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Abstract

:

The mechanisms involved in immune responses to cancer have been extensively studied for several decades, and considerable attention has been paid to harnessing the immune system’s therapeutic potential. Cancer immunotherapy has established itself as a promising new treatment option for a variety of cancer types. Various strategies including cancer vaccines, monoclonal antibodies (mAbs), adoptive T-cell cancer therapy and CAR T-cell therapy have gained prominence through immunotherapy. However, the full potential of cancer immunotherapy remains to be accomplished. In spite of having startling aspects, cancer immunotherapies have some difficulties including the inability to effectively target cancer antigens and the abnormalities in patients’ responses. With the advancement in technology, this system has changed the genome-based immunotherapy process in the human body including the generation of engineered T cells. Due to its high specificity, CRISPR-Cas9 has become a simple and flexible genome editing tool to target nearly any genomic locus. Recently, the CD19-mediated CAR T-cell (chimeric antigen receptor T cell) therapy has opened a new avenue for the treatment of human cancer, though low efficiency is a major drawback of this process. Thus, increasing the efficiency of the CAR T cell (engineered T cells that induce the chimeric antigen receptor) by using CRISPR-Cas9 technology could be a better weapon to fight against cancer. In this review, we have broadly focused on recent immunotherapeutic techniques against cancer and the use of CRISPR-Cas9 technology for the modification of the T cell, which can specifically recognize cancer cells and be used as immune-therapeutics against cancer.
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1. Introduction


Cancer is the major increasing curse for the human population throughout the world and is the second leading cause of death after cardiovascular disease. Thus, researchers are trying to ascertain safe and efficient therapies for cancer treatment, among them, “immunotherapy” (i.e., enhancing the immunity of the body to fight against cancer) is the foremost therapeutic approach [1]. Basically, it provides much potential and is a more stable treatment strategy than other traditional cancer treatments. During the last decades, this cutting age approach has provided a significant response against cancer [2]. In immunotherapy techniques, T cells, NK cells and dendritic cells are directly involved to fight against the rapidly proliferating cancer cells, but they need modification to work effectively against cancer cells [3]. Immune checkpoint inhibitors have been shown to have exceptional effectiveness against a wide spectrum of solid and hematological malignancies by restoring malfunctioning or exhausted T cells [3,4].



Tumor-infiltrating lymphocyte (TIL), chimeric antigen receptor (CAR) T cell and engineered natural killer cell (NK) therapy, as well as immunomodulators such as engineered T-cell receptor (TCR) and antibody therapy, are the common immunotherapy strategies for the effective treatment of cancer [5,6]. The future of cancer treatment can be accelerated by CAR T (chimeric antigen receptor T)-cell immunotherapy, in which cells are generated by modifying T cells’ receptors. These modified T cells express functionalized proteins known as CAR T receptors, which assist the CAR-expressing immune cell in effectively recognizing tumor antigens [7]. In recent times, many research activities have demonstrated that B-cell lymphoma patients have shown decisive responses by using CAR T-cell therapies, using CD19-directed chimeric antigen receptor T cells (CART19) [8,9]. In the USA, the FDA authorized three CD19-directed genetically engineered autologous T cells named as Kymriah, Yescarta and liso-cel (Lisocabtagene maraleucel) that were applied in patients who possessed acute lymphoblastic leukemia (ALL) and certain types of non-Hodgkin lymphoma (NHL), in some respects [10]. Liso-cel (Lisocabtagene maraleucel) has outstanding features: it is genetically engineered, has a specific structure, autologous cellular immunotherapy and, most interestingly, is CD19-directed [11]. The liso-cel CAR is mainly composed of diverse components such as a single-chain variable fragment, transmembrane domain of CD28, G4 hinge region of an immunoglobulin, activation domain (CD3ζ) and 4-1BB co-stimulatory domain [12]. However, CAR liso-cel possesses a non-functional receptor and is enabled to be co-expressed with the CAR receptor, and it actively binds to the CD19 marker of B-cell lymphoma. Here, they can inhibit the random proliferation of B cells’ activation, and directly show the cytotoxic effect on harmful target cells [13]. A recent study from Abramson et al., 2020, showed the safety and potential activity of CAR T liso-cel for patients with large B-cell lymphomas, along with the positive aspects of liso-cel treatment, which were a low incidence of severe cytokine release syndrome and neurological problems [14]. Moreover, cancer patients have shown hopeful results by following chimeric antigen receptor (CAR) T-cell treatment and engineered T-cell receptor (TCR) technology [15,16]. All of these successful results were reported during B-cell malignancies’ treatment. Solid tumors that contain complex inhibitory receptors can hardly be removed. The activity of T cells is hampered by exhaustion when patients are affected with chronic infections and cancers. Generally, the resistant properties of T cells stimulate the induction of CAR T cells, which can inhibit the proliferation of solid tumors [17].



