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 Abstract  

Purpose: The aim is to review the current advances in designing safer and 

more efficient CAR-T cells and discuss the future research possibilities for 

the treatment of both hematological malignancies and solid tumors. 

Study Design: An extensive review was carried out on the basic structure of 

CARS, current advances to design safer and more efficient CAR-T cells, and 

future research possibilities for the treatment of both hematological 

malignancies and solid tumors. 

Results: Encouragement of chimeric antigen receptor-T (CAR-T) cell 

therapy as one of adoptive immunotherapy is increasingly important in 

recent years. Its preparation is based on thegenetic modification of 

individual T cells. The innovation of the functional intracellular signaling 

domain is a critical part of the genetically modified T cells and requires a 

long journey of development that has resulted in several improvements in the 

safety and effectiveness of CAR-T cells. CAR-T cell therapy can be modified 

rapidly and has great and strong application potential according to a large 

number of global clinical trials. This article briefly describes the basic 

structure and design of CARs and discusses current trends in the 

development of safer and more efficient CAR-T cells for the treatment of both 

hematological and solid malignancies and looks forward to future research 

possibilities. 

Conclusion:  It is concluded that conclude that the prospect of this 

technology lies in CAR-T cell engineering which can overcome aggressive 

TMEs and recruiting an endogenous tumor response. The final task for 

researchers in this field is to carry out clinical trials and secure the funding 

needed to complete their clinical trials. This immunotherapy continues to 

progress and more records of successful malignancy eradication occur. 

 

1. Introduction 

              The growing incidence of malignant tumorhas increased worldwide that threatens 

individual healthand society in both respects. Management approaches have shifted from 

traditional medicine including surgery, radiotherapy, and chemotherapy to adoptive 

immunotherapy that demonstrates greater efficacy and precision. Treatment using 

immunotherapy provides different techniques such as monoclonal antibodies (Mab), 

therapeutic vaccines, immune checkpoint inhibitors, and adoptive cell transfer (ACT) like T 

cell receptor (TCR) expressing T cell infusion and chimeric antigen receptor (CAR) 

expressing T cell infusion. Recent years have seen many improvements in thedevelopmentof 

CAR-T cell therapy very speedily (Ott et al., 2017; Hoos, 2016; Hedrick, 1993 and 

Mitchison, 1955). The main role of CAR-T cells is to help the patient's immune system to kill 

http://bcsdjournals.com/index.php/jsrmbs
https://doi.org/10.47631/jsrmbs.v2i2.%20234
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87 

Copyright © 2020-2021, Journal of Scientific Research in Medical and Biological Sciences (JSRMBS),  

Under the license CC BY- 4.0 

 

cancerous cells. The engineering of CAR-T cells to kill cancerous cells is performed by 

modification of an individual'sT cells. Simply, each CAR-T cell has a single-chain, 

extracellular variable fragment (scFv). It functions as a specific antigen receptor that enables 

the identification of a particular antigen directly without any need for a major 

histocompatibility complex (MHC). CAR-T cells have a wide range of applications 

inhematological cancers management (e.g., B-cell acute lymphoblastic leukemia (B-ALL), B-

cell non-Hodgkin lymphoma (B-NHL), B-cell chronic lymphoblastic leukemia (B-CLL), and 

multiple myeloma (MM) (Locke, 2017; Turtle et al., 2017; Ali et al., 2016; Tang et al., 2016 

and Porter et al., 2015), and have proven impressive effectiveness.  

                 Food and Drug Administration (FDA) has approved Anti-CD19 CAR-T cell 

therapy for the treatment of relapsed / refractory B-ALL and diffused large B cell lymphoma 

(DLBCL). The progression in CAR-T cells is not only in the research sector that is being 

tested in a handful of research centers but has extended to the commercialized 

immunotherapy that is now incorporated into the standard cancer care. Despite this 

advancement, there are some significant challenges still facing CAR-T cells such as restricted 

usage in certain forms of B-cell malignancies with no extension to other hematological 

cancers and solid tumors. In addition, with impressive results n the remission rate, relapse or 

resistance to CAR-T cells may happen (Park et al., 2018). In this review, we discuss the basic 

structure of CARS in brief. Also, we throw more light on current advances to design safer 

and more efficient CAR-T cells and look forward to future research possibilities for the 

treatment of both hematological malignancies and solid tumors.  

Chimeric Antigen Receptors (Cars) Structure 

As shown in Figure 1, four major pieces are mainly incorporated in chimeric antigen 

receptors (CARs). They are theantigen-binding domain, hinge, transmembrane domain and 

intracellular signaling domain.  Each of these compartments has an important specific role. 

Researchers can optimize the molecular design of CARs by performing different 

combinations between these domains (Bailey andMaus, 2019). 

Antigen-binding domain has anextracellular location for the identification ofthe target 

antigen and precisely redirects the CAR-T cells as shown in Figure 1. Conventionally, the 

antigen-binding domain contains two variable domains, the variable heavy chain and the 

variable light chain of monoclonal antibodies. Both domains are connected by a dynamic and 

flexible linker to be a single–chainvariable fragment (scFv)(Dwivediet al., 2019). (Gly4 Ser) 

3 peptide is considered the typical flexible linker that uses glycine residues to supply more 

flexibility in addition to serine to supply solubility to a tightly folded scFv for identifying and 

binding with the target cancerous cell surface antigen (Zhang, 2014). Thereby, the activation 

of T cells is depending on CARs with no need for major histocompatibility complex (MHC) 

as usual. Both MHC-dependent T-cell receptors (TCR) and mimic CARs enable intracellular 

tumor-associated antigens (TAAs) to be recognized (Rafiqet al., 2017; Inagumaet al., 2014; 

Oren, et al., 2014 and Zhang, 2014). Moreover, CARs are equipped with scFvs that can 

connect to soluble ligands including transforming growth factor-β (TGF β) in the tumor 
microenvironment (TME) leading to the transformation of the immunosuppressive signal 

typically found in solid tumors into a powerful T cell activator (Chang et al., 2018). 



88 

Copyright © 2020-2021, Journal of Scientific Research in Medical and Biological Sciences (JSRMBS),  

Under the license CC BY- 4.0 

 

Construction of single-chain variable fragment (scFv) is commonly from murine or human 

monoclonal antibodies. CARs also may be constructed to produce nanobodies which main 

smaller antibodies (Xie et al., 2019). Particularly, CARs engineering may have several effects 

on CAR-T cell function that may be achieved by using different single-chain variable 

fragments (scFvs) that target the same protein with the same affinities. Also, choosing the 

target cancerous cell surface antigen is a crucial factor in identifying the ideal scFv for 

optimization binding of CARs with them.  

There are also alternative antigen-binding domains for CARs using other molecules 

than scFv. When cytokines bind to intracellular signaling domains, they are called zetakine 

CAR-T cells, forexample, those targeting IL13 receptor α2 (IL-13Rα2) via membrane-bound 

IL13 linked to the intracellular signaling domain such as 4-1BB and CD3ζ. It has been 

extensively tested in many clinical trials. Also, many preclinical and clinical trials studied 

ligand related CARs along with a wide range of malignancies (Brownet al., 2016). More 

recently, CAR-T cells with peptide domains developed de novo to respond to several antigens 

and illustrated preclinical efficacy such as designed ankyrin repetitive proteins (DARPins) 

targeting HER2 (Hammillet al., 2015 ), or adiponectin peptides derived from human 

fibronectin targeting EFGR tenth type III domain(Han et al., 2017).  

Hinge and Transmembrane Domains:  

 

The critical role of CARs' hinge and transmembrane domains is to connect the 

extracellular (antigenic binding domains) portion to the intracellular (signaling domain) 

portion. The hinge domain also plays an important function in providing the necessary 

flexibility to deal with steric hindrance and sufficient length to meet the target cancerous cell 

surface antigens. The composition and length of thehinge region can influence on binding and 

signaling antigens via the CARs (Jensen &Riddell, 2015). In addition, the production of 

cytokines by CAR-T cells and the activation-induced cell death (AICD) are also affected with 

the hinge and transmembrane domains features. Whereas the hingedomain spacer provides 

access to proximal antigen epitopes of the CARs membrane, it diminishes the function of 

CAR-T cells. In designing of hinge domain, amino acid sequences are often used such as 

CD8, CD28, IgG1, or IgG4 as shown in Figure 1, Although interaction can occur between 

some of the IgG-derived peptides and Fcγ receptors (FcγRs) contributing to thedepletion of 

CAR-T cells, thereby clinically decreasing their persistence (Hombach et al., 2010). 

