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Abstract New approaches to cancer immunotherapy have been developed, showing the ability to

harness the immune system to treat and eliminate cancer. For many solid tumors, therapy with checkpoint

inhibitors has shown promise. For hematologic malignancies, adoptive and engineered cell therapies are

being widely developed, using cells such as T lymphocytes, as well as natural killer (NK) cells, dendritic

cells, and potentially others. Among these adoptive cell therapies, the most active and advanced therapy

involves chimeric antigen receptor (CAR)-T cells, which are T cells in which a chimeric antigen receptor

is used to redirect specificity and allow T cell recognition, activation and killing of cancers, such as leu-

kemia and lymphoma. Two autologous CAR-T products have been approved by several health authorities,

starting with the U.S. Food and Drug Administration (FDA) in 2017. These products have shown power-

ful, inducing, long-lasting effects against B cell cancers in many cases. In distinction to the results seen in

hematologic malignancies, the field of using CAR-T products against solid tumors is in its infancy. Tar-

geting solid tumors and trafficking CAR-T cells into an immunosuppressive microenvironment are both
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significant challenges. The goal of this review is to summarize some of the most recent aspects of CAR-T

cell design and manufacturing that have led to successes in hematological malignancies, allowing the

reader to appreciate the barriers that must be overcome to extend CAR-T therapies to solid tumors suc-

cessfully.

ª 2021 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Examples of anti-cancer immunosurveillance1, the existence of
natural T cells with anti-cancer properties, and the ability to
genetically engineer cells to target and destroy cancer cells, have
taught us that the immune system plays a major therapeutic role in
fighting cancer2,3. For decades, there have been four pillars of
anti-cancer therapy: surgery, radiation, chemotherapy and immu-
notherapy, with only some of these active in cancers that have
spread beyond the primary site4. We can add to this armamen-
tarium targeted small molecule inhibitors, which have been very
effective in specific cancers such as chronic myelogenous leuke-
mia, but this still leaves the field with large areas of unmet medical
need5,6. Over the last decade, we have seen significant examples
of successful therapy with genetic reprogrammed autologous T
cells which utilize a chimeric antigen receptor (CAR)-T cells7,
with high remission rates and sustained remissions in B cell acute
lymphoblastic leukemia (ALL) and non-Hodgkin lymphoma
(NHL)8,9. The autologous products use a complex process that
requires collection from each individual patient and “bespoke”
manufacturing with full release testing for each individual patient
product10,11. The CAR-T approach recognizes antibody-type epi-
topes on the surface of the cells in an HLA-independent manner.
The CAR-T fusion molecule provides antigen recognition and
binding (such as the B cell target CD19), coupled with precisely
defined T cell activation and co-stimulatory domains (Fig. 1). The
results with CAR-T cells have allowed us the hope that we have
added a fifth major pillar to anti-cancer therapies12,13.
2. Milestones leading to the CAR-T cell concept

Immunotherapy comes in many forms. By far the most tradi-
tional forms of immunotherapy are monoclonal antibodies
(native or conjugated) and allogeneic stem cell transplantation.
Other approaches, at various stages of development, include
cancer vaccines, exosomes, cytokine therapy (such as INF-g,
IL-2, IL-15, IL-27, etc.), pulsed or genetically modified dendritic
cells (DC), natural killer (NK) cells, tumor-infiltrating lympho-
cytes, cytokine-induced killer cells, and CAR T cells14. NK cells
utilize KIR receptors15. DCs can be isolated, differentiated, and
propagated ex vivo, although increasing DC numbers ex vivo to
clinically useful doses is more of a challenge. DCs can be pulsed
with an antigen as a vaccination approach, and can undergo
genetic manipulation, which then can allow them to enhance
immune activation against tumor antigens. Genetically modified
DCs function for the recognition and subsequent immune reac-
tion for the immunological cancer response through signaling via
B cells and especially T cells, leading to their activation and
greatly enhanced function. The complex formation of modified
DCs with T cells relay information involving the antigen
response, which can be altered in the self and non-self-
recognition process through co-stimulatory molecules as well
as peptide antigens on the DCs.

More recently, CAR-T therapy has indeed initiated a new
era for cancer treatment. It made gratifying achievements in
treating hematologic malignancies like lymphoma and
leukaemia, with new data being published in solid tumors such
as glioblastomas and neuroblastoma16. Chimeric antigen re-
ceptors have been also introduced in NK as another form of
cellular immunotherapy, which can also cause cytotoxicity to
cancer cells17. Despite some advantages, such as the recog-
nition of tumor cells in both CAR-dependent and CAR-
independent manners, with no clonal expansion and no im-
mune rejection, the isolation, purification, and transduction of
primary NK cells are complicated and usually produce a het-
erogeneous population with reduced expansion. As an alter-
native to the use of primary NKs, it is common the use of an
irradiated established tumor cell line (NK-92), which must be
injected in the patients17. This further highlights the new
platform CAR-T cell therapy has provided.

The concept of CAR-T therapy was developed to overcome
significant barriers in cancer immunotherapy related to T cell
recognition of cancer antigens. CAR-T cells recognize cell
surface antigens and are not compromised by tumor variants
with low or absent surface expression of major histocompati-
bility complex (MHC) antigens18, which would otherwise
preclude T cell recognition of tumor antigens. They are not
MHC-restricted, thus, simplifying the construction of these
therapeutic cells. The interaction with the tumor-associated
antigens (TAAs) is driven by a single chain or similar bind-
ing domains19. It means that the construction of CAR-T cells
with the desired specificity is possible with recognition of any
surface structure to which there is an available monoclonal
antibody. Another critical advance leading to the first re-
sponses in CAR-T clinical trials was the incorporation of co-
stimulatory domains like 4-1BB and CD28 into CAR designs
(Fig. 1), which has dramatically enhanced the potency of
CAR-T cell responses. Alternatively, if recognition of intra-
cellular epitopes is desired, which is a significant fraction of
potential TAAs such as cancer testis antigens, this requires
engineered T cell receptors (TCRs) and MHC matching with
the patient20.

2.1. CAR-T cells in the treatment of hematological tumors

As indicated above, the most significant clinical results have
come from trials studying second-generation autologous CD19-
specific CAR-T cell therapies, starting with remarkable initial
clinical results in recurrent chronic lymphocytic leukemia
(CLL)21. Subsequent reports have shown encouraging results
using CD19 CAR-T cells in acute lymphoblastic

http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1 Structures of the first through fourth generations of chimeric antigen receptors. All generations of CARs have a typical structure

comprised by an extracellular antigen-binding domain (single-chain fragment variable, peptides, nanobodies, cytokines or other ligands), a hinge

region (CD28, CD8, IgG1 or IgG4), a transmembrane domain (CD8a, CD4, CD3z, CD28, or ICOS) and intracellular signaling domains. The first-

generation CARs have only the CD3z intracellular activation domain, while an additional co-stimulatory domain was added to second-generation

CARs (e.g., CD28, 4-1BB, OX40, ICOS, CD27, KIR2DS2, and MYD88-CD40). The third-generation CAR has two co-stimulatory domains in

tandem. The fourth-generation of CAR-T cells, also called armored CAR-T cells, has the same structure of second or third generation CAR.

