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Chimeric antigen receptors (CARs) are recombinant antigen receptors located on T lymphocytes or other immune

cells that redirect their specificity and functions.
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1. Introduction

The moieties used to bind to antigen fall in three general categories: (a) single-chain variable fragment (scFv)

derived from antibodies; (b) antigen-binding fragment (Fab) selected from libraries or (c) nature ligands that

engage their cognate receptor. The main rationale behind the use of CAR receptors in cancer immunotherapy is

the rapid production of tumour-targeting T cells, bypassing the barriers and incremental kinetics of active

immunisation . The CAR-modified T cells acquire unique properties and act as ‘living drugs’ that may result in

short-term, as well as long-term effects . There are four generations of CARs used in clinical practice. The core

structure of all four generations is an extracellular antigen recognition region with scFv, which is responsible for

immunogenicity, affinity and specificity . With scFvs, CARs can target specific cells and trigger downstream

signals. Fragments of scFvs derive from an antigen-specific monoclonal antibody (mAb) . The receptor’s

extracellular domain originates from a cluster of differentiation CD4 and CD8. The transmembrane domain is

usually derived from CD8, CD3-Ϛ (zeta), CD28 and intracellular tail including members of the tumour necrosis

factor (TNF) receptor family, 4-1BB (CD137), OX-40 and CD27, has been incorporated to second and third

generation . The fourth generation of CARs is also called TRUCK T cells and was engineered to induce cytokines

production, for example, IL-2, IL-12, IL-15 or granulocyte-macrophage colony-stimulating factor (GM-CSF) . The

green fluorescent protein (GFP) is a protein that exhibits bright green fluorescence when exposed to light in the

blue to ultraviolet range. It can be added to every generation of CAR in term to estimate its specificity to bind target

antigen via fluorescence microscope. Figure 1 represents the structure of CARs.
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Figure 1. Four generations of CARs. V —light chain variable domain, V —heavy chain variable domain, scFv—a

single-chain variable fragment, spacer—protein fragments fused together, CD8—transmembrane protein, OX-40—

also known as CD134 glycoprotein receptor, tumour necrosis factor receptor superfamily, 4-1BB—glycoprotein

receptor tumour necrosis factor receptor superfamily, CD3Ϛ—protein complex and T-cell co-receptor that is

involved in activating both the cytotoxic T cell and T helper cells, FcRγ—receptor for inducing phagocytosis, CD28

—a protein that provides costimulatory signals, eGFP—enhanced green fluorescent protein, Il-2—interleukin 2

(cytokine), GM-CSF—granulocyte-macrophage colony-stimulating factor.

Eshhar et al. designed structures that specifically recognise and respond to the antigen without signalisation of

major histocompatibility complex (MHC) . Unfortunately, first-generation CARs proved to be of limited clinical

benefit because of failure in directing T-cell expansion upon repeated exposure to the antigen . The 4-1BB ligand,

CD137L is found on APCs (antigen-presenting cells) and binds to the 4-1BB superfamily, which is expressed on

activated T Lymphocytes . Savoldo et al. proposed incorporation of one stimulatory domain CD28 or 41BB to the

second-generation CARs . Third-generation CARs were formed by the incorporation of two or more

costimulatory domains. On the other hand, their clinical effect in comparison to second-generation remains

controversial . The fourth-generation was developed to redirect T cells for universal cytokine killing, via the

addition of an IL-12 expression cassette. IL-12 can accumulate in the target tissue and recruit a second wave of

immune cells, e.g., NK cells, macrophages .

2. How Are CARs Engineered?

Scientists use several gene transfer methods to insert a specific gene into mice or human T lymphocytes. These

methods differ in the expression levels and stability of mentioned CAR-T cells. In general, there are two main

approaches in immune engineering: viral and non-viral . Viral vectors have high infection rates; however, their
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production is costly and laborious. Moreover, there are also other challenges related to immunogenicity,

carcinogenicity, low target cell specificity and inability to transfer large size genes. On the other hand, non-viral

vectors can be relatively easy and cost-effectively produced. They are safe, can transfer large size genes and are

less toxic. Their main disadvantages are low transfection efficiency and poor transgene expression . Having

considered the above, in this group, only the Sleeping Beauty (SB) transposon/transposase system with clustered

regularly interspaced short palindromic repeats (CRISP/Cas9) has great potential . Table 1 below lists the

characteristics of different engineering methods of CARs.

Table 1. The characteristic of different engineering methods of CARs.

Genetic
Approach Methods StructureStudy Target Advantages Disadvantages Source

Viral

Retroviral vectors ssRNA
in

vivo
only

mitosis
substitutability↑

insertional
mutagenesis↑

titre vector
production ↑

Lentiviral vectors ssRNA
in

vivo
entire
cycle

integration ↑
risk of

insertional
mutagenesis ↓

possible
insertional

mutagenesis↑
presence of
regulatory

proteins in the
packaging
construct
transient

expression of
the transgene

with integration-
defective
vector↑

Adenoviruses dsDNA
in

vivo
entire
cycle

toxicity↓ integrity↓

Adeno-associated viral
vectors

ssDNA
in

vivo
entire
cycle

infection
efficiency ↑

gene
expression ↑

internalisation ↓
endosomal
trafficking↓

nuclear import↓

Nonviral
Liposome-mediated

gene transfer
lipid n-
layer

in
vitro

entire
cycle

condensation
of DNA ↑
infection

efficiency ↑

transfection
efficiency↓

Messenger RNA-
mediated gene

transduction

ssRNA in
vitro

entire
cycle

insertional
mutations ↓

potential
malignant

instable, non-
biocompatible↓

low
biodegradability,
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Genetic
Approach Methods StructureStudy Target Advantages Disadvantages Source

transformation/
genotoxicity ↓
off-tumour, on-

target side
effects ↓

low efficacy↓
toxicity at high

dose,
difficult

preparation,
low

transformation
efficiency↓

Sleeping Beauty
transposon/transposase

system

plasmid-
plasmid

in
vivo

entire
cycle

integration ↑
insertional

mutagenesis ↓

A CAR intervention example of a mechanism in patients is shown in Figure 2.

Figure 2. Transduction of a gene encoding a CAR in T cell via a retroviral vector or a CRISP/Cas9 tool .

The SB transposon system requires only two components: transposon DNA and transposase enzyme . The

most efficient way to deliver selected components into the target cell is the classical two-plasmid configuration: one

for SB transposase and other for an artificial transposon flanked via terminal inverted repeats (TIR) on both sides

of a vector . This system also takes into account the origin of replication component and antibiotic resistance

gene of choice. To setup transposon into the target cell, transfection or electroporation can be used . To

eliminate toxicity effect and decrease the immunogenic reaction of DNA transfection, it is best to use the current

state-of-the-art delivery methods, messengers mRNA or minicircle DNA (MC) . The SB’s production

disadvantages are poor protein stability, low solubility and aggregation properties; however, incorporation of two
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mutations I212S and C176S into SB100X transposase improves these features . A recent study indicates that

using a catalytically inactive Cas9 (dCas9) with single-guide RNA approach may facilitate genetic material insertion

into a genome . Cas9 is a dual RNA-guided DNA endonuclease enzyme that uses base pairing to recognise and

cleave target DNA with complementarity to the guide RNA, such as invading bacteriophage DNA or plasmid DNA

. Tethering the transposase toward a target that is overexpressed in the human genome dramatically increases

the number of possible attach points and thus induces chances of targeted transposition with a flexible and easy-

to-use RNA-guided system . Pilot studies have indicated that SB is a safe and effective tool to manufacture

therapeutic CAR-T cells in cancers .
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