The transmembrane is primarily from proteins of type I like CD3ζ, CD28, CD4, or 

CD8α as shown in Figure (1). The transmembrane domain feature gives stability for the 

CARs. Using CD28 as a transmembrane domain rather than CD3ζ provides more stability to 

CARs for example. On the other hand, using CD3ζ primarily as a transmembrane domain 

facilitates thedimerization of CAR and incorporation into endogenous T cells. In particular, it 

has been found that using CD8α as a hinge and transmembrane domain releases less IFNγ 
and less TNF. CARs containing CD8α are less susceptible to activation-induced cell death 

(AICD) than those containing CD28 as a hinge and transmembrane domain (Alabanza et 

al.,2017).  

 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Hammill%20JA%5BAuthor%5D&cauthor=true&cauthor_uid=26673402


89 

Copyright © 2020-2021, Journal of Scientific Research in Medical and Biological Sciences (JSRMBS),  

Under the license CC BY- 4.0 

 

Intracellular Signaling Domains: 

 

  Thefourthportion of the CAR is the intracellular signaling domain. This consists of an 

activation domain, as seen in Figure (1), and a co-stimulating domain(s). Activation of CAR-

T cells is mainly through motifs of activation based on CD3ζ-derived immuno-receptor 

tyrosine. Such motifs induce signals individually as insufficient to induce successful T-cell 

responses resulting in T cells limitation in activity and persistence in vivo (Brockerand 

Karjalaine, 1995).  For optimizing T cell activity and persistence, The co-stimulatory signal is 

needed. In addition to the activation domains, co-stimulatory domains make CAR-T cells 

produce IL-2 and can proliferate by repeated antigen exposure (Maher et al., 2002). CD28 

and 4-1BB (CD137) are widely used as the domains of co-stimulation.  Recently, FDA has 

approved CAR-T T cell products that containing either CD28 or 4-1BB (CD137). Despite 

each of these domains has different features, both are associated with high clinical response 

(Sadelain et al., 2017).  

For metabolic properties, CAR-T cells with CD28 domains differentiate into T 

effector memory cells that primarily use aerobic glycolysis, but CAR-T cells with 4-1BB 

differentiate into central memory T (TCM) cells that have enhanced biogenesis of the 

mitochondria and oxidative metabolism (Kawalekaret al., 2016). CAR-T cells containing 

other co-stimulatory domains such as MYD88 and CD40 (Mata et al., 2017), OX40 (CD134) 

(Hombach et al., 2012), inducible T-cell co-stimulator (ICOS)(Guedanet al., 2014), CD27 

(Song and Powell, 2012), and killer cell immunoglobulin-like receptor 2DS2 (KIR2DS2; 

coupled with co-expression of TYRO protein tyrosine kinase-binding protein, also known as 

DAP12 (Wang et al., 2015) have shown functionality in preclinical trials but have not yet 

been entered in clinical trials. 

Based on the CARs domains, researchers are engineered CAR-T cells in various ways 

to enhance the safety, efficacy, and durability of CAR-T cell therapies, and the clinical 

response of CAR-T cells in patients. They also seek to perform wide-ranging CAR-T cell 

therapy for several malignancies, and boost the manufacturing cycle of CAR-T cells. 

 

 

Fig. 1: Chimeric antigen receptors (CARs) design (Rafiq et al., 2019). 

 

CAR-T cell Therapy Design 

CAR-T cell designing is performed based on platforms for gene transfer that have to 

be safe, effective, and highly stable. The preparation of CAR-T cells is occurred by isolation 
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of autologous T cells using leukapheresis followed by harvesting and genetic modification of 

the patient’s T cells outside the body, using viral and non-viral transfection methods. The 

proliferation of modified T-cells happens throughout theculture. Following CAR-T cell 

development and the passage of quality assurance tests, the patient mostly administrated 

lympho-depleting chemotherapy before CAR-T cell infusion (Gross et al., 1989). 

For the variable monoclonal antibody fragment (scFv), it is derived from mouse 

monoclonal antibodies (mAbs), humanized Abs, or entirely human Abs. The main role of this 

variable monoclonal antibody fragment (scFv) is to recognize and bind to tumor-associated 

antigens (TAAs), which aredemonstrated on the surface of cancerous cells. TAAs may be 

unprocessed antigens, as well as carbohydrates orglycolipids. Unlike ordinary TCRs, this 

identification is not depending on thepresentation of antigens via the MHC (Schmidt-Wolf et 

al., 1991). For bypassing the restrictions on MHC I and MHC II, CAR-T cells of each CD8 + 

and CD4 + subset may be recruited for redirecting the identification of the target cell. The 

mechanism of CAR-T cell therapy for elimination of cancerous cells via redirected CD4 + 

and CD8 + T cells is primarily used in cytolysis as a minimum of two pathways 

includingperforin and granzyme exocytosis, and to some extent, death receptor signaling via 

Fas / Fas-ligand (Fas-L) or TNF / TNF-receptor (TNF-R). The IgG1 hinge region is the 

simplest kind of a spacer. It is sufficient for many scFv-based constructs (Zhanget al., 2015). 

Since 1989, four generations of CAR-T cells have been developed depending on the 

intracellular domain structure (Schmidt-Wolf et al., 1991). First-generation CARs include the 

ζ chain of complex TCR / CD3 (CD3ζ).  
For maximum T-cell activation, the second generation of CARs are characterized by 

double signals: one activated by antigen recognition and one acts as a co-stimulating 

molecule such as CD28/B7, the advantages of the second generation of CARs are promoting 

the development of IL-2 for optimum activation of T-cells and preventing apoptosis (Zhonget 

al., 2010). The third generation of CARs boosts responses by integrating sequences of co-

stimulating signals in conjunction with CD3ζ (i.e. OX40 (CD134), CD28, 4-1BB (CD137), 

CD27, DAP10 or other molecules) (Priceman et al., 2015). The advantage of using several 

co-stimulatory signals in combination is to enhance the efficacy of CAR-T cells by increasing 

cytokine production, T-cell proliferation, and killing within the context of recursive antigen 

exposure (Sadelain et al., 2010). Clinically, third-generation CARs did not display 

competitive advantages over patient results as compared with second-generation CARs. This 

is a tentative finding despite the limited number of cases being investigated. Consequently, 

there is still a need for more clinical trials to explore the safety and efficacy of third-

generation CARs (Yu et al., 2017).  

The design of CARs is still in need for more development to reach redirecting CAR T-

cells for universal cytokine killing (TRUCK). TRUCK cells promote the release of transgenic 

products such as IL12 or IFN-γ. IL12 can stimulate innate immune responses against 
cancerous cells that have not been identified by CAR T-cells.IFN-γ can kill the cancerous cell 
surface antigens independently via the IFN-γ  R that is located in the tumor stroma as seen in 

Figure (2) (Miliotouand Papadopoulou, 2018). Biphasic CAR, also known as tandem CAR 

(TanCAR), is a single transgenic receptor thatcan recognize two specific antigens. It offers 

synergistic tumor cell destruction and enhanced effect. The recognition domains of the two 

distinct antigens are tandems and separated by a flexible hinge. This architecture is for 
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preventing the escape of cancerous cells and the loss of antigens. In case of one target antigen 

is down-regulated or mutated; TanCAR remains successfully acting and maintains the CAR-T 

cells' cytolytic activity (Grada et al., 2013). Kloss et al.(2013) and Wilkie et al.(2012) 

developed dual specific CARs to enhance the cancer specificity. By the co-expression of two 

distinct CARs within the same CAR-T cell population, complementary signals are provided 

as each recognizes a different cancerous cell surface antigen. This concept may be used as 

"tumor barcoding" and destroys only the two positive cancerous antigen cells. These CAR-T 

cells include CARs which provide suboptimal CD3ζ-mediated activation when one antigen is 

binding and a chimeric co-stimulatory receptor contains only CD28 and 4-1BB which 

recognizes a second antigen. This strategy provides more precision for CAR-T cells, avoids 

off-target effects, and guarantees maximum activation of T cells as soon as they reach dual 

CAR targets. Double universal CARs program is another possible solution. This system 

contains CARs with scFv for avidin (Urbanska et al., 2012) or scFv for anti-fluorescein 

isothiocyanate (FITC)(Tamada et al., 2012). 