However, their producing vectors were armored with the advantage to secrete some additional molecules that give anti-tumor properties, such as

the release of cytokines, chemokines, enzymes, ligands, receptors, peptides or monoclonal antibodies against different therapeutic targets.
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leukemia (ALL)22 and diffuse large B-cell lymphoma
(DLBCL)23. CD19 directed CAR-T cell therapy has demon-
strated the power of receptor engineering while offering long-
term disease control in many cases of hematopoietic cancers24

(Table 125e40). The long term survivors after anti-CD19 CAR-
T also included allogeneic hematopoietic stem cell transplants
(allo-HSCT). The vast majority of ALL patients on the ELIANA
registration trial for the CD19 CAR-T product CTL019 (tisa-
genlecleucel) did not go on to allo-HSCT41. Despite being
potentially curative, allo-HSCT can lead to fatal complications at
rates greater than that seen with CAR-T, including treatment-
related mortality and graft vs. host diseases.

Unfortunately, resistance to Anti-CD19 CAR-T therapy is a
reality, and bispecific CAR-T cells, like anti-CD19/CD22 and
anti-CD19/CD20 are promising options that are currently in
clinical trials (NCT03448393 and NCT03271515,
respectively).

2.2. CAR-T cells in the treatment of solid tumors

Clinically, the implementation of CAR-T therapy in solid tumors
is still at the very earliest stages. In addition to the issues listed
above, the tumor microenvironment adapts to limit T cell traf-
ficking and function, using mechanisms such as: (a) hypoxia,
nutritional depletion, oxidative stress42; (b) the presence of
soluble suppressive factors, cytokines, and suppressive immune
cells such as myeloid-derived suppressor cells (MDSCs), and
tumor-associated macrophage (TAM)/tumor-associated neutro-
phils (TAN)43; (c) prevention of trafficking and the penetration
of T cells into a solid tumor mass (physical barriers)44; and (d)
the presence of negative regulators of T cell function (for
example, upregulation of cytoplasmic and surface inhibitory
receptors such as programmed death 1 (PD-1) and T
lymphocyte-associated antigen 4 (CTLA-4)45. To overcome
these limitations, advancements in cell engineering, such as
armored CAR-T cells (Fig. 1), and further investigations into
tumor immunology are being undertaken.

In a clinical trial, where neuroblastoma patients were treated
with GD2 ganglioside specific CAR-CTLs, four of the eight
patients with an evaluable disease had evidence of tumor ne-
crosis or regressions, including one sustained CR. None devel-
oped detectable antibodies to CAR-CTLs, and there were no
adverse events attributable to the genetically modified T cells in
the 11 subjects followed for up to 24 months46,47. In another
interesting study, Brown et al.48 demonstrated the clinical
response of a patient with recurrent multifocal glioblastoma who
received multiple infusions of anti-IL-13Ra2 CAR-T cells over
220 days through two intracranial delivery routes (infusions into
the resected tumor cavity followed by infusions into the ven-
tricular system). Their data showed that intracranial infusions of
anti-IL-13Ra2 CAR-T cells were not associated with any high-
grade toxic effects (�grade 3). After CAR-T cell therapy,



Table 1 A list of major anti-CD19 CAR-T cell therapy trials.

CD19-positive

B-cell

malignancy

n LD chemotherapy Adverse effect Long-term

EFS

PFS CAR-T cell

dose/kg

OS Outcome Best response

duration

Ref.

FL 2 FLU (post T-cell

infusion)

Lymphopenia ND ND 100e200
� 107/m2 total

T cells

ND No responses ND 25

CLL,

ALL

9 None or (CTX) B cell aplasia, fever,

hypotension, death

ND ND 0.4e3 � 107 1 PR, 2 SD, 1 CR, 4

NR, 1 death

PR up to 12 week 26

NHL,

CLL,

SMZL

8 CTX, FLU B cell aplasia, CRS ND ND 0.3e3 � 107 6 PR, 1 CR, 1 NE

The total SOFA:

serum IFNg and

serum TNF levels

versus time

(PZ 0.02 for IFNg

and P Z 0.001 for

TNF

CR > 18 months 27

CLL 14 CTX, FLU B cell aplasia,

CRS, TLS,

neutropenia

ND 18-month PFS

28.6%

1.4e113 � 107 29 months;

18-month,

OS 71%

4 CR, 4 PR

The peak value of

CTL019 was

statistically

associated with

response

(P Z 0.008),

higher peak

expansion of

CTL019 associated

with CRS, and CRS

was associated with

clinical response

(P < 0.05)

CR up to 53

months

28, 29

ALL 16 CTX Severe CRS ND ND 0.14e0.3 � 107 14 CR, 12 MRD

The threshold

where patients are

at high risk for

clinical

complications

secondary to sCRS.

*P < 0.05,

unpaired t tests at

the corresponding

time point. Specific

P values for the

time points are as

follows: Day 2,

P Z 0.035

(n Z 13); Day 4,

P Z 0.025

CR up to 3 months 30, 31

1
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3
2
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(n Z 12); Day 5,

P Z 0.019

(n Z 11); and Day

9, P Z 0.01

(n Z 8).

CLL,

NHL

20 Allo-HSCT

preparative

regimen, DLI;

none

B cell aplasia, CRS,

hypotension,

TLS

39% at 6

months

(Brundo

et al.)

ND 0.04e0.8 � 107 2 PR, 6 CR, 8 SD, 4

PD

For CD4þ T cells,

the difference in

PD-1 expression

between CARþ

cells and CARe

cells was

statistically

significant

(P Z 0.03)

CR up to 30

months

32, 33

ALL 30 None or VP/CTX CRS, CNS toxicity 67% at 6

months

ND 0.2e1.2 � 107 6-month

overall

survival was

78%

27 CR, 22 MRD

Patients who had

severe cytokine-

release syndrome

had higher peak

levels of

interleukin-6

(P < 0.001), higher

peak levels of C-

reactive protein

(P Z 0.02), ferritin

(P Z 0.005),

interferon-g

(P < 0.001), and

soluble interleukin-

2 receptor

(P < 0.001),

patients with severe

cytokine-release

syndrome also had

higher levels of

CTL019-positive

CD8 cells

(P Z 0.012) and

CTL019-positive

CD3 cells

(P Z 0.026).

CR up to 24

months

2, 34

ALL,

CLL

8 Allo-HSCT

preparative

regimen; none

immediately

before T-cell

None ND ND 1.9e11 � 107 ND 1 CR, 1 PR, 1 SD, 2

cCR, 3 NR

CR up to 3 months 35

(continued on next page)
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Table 1 (continued )

CD19-positive

B-cell

malignancy

n LD chemotherapy Adverse effect Long-term

EFS

PFS CAR-T cell

dose/kg

OS Outcome Best response

duration

Ref.

infusion

DLBCL,

PMBCL,

follicular

22 CTX, FLU Neurologic toxicities,

myelodysplastic

syndrome, vision

loss

ND 12-month PFS

63.3%

0.1e0.6 � 107 ND 4 PR, 12 CR, 4 PD, 2

SD

There was an

association

between the

percentage of

central memory T

cells among the

infused CAR-T

cells and peak

blood CAR T-cell

levels (P < 0.001;

Spearman r Z 0.7)

CR > 24 months 36

ALL,

NHL

21 CTX, FLU CRS, B cell aplasia 78.8% at 4.8

months

ND 0.3e0.003 � 107,

2 � 107
51.6% at

9.7 months

14 CR, 13 MRD

The concentrations

of CSF CD19-CAR

T cells were higher

in patients who

developed

neurotoxicity than

in those who did

not (P Z 0$0039)

CR up 19 months 37

NHL 32 CTX, FLU Severe neurotoxicity,

CRS

ND ND 2 � 105, 2 � 106,

2 � 107

EGFRtþ
cells/kg

10 CR, 19 ORR of 30

evaluable

38

ALL 45 CTX, FLU Severe neurotoxicity,

CRS

50.8% at 12

months

ND 0,5 � 106,

1 � 106,

5 � 106,

10 � 106

EGFRtþ
cells/kg

69.5% at

12 months

MRD-negative

CR 93%

There was no effect

of dose level

(P Z 0.32), disease

burden (P Z 0.93),

CD19 antigen load

(P Z 0.23), or

fludarabine and

cyclophosphamide

lymphodepletion

(P Z 0.32) on the

occurrence of

severe

neurotoxicity;

however, the

presence of severe

27 months 39
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regression of all intracranial and spinal tumors, along with
corresponding increases in levels of cytokines and immune cells
in the cerebrospinal fluid, was observed. This clinical response
was continued for 7.5 months after the initiation of CAR-T cell
therapy48. These results further proved that CAR-T cells could
drive clinical responses in advanced cancer patients. Looking
more broadly, several clinical trials have been conducted or are
ongoing, as shown in Table 2.

