalaki, E.; Mekkaoui, L.; Thomas, S.; Straathof, K.; Flutter, B.; Marin, V.; Marafioti, T.; Chakraverty, R.; Linch, D.; et al.
A highly compact epitope-based marker/suicide gene for easier and safer T-cell therapy. Blood 2014, 124, 1277–1287. [CrossRef]

55. Beatty, G.L.; Haas, A.R.; Maus, M.V.; Torigian, D.A.; Soulen, M.C.; Plesa, G.; Chew, A.; Zhao, Y.; Levine, B.L.; Albelda, S.M.; et al.
Mesothelin-specific Chimeric Antigen Receptor mRNA-Engineered T cells Induce Anti-Tumor Activity in Solid Malignancies.
Cancer Immunol. Res. 2014, 2, 112–120. [CrossRef]

56. Oei, V.Y.S.; Siernicka, M.; Graczyk-Jarzynka, A.; Hoel, H.J.; Yang, W.; Palacios, D.; Almasbak, H.; Bajor, M.; Clement, D.;
Brandt, L.; et al. Intrinsic Functional Potential of NK-Cell Subsets Constrains Retargeting Driven by Chimeric Antigen Receptors.
Cancer Immunol. Res. 2018, 6, 467–480. [CrossRef]

57. Maus, M.V.; June, C.H. Making Better Chimeric Antigen Receptors for Adoptive T-cell Therapy. Clin. Cancer Res. 2016, 22,
1875–1884. [CrossRef]

58. Hartley, J.; Abken, H. Chimeric antigen receptors designed to overcome transforming growth factor-beta-mediated repression in
the adoptive T-cell therapy of solid tumors. Clin. Transl. Immunol. 2019, 8, e1064. [CrossRef]

59. Newick, K.; O’Brien, S.; Sun, J.; Kapoor, V.; Maceyko, S.; Lo, A.; Pure, E.; Moon, E.; Albelda, S.M. Augmentation of CAR T-cell
Trafficking and Antitumor Efficacy by Blocking Protein Kinase A Localization. Cancer Immunol. Res. 2016, 4, 541–551. [CrossRef]

http://doi.org/10.1172/JCI43437
http://doi.org/10.1080/2162402X.2016.1249090
http://doi.org/10.1038/s41559-021-01456-6
http://doi.org/10.1016/j.cell.2021.03.009
http://doi.org/10.1158/2159-8290.CD-20-1559
http://doi.org/10.1038/nbt.2459
http://doi.org/10.1016/j.cell.2016.01.011
http://www.ncbi.nlm.nih.gov/pubmed/26830879
http://doi.org/10.1038/s41587-019-0192-1
http://doi.org/10.1038/s41590-020-0676-7
http://doi.org/10.1007/s00262-004-0653-2
http://doi.org/10.1158/1078-0432.CCR-16-1860
http://doi.org/10.1038/mt.2010.272
http://doi.org/10.1182/blood-2013-03-490565
http://www.ncbi.nlm.nih.gov/pubmed/23770775
http://doi.org/10.1097/CJI.0b013e3182829903
http://doi.org/10.1038/mt.2013.17
http://doi.org/10.1038/mt.2010.24
http://doi.org/10.1056/NEJMoa1106152
http://doi.org/10.1182/blood-2014-01-545020
http://doi.org/10.1158/2326-6066.CIR-13-0170
http://doi.org/10.1158/2326-6066.CIR-17-0207
http://doi.org/10.1158/1078-0432.CCR-15-1433
http://doi.org/10.1002/cti2.1064
http://doi.org/10.1158/2326-6066.CIR-15-0263


Cancers 2022, 14, 571 14 of 14

60. Prosser, M.E.; Brown, C.E.; Shami, A.F.; Forman, S.J.; Jensen, M.C. Tumor PD-L1 co-stimulates primary human CD8(+) cytotoxic
T cells modified to express a PD1:CD28 chimeric receptor. Mol. Immunol. 2012, 51, 263–272. [CrossRef]

61. Liu, X.; Ranganathan, R.; Jiang, S.; Fang, C.; Sun, J.; Kim, S.; Newick, K.; Lo, A.; June, C.H.; Zhao, Y.; et al. A Chimeric
Switch-Receptor Targeting PD1 Augments the Efficacy of Second-Generation CAR T Cells in Advanced Solid Tumors. Cancer Res.
2016, 76, 1578–1590. [CrossRef]

62. Zhang, Y.; Wang, P.; Wang, T.; Fang, Y.; Ding, Y.; Qian, Q. Chimeric antigen receptor T cells engineered to secrete CD40 agonist
antibodies enhance antitumor efficacy. J. Transl. Med. 2021, 19, 82. [CrossRef]

63. Chmielewski, M.; Kopecky, C.; Hombach, A.A.; Abken, H. IL-12 release by engineered T cells expressing chimeric antigen
receptors can effectively Muster an antigen-independent macrophage response on tumor cells that have shut down tumor antigen
expression. Cancer Res. 2011, 71, 5697–5706. [CrossRef]

64. Yeku, O.O.; Purdon, T.J.; Koneru, M.; Spriggs, D.; Brentjens, R.J. Armored CAR T cells enhance antitumor efficacy and overcome
the tumor microenvironment. Sci. Rep. 2017, 7, 10541. [CrossRef]

65. Hu, B.; Ren, J.; Luo, Y.; Keith, B.; Young, R.M.; Scholler, J.; Zhao, Y.; June, C.H. Augmentation of Antitumor Immunity by Human
and Mouse CAR T Cells Secreting IL-18. Cell Rep. 2017, 20, 3025–3033. [CrossRef]