CAR-T cells are capable to identify the same antigen on both tumor and off-target 

tissues. They can be restricted only to cancerous cells by using an antigen-specific inhibitory 

CAR (iCAR). This is inserted into the T cells to protect healthy tissues from off-target 

influences. Therefore, these CAR-T cells will selectively restrict cytokine secretion, 

cytotoxicity, and proliferation (Junejaet al., 2017; .Dai et al., 2016 and Fedorovet al., 2013). 

The dual action of this form of CAR-T cell therapy and inhibitor checkpoint blocking through 

the use of antagonistic antibodies against the negative CTLA-4 and PD1/PD1-L regulators 

has huge potential as the main blockage of the immunosuppressive pathway PD-1 

significantly improved the role of anti-HER2 CAR-T cells leading to cancer eradication in 

immune-competent HER2 transgenic mice (John et al., 2013). 

 
Fig. 2: CAR-T cell generations, first-generation CARs signaled only via the CD3 chain, second-

generation CARs additionally integrate a signaling domain from a co-stimulating molecule, for 

example, CD28 or 4-1BB and third-generation CARs have two co-stimulating signaling domains in 

combination with the CD3 chain (Miliotou and Papadopoulou, 2018). 

 

Genetic Engineering Methods Used in The Development Of CAR-T Cells 

From the1970s up till now, CAR-T cell genetic engineering has been continuously 

modifying from basic physical-chemical laboratory approaches to viral and non-viral 

techniques of transfection to achieve high transgenic expression with less harmful or 
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oncogenic adverse effects. CAR-T cells basic architecture can be performed using several 

techniques of gene transfer relevant in clinical practice. It includes methods for viral 

transduction, transposons and mRNA transfection, in addition to nanoparticles, liposomes, 

electroporation or the use of CRISPR / Cas9. This review describes the benefits and 

disadvantages of these approaches.  

Viral Transduction:  

Actually, viral transductions are the most commonlyfavored approach for engineering 

CAR-T cells. It is performed by using retroviruses (lentivirus and ÿ-retrovirus), adenoviruses 

and adeno-associated viruses. By the way, Retroviridae family viral vectors are now the most 

widely used vectors for applications in gene therapy. The viral gene transfer vectors are 

mainly characterized by their relatively simple development and their capabilities to 

incorporate the genetic material stably into the host genome. Viral vector systems must fail to 

replicate, with no or minimal genotoxicity or immunogenicity to meet clinical safety levels. 

Because of retroviruses have two basic features, they are especially suitable for serving as 

gene transfer vectors. Firstly, much of the viral genome can be replaced with a transgene(s) of 

interest. Secondary, the viral genome is continuously incorporated into the transduction 

genome of host cells.  Moloney murine leukemia virus (Mo-MLV) as one of the ÿ-

retroviruses was the first to be successfully designed to act as advanced gene transfer 

packaging systems. The lentiviral vectors are also commonly used. They are based on the 

human immunodeficiency virus (HIV). The critical genes gag, polandenv (plus rev for 

lentivirus) are extracted from the viral backbone to become a CAR vector, then they are 

produced for viral development in trans, in helper plasmids. CAR transgene is used instead of 

certain viral genes. To achieve a stable virus-producing line of cells for large-scale 

development, a packaging cell line is transfected with the CAR transgene vector plus the 

helper plasmids (with gag, polandenv genes). For genomic integration, stimulated T-cells are 

inoculated with OKT3/CD28 beads, with retroviral particles. The virion core is released into 

the cytosol, and transported through the microtubules to reach the nucleus, according to the 

fusion of viral and host membrane. This method allows T-cell production, expressing high 

CAR levels. Transduction efficiency of the CAR transgene across viral vectors for 

retroviruses reaches up to sixty-eight percent, depending on the multiplicity of the infection 

(Piscopo et al., 2018 and Tumaini et al., 2013). 

The long terminal repeats (LTRs) are called the gene expression viral control core that 

acts as stimulator, promoter, initiation of transcription (capping), terminator of transcription, 

and signal of polyadenylation. Even though 3'LTR and 5'LTR have the same sequence, 3'LTR 

typically works in termination of transcription and polyadenylation but not as a promoter. The 

basis for one type of retroviral oncogenesis is focused on 5"LTR disruption and 3'LTR 

conversion to a promoter. Nowadays, the safety profile of these vectors is high, resulting from 

the limited deletion of the 3'LTR U3 region as well as the use of Cytomegalovirus (CMV) 

promoter to substitute the 5'LTR U3 region for starting the transcription. This technique 

greatly decreases the virus' transcriptional activity from the LTR. However, there is still a 

chance of insertional oncogenesis within the genome at random sites, and potential immune-

mediated toxicity, triggered by long-term persistence and engineered T cell activity. There are 

also limits on the size and number of genes that can be packaged and, in such vectors, and 
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under-efficacy. In particular, heterogeneous copy numbers can arise to T-cell populations 

with wildly variable cytotoxic abilities due to varying rates of cell surface expression 

(Cullenet al., 1984). There are other problems related to the processing of viral carriers that 

have huge production expenditures. Although the size of viral development was adequate for 

only clinical trials Phase I / II, a major obstacle would be cost-effective execution of virus-

mediated CAR fast and comprehensive clinical translation treatment. 

Transposons:  

                 Transposons are described as genetically dual moving pieces. One of them consists 

of one CAR plasmid (transposon) and another one is transposase plasmid. Such dual 

component vector systems (sleeping beauty (Jinet al., 2011) and piggyback (Manuri et al., 

2010)) can result in stable integration of a transgene. The basic mechanism of this system 

includes the transposase, which operates on inverted terminal repeats (ITRs) flanking the 

CAR sequence, Thus, the terminal-repeat (TA) dinucleotide sequence in the target cell 

genome is excised and subsequently inserted. DNA plasmids that hold both the CAR (as the 

transposon) and the transposase are electroporated into T-cells. The CAR protein is expressed 

on T cell surface following transposition and stable genomic integration. Transposon-

mediated CAR therapy is considerably more reliable, less toxic when transfected into human 

cells, with reduced production costs and faster preparation compared to traditional plasmids. 

Monjeziet al. (2017) designed CD19 CAR-T cell therapy using non-viral Sleeping Beauty 

Stable conversion of CAR genes from supercoiled, minimal DNA vectors called Minicircles 

(MCs). The integrants of MC-derived CAR transposons were noticed into genomic safe 

harbor loci, reducing the risk for insertional mutagenesis and genotoxicity in comparison with 

LV-derived CAR, incorporating highly expressed and cancer-related genes. The piggyback 

mechanism tends to have a higher gene transfer efficiency comparing with sleeping beauty. It 

has close proto-oncogenes and without even proto-oncogene incorporation. It also generates 

usable CAR-T cells, though the clinic has not yet tested them (Oldham &and Medin, 2017).  