In contrast to hematological malignancies, solid tumors not
only lack conventional co-stimulatory molecules, which may be
expressed on malignant and normal B lymphocytes but also have
evolved mechanisms to suppress the immune system active-
ly49e51. Tumor cells produce several immunosuppressive mole-
cules and/or recruit multiple immunosuppressive cells to evade
or misdirect a tumor-specific immune response52,53. The pros-
taglandin 2 (PGE2)/EP2/protein kinase A (PKA) signaling
pathway combined with adenosine mediates immunosuppres-
sion, activates PKA, and blocks TCR activation. A small peptide
called the “regulatory subunit I anchoring disruptor” (RIAD)
diminishes the negative effects of PKA on TCR activationda
function that investigators employed to improve T cell function.
By the generation of CAR-T cells expressing RIAD, Newick
et al.54 showed that blocking the upstream immunosuppressive
mediators of PKA activation, such as PGE2 and adenosine,
could improve TCR signaling, increase cytokine release, and
increase CAR-T cell infiltration, leading to greater tumor cell
killing. Chronic inflammation activity is a hallmark of the tumor
microenvironment and generates higher levels of reactive oxy-
gen species (ROS) that can abrogate anti-tumor activity. Lig-
tenberg et al.55 proposed that CAR-T cells overexpressing
catalase (CAT) would perform better compared to conventional
CAR-T cells. Their data indicate that CATeCAR-T cells pro-
duce more intracellular CAT, resulting in a reduced oxidative
state with less ROS accumulation in both the basal and activated
states. The CATeCAR-T cells maintained an anti-tumor activity
even within a H2O2 hostile environment55,56. T cell exhaustion is
often found in solid tumors, where the immune checkpoint
molecules are usually overexpressed, e.g., programmed cell
death ligand 1 (PD-L1). The release of immune checkpoint
blockade antibodies by armored CAR-T cells into the tumor
microenvironment is another important effort to improve CAR-T
function. Anti-PD-L1 releasing CAR-T cells, for example, were
able to decrease tumor growth in five times when compared with
the CAR-T cells alone in a humanized mice model of renal cell
carcinoma, with remarkable immune checkpoint blockade57.
Some anti-PD-1, anti-PD-L1, or anti-CTLA-4 antibodies-
expressing CAR-T cells and PD-1 knockout-engineered CAR-T
cells for different targets are currently under clinical trials.
Altogether, it seems that modification of CAR-T cells by
different means (e.g., gene-editing tools, pharmacological in-
hibitors, and others) will likely be the best way to open new
avenues to achieve results in solid tumors similar to those seen
in hematologic malignancies58e60.
3. Limitations of CAR-T therapy and counteracting
strategies

3.1. On-target/off-tumor toxicity

Unique, tumor-specific antigens are rare, so the approach de-
pends on the identification and use of TAAs. TAAs are self-



Table 2 Various clinical trials using CAR-T cell therapy in

solid tumors (https://www.clinicaltrials.gov).

Disease Antigen Phase Clinicaltrials.gov

identifier

Neuroblastoma,

ganglioneuroblastoma

CD171 I NCT02311621

Adenocarcinoma CEA I NCT00004178

Colorectal carcinoma CEA I NCT00673322

Breast cancer CEA I NCT00673829

Solid tumor CEA I NCT01212887

Liver metastases CEA I NCT01373047

CEAþ solid tumors CEA I NCT02349724

Glioblastoma EGFRvIII I NCT02209376

Advanced glioma EGFR I NCT02331693

Ovarian cancer FR I NCT00019136

Neuroblastoma GD2 I NCT01822652

Neuroblastoma GD2 I NCT01460901

Neuroblastoma GD2 I NCT00085930

Neuroblastoma GD2 NCT02439788

Non-neuroblastoma,

GD2þ solid tumors

GD2 I NCT02107963

Hepatocellular carcinoma GPC3 I NCT02395250

Lung malignancy HER2 I NCT00889954

Metastasized HER2þ

cancer

HER2 I NCT00924287

Brain and CNS tumors IL 13

zetakine

I NCT00730613

Glioma, neoplasm IL13Ra2 I NCT02208362

Pancreatic cancer Mesothelin I NCT02465983

Ovarian cancer

Mesothelioma

Mesothelin I NCT02159716

Prostate cancer PSMA I NCT00664196

Head and neck cancer ErbB I NCT01818323

Glioblastoma EGFRvIII I/II NCT01454596

EGFR positive advanced

solid tumors

EGFR I/II NCT01869166

Solid tumors HER2 I/II NCT01935843
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antigens and can be expressed on normal tissues (CD19 is an
example of this), requiring careful selection and de-risking of
possible targets. TAAs can also be derived from subtle modifi-
cations of self-molecules, and there are potential strategies that
can leverage differences in antigen density between tumor cells
and normal cells61. However, heterogeneity can be an issue, as
TAAs can be expressed at lower levels or even be missing from
subpopulations of tumor cells. Most importantly, tumor cell
populations are quite adept at evading immune detection and
employ a large array of mechanisms to do so62. These include
the downregulation of the expression of TAAs themselves,
production of immunosuppressive molecules and/or recruiting
immunosuppressive cells, and a tumor microenvironment
metabolically hostile to T cell activation and functionality53. An
ideal tumor antigen would allow tumor cell targeting while
restricting this targeting to the tumor cell. A CAR-T cell TAA
may also be expressed in healthy tissues, which presents the risk
of “on-target/off-tumor” toxicity63. Thus, most CAR-T-targeted
antigens are not tumor ‘specific’ but tumor ‘associated’: even
though the antigens are expressed on tumors at high levels, they
exist in normal cells as well. As a result, “on-target/off tumor”
recognition may result in toxicity to normal tissues64.

CD19 is a favorable target in this regard, which is why it was
chosen in so many early CAR-T trials. CD19 is expressed only
on normal and malignant B cells. CD19 is expressed on nearly
100% of newly diagnosed ALL and B cell lymphomas. Off-
tumor cytotoxicity results in normal B cell aplasia, which in turn
results in hypogammaglobulinemia, the principal long term
toxicity of a persistent CD19 CAR-T product like CTL01965,66.
In addition to the favorable target profile of the TAA CD19,
there are other positive aspects of B cell malignancies and CD19
as CAR-T targets67. Liquid tumors, such as B cell ALL, provide
what may be an optimal environment for CAR-T function,
without negative regulatory factors such as high local levels of
transforming growth factor-beta and hypoxia, which are usually
associated with solid tumor microenvironments68. The CAR-T
cells have immediate access to all or most of the ALL cells
after infusion, leading to rapid responses and, possibly, more
rapid toxicity. Interestingly, DLBCL can be thought of as an
“intermediate” between a liquid tumor (like ALL) and a true
solid epithelial cancer, since lymphoma cells are often found
organized into nodal type masses. This may account for why
CRs occur in ALL by 30 days, while full responses in DLBCL
can take three months or longer9,69. One downside of CD19 is
that it can be susceptible to editing or downregulation, which
can lead to relapse as a result of CD19 antigen escape70,71.