The CRISPR-Cas9 technique can be used as a genetic alteration and multiple genomes editing tool that can enhance the efficacy of CAR T cells so they can effectively recognize the solid tumor antigens [18,19]. The CRISPR-Cas9 system exhibits a great result in cancer treatment by editing the cancer genomes, removing or reducing the activity of carcinogenic viral infections [20]. Unlike other gene editing techniques (TALENs or ZFNs), CRISPR-Cas9 utilizes single guided RNA (sgRNA) to recognize the target and then modify the DNA in a very precise manner [21]. It is very important to design the CAR T cells precisely so that their therapeutic capability becomes more selective and specific, otherwise, they may generate cytokine release syndrome, which could result in a serious consequence for the patient [22]. For this reason, we described here the highly efficient genome editing tool CRISPR-Cas9 for increasing the function of T cells against cancer.



In this review article, we have broadly explained the importance of diverse immunotherapy strategies including chimeric antigen receptor (CAR) T-cell therapy as well as the tumor-infiltrating lymphocyte (TIL), engineered T-cell receptor (TCR) therapy and engineered natural killer (NK) cell therapy. In addition, we have demonstrated the potential of several immunomodulators, antibody-mediated therapy, cancer vaccine formation, nanoparticle-based cancer immunotherapy and inhibition of T cell exhaustion. Most importantly, we have strongly focused on the strategy of T cell modification through using the CRISPR-Cas9 genome editing tool.




2. Activation of T Cell by Antigenic Response


An adult human has around 4 × 1011 T cells in blood circulation [23], which contain numerous T-cell receptors (TCR) [24] on their surface. In the blood stream, T cells are assigned to immunity at the cell level of the tissue, while B cells have dual responsibility for both tissue and bodily fluid immunity. A diverse group of cells such as T helper cells and cytotoxic T cells belong to the T cell group as a whole and execute different types of function for regulating the immune system in the body [25]. A T cell is activated by an antigen-mediated process that is responsible for cellular progression and the transformation of primary T cells into matured cells via the T-cell receptor (TCR) [26]. TCR and antigen interaction is needed for T cell activation and multiplication, but phosphorylation processes are critical for early signal transduction, which requires an extra signal, known as co-stimulation [27]. Most potent co-stimulatory signals come from the nonpolymorphic surface receptor of a T cell, which is denoted as CD28 [27,28]. It was also demonstrated that anti-CD28 antibodies can inhibit T cell activation and proliferation [29,30,31,32]. B7-1 and B7-2 ligands for CD28 are expressed on antigen-presenting cells and are amplified when these cells come into contact with pathogens that activate Toll-like receptors or other receptors’ signals responsible for sensing those pathogens [33,34]. During immunological responses, inhibitory molecules such as CTLA4 and PD1 are produced and serve as a “checkpoint” to reduce T cell hyperactivation [35]. A complex of three sets (ε–δ, γ–δ and ζ– ζ) of dimeric CD3 chains transmits signals from the polymorphic TCR [36]. CD3 chains include immunoreceptor tyrosine-based activation motives that are phosphorylated by the SRC family kinase of lymphocyte specific protein kinases (LCK) [37]. The CD45 protein signaling from the surface displays phosphatase activity, which inhibits the LCK function of the resting T cell [38]. CD45 removes the inhibitory phosphate from LCK after activation of the T cell [39], then LCK permits phosphorylation of ZAP70, which binds to the CD3 ζ-chain and recruits PLCγ and the linker for activation of T cells (LAT) [40]. Following adequate co-stimulation, signaling cascades are initiated, which influence ca2+ release and activate GTPase RAS and, finally, regulate the transcription for T cell function [41]. Antigen-presenting cells (APC) have a protein on their cell surface that attaches to the T cell receptors (TCRs), and this complex of protein and receptor is known as signal phase-1 in the case of T cell activation. Moreover, the major histocompatibility complex (MHC) of the antigen-presenting cells (APC) (Figure 1) attaches to the T-cell receptors [42]. Signal phase-2 of the T cell activation happens when the co-stimulatory proteins attach to the co-activating molecules of the T cell on the surface of the APC. In this cascade, the most significant protein B7 (B-lymphocyte activation protein B7) executes an important role by activating the T cell as B7 protein attaches to the co-stimulatory proteins of the T cell. T cells cannot damage the body’s own proteins as B7 protein is not produced in the normal cells of the body [43]. The co-stimulatory response is more effective for the activation/inactivation of the T cell response. Here, B7–CD28 interaction leads to the activation of the T cell, where B7 is found on the APC surface and CD28 is a marker of the T cell. On the contrary, B7–CTLA-4 interaction regulates the suppression of the T cell [44], and, therefore, co-stimulatory molecules play a more vital role in the activation of T cells.



When MHC-I attaches to the cytotoxic (CD8) T cells, then it is activated and plays a crucial role in the lysis of target cells. On the other hand, the helper (CD4) T cells are activated by attaching the MHC-II, which results in multiple downstream effects [45]. The body’s immunity is regulated by CD4 cells as well as complex and normal immune activities. A group of scientists have demonstrated that CD4 cells are reduced in numbers or do not work in AIDS patients. In contrast, CD4 cells can overproduce inflammatory cytokines when they are more effective [46].