66. Chinnasamy, D.; Yu, Z.; Kerkar, S.P.; Zhang, L.; Morgan, R.A.; Restifo, N.P.; Rosenberg, S.A. Local delivery of interleukin-12
using T cells targeting VEGF receptor-2 eradicates multiple vascularized tumors in mice. Clin. Cancer Res. 2012, 18, 1672–1683.
[CrossRef]

67. Zhang, L.; Morgan, R.A.; Beane, J.D.; Zheng, Z.; Dudley, M.E.; Kassim, S.H.; Nahvi, A.V.; Ngo, L.T.; Sherry, R.M.; Phan, G.Q.; et al.
Tumor-infiltrating lymphocytes genetically engineered with an inducible gene encoding interleukin-12 for the immunotherapy of
metastatic melanoma. Clin. Cancer Res. 2015, 21, 2278–2288. [CrossRef]

68. Martin, C.J.; Datta, A.; Littlefield, C.; Kalra, A.; Chapron, C.; Wawersik, S.; Dagbay, K.B.; Brueckner, C.T.; Nikiforov, A.;
Danehy, F.T., Jr.; et al. Selective inhibition of TGFbeta1 activation overcomes primary resistance to checkpoint blockade therapy
by altering tumor immune landscape. Sci. Transl. Med. 2020, 12. [CrossRef]

69. Principe, D.R.; Park, A.; Dorman, M.J.; Kumar, S.; Viswakarma, N.; Rubin, J.; Torres, C.; McKinney, R.; Munshi, H.G.;
Grippo, P.J.; et al. TGFbeta Blockade Augments PD-1 Inhibition to Promote T-Cell-Mediated Regression of Pancreatic Cancer.
Mol. Cancer Ther. 2019, 18, 613–620. [CrossRef]

70. Mariathasan, S.; Turley, S.J.; Nickles, D.; Castiglioni, A.; Yuen, K.; Wang, Y.; Kadel, E.E., III; Koeppen, H.; Astarita, J.L.;
Cubas, R.; et al. TGFbeta attenuates tumour response to PD-L1 blockade by contributing to exclusion of T cells. Nature 2018, 554,
544–548. [CrossRef]

71. Lacuesta, K.; Buza, E.; Hauser, H.; Granville, L.; Pule, M.; Corboy, G.; Finegold, M.; Weiss, H.; Chen, S.Y.; Brenner, M.K.; et al.
Assessing the safety of cytotoxic T lymphocytes transduced with a dominant negative transforming growth factor-beta receptor.
J. Immunother. 2006, 29, 250–260. [CrossRef] [PubMed]

72. Kloss, C.C.; Lee, J.; Zhang, A.; Chen, F.; Melenhorst, J.J.; Lacey, S.F.; Maus, M.V.; Fraietta, J.A.; Zhao, Y.; June, C.H. Dominant-
Negative TGF-beta Receptor Enhances PSMA-Targeted Human CAR T Cell Proliferation And Augments Prostate Cancer
Eradication. Mol. Ther. 2018, 26, 1855–1866. [CrossRef] [PubMed]

73. Narayan, V.; Barber-Rotenberg, J.; Fraietta, J.; Hwang, W.-T.; Lacey, S.F.; Plesa, G.; Carpenter, E.L.; Maude, S.L.; Lal, P.;
Vapiwala, N.; et al. A phase I clinical trial of PSMA-directed/TGFβ-insensitive CAR-T cells in metastatic castration-resistant
prostate cancer. J. Clin. Oncol. 2021, 39, 125. [CrossRef]

74. Chang, Z.L.; Lorenzini, M.H.; Chen, X.; Tran, U.; Bangayan, N.J.; Chen, Y.Y. Rewiring T-cell responses to soluble factors with
chimeric antigen receptors. Nat. Chem. Biol. 2018, 14, 317–324. [CrossRef]

75. Sukumaran, S.; Watanabe, N.; Bajgain, P.; Raja, K.; Mohammed, S.; Fisher, W.E.; Brenner, M.K.; Leen, A.M.; Vera, J.F. Enhancing
the potency and specificity of engineered T cells for cancer treatment. Cancer Discov. 2018, 8, 972–987. [CrossRef]

http://doi.org/10.1016/j.molimm.2012.03.023
http://doi.org/10.1158/0008-5472.CAN-15-2524
http://doi.org/10.1186/s12967-021-02750-4
http://doi.org/10.1158/0008-5472.CAN-11-0103
http://doi.org/10.1038/s41598-017-10940-8
http://doi.org/10.1016/j.celrep.2017.09.002
http://doi.org/10.1158/1078-0432.CCR-11-3050
http://doi.org/10.1158/1078-0432.CCR-14-2085
http://doi.org/10.1126/scitranslmed.aay8456
http://doi.org/10.1158/1535-7163.MCT-18-0850
http://doi.org/10.1038/nature25501
http://doi.org/10.1097/01.cji.0000192104.24583.ca
http://www.ncbi.nlm.nih.gov/pubmed/16699368
http://doi.org/10.1016/j.ymthe.2018.05.003
http://www.ncbi.nlm.nih.gov/pubmed/29807781
http://doi.org/10.1200/JCO.2021.39.6_suppl.125
http://doi.org/10.1038/nchembio.2565
http://doi.org/10.1158/2159-8290.CD-17-1298

	Introduction 
	Co-Stimulatory Domains and Tuning of T Cell Stimulation 
	Strategies for Improved CAR T Cell Persistence 
	Strategies for Countering Tumour Heterogeneity 
	Strategies for Improved Safety 
	Strategies for Overcoming Immune Suppression 
	Perspectives on the Role of CAR T Cell Therapy and the Way Forward 
	Conclusions 
	References