CRISPR/Cas9:  

              The scientific community's attention was shifted to methods of genetic "editing” at 
the start of 2000 by innovating Zinc finger (ZFNs) and nucleoside transcription activator-like 

effector nucleases (TALENs). ZFNs and TALENs are chimerical, adapted restriction 

enzymes engineered for different genetic sites, and accustomed sites as safe havens. This 

technology has been performed to date in CAR therapy to knock out the endogenous TCR 

receptor in allogeneic T cells, which may prevent undesirable graft-versus-host disease 

(GvHD), although the CAR transgene was virally transfected (Cellectis-UCART19) 

(Cellectis, 2027 and Qasimet al., 2017). In addition, genome editing strategies may be 

implemented to avoid or postpone the patient's immune system's rejection of CAR-T cell 

therapy by suppressing or reducing the expression of histocompatibility antigens on donor T 

cells. CRISPR / Cas9 technology was considered the breakthrough in the genetic "editing" 

process. The Type II CRISPR Cas9 protein is primarily used by a short guide to RNA 

(gRNA), where it functions as an endonuclease, to attack any region in the genome. The 
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endonuclease may be transmitted by liposome-mediated transfection, electroporation, 

chemical transduction or as part of a viral genome (DeWitt et al., 2017) in the form of Cas9 

protein / gRNA ribonucleoprotein (RNP) (Liang et al., 2015); and in the form of a plasmid 

that is guided by either U6 and H1 promoters to transcribe mammalian cells after 

transfection. In the following step a plasmid-shaped donor template is applied to fuse the 

desired transgene via homology-directed repair (HDR). In addition, a non-viral alternative 

approach is applied through nanomaterials. One such technique relies on the biotin-

streptavidi and the transportation and binding of human cells from the donor to the Cas9 

transformed templates, the gene transfer levels is more than traditional methods by up to five 

times (Piscopo et al., 2018). 

              The use of CRISPR technology in the development of CAR T-cells leads to high 

standard of uniformity and impressive output of survival rate among mouse models. More 

precisely, the introduction of the CAR sequence into the endogenous T-cell receptor locus 

"alpha constant"- TRAC strengthened the CAR T-cell cytotoxicity (MacLeod et al., 2017). 

The efficacy of gene editing for CAR knocking still appears poor, with success rates up to 

20% and there are still some limitations of the off-target mutagenesis (Ren & Zhao, 2017). 

During the first clinical trial of CRISPR / Cas9, PD-1 and endogenous TCR were knocked 

out by CRISPR / Cas9 in T cells of patients with lung cancer, while CAR or TCR were not 

incorporated into T cells in that trial (Cyranoski, 2016). PD1 knock out autologous T cells for 

prostate (NCT02867345), bladder cancer (NCT02863913), and renal cell carcinoma 

(NCT028) for specific purposes, bladder cancer (NCT02863913) and renal cell carcinoma 

(NCT02867332) are still under progress. The main aim is to eradicate unpredictable 

incorporation of viral delivery systems as well as management of integration with CARs.  It 

is uncertain if the elimination of such inhibitory signals from the T cells results in excessive 

cell proliferation or extensive autoimmunity (Ren & Zhao, 2017). 

Non-viral Transfer Methods: 

                 Genetic modification of T cells using non-viral plasmid DNA or mRNA transfer is 

preferred because of their low immunogenicity and low chance of mutagenesis. Identification 

of using mRNA for gene therapy applications first using liposome-mediated transfection was 

discovered by Malone et al. in 1989 (Curran et al., 2015). While identification of the TCR 

genes transfer through the electroporation of mRNA into primary T cells was performed by 

Zhao et al., 2006. Although the discovery of a therapeutic approach using mRNA raised 

many questions and has major challenges due to its features along with sensitivity and 

destruction susceptibility, instability, negative load, and insufficient translation in the cells of 

the host and immuno-stimulative effects. By understanding of the relationship between 

mRNA structure and stability, besides the discovery of various techniques for chemical 

modification, these issues were circumvented. The mRNA's numerous structural 

modifications are the inclusion of analogs of the anti-reverse cap (ARCAs) and polyadenylate 

tail. The add value of these techniques is improving translational performance and stabilities 

of mRNA. Having the poly (A) tail more than 100 residues is preferable. The replacement of 

elements of adenylate-uridylate rice (AREs) with a more stable β-globin gene 5'UTR 

(untranslated region) and 3'UTR is another modification. The well known AREs are the main 
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signs of degradation of mRNA in many eukaryotic mRNAs in the 3'UTRs. ARE-containing 

mRNAs result in reduced stability, may be due to the removal of the poly (A) tail. The 

stability can be increased by substitution of AREs with the 3'UTR of a more stable mRNA, 

such as the β-globin mRNA. These techniques increase the stability of mRNA and allow the 

expression of it for longer periods. The transmission of mRNA performs cytoplasmic 

expression mechanism; it is not in need to reach the nucleus to perform its role (Yu et al., 

2017).  

                IVT- RADIVT- mRNA is formulated with essential modifications that enhance 

stability. Consequently, improving the modalities of delivery of mRNAis a critical issue for 

its implementation as a therapeutic tool. By cell membrane disruption, IVT-mRNA can be 

transmitted, such as electroporation and gene gun, or by endocytosis of different 

nanoparticles (Moffett et al., 2017), For example, viromers complexes of protamine-mRNA, 

lipid nanoparticles, polymeric nanoparticles, and polymer hybrid nanoparticles and gold 

nanoparticles (Islam etal., 2015). Lipofectamine is widely used as a cationic carrier to 

inject IVT-mRNA into cells. Lipofectamine consists of cationic lipids forming liposomes 

with positively charged surfaces and promoting the entry of mRNA by endocytosis, into the 

eukaryotic cell as the following, positively charged liposomes interlink with nucleic acid 

backbone phosphate groups and form a complex that interacts with the negative charged 

cytoplasmic membrane, thereby enabling the complex to combine with it. The complex 

accumulates intracellularly, escapes from the endosome and enters the cytoplasm to be 

expressed by the genetic material (Cardarelli et al., 2016). Electroporation is thought one of 

the most promising approaches for incorporating T cells into the CAR IVT-mRNA model. It 

has been stated that IVT mRNAtransfection via electroporation was reliable very well under 

certain conditions, with apoptosis associated with low electroporation (Zhao et al., 2006). 

Many trials confirmed that the positive tumor toxicity of T-cells and NK electroporated by 

IVT-mRNA CAR in pre-clinical models (Glienke et al., 2015).  

                    The mRNA mediated transfection systems allow quicker changes in the design 

of CARs and are safer compared to long-term, integrated, viral expressions. Given their short 

lifetime and transient expression, clinical extra protection is achieved by the employment of 

IVT-mRNA transfection technology. In addition, by the time IVT-mRNA degradation 

ensures the patient's complete removal of the CAR with no need for it (Angel and Yanik, 

2010). Furthermore, IVT-mRNA mediated transfection systems are easier to transfer into 

GMP platform with dramatically economic costs and less complicated release tests (Barrett et 

al., 2013). Besides, patients require only a few repeated infusions (3-9 infusions) of CAR-T 

cells to appear a long-lasting response (Beatty et al., 2014). CARs transfected to modified T 

cells using mRNA were extensively evaluated in the University of Pennsylvania clinical trials 

(Philadelphia, PA; NCT02624258, NCT01837602, NCT02277522, NCT02623582). In fact, a 

great effort was done to address solid tumors with CAR T-cells modified by electroporated 

IVT-mRNA (Brown et al., 2015). Electroporation may lead to cell death, particularly when 

electrical fields in a process known as irreversible electroporation result in permanent 

membrane permeation and the consequent loss of cell homeostasis. Using surface plate 

electrodes, when the electroporation field is applied to the skin the main "potential" decrease 

occurs along the skin rather than along the subcutaneous tissues of the target. Skin swelling is 
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a typical consequence of electroporation in vivo. A lot of protocols for electroporation are 

aiming to penetrate the plasma membranes only. A further phase is needed for the nucleus 

electroporation using higher voltage and less pulse length (nucleoporation). In addition to, 

while the electroporation principle is applicable to all types of cells, its usefulness is based on 

the cells' electrical characteristics. The smaller in size, the cells need to reach a higher area. 

Cells that have less conductive elements such as fat cells are less sensitive. Therefore, 

thresholds vary for specific cells in a heterogeneous tissue (Bolhassaniet al., 2014). The use 

of IVT-mRNA rather than MC- or plasmid-encoded transposase and CAR gene is preferred 

because of the lack of deliberate incorporation into the host genome. However, the key 

disadvantages of these systems are the long ex vivo culture time needed to develop 

therapeutic doses of gene modified T-cells and the serious cell damage that can follow the 

plasmid DNA electroporation.  