3. Significance of T Cell in Cancer Treatment


In the human body there are three types of immune cells, known as the T cells (thymus-dependent cells), the B cells (bone marrow-mediated cells) and the natural killer cells (NK cells), which fight to damage cancer cells [47]. T lymphocytes are originated by the bone marrow and their maturation process is regulated in the thymus, which plays significant role in body’s immunity and fight against cancer cells. Importantly, there are diverse types of T cells that are responsible for damaging cancer cells, such as the cytotoxic T cells, helper T cells and regulator T cells [48]. However, Cytotoxic T cells (CTL) play a pivotal role in the minimization of a malignant tumor or cancer: they release particular cytokines such as TNF-alpha and IFN-gamma, and, hence, both are involved in the activation of cellular macrophages, which attack the tumor cells and clean them from the body [49]. Conversely, CTL are directly involved in the damage of cancer cells via the secretion of lytic granules, mainly perforin and granzymes, after the recognition of faulty cancerous protein [50]. Notably, helper T cells (Th cells) indirectly boost the functions of other immune cells to damage the cancer cells [51].



T-cell therapy for cancer treatment mainly relies on the ability to genetically engineer cells with targeted antigen specificity and then induce the cell to proliferate by preserving their effector function and homing abilities. Mouse models have usually been used for the identification and preclinical optimization of tumor therapy; nevertheless, no mouse models have been found that can be used as good predictors of a successful human response to immunotherapy. In recent times, substantial limitations in some mouse models have been found that have important indications for T-cell cancer therapy. In particular cases, it has been reported that many mouse tumor antigens do not represent human tumor antigens [52], which has led to strategies to generate transferred human T cells with the appropriate specificity of tumor. T-cell therapy can be used as an efficient treatment for viral infections and the early stages of cancer. Antiviral immunological processes are complicated and involve both adaptive and innate responses mediated by CD8+T cells, whose specific immunosurveillance functions have been examined in a variety of clinical and experimental conditions. The rapid, powerful, cytotoxic and non-cytolytic antiviral actions of CD8+T cells are certainly crucial to defending the host from various viral diseases [53]. Recent studies focused on cellular immunology and tumor biology have shown new strategies for adoptive T-cell therapy. For example, the use of engineered T cells has been tested as a strategy to increase the function of memory T cells and effector T cells through manipulating the host to suppress the immune toxic effect in the tumor microenvironment, with a promising result in the early stages of clinical trials [54]. Many research studies have reported that using the T cell for cancer treatment shows effective results and this plays a significant role in cancer therapy [54]. Adoptive T-cell therapy is used for the goal of eliminating a tumor and its recurrence, which consists of various mature T cells. Lymphocytes with inhibitory effects on the growth of cancer cells were observed in many patients who are potential candidates for immunotherapy [55]. The main advantages of using T cells for immunotherapy for cancer treatment instead of other cytolytic cells, such as NK cells, is that T cells have the ability to bind specifically on target tumor cells by the recognition of differentially expressed tumor proteins, which are present on the cell surface. As the T cells have a long clonal life span, this allows for both immunoprophylactic and therapeutic scenarios, and is also a great advantage for cancer treatment. Moreover, T cells can be well suited for genetic manipulation, which enables the evaluation of genetically-enhanced T cells for cancer and other diseases.




4. The Causes of T Cell Failure for Recognizing Cancer Antigens


The immune system plays a vital role against cancer cells. It always searches for diseased and imperfect cells for killing as its target cells. Most cancer patients possess a weak immune system, which is why specific cancers cannot be detected by the body’s immune cells [56]. As T cells possess weak activity in some cases, cancer cells may evade the defensive immunity and be the primary cause of cancer development. The excessive occurrence of free radicals and protein oxidation in the body causes DNA damage [57], which also reduces the potential activity of T cells to effectively recognize the cancer antigens. For example, the CHOP protein (C/EBP-homologous protein) is involved in the cellular stress response and myeloid immune cell response [58]. Additionally, the tissue of ovarian cancer patients expresses more CHOP than normal healthy tissues. CHOP proteins can alter the immune system to form cancer [59]. The activities of the CHOP proteins of T cells have been determined by researchers on mice models via a comprehensive set of laboratory trials [60]. Moreover, the CHOP level is increased when a T cell is activated and the CHOP also causes a negative T cell regulation process. A research study found that antitumor CD8+T cell immunity is boosted when the CHOP gene in T cells is deleted, and, thus, T cell-based immunotherapy became more successful in immunologically-developed mice models [59]. In normal conditions, the CHOP helps to balance the antitumor T-cell response [61]. Moreover, tumors can alter the general activities of the CHOP to decrease T-cell immunity. A small number of immune systems permit cancer cells to bypass the antitumor immunity activities of T cells, which can cause cancer outgrowth and development [62]. There are several others factors that inhibit the T cell’s immunity such as the low production of (IL-2) Interleukin-2, an abundance of proinflammatory cytokines, the high-grade chronic infection, improper function of Treg cells and T cell exhaustion [62,63]. Through the mechanism of T cell exhaustion, dysfunction of the T cells occurs, which mainly happens in various types of chronic diseases and also in cancers [64]. Furthermore, this is also a condition of poor effector action and the sustainable expression of inhibitory receptors. The exhausting of T cells inhibits the optimal monitoring of infections and tumors [65]. Exhausted T cells detect inhibitory receptor overexpression in the tumor microenvironment, which reduces effector cytokine production as well as the cytolytic activities of cancer cells in the body, allowing them to remove cancer cells from the body [66]. The activity of exhausted T cells is lost, which is identified by an altered transcriptional program. PD-1, Cytotoxic T-lymphocyte antigen 4 (CTLA-4), lymphocyte activated gene-3 (LAG-3) and domain-containing protein-3 have been reported as playing an important role in T cell exhaustion [67]. T cell exhaustion can be reversed by blocking the PD-1 or CTLA-4 checkpoint. By following this system, the T cells become resistant to the different inhibitory pathways [67].