Other TAAs can present more significant challenges, espe-
cially in the solid tumor setting. In a study conducted by Morgan
et al.72, targeting ERBB2 overexpressing tumors has led to the
failure of a patient because of respiratory distress secondary to
localization of a large number of CAR-T cells to the lung
immediately following infusion and, as a consequence, release
of inflammatory cytokines. This was thought to occur as a result
of the recognition of low levels of ERBB2 on lung epithelial
cells. These and similar results emphasize the importance of
antigen selection for overcoming on-target/off-tumor toxicity of
CAR-T cells. Considerable effort is being expended currently to
de-risk solid tumor TAAs before going into clinical trials, but
some interactions and some side effects only become apparent in
the clinical setting. Altogether, the intensity of reported events
ranges anywhere from manageable lineage depletion to severe
toxicity, including fatal outcomes in a small number of patients.
Upon overexpression of targets in tumors, affinity-tuned CARs
have shown increased tumor specificity73,74. Moreover, to raise
safety and specificity, various dual targeting strategies have been
generated. One such strategy is the modification of T cells with
two CARs, where CAR number 1 initiates killing by providing the
CD3z signal, and CAR number 2 delivers the co-stimulatory
signal75. When both of the antigens are recognized by the
CARs, activation of the CAR-T cell is also achieved. Furthermore,
inhibitory CARs recognize antigens expressed on non-tumor tis-
sues, and CTLA-4 or PD-1 are able to harness signals exerted by
natural T cell inhibition. This method, in preclinical mouse
models, has shown to protect healthy tissue from damage caused
by off-target effects76.
3.2. Tumor heterogeneity

Antigen heterogeneity is a significant limitation for all proposed
tumor-associated antigens in solid tumors. Heterogeneity is
variability in the expression of the antigen on the cells within a
given tumor77. Some cells can have low expression of the TAA,
while some cells may be negative for the TAA entirely. Because
of this, as a first step in developing a solid tumor, CAR-T is to
identify an appropriate and safe, solid TAA, but the second step

https://www.clinicaltrials.gov/


Table 3 A summary of various cancer antigens expressed by

different cancers.

Cancer Antigen

Ovarian cancer B7H690, natural killer group 2 member D

(NKG2D)91, human epidermal growth

factor receptor 2 (HER2)92, alpha folate

receptor (alpha FR)93, TNF-related

apoptosis-inducing ligand (TRAIL)

receptor 1 (TRAIL-receptor 1)94,

adhesion molecule L1-CAM (L1-CAM)

(CD171)95

Glioblastoma Interleukin-13Ra2 (IL13Ra2)96, AC13397,

type III variant of the epidermal growth

factor (EGFR)98, erythropoietin-

producing hepatocellular A2 (EphA2)99,

Prostate cancer Prostate-specific membrane antigen

(PSMA)100

Pancreatic cancer Prostate stem cell antigen (PSCA)101,

carcinoembryonic antigen (CEA)102

Neuroblastoma Disialoganglioside 2 (GD2), L1-CAM

(CD171)95

Breast carcinoma MUC-1103, chondroitin sulfate

proteoglycan-4 (CSPG4)104

Lung cancer EphA2105

Malignant pleural

mesotheliomas

Mesothelin106

Colon cancer TRAIL-receptor 1107

Hepatocellular

carcinoma

Glypican-3 (GPC3)108

Renal cell

carcinoma

Carbonic anhydrase IX (CAIX)57,109
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may be to deal with this issue of antigen heterogeneity78. For
example, although mesothelin is expressed on >90% of malig-
nant epithelial mesothelioma tumor cells, it is also expressed on
lower percentages of tumor cells in lung, ovarian, and breast
cancer79. Some CARs can bind to and be activated by antigens
that are expressed at very low levels. This is one way of dealing
with heterogeneity, but also increases the risk of “on-target/off-
tumor” toxicity. Furthermore, most tumor cells escape host im-
munity by the elimination of immunogenic epitopes. Hence, for
solid tumor treatment, identifying immunogenic and specific
tumor antigens could be necessary. The ability of CAR-T cells to
trigger antigen spreading and/or induce indirect tumor killing is
a key question highly relevant to the heterogeneity problem left
unanswered80.

Several surface antigens are variably expressed by tumor cells,
so TAA expression levels can be correlated with a failure of
achieving durable responses81. Epidermal growth factor receptor
(EGFR) is a transmembrane protein with cytoplasmic kinase ac-
tivity that belongs to the oncogene family ErbB and is expressed
in normal and tumor cells. In the clinical setting, EGFR upregu-
lation is associated with poor prognosis82. EGFRvIII is specif-
ically expressed on malignant tumor cells and contains a deletion
of the extracellular amino acids 6e273, which leads to constitu-
tive tyrosine kinase activity, eventually promoting tumor metas-
tasis83,84. EGFRvIII-CAR-T cells have the ability to kill
EGFRvIIIþ tumor cells and also produce effector cytokines, such
as interferon-g. EGFRvIII-CAR-T cells were shown to eliminate
glioma cells85. Sampson et al.86 showed that following CAR-T
cell therapy directed against EGFRvIII in syngeneic mice after
the treatment of brain tumors, the cured mice were resistant to the
re-introduction of EGFRvIII-negative tumors which represents the
generation of host immunity against additional tumor antigens. In
a clinical study of anti-EGFRvIII CAR-T cell therapy for glio-
blastoma, O’Rourke et al.87 noted a wide regional variation of
EGFRvIII expression in tumor samples after CAR-T cell therapy.
Most patients had a loss or decreased expression of EGFRvIII in
tumors despite no change in the degree of EGFR amplification or
other tumor mutations88. The study poses the question of whether
targeting EGFRvIII alone can provide durable clinical benefits or
whether antigen escape will negate the clinical impact79. This
may or may not be the case; therefore, the enrollment criteria for
CAR-T cell therapy trials need to include prescreening for the
intensity and percentage of target antigen expression on tumor
cells by immunohistochemistry and/or immunofluorescent tech-
niques. However, these criteria are hard to define prospectively
and may result in the need for a companion diagnostic, so the
argument can be made to allow patients with lower TAA
expression to enroll and then assess clinical responses. Moreover,
targeting of various tumor antigens concurrently or in combination
(above) could result in a better killing effect and potentially blunt
the appearance of target antigen-negative tumor variants.