The Opportunities and Other Research Possibilities 

In hematological malignancies: 

             Although the most pronounced clinical efficacy of CAR-T cell therapy has been 

observed up to now in hematological malignancies, especially CD19 + B cell lymphoma or 

ALL, there is still scope for research on antigen escape and restricted persistence of CAR-T 

cells among patients, resulting in reduced response durability and consequently the 

effectiveness of CAR-T cell therapy in these diseases. Several approaches are being 

developed to overcome these limitations and to extend use of CAR-T cells in patients with 

hematological malignancies with CD19. 

For overcoming antigen escape: 

               During the primary response of CAR-T cells, antigen escape happens at high levels. 

A small proportion (7–25 percent) of patients administered with CAR-T cells (Majzner 

andMackall, 2018) demonstrated complete or partial loss of target antigen expression by the 

cancerous cells. While CAR-T cells target multiple antigens perform different combinatorial 

strategies to counter antigen escape. Clinical management of various patients using CAR -T 

cell products was more successful when identifying alternative antigens (Pan et al., 2019). 

The creation of a single CAR-T cell product that has specificity for multiple targets is a 

promising approach. Multi-target CAR-T cell therapies can be prepared by mixing different 

CAR-T cell product lines, each targeting single antigen before infusion or by transducing 

modified T cells with multiple CAR constructs. On the other hand, dual different CAR-T 

cells can be equipped with two or more distinct binding domains as a single CAR molecule. 

For example, in patients with B-cell malignancies CD19/CD20 or CD19/CD22 CAR-T cells 

have shown impressive therapeutic responses (Mahadeo et al., 2019 and Shah et al., 2019).  

            The further modification of CAR-T cells to secrete bi-specific T cell engagers 

(BiTEs) is another multi-targeted technique. BiTEs consisting of two scFvs, one specific to 

CD3 and the other specific to a TAA, attached by a flexible linker; these agents can therefore 

physically bind a T cell to a cancer cell (Kantarjian et al., 2017) BiTE secreting CAR-T cells 

have been successful in tackling antigen expression heterogeneity and also antigen escape in 
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preclinical trials of both leukemia and solid tumors (Choi et al., 2019), as shown in Figure 

3(a-c). 

 

Fig. 3: Targeting of multiple antigens to overcome antigen escape or heterogeneity (Rafiq et al. 2019). 

Increasing CAR-T cell persistence: 

              The persistence of CAR-T cells in patients can be expanded by one promising 

strategy. It is predicated on the use of T cell populations with higher percentages of less 

differentiated T cell subsets that have a greater proliferative capacity, such as naive T cells, 

stem cell memory T (TSCM) cells and central memory T (TCM) cells(Busch et al.,2016)(Fig. 

4). comparing to traditional CAR-T cell products, preclinical trials using CAR-T cells 

generated from preselected naive T cell populations or manufactured in the presence of 

kinase inhibitors to generate CAR-T cells with a less- differentiated phenotype have shown 

superior proliferation and anti-cancer activity (Morgan andSchambach, 2018and Petersen et 

al., 2018).   

                As co- stimulation is a critical component of effective CAR- T cell while excessive 

co-stimulation might decrease the persistence of CAR T cells in vivo. Therefore, the 

developed strategies are addressing this issue involving altering the co-stimulatory domain of 

the CAR to decrease the intensity of the signal (Feuchtet al., 2019). Also, the co-stimulatory 

signal can be modulated via co-expression of ligands for auto- stimulation and trans- 

stimulation of CAR T cells. For example, co-expression of 4-1BBL on CAR-T cells with 

CD28 co- stimulatory domains results in CAR- T cells with a longer duration of persistence, 

decreased expression of exhaustion markers and a high CD8+ to CD4+ T cell ratio compared 

with CAR-T cells expressing only CD28-based or 4-1BBL - based CARs. Such CAR-T cells, 

expressing 4-1BBL, are currently conducted in clinical trials for relapsed CD19+ 

hematological malignancies (Park et al., 2018) as shown in Figure 4 (a & b). 
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Fig.(4): Enhancing in vivo CAR-T cells persistence (Rafiq et al., 2019). 

              An alternative strategy for generating T-cell responses against multiple TAAs is the 

production of CAR-T cells that can enhance endogenous immune response. These agents are 

referred to as armored CAR-T cells, and are co-modified with immunomodulatory agents 

which involve and modulate the immune cells of another host. CAR-T cells which have been 

updated to express the CD40 ligand (CD40L) proinflammatory molecule represent a good 

example. In addition to enhanced intrinsic functionality due to co-stimulation with CD40L, 

these cells are supportive of triggering professional antigen presenting cells and enhancing 

the immunogenicity of cancer cells through CD40 involvement, thus encouraging the 

detection and removal of tumor cells even by endogenous unmodified T cells (Kuhn et al., 

2019) as shown in Figure 5.  

 

Fig. 5: Enhancement of endogenous immune response (Rafiq et al., 2019). 

In Solid Tumors 

In spite of treatment of hematological malignancies with CAR-T cell therapy has been 

a reported efficacy, there has been no equivalent efficacy with solid tumors so far (Centers 

for Disease Control and Prevention, 2019).  This is regarding to multiple factors, including 

the lack of proper tumor-specific antigens or TAAs with expression profiles that are likely to 
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be associated with on target, off tumor Toxicity is a huge hindrance to the efficacy of CAR-T 

cells on solid malignant tumors. The numerous lack of efficacy found with different CAR-T 

cell therapies targeting various solid tumor antigens that means there are general limitations 

for any CAR-T cells equipped. Solid tumor has complicated architecture and cellular nature 

that affects the biology of the tumor itself and its response to therapies) (Junttilaand de 

Sauvage, 2013). Solid tumors found in tissues have lower endogenous T cells than lymphoid 

tissues and lower rates of homeostatic cytokines and other T cell contributing factors usually 

derived from bone marrow and stroma lymph node. The solid tumor stroma structure can 

present a physical barrier to the penetration of CAR-T cells. Additionally, suppressive 

immune cells, such as regulatory T (Treg) cells and myeloid-derived suppressor cells, and 

immunosuppressive ligands, such as programmed cell death-ligand 1 (PD-L1), present in the 

tumor microenvironment, may all significantly reduce intrinsic anti-tumor immune responses 

and also CAR-T cell responses. 

Overcoming antigen heterogeneity:   

               To overcome the antigen heterogeneity of the solid tumors various approaches have 

been developed. Some of which mimic the aforementioned strategies in hematological 

malignancies to prevent the escape of antigen. Anti-EGFR BiTEs have been demonstrated 

increase the effectiveness of anti-EGFRvIII CAR-T cells among glioblastoma mouse models 

and even anti-folate receptor α CAR-T cells in preclinical ovarian models, colon or 

pancreatic cancer (Wing et al., 2018). By discovery of uniform CARs for which the adapter 

elements used as ligands, targeting of various antigens with a single population of CAR-T 

cells achieved, as shown in Figure 3c. For example, avidin-linked CARs, which in 

combination with biotinylated antibodies often called biotin-binding immune receptors, may 

be used not only to regulate CAR-T cell activity similar to a safety switch but also to target 

different antigens, whether sequentially, or at the same time (Lohmuelleret al., 2017). CARs 

with scFvs capable of detecting fluorescein fluorophore isothiocyanate combined with TAA 

binding molecules to target numerous antigens concurrently were used in other strategies 

(Lee et al., 2019). CARs that contain FcÿRs as the antigen-binding domain allow the use of 

therapeutic TAA-binding antibodies to target several antigens with a single CAR molecule 

(Kudo et al.,2014) Leucine zipper motifs are used in the SUPRA (split, universal and 

programmable) CAR system (Cho et al., 2018)to align CARs (zipCAR) with free scFvs 

(zipFv), again allowing the concurrent targeting of multiple antigens as well as the 

incorporation of multiple antigen logic gates and the amplification of CAR T cell activation 

(the CAR T cells are only active when zipFv is present). These and other technologies could 

go ahead. These and other approaches may provide a way for effective targeting of patients 

with heterogeneous solid tumors and reducing off-tumor toxicity. 