5. The Current Immunotherapies That Are Used in Cancer Treatment


Current cancer immunotherapy has the potential to inhibit the growth of cancerous cells by enhancing the body’s immunity. Tumor antigens are found on the cell surface of tumor cells that encounter the antibody, but the self-antibody is able to destroy the cancer cells. In this manner, we need modified immunological components that potentially encounter the tumor cells and are able to manage the metastasis of cancer [64]. Here, we illustrate the major approaches of cancer immunotherapy and demonstrate the mechanisms as to how they are followed to treat a wide variety of cancers and summarized (Table 1).



5.1. Adoptive Cell Therapy


Adoptive cell therapy is a form of treatment strategy that uses the cells of our immune system to eradicate the cancer of our body, mainly known as cellular immunotherapy. Cellular immunotherapy approaches directly involve the isolating of our own immune cells and simply increasing their numbers, whereas others require gene therapy for genetically engineering immune effector cells to enhance their anticancer capabilities [66]. Significant cancer immunotherapy approaches are illustrated here as tumor-infiltrating lymphocyte (TIL), engineered T-cell receptor (TCR), chimeric antigen receptor (CAR) T-cell and engineered natural killer cell (NK) therapy.



5.1.1. Tumor-Infiltrating Lymphocyte (TIL)


Naturally occurring T cells are powerful immune cells in our immune system that are engaged to fight against cancer cells, but the “killer-like T cells” are enabled to recognize and alleviate the cancer cells in a very particular way. To effectively kill cancer cells and activity for a durable period in order to sustain an effective antitumor response, killer T cells need to be harvested by ex vivo expansion from cancer patients to activate and expand the T cell numbers. Potentially, the huge amount of activated T cells are re-infused into patients and can directly encounter and destroy tumor cells [68]. Recent clinical reports proposed that tumor-infiltrating lymphocytes (TILs) have been extensively used for patients who developed solid tumors, metastatic melanoma, ovarian cancer, renal cell carcinoma, colorectal cancer, pancreatic cancer, and so on [69]. A clinical research study of the use of tumor-infiltrating lymphocytes (TILs) on cutaneous melanoma patients reported that TIL grade is a strong predictor of survival and sentinel lymph node (SLN) condition in patients with melanoma, and patients with a significant TIL impact have an increased survival rate [70]. Donastas et al., 2019 [71], noted that tumor-infiltrating lymphocytes (TILs) showed potential anticancer activity on HLA-matched ovarian cancer cell lines, which was prior or post resistant to chemotherapy. In addition, many other research studies have demonstrated that tumor-infiltrating lymphocytes (TILs) show strong anticancer activity on both the breast cancer and triple negative breast cancer research model [72,73].




5.1.2. Engineered T-Cell Receptor (TCR) Therapy


In some cases, T cells are unable to counter the advanced forms of cancer, so we requisition engineered T-cell receptors for action against solid tumors. This approach takes T cells from cancer patients and introduces the engineered novel receptors that enable them to target specific cancer antigens and tumor lysis, and eradicate the tumor cells. Here we declare that engineered T cells demonstrate their outstanding functions and their longevity in the tumor microenvironment [74]. Engineered T-cell receptors (TCRs) are composed of the α and β chains that are associated with δ, ε and γ chains, and the largest signaling regions of this receptor are known as the ζ chains. These novel T-cell receptors encounter the tumor antigens via the MHC-I/MHC-II and, with the advantage of engineered T cells, are able to identify suitable target antigens, overcome immunosuppressive tumor microenvironments, prevent antigen escape and reduce toxicities [75].



Adoptive immunotherapy with TCR-engineered T cells has been identified as a significant strategy for cancer treatment, with promising results from recent clinical trials [76]. This evolution was also demonstrated in clinical trials involving MART-1 TCR-engineered T cells in 2009 and 2014 [77,78]. Johnson et al. demonstrated that 19% of patients who were treated with T cells engineered with the gp100 TCR had an effective anticancer response [77]. Many other research studies have identified that patients with metastatic melanoma, multiple myeloma, colorectal carcinoma and synovial sarcoma possessed significant survival rates after treatment with TCR-engineered T cells [79,80,81].