At this point, at least 30 solid tumor antigens have been
evaluated; these include developmental or oncofetal antigens,
neoantigens (for example, mutated sequences), endogenous
tumor-specific antigens, and tumor-selective antigens (for
example, the low-level basal expression on normal cells, but the
enriched expression on neoplastic cells)89. Many of the tumor-
associated antigens, for instance, EGFR/EGFRvIII, HER2, mes-
othelin, IL-13Ra2, Carcinoembryonic antigen (CEA), CD171, and
GD2 identified are shown to be highly expressed by solid tumors,
thus further allowing for the use of CARs targeting multiple
antigens as combination therapies (Table 390e109). Antigens
resulting from somatic mutations on tumor cells are neoantigens,
which can be unique for each patient110 and serve as tumor-
specific antigens instead of TAAs. Since their expression is
restricted to tumor cells, they are highlighted as an ideal target for
CAR-T cell therapy, further minimizing the risk of destroying
healthy tissue. Researchers may design CARs targeting abnormal
tumor-specific oncogenic mutations or modified tumor-associated
antigens. For instance, a study introduced a new CAR unusually
targeting glycosylated tumor-associated MUC1111. In this case,
the Tn glycoform of MUC1 on tumor cells was specifically
recognized; however, these CAR-T cells did not bind to glyco-
sylated MUC1 normally. These studies showed that anti-MUC1-
CAR-T cells did not exhibit any cytotoxicity against normal
human primary cells112. Similar to this research was a study in
ovarian carcinomas reporting that CAR-T cells target MUC16,
routinely overexpressed in these types of cancer113. CEA is a 180-
kD cell surface glycoprotein expressed during developmental
growth; however, it is restricted in transformed cells and normal
adult tissues. Evidence of tumor eradication in mice has been
reported by CEA-CAR-T cells114. Preclinical studies demonstrate
that anti-CEA CAR-T cells can effectively target CEA expressed
in colorectal adenocarcinoma115 and pancreatic tumors116.
Another promising target for brain malignancy is the IL-13 re-
ceptor a2 (IL-13Ra2), which binds IL-13 with high affinity and
modulates its response. Mirzaei et al.79 and other researchers have
developed ligand-based CARs for the preferential recognition of
IL-13Ra2 over the more ubiquitously expressed IL13Ra1,
through the use of membrane-bound IL-13 muteins.
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3.3. CAR-T cell trafficking

There is a specific interconnection between tumors and sur-
rounding cells, characterizing the organization of tumor tissue.
This tumoretissue connection includes the immune system, for
example, the lymphoid and myeloid compartments, the extracel-
lular matrix, fibroblasts, vasculature, and signaling molecules.
Fibroblasts, blood vessels, and low nutrients conditions (such as
low oxygen and low pH) in surrounding tumors make therapeutic
delivery extremely difficult89,117.

Another important obstacle in CAR-T cell therapy of solid
tumors is the suboptimal trafficking of CAR-T cells to the tumor
site118. This trafficking is a dynamic process managed by an
interconnected network68. CAR-T cells require penetration into
the tumor tissue in order to kill tumor cells. Endogenous T-cells
are usually excluded from the tumor microenvironment; therefore,
a lack of penetration of CAR-T cells into the tumor has been seen
with many solid tumor CARs.

Local delivery of CAR-T cells into the tumor can enhance their
effectivity in therapy; however this is impractical in patients with
many metastatic lesions119. The successful application of CAR-T
cells in hematological malignancies is associated with the fact
that effector and tumor cells share hematopoietic origins, therefore,
causing a higher tendency for them to migrate to lymph nodes and
bone marrow120. In contrast, solid tumors secrete factors, including
chemokines (such as CXCL12 and CXCL5, growth factors, and
cytokines), which prevent effector T cells from infiltrating into the
tumors. Hence, whereas CAR-T cells are transferred intravenously
to gain access to hematologic malignancies in the periphery, most
solid tumors are not as easy to reach.

After infusion, CAR-T cells require migration to the blood cir-
culation, extravasation, and infiltration to the tumor site to initiate
their functions121. The extravasation of T cells is dependent on the
transendothelial migration of leukocytes and chemokines, their
interaction with specific adhesion molecules, firm adhesion, medi-
ating capture, and rolling behavior122. For effective therapy using
CAR-T cells and the enhancement of their migration to tumor sites,
various studies have shown the expression of receptors-matched
with tumor-secreted chemokines on CAR-T cells. Moon and col-
leagues123 revealed that the overexpression of CCR2b in anti-
mesothelin CAR-T cells led to a more than a 12.5-fold increase in
CAR-T cells homing toward mesothelinþ malignant pleural meso-
thelioma in mice, leading to improved anti-tumor effects. Another
study described that the expression of CCR2b on GD2-CAR-T cells
resulted in a more than a 10-fold increase in CAR-T cells migrating
to CCL2 secreting neuroblastoma cells124.

Myeloid cells and tumor fibroblasts have the ability to
contribute to pro-tumoral fibrotic extracellular matrix develop-
ment which may result in the interference of the penetration of T-
cells118. Also, T lymphocytes during extravasation constantly
degrade extracellular matrix (ECM) components as well as sub-
endothelial basement membranes125. This includes heparan sul-
fate proteoglycans (HSPGs), which constitutes the majority of the
extracellular matrix126. To facilitate CAR-T infiltration into the
tumor stroma, Caruana et al.127 developed CAR-T cells to over-
express the heparanase enzyme to degrade heparan sulfate pro-
teoglycans (HSPGs). The ECM is an integral component of the
stroma, and therefore, CAR-T cells attacking stroma-rich solid
tumors must be armed with enzymes to degrade HSPGs in order to
infiltrate readily into tumor stroma and exert anti-tumor effects.
The authors found that engineered CAR-T cells expressing hep-
aranase promote more efficacious anti-tumor activity127. These
studies support the concept that arming of CAR-T cells with a
chemokine receptor or ECM-degrading enzyme(s) could facilitate
infiltration into the tumor stroma and enhance anti-tumor efficacy.

Moreover, methods have been developed in the context of non-
CAR-T therapy, which may become beneficial in infiltrating the
physical barrier and supplementing CAR-T cell trafficking. In
polarized epithelial tumor cells, manipulation of JO-1 transiently
separated tight junctions, which caused an increased efficiency in
monoclonal antibody (mAb) treatments in xenograft tumor
models128.

Tumor endothelial cells express a variety of molecules,
including tumor necrosis factor (TNF)-related apoptosis-inducing
ligands, PD-L1, IL-10, transforming growth factor beta (TGF-b),
and indoleamine-pyrrole 2,3-dioxygenase (IDO), which may
contribute to immune suppression. Previous studies have high-
lighted that vascular targeting drugs can decrease endothelial
expression of immunosuppressive molecules and can specifically
reverse endothelial cell-induced exhaustion and further improve
CAR-T cell therapies.

3.4. CAR-T cell persistence

The administration of anti-HER2 CAR-T cells to patients with
sarcoma (up to 108 cells/m2) has demonstrated no evident toxic
effects but limited anti-tumor activity and T cell persistence. To
improve the persistence of adoptively transferred CAR-T cells,
Pule at al47. generated virus-specific CAR-T cells. By conducting
a phase I dose-escalation study, the team examined the safety and
efficacy of autologous anti-HER2 CAR virus-specific T cells in 17
patients with progressive glioblastoma. Although the CAR-T cells
did not expand, the cells were detectable in the peripheral blood
for up to 12 months. Of eight patients, one had a partial response
and seven had a stable disease. The median overall survival was
11.1 months after CAR-T cell infusion and 24.5 months after
diagnosis47. The results highlight the need for the improvement in
expansion and persistence of CAR-T cells. To boost CAR-T cell
survival, various studies have demonstrated that the local pro-
duction of IL-15, IL-7 and IL-12 could improve CAR-T cell
expansion, induce expansion of CAR-T memory stem cells and
prolong persistence in vivo by increasing the expression of anti-
apoptotic molecules, such as BCL-2129. Koneru et al.130 showed
that secretion of IL-12 by CAR-T cells could eradicate human
ovarian xenografts. The authors showed that IL-12-secreting
CAR-T cells display improved anti-tumor efficacy as described
by increased survival, prolonged persistence of T cells, and higher
systemic IFN-g. However, it should be pointed out that the authors
have measured the secretion of human IL-12 (P70) in the serum of
CAR-T cell-treated SCID-Beige mice (with normal macrophages
and dendritic cells populations) with established ovarian tumors.
Since SCID-Beige mice have normal macrophages and DCs
populations, and these cells are endogenous sources of mouse IL-
12 production upon tumor challenge, these mice could, in fact,
produce IL-12 after tumor challenge. The total concentration of
serum IL-12, therefore, consisted of both endogenous and exog-
enous IL-12, and it may not solely reflect IL-12 production by IL-
12-secreting CAR-T cells131.