Increasing CAR-T cell trafficking:  

        Several methods were created to enhance CAR-T cell traffic to solid tumors. In vivo, 

CAR-T cells were directly injected into tumors at distinct anatomical sites such as brain 

(Brown et al., 2016), breast (chou et al., 2017), pleura (Beatty et al., 2014), and liver 
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(Hardaway et al., 2018) to prevent blood mobilization to induce observed effects. 

Additionally, local infusion of CAR-T cells can also restrict off-tumor, on target toxicities 

(Sridhar & Petrocca, 2017) This approach is limited only to single tumor lesions or oligo-

metastatic disease and may be more resource-intensive than more established local therapies, 

but CAR-T cells delivered locally have the potential to expand and traffic to other tumor sites 

reinforcing tumor response by endogenous immune cells. Two patients received infusions of 

T cells transduced with mRNA encoding an anti-mesothelin CAR, one of which provided 

evidence of an elicited humoral antitumor response including several additional antigens in 

both the intravenous and regional infusions (Beatty et al.,2014). The same findings were not 

yet commonly reported in trials, including the delivery of CAR-T cells intra-tumor. This 

finding demonstrates the potential for using targeted delivery to activate systemic immune 

responses to the anti-tumor. Indeed, localized therapies are not appropriate to be used in 

many metastatic solid tumors and thus efforts are under way to prepare CAR-T cells have an 

inherent capacity to transport to tumor sites.  

                The transportation of immune cells is mediated by chemokines (Nagarsheth et al., 

2017). Chemokine signal modulation has been found to enhance transportation and 

localization of T cells in solid tumors. In a preclinical research, CAR-T cells expressing the 

macrophage colony-stimulating factor 1 receptor (CSF-1R) were receptive to CSF-1 (a 

monocyte-recruiting chemokine enriched in many solid tumors), which reinforced the 

proliferative effects of CAR signaling without sacrificing cytotoxicity and did not provoke 

trans-differentiation into the myeloid lineage. Encouraged expression of the CC-chemokine 

receptor 4 (CCR4), usually expressed on T-helper cells and Treg cells, and activated by CC-

chemokine ligand 17 (CCL17) and CCL22 (secreted by Hodgkin lymphoma Reed – 

Sternberg cells), enhanced both CAR-T cell migration to tumors and anti-tumor activity in a 

Hodgkin lymphoma mouse xenograft model Di (Stasiet al., 2009 and Lo et al., 2008) In 

conjunction, encouraged expression of CCR2b, which is the receptor for CCL2, a chemokine 

overexpressed in different sorts of solid tumors, boosted the infiltration of anti-GD2 CAR-T 

cells into neuroblastoma xenograft tumors by more than tenfold and anti-mesothelin CAR-T 

cell infiltration into mesothelioma xenografts by more than twelvefold, with corresponding 

increases in anti-tumor activity (Moon et al., 2011).  

Overcoming microenvironment physical barriers:  

                Development of different approaches in order to heighten the potential of CAR-T 

cells to resolve physical barriers reaching the solid tumor microenvironment (TME) and to 

address inhibitory stromal architectures. The expression of protease fibroblast activation 

protein (FAP) by various tumor-associated stromal fibroblasts that plays a significant role in 

tumor extracellular matrix (ECM) remodeling, providing this prolyl endopeptidase a 

desirable target for increasing the penetration of immune cells into solid tumors. Various 

findings in other attempts to treat FAP expressing stromal cells with CAR-T cells. One trial, 

due to its effect on FAP+stromal cells in the bone marrow, FAP targeted CAR-T cells led to 

cachexia and bone toxicity while having restricted effect on the maturation of various tumors 

in immunocompetent mice (Tran et al., 2013). In another immuno-competent mice trial, 

FAP targeted CAR-T cells with a specific anti-FAP scFv reduced tumor growth when used in 
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conjunction with a vaccine and without significant toxicity (Wang et al., 2014). Hence the 

effectiveness and toxicity profile of CAR-T cells targeted by FAP still needs deeper studies. 

Another technique to promote the penetration of these cells into solid tumors is to develop 

CAR-T cells secreting ECM modifying enzymes. Anti-GD2 CAR-T cells engineered to 

dissolve proteoglycans of heparin sulfate in the ECM via expression of heparinase had an 

enhanced capacity to infiltrate xenograft tumors in mouse models and sustained survival 

compared to CAR-T cells lacking heparinase expression (Caruana et al., 2015). Other 

enzymes degrading the ECM are also being monitored for their function in CAR-T cells 

(Mardomi and Abediankenari, 2018). Although the application of the pegylated form of the 

ECM degrading enzyme hyaluronidase (PEGPH20) to chemotherapy decreased the overall 

survival of pancreatic adenocarcinoma patients in one trial (Ramanathanet al., 2019), this 

finding was not seen in another using a different chemotherapy regimen (Hingorani et al., 

2018). Find it interesting that patients receiving PEGPH20 in these studies needed low 

molecular weight heparin supplementation to accommodate for an increased risk of 

thromboembolic events, raising the possibility that T cells modified to change the ECM may 

also increase the risk of these occurrences. Thus, while ECM modification for solid tumors is 

an exciting frontier in CAR-T cell therapy, caution is needed because of the confusing and 

unexpected outcomes of ECM modifying enzymes at present. 

Overcoming direct T cell inhibitory signals: 

          Resolving the direct inhibitory signals from T cells present in the TME is an important 

issue for CAR T cells. Although multiple inhibitory signals may be present in the TME, PD-

1, which is an immune checkpoint receptor expressed on activated T cells, is the best 

characterized path. When it is bound by PD-L1, which can be expressed by tumor cells and 

other types of cells, T cells are induced to adopt an exhausted ineffective phenotype. 

Consequently, suppression of the PD-1 pathway in patients with certain solid tumors forms 

maybe resulted in a dramatic therapeutic benefit (Postowet al., 2015). It has been noticed that 

PD-1 expression and other inhibitory receptors is a mechanism by which CAR-T cell 

impairment occurs (Moonet al., 2014). On the other hand, numerous studies have shown an 

increase in the effectiveness of CAR-T cells with co-administration of antibodies inhaling 

that inhibits the PD-1 pathway in preclinical trials (Yoon et al.,2018) and subgroups of ALL 

patients (Li et al.,2018) or diffuse large B cell lymphoma (Chong et al., 2017); Dramatic anti-

tumor responses have also been observed in patients who received anti-PD-1 antibodies after 

CAR-T cell therapy mediated by mesotheline (Adusumilli et al., 2018). Other effective 

techniques for genetically engineering disruption of the PD-1 pathway into CAR-T cells 

themselves have been established. For example, CAR-T cells with a truncated dominant 

negative PD-1 receptor lacking intracellular signaling domains that are capable of binding to 

PD-L1, but are unable to convey inhibitory signals, withstand PD-L1-induced exhaustion and 

prolonged survival of pleural mesotheliomas in mice carrying xenograft compared to CAR-T 

cells which lack this decoy receptor (Cherkasskyet al., 2016). 