5.1.3. Engineered Natural Killer (NK)-Cell Therapy


NK cell therapy involves augmenting the capability of NK cell antitumor responses via the introduction of antigen specificity by using genetic modification. Herein, CAR NK cells’ basic structural framework has similarity to CAR T cells, mainly CAR composed of extracellular, hinge, transmembrane as well as intracellular domains. The extracellular domain of CARs is ScFvs, which interact with the hinge domain and the transmembrane domains connected between the hinge and intracellular domains, such as CD3ζ and/or CD28. In addition to that fact, CAR-mediated NK cells require co-stimulatory molecules such as CD28, 4-1BB and CD134 in order to increase the proliferation and cytotoxicity effect against the solid tumor [82]. These cutting-edge approaches (CAR NK therapy) might be potential substitutes for the existing time-consuming technology CAR T-cell therapy. Here, CAR NK-cell therapy is more significant due to some basic criteria, for example, it is less expensive, easy to be isolated and secretes safer cytokines (IFN-γ and GM-CSF) [83]. Throughout the past years, many research groups have developed NK-92 cells for expressing different CARs, including CD19 and CD20 on B-cell leukemia/lymphoid, CD38 and CS-1 on pancreatic cancer and HER-2 for endothelial malignancy [84,85,86,87]. Additionally, CAR-modified NK-92 cells can always be injected orally, enabling them to migrate to targeted tumor tissue and exhibit their actual impact through a vaccine-like technique [88]. In addition, although transduction efficiency varies widely with primary NK cells, the translation of NK-92 cells is more consistent, contributing significantly to the homogeneity of the cell line. NK-92 cells have an average transduction efficiency from around 50%, even though non-viral techniques such as electrophoresis or nucleofection are used [89,90].




5.1.4. Chimeric Antigen Receptor (CAR) T-Cell Therapy


CAR T-cell therapy depends on efficient, stable and safe gene transfer platforms. Cancer patient T cells can be isolated through leukapheresis and are harvested and genetically modified by ex vivo expansion through viral and non-viral transfection methods. The CAR T cell consists of the extracellular antigen-binding moieties that could be a single-chain fragment variable (scFv) portion consisting of the variable heavy (VH) and variable light (VL) chains of an antibody, and fused by a peptide spacer. It is interlinked to an intracellular signaling molecule/domain, i.e., TCR CD3ζ signaling chain or immune receptor tyrosine-based activation motif (ITAM)-containing protein that are bound in tandem with co-stimulation signals such as CD28 or 4-1BB [91]. At the start of CAR T-cell therapy the focus is on the recognition of unprocessed antigens and carbohydrate, as well as glycolipid structures that are present on the tumor cells surface. However, both types of CAR T cells, such as CD4+ and/or CD8+ T cells, are recruited and redirected to the target site of the cancer without the expression of MHC-I and MHC-II. These two effective T cells perform the major killing mechanism by cytolysis via perforin and granzyme secretion and, in some cases, follow the death mechanism by expressing the Fas/Fas-ligand (Fas-L) and/or TNF/TNF-receptor (TNF-R) [92]. Feins S et al. (2019) also illustrated that CAR T cells act against the CD19 protein of tumor cells of acute lymphoblastic leukemia and can diffuse large B-cell lymphoma, and, thus, this T-cell therapy can be used for the treatment of cancers. Personalized cancer immunotherapy using engineered chimeric antigen receptor (CAR) gene-transduced T-cell (CAR T) therapies has shown significant potential in the development of highly personalized interventional cancer immunotherapy. The first FDA-approved CAR T therapy to treat re-occurring or refractory B-cell acute lymphoblastic leukemia in the US has recently been approved, named as Novartis’ Kymriah (tisagenlecleucel), which highlights the potential of CAR T-cell-based immunotherapy for the treatment of cancer [93]. With the ability to target different components of the tumor ecosystem, CAR T cells are an effective instrument to target different components of the tumor environment, including malignant cells and their microenvironment [94,95,96].





5.2. Immunomodulators


Immunomodulators are directly interlinked to the modification of the immune system and along with these stimulatory molecules enable checkpoint blockers [97], enhance cytokines secretion and act as an agonist for blocking cancer progression and enhancing the potential activity of immune cells. Basically, cytotoxic T lymphocyte-associated antigen 4 (CTLA-4) manifests on the surface of T cells and regulatory T cells (Tregs) and counteracts the activity of the T-cell co-stimulatory receptor (CD28). After recognition of the antigen, the CD28 molecules strongly amplify TCR signaling for the T cells activation. Here, we can clearly say that CD28 and/or CTLA-4 represent identical ligands such as CD80 and CD86 [98]. Notably, CTLA-4 has a higher affinity for both ligands (CD80 and CD86) and expression of the ligands on the surface of T cells dampens the activation of T cells by outcompeting CD28, as well as actively delivering inhibitory signals to the T cell [99]. On the contrary, programmed death-1 (PD-1)/programmed death ligand-1 (PDL-1) play crucial roles in tumor progression and the survival of tumors in the tumor microenvironment. Mainly, PD-1 is found on several immune cells such as T cells, B cells, dendritic cells as well as monocytes [100]. Tumor cells and antigen-presenting cells express PDL-1 and interact with the T cells’ PD-1 and may cause T cell dysfunction, neutralization and exhaustion. It has been reported that PDL-1 is expressed on tumor cells and can escape the cytotoxic T cell-mediated cell killing and develop a tumor mass in the body [101]. However, when checkpoint inhibitors inhibit the pathway of PD-1/PDL-1 and CTL-4, they are capable of helping T cells to inhibit the advancement of tumor mass.