3.5. Metabolic and physical barriers

Nutrient starvation is a second key factor inhibiting the prolifer-
ation of T-cells and the production of cytokines, due to glucose
limitation, other metabolites and increased levels of lactate
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(leading to acidosis). The deficiency of nutrients, especially amino
acids (such as arginine, lysine, and tryptophan) are able to activate
the integrated stress response, further regulating T cell activity132.
Though tryptophan cannot be synthesized, it is essential for many
biological functions. Tryptophan metabolism is catalyzed by IDO.
Myeloid cells and tumor cells can express IDO in the tumor
microenvironment, leading to T cell anergy, death, and also T-reg
accumulation. Researchers recently showed that IDO expression
could also inhibit CAR-T cells. In particular, Ninomiya et al.133

demonstrated that CD19 CAR-T cells were not able to manage
the improvement of CD19þ IDO-expressing tumors. In addition,
they showed that cyclophosphamide and fludarabine administra-
tion improved CAR-T cell effectiveness by decreasing IDO
expression. For malignancies resistant to immunotherapy and
chemotherapy, the combination of IDO inhibitors and CAR-T
cells may represent a valuable option.

3.6. Tumor-derived soluble factors and cytokines

In sera, published work has shown that the tissue extracts and
ascites fluids from cancer patients contain soluble immunosup-
pressive factors. PKA is the downstream effector of two immu-
nosuppressive factors: 1, PGE2 and 2, adenosine.

Many studies have reported the role of PGE2 and adenosine
molecules as key inhibitors of both the proliferation and activity of
T cells. Furthermore, various studies have reported the subversion
of CD8 differentiation through PGE as well as CD4 suppression.
Both these molecules elicit immunosuppressive effects through
the signaling of G-coupled receptors, further activating protein
kinase A134. TGF-b is a significant cytokine that negatively reg-
ulates the immune response. Cytokines involved in inflammatory
reactions in a tumor can act as a double-edged sword, either
inhibiting or bolstering the anti-tumor reaction. The ability of
TGF-b to enhance matrix production, promotes epithelial-to-
mesenchymal transition, manipulate immune responses towards
a Th2 phenotype, and finally promote metastasis, has direct
negative effects on the functions of effector T-cells135.

The tumor microenvironment can either suppress or overall
inactivate CAR-T cells, even upon successful trafficking to tumor
sites. So, in CAR-T cell studies, strategies named TRUCK (T cells
Redirected for Universal Cytokine Killing) are being developed.

The aim is for CAR-T cells to gain the capability of remod-
eling tumor microenvironment’s suppressive function by secreting
anti-cancer cytokines. Recently, several cytokines, including
interleukin (IL)-12136, IL-18137, and TNFRSF14 have been uti-
lized in TRUCK designs. IL-12 is an inflammatory cytokine able
to induce a Th1 (CD4þ) response, improve T-cell activation, be
cytotoxic to T cell (CD8þ) clonal expansion, and has effector
function. The ability of TRUCKs to change the tumor microen-
vironment and their utilization to deliver a range of cytokines
warrants further exploration138.

3.7. Immunosuppressive immune cells

Regulatory T cells (T-regs) are T cells that suppress immune ac-
tivity139 and regulate immune responses, including type 1 T-regs
and CD4þCD25þ T-regs, and its absence results in lethal auto-
immunity. FOXP3, a regulator of CD4þCD25þ T-reg transcription
factor, is highly expressed on T-regs, while TGF-b is essential for
its function140. Generally, T-regs are highly expressed at tumor
sites and in inflammation, where an immune reaction is regu-
lated141. Furthermore, T-regs can produce many
immunomodulatory cytokines such as TGF-b and IL-10 in order
to suppress the activity of T cells142. CD4þ/FOXP3þ T-regs are
known suppressors of T cell activity functioning through contact-
dependent mechanisms or IL-10 and TGF-b secretion. Since
selectively depleting T-regs are difficult, studying the effects of
them on therapy by CAR-T cells has been difficult. However,
some studies have been performed using either the adoptive
transfer of T-regs genetically or depletion approaches with CAR-T
cells143. Tumor regression in the tumor microenvironment was
accompanied by a decrease of myeloid-derived suppressor cells.
However, the role of MDSCs is in the modulation and mechanism
of increased anti-tumor activity remains to be seen144.

Altogether, it seems that modification of CAR-T cells by
different means such as using gene-editing tools, pharmacological
inhibitors and concomitant targeting of immunosuppressive
mechanisms will open new avenues for cancer immunotherapy
particularly in the treatment of solid tumors.
4. Production of CAR-T cells

The protocol to generate CAR-T cells follows specific quality
controlled steps, which must be performed with precision and
under Good Manufacturing Practice (GMP) conditions145. The
production of CAR-T cells is a multi-step process, including
leukapheresis to collect cells from the patient, T cell stimulation,
transfection or transduction, expansion, and extensive release
testing. After successful manufacturing, the patient undergoes
lymphodepleting chemotherapy to maximize cell engraftment and
expansion, followed by infusion146. Initially, leukapheresis
removes blood from the patient while separating the leukocytes,
which include T cells. Separation of T cells, where needed, can be
performed by bead selection or size/density centrifugation ap-
proaches (Fig. 2). The next phase is the activation of T cells,
harnessing signals which mimic T cell activation by antigen-
presenting cells (APCs). T cell activation consists of two sig-
nals, signal 1 (the primary specific activation signal delivered by
the T cell receptor) and signal 2 (co-stimulatory signals such as
those mediated by CD28, 4-1BB, or OX-40). Initially, ex vivo
culture systems involved anti-CD3 antibody and IL-2147. More
recently, the APC role can be more completely replaced by sub-
strates or beads coated with anti-CD3 and anti-CD28 monoclonal
antibodies, which provide both activation signals and better pre-
serve the proliferative phenotype required for in vivo CAR-T
function. Another T cell activation approach is the use of artifi-
cial antigen-presenting cells (AAPCs). The AAPCs or beads are
removed from the T cells at the end of the culture through mag-
netic separation148. The selection and generation of a favorable
manufacturing procedure for (GMP)-grade AAPC lines, due to its
complexity, requires additional resources. Currently, CAR-T
manufacturing introduces the CAR gene using viral gene trans-
fer systems. In a separate phase of manufacturing, the viral vector
encoding the CAR is incubated with T cells. Eventually, the vector
is diluted out of the culture and/or washed away through the
change of medium, and the vector is not infused into the patient.
For clinical applications, the vectors routinely used for stable gene
expression are g-retroviral vectors and lentiviral vectors. Lenti-
viral vectors compared to retroviruses are used with more reli-
ability and also transduce T cells more effectively; however, the
production of GMP lentiviral vectors is expensive, with limited
GMP manufacturing capacity currently available worldwide.
Various non-viral approaches, such as the Sleeping Beauty



Figure 2 Manufacture of autologous CAR-T immunotherapy for B-

cell ALL and NHL: T cells engineered to express a CAR, enabling

CAR-armed T cells to attack tumors.