Based on PD-1 switch receptors, there is another approach where PD-1's extracellular domain 

is fused to the CD28 transmembrane and intracellular signaling domain. Eventually, in 
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addition to functioning as dominant negative inhibitors of immunosuppressive signaling by 

endogenous PD-1 molecules in T cell, these switch receptors transmit an activating co-

stimulating signal when stimulated by PD-L1 (Kobold et al.,2015) or in engineered CAR-T 

cells (Liu et al.,2016) that used for adoptive cell therapy, thereby improving efficacy in 

several preclinical trials.   Also, researchers have engineered CAR-T cells that secrete 

antagonistic IgG1 antibodies that can respond to PD-L1 on tumor cells and antigen presenting 

cells to prevent the exhaustion of T cell, and recruit NK cells that can mediate antibody-

dependent cell cytotoxicity to solid tumors, as shown in a renal cell carcinoma xenograft 

model (Suarez et al., 2016). Likewise, CAR-T cells engineered to secrete antagonistic anti-

PD-1 scFvs have enhanced functionality and sustained survival of PD-L1 + haematological 

or solid cancers in xenograft and immunocompetent syngeneic mouse models (Rafiq et 

al.,2018). These scFvs can also connect to endogenous T cells in the TME prohibiting their 

suppression (Li et al., 2017) indicating the opportunity for using CAR-T cell therapies with 

immune checkpoint inhibition as both technologies enhance CAR-T cell function and also 

endogenous T cells. In addition to the physical antagonism of the PD-1–PD- L1 pathway, 

gene silencing techniques concerning short hairpin RNAs (Cherkassky et al., 2016) or 

CRISPR – Cas9 (Ruppet al., 2017) were used to delete the PD-1 (PD1) gene encoding in 

CAR-T cells. Specifically, while there is a theoretical role of PD-1 in T cell activation (Wei 

et al., 2019; Simon& Labarriere, 2017), more research of the influence of these strategies on 

the function of CAR-T cells is still required. Short hairpin RNA mediated down regulation of 

the CTLA-4 inhibitory receptor also found to boost the activity of first-generation, CD3ζ- 

signals of CAR-T cells but had no biological role on second-generation, CD28–CD3ζ- signals 

of CAR-T cells (Condomines et al., 2015).  

                CAR-T cells have also been designed to counteract the action of adenosine in TME, 

which can trigger adenosine receptor A2A and eventually inhibit T cell activity via 

expression of a small peptide disrupter of the interaction between A2A-activated kinases 

PKA and ezrin (Newick et al., 2016), siRNA silencing of A2A (Beavis et al., 2017), or with 

nanoparticles to deliver a small molecule A2A antagonist (Siriwonetal., 2018). In particular, 

dominant negative receptors have been formed that serve as a sink for immunosuppressive 

cytokines, including TGFβ, and hence boost the role of CAR-T cells in TME (Kloss et 

al.,2018). CAR-T cells were also formed to express decoy or transfer cytokine receptors that 

functionally transform inhibitory TME signals into pro-inflammatory signals like IL-4 

receptor ectodomains with IL-7 receptor endodomains (Mohammed et al., 2017) or with IL-2 

and IL-15 receptor shared β- subunits (Wilkie et al., 2010) that convert inhibitory IL-4 

signals into homeostatic IL-7, IL-2 or IL-15 signals. T cells and CAR-T cells evolved to 

express a predominantly negative version of the proapoptotic receptor Fas have increased 

resistance to Fas ligand (FasL) apoptotic signals present in the TME. This contributes to 

increased anti-tumor activity in syngenic mice with various solid or haematologic 

malignancies (Yamamoto et al., 2019).  

                In conjunction, the availability of oxygen, amino acids like tryptophan, arginine, 

and cysteine and other nutrients affects the metabolism, activity, and differentiation of T 

cells, and the general deficiency of these nutrients in the TME can evoke T-cell inhibitory 

pathways or suppress T-cells (Xu et al., 2019). Arginine has important roles in the regulation 

of T cells and is compatible with cancer cells and other TME cells for this amino acid might 
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result in reducing T cell functions. In vitro, pretreatment of TCR-transgenic T cells with 

arginine raised anti-tumor activity of T cells with melanomas expressing the cognate antigen 

after infusion into mice (Geiger et al., 2016).  

                Elevated potassium levels in the TME have affected T-cell nutrient uptake owing to 

metabolic shifts and epigenetic changes that maintain T-cell stem and also inhibit T-cell 

differentiation as effector phenotypes. On the other hand, pretreatment of T cells with 

potassium in vitro boosts the survival and anti-tumor function of human T cells adopted in 

mouse xenograft models (Vodnalaet al., 2019). Production of the antioxidant enzyme 

catalase, in addition to the mentioned strategies those made T cells capable of overcoming 

granulocyte-mediated oxidative stress in vitro (Ando etal., 2008). All of these observations 

demonstrate that modulation and development of T-cell metabolic pathways may provide 

new possibilities to improve the effectiveness of CAR-T cells in patients with solid tumors. 

Altering theTME milieu:  

             For promoting the CAR-T cells function rather than TME's inhibitory signals, CAR-

T cells may be engineered to include immuno-stimulatory signals. These signals also induce 

an endogenous anti-tumor response by remodeling the solid tumor microenvironment. 

Because antigen escape is still a crucial issue with CAR-T cell therapy, endogenous immune 

cells can need to be recruited for optimization of the anti-tumor immune response. Promoting 

CAR-T cells to secrete immuno-stimulatory cytokines that not only encourage T cell 

proliferation, survival, and anti-tumor action but also alter TME's immune environment is a 

potential research subject. Multiple cytokines were investigated for engineering such types of 

armored CAR-T cells. Such CAR-T cells are also recognized as T cells redirected for 

universal cytokine killing (TRUCKs) (Chmielewskiet al., 2014). The thymoma mouse model 

preconditioned using cyclophosphamide to promote the greasing of anti-CD19 CAR-T cells 

that led to greater levels of IL-12, which has a multifaceted role in the immune response 

comprising T cells and NK cells activation. Hence, developing CAR-T cells to express IL-12 

resulted in increased cytotoxicity and resistance to in vitro inhibition mediated by Treg cells, 

elevated engraftment of anti-CD19 CAR-T cells without preconditioning for chemotherapy 

and increased in vivo anti-tumor activity (Curran et al., 2015). In addition to IL-12 

expression, CAR-T cells were dramatically expanded from limited numbers of cells isolated 

from umbilical cord blood, presenting the potential of CAR-T cells produced from small 

volumes of cord blood for patients with haematological malignancies undergoing allogeneic 

haematopoietic stem cell transplantation (HSCT) (Curran et al., 2015).  

                The therapeutic potential of CAR-T cells secreting IL-12 has been shown in 

preclinical studies, while current and prospective clinical trials will consider the dose 

dependent variability in both immune responses and toxicity.IL-15 also plays a vital essential 

in differentiation, homeostasis and survival of T cells and NK cells. In comparison to 

unarmored anti-CD19 CAR-T cells with reduced apoptosis and PD-1 expression, in mouse 

xenograft models of Burkitt lymphoma, and in patient derived B cell chronic lymphocytic 

leukemia (CLL) samples in vitro, the expansion and anti-tumor function of armored CAR-T 

cells expressing IL-15 has been enhanced (Hoyos et al., 2010). In addition, fusing of the IL-

15 receptor signaling domain to the CD28 co-stimulatory signaling domain of an anti-CD19 
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CARresulted in developing of CAR-T cells with strengthened in vivo persistence in 

preclinical studies and full remission in ALL patients (Nair et al.,2019). Thus, IL-15 can 

boost CAR-T cells, survival and function in vivo although for this cytokine there is little 

evidence of the effects on the TME in immunocompetent models. Engineering techniques to 

'backpack' large with nanogels engineering methods using nanogels to 'backpack' large levels 

of IL-15 onto CAR-T cells revealed that high doses of IL-15 can be transmitted to tumor sites 

without systemic toxicity in preclinical trials (Tang et al., 2018). IL-18 is a multifunctional 

cytokine that is synthesized by macrophages. IL-18 can alter the phenotype of T cells and NK 

cells, and has been shown to improve human effector T cell engraftment and inhibit that of 

immunosuppressive human Treg cells in mice (Carroll et al., 2008).  

              Multiple groups have shown that IL-18 secreting armored CAR-T cells have 

increased performance compared with their unarmored CAR-T cells. They can also modify 

the inflammatory TME and recruit endogenous immune cells in syngeneic immunocompetent 

mice to the tumor (Avanzi et al., 2018). In addition, IL-18 secreting CAR-T cells were 

correlated with expanded accumulation of M1-polarized proinflammatory macrophages in the 

TME, suppression of M2-polarized anti-inflammatory macrophages and Treg cells, and 

mobilization of endogenous T cells in these mice (Chmielewskiand Abken, 2017). 