Cytokines are proteins or proteolytic enzymes secreted by immune cells that act as mediators of immunity and directly modulate immunomodulatory cells. Immunostimulatory cytokines such as IFNs, IL-2, IL-12, IL-15 and IL-18 are known to enhance immune responses against cancer [102]. The major cytokine IL-2 is able to promote the expansion of helper T cells (CD4+ T) and NK cells and facilitates the synthesis of Ig-type antibodies. The crucial role of IL-2 is in the Fas-mediated activation of CD4+ T cells that induce the cancerous cell’s death [103]. The research study by Dranoff G [104] reported that two major cytokines, namely IL-4 and IL-7, directly engage in the enhancement of the T cell’s function, but IL-4 activates eosinophil and eradicates the cancer cells from the body. IL-15 is needed for the activation, proliferation and cytotoxic action of NK cells and CD8+ T cells, which are able to release cytokines such as IFN-γ, leading to potential antitumor activity. Importantly, IFN-α is a specialized cytokine to use for the treatment of several malignancies and solid tumors through the maturation of dendritic cells and T lymphocytes [105]. Many research studies have now established our understanding of the immunological system and clinical evidence is available for the regulation of the immunologic reaction to malignancies. The role of bacille Calmette–Guerin (BCG) in the management of superficial bladder cancer has been demonstrated [106]. Intravenous BCG instillation causes an inflammatory reaction to the bladder epithelium that leads to inflammation cell recruitment and cytokine production [107]. Metastatic melanoma and renal cell cancer patients who receive IL-2 experience long-term responses, potentially cures [108]. Chemotherapy long-term survivors frequently relapse, while IL-2 responders always remain disease-free. Thus, immunomodulation appears to have been successful in priming the immune system to reject any recurrent tumor cells prior to the onset of clinical disease [109].




5.3. Antibody-Mediated Therapy


Antibodies are proteinaceous compounds that act against cell surface markers or antigens and protect us from several threats produced by B cells. Antibodies such as monoclonal antibodies (MAbs) have a significant cytotoxic effect against tumor cell surface antigens and modify the signal transduction cascade pathway within the tumor cells through the complement-dependent cytotoxicity (CDC) and/or antibody-dependent cellular cytotoxicity (ADCC) [110]. In the CDC pathway, MAbs directly modulate the classic complement pathway, when the complement component C1 recognizes the fragment crystallizable region (Fc region) of antibodies and activates C3a, C3b. The C3a recruit immune effector cells at the complement activation site, but C5 convertase is activated by the complement component C3b via the activation of an alternative pathway that forms the membrane attack complex (MAC) to lysis the tumor cells [111]. The process of ADCC involves specific antibodies binding to the immune effector cells such as monocytes, NK cells and other leukocytes to kill the antigen specific tumor cells. Therapeutic antibodies engage with the Fc receptor of the immune effector cells via the Fc region of antibodies, for example, the MAbs Fc region attach the FcγRIII receptors on NK cells for activation and trigger the NK cell to secrete perforin and granzyme resulting in the death of cancer cells. Moreover, NK cells release proinflammatory cytokines due to the recruitment of adaptive immune cells and the inhibitory action plays against the cancer cells [112]. The research study by Christian P. Pallasch and his colleagues noted that the antibody-mediated therapy showed significant anticancer properties in the tumor microenvironment that possessed resistance activity toward several chemotherapeutic drugs [113]. Monoclonal antibody-mediated treatment induced tumor regression through apoptosis [114]. Jessica Marlind et al., 2008, [115] reported that in breast cancer treatment, the antibody-mediated insertion of IL-2 effectively enhanced the efficiency of chemotherapeutics drugs. In addition, several research studies have shown that the antibody-mediated therapy exhibits new promise for the potential treatment of pancreatic cancer and hepatocellular cancer [116,117].




5.4. Formation of Bi-Specific T Cell-Engaging Antibodies for Cancer Therapy


Many research activities have indicated that in both early and late phases of the diseases, T cells are capable of controlling the enhancement of tumor development and progression in cancer patients [118]. However, there are some difficulties because the T cell responses for tumor specific antigens are complex to develop and maintain in cancer patients. Moreover, when immunoediting is taking place, the responses are confined by some of the immune regulatory mechanisms for the selective tumor cells [119]. The production of antibodies is an effective strategy to assemble T cells for the immune-therapeutic treatment of cancers, and these types of antibodies are expressed both on the surface specific antigen of every type of cancer cells and for the CD3 complex on T cells. These types of antibodies are efficient at engaging with any kind of cytotoxic T cells to damage the cancer cells [120].