1140 Hassan Dana et al.
transposon/transposase system, or mRNA transfection methods,
can also be used149,150. While the Sleeping Beauty transposon
system has been used in early phase clinical trials and is cost-
effective, their efficiency remains an issue. Transient mRNA
transfection is used for CAR-T cell generation; however, several
rounds of CAR-T cell infusion is required for this method to be
executed properly. During culture, the goal is to activate and
expand the gene-modified cells. In GMP manufacturing, culture
mixing is required to grow cells in large numbers, and optimal gas
exchange is a must. For this, bioreactor culture systems have been
designed, such as the GE WAVE, which is widely used for
expansion. This bioreactor uses a rocking platform further to
expand the CD19-targeted CAR-T cells151. For the expansion of
cells from low seeding densities, a relatively new platform is used
called G-Rex. The G-Rex is basically a cell culture flask con-
taining a gas-permeable membrane. The advantages of G-Rex
include the one time upfront feeding regimen, allowing for the
reduction of volume at harvest time, its low seeding density, and
the ease of using an incubator for cell growth152. Newer and more
modular technologies (such as the CliniMACS Prodigy) afford a
single device used for CAR-T cell manufacturing that accom-
plishes all phases altogether153. Owing to the multifaceted nature
of CAR-T cell products, a cautiously planned list of in-process
and release tests is essential to afford sufficient evidence of
identity, safety, purity, and potency. The identity of CAR-T cell
products is usually characterized by CAR surface expres-
sion143,154. Safety requires a lack of unsafe contaminations, such
as endotoxin, mycoplasma, replication-competent retrovirus or
lentivirus (RCR or RCL), and prevention of genotoxicity by
properly limiting the level of transgene integration. The purity of
the product depends, in part, on specified levels of CD3þ and
CARþ T cells. The impurities incorporated by initial patient ma-
terial and ancillary elements, such as undesired cell types, tumor
burden, and residual beads, have to be below certain specific levels
approved by the U.S. Food and Drug Administration (FDA)155. Up
to now, the potency of CAR-T cells is frequently determined by
in vitro cytotoxic T lymphocyte assays or interferon-g production.
Based on the nature of the specific product, further testing may be
essential. Setting up of a complete testing panel with the guidance
of the FDA in the early development phase is necessary for the
final commercialization of the product. Table 4113,149,151 recaps
selected CAR-T cell release tests using different genetic modifi-
cation methods. After the cells reach the numbers required for
clinical uses, they are collected, may be cryopreserved, and
transferred back to the clinical center for patient infusion.

5. TCR-T therapy

In the same way as CAR-T cell therapy, T-cell receptor-
engineered T cell (TCR-T) is a type of adoptive cell therapy
that uses genetically altered T cells to treat tumors156,157. In the
case of TCR-T, T cells are adapted to express a TCR capable of
interacting with a cancer-specific peptide-MHC (P-MHC). This
peptide can be a tumor-associated antigen (TAA) overexpressed
by the tumor or a neo-antigen, which differs from a wild-type
antigen through mutations that cannot be recognized through
self-tolerance mechanisms158,159. TCRs must be compatible with
human leukocyte antigen (HLA), recognizing P-MHCs, and
promoting cancer cell death160. While CAR-T cells act by
binding their receptor to the surface antigens of cancer cells,
comprising only about 28% of the antigens available, TCR-T can
bind to peptides originally secreted or located inside the cell,
expanding the range of tumor targets The selection of a specific
TCR can be performed by different approaches, usually
involving single-cell sequencing or clonal T cell analysis as the
final steps161e163.

Clinical trials indicate that TCR-T cells are more effective than
CAR-T cell therapy in solid tumors157,160,164. However, some
disadvantages are the limited number of tumor-specific TCRs, the
possibility of TCR chain cross pairing between the introduced and
endogenous TCR chains, and the need to match the patient’s
HLA157,159. Although CAR-T cells have a limited number of
antigens that can be targeted, they do not have this type of limi-
tation and can be used in all patients. In addition, the down-
regulation or loss of HLA can be a strategy of immune evasion by
malignant cells that can be a limitation of the therapy with TCR-T,
but not of CAR-T cells157. As an advantage, it appears that TCR-T
cells mediate the release of lower levels of cytokines, decreasing
the consequent risk to developing cytokine release syndrome when
compared to CAR-T cells165,166. Also, CARs do not have a self-
regulatory mechanism, while engineered TCRs and native



Table 4 CAR-T cell release tests in different CAR-T cell production methods.

Parameter Retroviral and lentiviral vector-based

method

Transposon/transposase-based method mRNA electroporation-based method

Safety #Gram stain, 7e14 day culture

#Mycoplasma (qPCR)

#Endotoxin level (cell lines PTC)

#Copies of transgene insertion

(qPCR)

#RCR/RCL (for RCR: marker-rescue

cell culture assay; for RCL: co-

culture on C8166 cells with

amplification and indicator phases)

##Gram stain, 7e14 day culture

#Mycoplasma (qPCR)

#Endotoxin level (LAL test)

#Gram stain, 7e14 day culture

#Mycoplasma (qPCR)

#Endotoxin level (LAL test)

Purity #%CD3þT cells (flow cytometry)

#%CAR-T cells (flow cytometry)

#Residual tumor burden (flow

cytometry)

#Residual beads (microscopy)

#%CD3þT cells (flow cytometry)

#%CAR-T cells (flow cytometry)

#Residual AAPCs (flow cytometry)

#%CD3þT cells (flow cytometry)

Identity #%CARþT cells (flow cytometry) ND ND

Potency #In vitro CTL or IFN-g secretion

(chromium release assay & ELISA)

ND ND

References 151 149 113

AAPC, artificial antigen-presenting cells; CAR, chimeric antigen receptor; CTL, cytotoxic T lymphocyte; IFN, interferon; RCL, replication-

competent lentivirus; RCR, replication-competent retrovirus, PTC, point to consider; qPCR, quantitative PCR; LAL, limulus amoebocyte lysate;

AAPCs, artificial antigen-presenting cells.

ND, not detected.
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TCRs, are subjected to the same mechanisms of activation and
auto regulation157. New exciting efforts have been applied to
produce non-MHC restricted TCR-T cells. The monomorphic
MHC class I-related protein (MR1)-restricted TCR that recognizes
cancer cells of different origins, being inert to non-tumor cells167

and the anti-cancer gd TCRs that recognizes metabolites over-
produced by cancer cells168, are attractive candidates to be used as
“off-the-shelf” TCRs.

In a systematic review, Zhang and Wang164 showed that there
is a general trend of increasing in the number of clinical trials
using TCR-T cells from 2004 to 2018. It is also clear from the
review that TCR-T cell therapy is a therapeutic tool relatively new,
compared to CAR-T cell160 and that there is still a long way to the
clinical application of this therapy. The vast majority (84%) of the
clinical trials examined by Zhang and Wang164 were performed on
solid tumors, possibly because CAR-T has already proven its ef-
ficiency in the treatment of hematological malignancies, while, as
evidenced by several studies, its effects on solid tumors have not
been so successful.
6. Conclusions and future directions

Cancer immunotherapy has been evolving on several fronts, most
heading in the direction of immune checkpoint blockade and CAR
T-cell therapy. CAR-T was the first genic therapy to be approved
by the FDA, and has an undeniable potency, especially for the
treatment of hematological tumors. Nevertheless, multiple factors
impact the efficacy of CAR-T therapy, including the type of CAR
structure, the quality of T cells infused and host-specific factors,
such as tumor heterogeneity and the tumor microenvironment.