Systemic administration of IL-18 is well tolerated in patients, with low toxicity (Robertson 

etal., 2006). However, IL-18 has pathogenic effects in autoimmune diseases (Sedimbiet al., 

2013) and may also encourage cell proliferation, angiogenesis, immune escape and metastasis 

(Vidal-Vanaclochaet al., 2006). Therefore, caution is needed when using CAR-T cells 

secreting IL-18 in the clinic. Explored cytokines were additionally used in preclinical trials to 

improve CAR-T cell activity. 

Toxicity of CAR-T Cells 

                 The several pathways of CAR-T cells may cause toxicity. If the tumor-associated 

antigen (TAA) to which the CAR is targeted is expressed in normal tissues, those normal 

tissues may be affected, as anti-CD19 CAR-T cells can deplete normal B cells (Gruppet al., 

2013).. CAR-T cells can also cause damage to normal tissues by responding suddenly with a 

protein that is not expressed on tumor cells (Cameron et al., 2013). Upon infusion of the 

CAR-T cells, acute anaphylaxis and tumor lysis syndrome (TLS) may happen. The cytokine-

release syndrome (CRS) is considered the most severe as well as well-described toxicity of 

CAR-T cells. This is a series of symptoms such as fever and hypotension triggered by 

cytokines produced by the T-cells infected with engineering (Casucciet al., 2015). 

Conjunctual neurological toxicity can be induced by CAR-T cell therapy with CRS or in its 

absence (Kochenderferet al., 2015). Logically, by insertional mutagenesis, the gene-therapy 

vector may be capable of viral replication or inducing a secondarytumor (Hacein-Bey-

Abinaet al., 2008). However, none of these toxicities associated with the gene-therapy vector 

has been reported in clinical trials of CAR-T cell therapy (Scholler et al., 2012). 

CAR-T cell toxicities by damaging normal cells that express the targeted antigen:    
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                 Destroying tissues expressing the CAR recognized antigen by CAR-T cells may 

occur. This toxicity mechanism may be compromised by an extensive check for the 

expression of a specific antigen on normal tissue during preclinical CARs studies (Qin et al., 

2015). Three patients with metastatic renal cell carcinoma who had CAR-T cell therapy 

infusions targeting carboxy anhydrase-IX encountered grade 3-4 increases in alanine 

aminotransferase, aspartate aminotransferase, or total bilirubin (Lamers et al., 2011). Liver 

biopsies of affected patients revealed cholangitis with an infiltration of T cells surrounding 

the bile ducts, and bile duct epithelial cells were found to express carboxy-anhydrase-IX 

unexpectedly (Lamers et al., .2006). In addition, Ametastatic patient with colorectal cancer 

obtained an injection of CAR-T cells directed against the ERBB2 antigen (Her-2/neu). The 

patient experienced acute respiratory failure and pulmonary oedema that needed mechanical 

ventilation and eventually died. The patient's pulmonary toxicity and eventual death were 

suspected as being due to ERBB2 expression on normal lung tissue (Morgan et al.,2010).  

Cross-reactivity of a CAR with a non targeted protein:  

             Theoretically, organ damage can occur when CAR-T cells cross-react with an 

identical antigen to the tumor-expressed target antigen expressed on normal tissue. This 

toxicity was not reported in clinical trials of CAR-T cells but was noted in T cell genetically 

engineered clinical trials to express T cell receptors (Morgan et al., 2013). 

Allergic reactions and TLS:  

            Allergic reactions against CAR-T cells have been reported. A patient with pleural 

mesothelioma received several infusions of an anti-mesothelin CAR transduced autologous T 

cells. The patient was tolerated to the first two cell therapy infusions well, but he had 

anaphylaxis and cardiac arrest 1 minute after finishing his third infusion with dramatically 

elevated serum tryptase levels. He received cardiopulmonary resuscitation and recovered 

(Mauset al., 2013). In certain cases, however, chemotherapy may have triggered TLS; in the 

absence of previous conditioning chemotherapy, the infusion of CAR-T cells has contributed 

to TLS (Kochenderfer et al., 2013). 

Future Directions 

             The main objective of cancer immunotherapy is eradication of cancerous cells 

without the risk of traditional therapies. The preclinical research and early clinical tests have 

succeeded in engineered CAR-T cells promising to achieve this goal. CAR-T cell therapy has 

many advantages including HLA's independent identification of target antigens, wide 

predictive validity to several patients, ability of resolving tumor escape and the rapidly 

delivery of tumor specific T cells population. Effective use of CAR-T cell technology would 

involve careful detection of target antigens that are expressed uniquely on cancerous cells and 

reduce the risk of toxicity. Recent clinical trials have also resulted in the CAR-T cell 

therapy's effectiveness in survival after adoptive transfer (Kaloset al., 2011). We can achieve 

this success by multiple injections of engineered T cells that can artificially increase  the 

persistence of T cells and strengthen the anti-tumor effectiveness in a cancer mouse model 
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(Brentjenset al., 2007). While CAR-T cell technology should allow the proliferation, 

persistence and retention of targeted cytotoxic function for a lifetime for a single injection of 

T cells otherwise the treatment is extremely expensive and unsuccessful. Therefore, 

continued research into the components that affect tumor-targeted T cell persistence is a 

major issue. Signaling, tumor burden, conditioning chemotherapy, T cell phenotype and the 

use of additional cytokines were all addressed. In relation, the production of an immune 

response against the adoptively transferred T cells has been demonstrated in several studies 

(Jensen et al., 2010). This trend has reduced the survival and efficacy of cells that were 

transferred to adoption. The creation of less immunogenic CARs such as humanized scFvs, 

development of tolerance and/or enhancement of immunosuppression must be an area to 

work on for the successful application of CAR-T cell therapy. 

              While CAR-T cell technology has shown success in hematological malignancies, 

further studies are still needed for this therapy application in solid tumors. Despite this, some 

researchers have concentrated on the potential to grow tumor-targeted T cells; upon entering 

the suppressive tumor microenvironment, it is likely that CAR-modified T cells may become 

ineffective. So, the future of this technology lies in the generation of CAR-T cells that avoid 

the energy and apoptosis that exists inside the tumor microenvironment (TME) for all 

immune effectors. Besides overcoming the aggressive tumor microenvironment (TME), 

CAR-T cells should also have the capability of recruiting an endogenous anti-tumor response. 

Because targeting a single antigen on a tumor cell may not only initially result in a reduction 

in tumor burden, but may also select tumor cells that lack this target antigen for expansion. 

Thus, genetic modifications of T cells can only directly target the tumor and theoretically 

resolve the aggressive TME without recruiting and stimulating the endogenous immune 

system, this therapy is likely not to serve to cure patients. What is more, engineered T cells 

stimulate an endogenous anti-tumor response including TILs, NK cells and the innate 

immune system. This activation will cause epitope spreading on the cancerous cells against 

several antigens and restricting tumor escape from theantigen.  

                Despite the significant progress in this technology over a relatively short period, the 

success of all cancer therapies is only assessed by the impact they have on clinic patients. 

Multi-institutional clinical trials would need to be performed to better identify the efficacy of 

this treatment, which require considerable researchinvestment and funding. It is worth 

remembering that these expenditures may be prohibitive, and that the funding mechanism 

currently available is inadequate to cover their costs. However, there is a new hope that 

resources will be available for the production of this potential immunotherapy, with the 

recent breakthrough responses seen in smaller single institutional trials. 

Conclusion and Suggestion:  

              In this review, we discussed the characteristics which use CAR-T cells to transform 

into effective tumor immunotherapy. To date, the target antigen, signaling domain, traffic 

capacity, durability, retained function, thestatus of patient illness, and theconditioning regime 

have all been dramatically challenging. Thereby, we can conclude that the prospect of this 

technology lies in CAR-T cell engineering which can overcome aggressive TMEs and 

recruiting an endogenous tumor response. The final task for researchers in this field is to 
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carry out clinical trials and secure the funding needed to complete their clinical trials. This 

immunotherapy continues to progress and more records of successful malignancy eradication 

occur.  
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