Independently, the production of antibodies can enhance the specificity of the T-cell receptor, co-stimulation or presentation of peptide antigens. Various research activities have demonstrated that, among bi-specific antibodies derived from T cells, the BITE (bi-specific T-cell engager) antibodies show a promising efficacy in the treatment of both bulky and minimal residual disease [120], and now it is FDA approved for treating several cancers. Kufer and colleagues’ research project showed that the special design of the CD3/target antigen-associated bi-specific antibodies has a very high rate of efficiency and can also involve CD8+ and CD4+T cells to redirect the cancer cell lysis process to the target (E–T ratio) ratios [121]. When the bi-specific antibodies bind only the CD3-specific branch, this shows low efficiency as the monovalent antibodies cannot trigger the T-cell signaling by CD3 (Figure 2). Contrary to this, the “bi-specific T-cell engager” (BITE) antibody is activated to the T cell through the multivalent strategy by the target cells [122,123]. In an in vitro study, the BITE antibody was found to be highly effective at redirecting the damaging response of cancer cells. Additionally, the drug’s potent antitumor activity has been demonstrated in a variety of animal models [124,125].



The BITE antibodies (MT110) were tested in a clinical trial with an ovarian cancer patient who, at late stage, had developed ovarian cancer cell metastasis [126]. Moreover, they were tested as a stage 2 clinical trial of cancer patients who had b-precursor acute lymphoblastic leukemia (B-All) and showed minimum accessorial disease in the patient’s bone marrow [127]. Another BITE antibody, named as MTT110, which is now in the clinical development phase, is bi-specific only, especially for the CD3 complex and the epithelial cell adhesion molecule (EpCAM) [128]. It is currently being clinically tested in patients with lung and gastrointestinal cancer as a part of the clinical trial one. The expression efficiency of the epithelial cell adhesion molecule (EpCAM) has, therefore, been shown to be high on several squamous cell carcinoma types, human adenocarcinoma and cancer stem cells. It has certain limitations because the animal model did not identify the CD3 modulation of T cells by treating BITE antibodies to suppress the cytotoxic granules of T cells [129].




5.5. Formation of Cancer Vaccine


Cancer treatment vaccines enhance the immune system’s capability to signify and damage the cancer antigens more effectively. Cancer cell’s possess specific molecules, named cancer specific antigens, for every type of cancer cell on their cell surface, but they are absent in healthy cells. Generally, cancer vaccines can be produced for individual cancer patients. These categories of cancer vaccines are composed from the tumor sample of the individual cancer patient (Figure 3). For that, surgery is required to find a large enough sample of the tumor cells to make the vaccine against these cancer cells. There are two types of vaccine in cancer treatment. They are the personalized cancer vaccine and the vaccine to target specific cancer antigens [130].



Even if cancers can be originated by common mechanisms that are regulated by the mutated genes in the process of cell transformation (i.e., p53, ras), they pass through excessive random mutations in other genes. The expression of foreign antigens is regulated by these mutations and by making a molecular “fingerprint” that absolutely distinguishes the patient’s tumor. Whereas the mutations of genes are regulated indiscriminately, the antigenic fingerprint of one person’s cancer is generally not the same as another person’s cancer. In this way, the particular cancers among the identical pathological group are independent based on their antigens. These essential characteristics demand that the immune system of individual patient’s has to be treated to identify the specific cancer antigens and cancer cells. The novel approaches for generating cancer immune-therapeutics are known as the autologous tumor cell vaccines, allogeneic tumor cell vaccines, dendritic cell vaccines, protein- or peptide-based cancer vaccines, genetic vaccines and the whole tumor lysates [131,132].



The cancer vaccine possesses an effective activity to provide immunity towards the cancer antigens. The response stimulates the activity of antigen-presenting cells (APCs) to trigger the functions of T helper cells to provide the antibody against the cancer antigens and also activate the effector or cytotoxic T cells. However, cancer vaccines have some limitations: because the tumor cells or cancer cells express random specific types of antigens, these antigen’s type is not fixed. For that reason, cancer vaccines are not so effective for inhibiting the growth of the cancer cells.




5.6. Nanoparticle-Based Cancer Immunotherapy


The contribution of nanoparticle (NP) technology for diagnostics and therapy has been improving medicine for many years now. Nanoparticles (NPs) can be employed as adjuvants or as carriers to carry molecules to a specified destination, equipped with certain ligands that encourage specific use, and they can be applied in an immune-modulating activity. Nanoparticles (NPs), which can be classified into three types: micelles, liposomes and inorganic NPs, are the most preferred delivery platform [133].