The variable genotypic and phenotypic profiles presented by
malignant cells make their complete eradication a real challenge.
For a therapeutic strategy to be promising, in addition to its high
potency and low toxicity, it must act concomitantly on different
targets or regulating different mechanisms that favor tumor
regression. Therefore, the use of multi-specific CAR-T cells and
armored CAR-T cells, especially the ones able to induce on-target
immunomodulation, have more chances to induce robust clinical
outcomes. The importance of this approach can be seen by the
increasing number clinical protocols available based on CAR-T
cells that can release immune checkpoint blockade antibodies. The
release of bispecific T-cell engager (BiTE) by CAR-T cells is
another attractive alternative to improve CAR-T cells function
with low toxicity169. BiTE is a bispecific protein that has two
linked scFvs, one targeting a cell-surface molecule on T cells (for
example, CD3ε) and the other targeting a tumor antigen on ma-
lignant cells, resulting in T-cell responses and killing of tumor
cells170. There are some technologies, such as XTEN, where
bispecific T-cell engagers are bounded to a “polyethylene glycol-
like” tail, which can be cleaved by proteases present only in the
inflammatory tumor milieu, allowing the local delivery of BiTEs
with lower toxicity171. A possible release of bifunctional
checkpoint-inhibitory T cell engagers (CiTEs) by CAR-T cells is
also an exciting alternative to improve the functionality of CAR-T
cells172. We can also have an even more personalized therapy
since there are some clinical trials where the immunophenotyping
of the patient’s tumor defines the type of CAR-T cells that will be
produced (NCT03423992).

Patients treated with CAR-T cells can have some serious
adverse effects, such as tumor lysis syndrome and cytokines
release syndrome (CRS) that, despite manageable, can become
severe complications if not appropriately handled. On-target off-
tumor toxicity is also a concern, and some current approaches
allow specific CAR-T cell ablation, if necessary. Among them, we
can cite the insertion of a suicide gene into the CAR, for example,
the inducible caspase-9, which can be activated by a small drug
called rimiducid (AP1903), leading to apoptosis of CAR-T
cells173 or the co-expression of CD20 or EGFRt by the CAR,
sensitizing it to the treatment with rituximab or cetuximab,
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respectively174,175. Some designed CAR-T cells can be inhibited
when they bind to a specific antigen expressed only by healthy
cells, despite the simultaneous binding with their TAA175,
blocking off-target effects. A decrease in the dose used in CAR-T
studies is also a possible strategy to minimize off-target effects,
and a mathematical model has shown that using one-tenth and
even one percent of the current CAR-T doses used in pre-clinical
trials can lead to similar results176. Therefore, lower CAR-T doses
must be tested in pre-clinical and clinical trials.

The resistance to CAR-T cell therapies is a significant limi-
tation, commonly caused by loss or downregulation of TAA
expression. A recent paper has shown that CARs can induce
reversible antigen loss through a process called trogocytosis. In
this process, the TAA is transferred to T cells, impairing target
density on tumor cells, and promoting T cell killing and exhaus-
tion177. The reversion of the antigen loss processes must be
explored to counteract the resistance to CAR-T cell therapies.
Besides, circulating tumor cells can be collected together with
lymphocytes by apheresis, and the CAR can be transduced into
these tumor cells, binding in cis to the target antigen expressed by
the same cell, leading to tumor cell escape. This effect was seen in
a patient that relapsed nine months after CD19-targeted CAR-T
cell therapy178.

The treatment of solid tumors with CAR-T cells is a challenge
due to the immunosuppressive microenvironment of these tumors,
and the difficult CAR-T trafficking and persistence. CAR-T cells
have been adapted to express chemokines and cytokines, such as
CCR2123 or CCR2b124 alone, CCL19 associated with IL-7179,
improving transendothelial migration and intratumoral trafficking,
with prolonged survival and complete tumor regression in
different solid tumors. Besides, some enzymes that can, for
example, degrade the extracellular matrix compounds, such as
heparanase127, were also coupled in the second cassette of CAR
constructs, improving T cell infiltration and anti-tumor activity;
however, this approach raises some concerns due to its intrinsic
nonspecificity.

The costs and time involved in autologous CAR-T cell
manufacturing is another big issue, and the use of allogeneic
universal CAR-T cells made from healthy donors could make
these therapies more accessible to the majority of the population.
This option could also be useful in patients with lymphopenia or
dysfunctional T cells. The use of CRISPR or other gene-editing
nucleases to knock out HLA, as well as the endogenous TCR,
could eliminate rejection, graft-versus-host disease, and cross-
reactivity, dramatically reducing costs and time with a functional
allogeneic universal CAR T cell therapy180.

Most of the drawbacks of CAR-T therapy, including their
safety and efficacy, can be improved by using gene-editing
technologies and synthetic biology, which also implicate in
risks. The safety of the viral vector used for CAR-T cells must
be considered, since the integration of viral vectors can induce
insertional mutagenesis, disrupting tumor-suppressor genes or
activating proto-oncogenes, with ability to transform healthy
CAR-T cells in malignant clones. The use of non-viral vectors,
such as Sleeping Beauty transposonsdespecially the cassettes
vectorized as minicircles associated with mRNA trans-
posasedcan be an alternative to improve both safety and
costs181,182.

Moreover, the growing amount of information resulting from the
several clinical trials performed with CAR-T cells can also address
important questions regarding the safety and efficacy of genic ther-
apy, setting up new directions and opportunities for this field. There is
a very significant investment into CAR-T approaches by large
pharma, biotech startups, and many academic medical centers, much
ofwhich has been devoted to solving the current limitations ofCART
cell therapies.As rapidly as this field ismoving, the one predictionwe
can make for certain is that 5e10 years from now, the field will look
entirely different. We are just at the beginning.

7. Practice points

� In the clinical setting, CAR-T cells have shown particular effec-
tiveness in the treatment of B cellmalignancies, and some clinical
trials using anti-B cell maturation antigen CAR-T cells have
shown remarkable activity for the treatment ofmultiplemyeloma.

� The expression rates of the TAA target for CAR-T cell therapy
must be confirmed since they determine the therapeutic efficacy.

� Lymphodepletion ameliorates CAR-T cell performance in
most cases.

� Second generation CAR-T cells are the best studied in clinical
trials until now, and the 4-1BB co-stimulatory domain is
slightly superior for long-term results compared to CD28.
However, third-generation CARs combining both co-
stimulatory domains are superior in most pre-clinical studies.

� Armored CAR-T cells able to release immune checkpoint
blockade antibodies, BiTEs, CiTEs, enzymes, cytokines or
chemokines have been promising in pre-clinical and clinical
trials, improving the therapeutic efficacy of CAR-T cells
against solid tumors.

� The choice of non-viral vectors can be a safer and cheaper
alternative for CAR-T cell production.

� CAR-T cells are beyond cancer, with additional power to treat
autoimmune diseases and some viral infections, such as HIV,
hepatitis B, hepatitis C, cytomegalovirus as well as some
opportunistic fungus infections. Anti-HIV CAR-T cell therapy
is already on clinical trials183.

� The use of all-in-one closed systems, such as CliniMACS
Prodigy184 or similar for CAR-T cell production in clinical
scale may improve the feasibility of this therapeutic approach.
8. Research agenda

� Limited clinical efficacy has been seen for the treatment of
solid tumors with CAR-T cells, and the research in this field
must be continually refined and improved.

� The loss or downregulation of the TAA on tumor cells remains
an essential hurdle to the sustained effects of CAR-T-based
therapies and strategies to block trogocytosis, and other
mechanisms related to antigen loss or downregulation might
increase the durability of CAR-T therapies, with consequent
better outcomes.

� The search for more specific TAAs must go on.
� Better manufacturing processes to reduce time and costs for
CAR-T cell production are necessary.
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