Matured dendritic cells (DCs) are represented in the antigens of tumor cells towards the effector T cells. Without maturation, DCs cannot present their antigens to T cells and tumor cells can escape. Immunostimulatory spherical nucleic acids (IS-LSNAs) were created to be able to target TLRs 7/8. Plasmacytoid dendritic cells uptake IS-LSNAs and this can generate an NF-κB pathway to activate immature DCs. An organic nanoparticle called liposome was used to carry the IS-LSNAs loaded with antigens to target specific DCs in the tumor microenvironment [134]. Liu et al. synthesized amphiphilic vaccines (amph-vaccines) consisting of an antigen that was linked to a lipophilic albumin-binding tail, while the lipid head was bound to single-stranded oligonucleotides containing unmethylated cytosine–guanine motifs (CpG DNAs) that were capable of interacting with TLR9. Liu et al. produced vaccines that were amphiphilic in nature (amph-vaccines). These consist of two parts, a lipophilic albumin-binding tail and lipid-based CpG DNAs to interact with TLR9. The amph-vaccines codelivery method successfully transmits peptide antigens and CpG DNAs through a nanocarrier and enhances the T cell responses and antitumor efficiency through effective lymph node stimulation [135]. An anti-CTLA-4 antibody combined with a radiotherapy approach can generate a strong immune stimulation. Song et al. developed a liposomal delivery method to provide catalase and H2O2 to reverse hypoxia in the tumorous location and to improve the radio-immunotherapy’s and anti-CTLA-4 immunotherapy’s immunological impacts [136]. NK-92, activated NK cells, fusogenic liposome encapsulating doxorubicin and DOX@NKsomes have been developed by Pitchaimani et al. All protein receptors such as CD 56, NKG-2D and NKp30 are preserved in the liposome-fusing NK cell. Consequently, they can identify tumor cells using NK cell markers and merge with the tumor cells to release doxorubicin to the cytoplasm of the tumor cell [137].
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Table 1. Antigens and type of cancers they cause. Tumor antigens’ classification depends on their molecular structure and their origin, and, based on these properties, we can classify the tumor antigen into following categories of tumor-associated antigens (TAAs): (i) mutation products of specific genes (In breast cancer, the mutation of Her2 and Ras causes 10% of the carcinomas); (ii) oncogenic virus antigens; (iii) abnormal cellular proteins; (iv) types of oncofetal antigens; (v) classes of glycolipids and glycoproteins; (vi) types of differentiated tissue-specific antigens.
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	Antigens
	Type of Cancer They Cause
	References





	NY-ESO-1
	Esophageal Squamous Cell carcinoma
	[138]



	MAGEA-A3
	Melanoma
	[139]



	WT1
	Acute Myelocytic leukemia
	[140]



	hTERT
	Viral mediated Cancer
	[141]



	Tyrosinase
	Brain and Skin Cancer
	[142]



	gp 100
	Melanoma
	[143]



	MART-1
	Melanoma
	[143]



	Melan A
	Melanoma
	[143]



	β catenin
	Melanoma
	[143]



	MUC1
	Breast Cancer
	[144]



	CEA
	Colon Cancer, Lung Cancer
	[145]



	Mam-A
	Breast Cancer
	[146]



	Sialyl-Tn
	Breast, Gastric, Lung, Colon, Esophageal, Prostate and Endometrial Cancer
	[147]



	α-fetoprotein
	Hepatic Cancer
	[148]



	CA-125
	Ovarian Cancer
	[149]



	Ras, Src
	Exhibited in Several Cancer Types
	[150]



	Mesothelin
	Malignant Pleural Mesothelioma, Ovarian and Pancreatic Cancer
	[151]



	PSMA
	Prostate Cancer
	[151]



	TPD52
	Prostate, Breast and Ovarian Cancer
	[151]



	PSA
	Prostate Cancer
	[151]



	PAP
	Prostate Cancer
	[151]









5.7. Inhibition of T Cell Exhaustion


T-cell exhaustion is known as T-cell dysfunction that occurs in many chronic infections and cancer, and which is also a condition of poor effector action and the sustainable expression of inhibitory receptors [65]. The exhaustion of T cells inhibits the optimal monitoring of infections and tumors so that the over expression of inhibitory receptors is found in the tumor microenvironment, which reduces the effector cytokine production and also cytolytic activities. The mechanisms for these T cell abnormalities are not clearly known. In order to solve these abnormalities, the gene expression was observed in the virus-specific CDRT cell line of mice that were functionally weakened and chronically infected with lymphocytic choriomeningitis virus (LCMV). It was shown that PD-1 (programmed death 1) was upregulated by the exhausted T cell [152].



By coating themselves in PD-L1 (known as B7&-H1), the T cell is blocked by antibodies (Figure 4). Thus, by blocking the PD-1/PD-L1 inhibitory pathway, the CD8 T cell is restored and they are now able to proliferate, secrete cytokines and destroy the infected cell [153]. In contrast, T cell exhaustion can also be eliminated through engineered T cells in the event of lethal diseases and cancer [154]. The expression of PD-1 can also be degenerated by genome engineering strategies instead of blocking the PD-1/PD-L1 mechanism. The process can be completed by the CRISPR/Cas9 system [155]. By using the CRISPR/Cas9 system, it was reported that the expression of PD-1 on the primary human cells was reduced. Thus, it shows an effective strategy to generate CAR T cells that are resistant to exhaustion [63]. Thus, by following the two abovementioned methods, the exhausted T cell can be restored. This cancer treatment, by restoring these exhausted T cells, could be an inspiring event that can provide a hopeful result and could become an important breakthrough in cancer immunotherapy.





6. The Strategy of T Cell Modification through Using the CRISPR-Cas9 Genome Editing Tool


By the above demonstration from many research findings, the estimation can be generalized that the modification of T cell receptors could be a possible solution as an effective immunotherapy cancer treatment in which the genetically engineered T cells can express the genes of the chimeric antigen receptor (CAR) proteins [156]. The genetic construct of CAR introduced to T cells by transfection with viral vectors, mRNA or plasmid can be performed using a gene editing tool (CRISPR-Cas9) to guide T cells that are aligned with the surface TAAs of the tumor cells (Table 1), and the recent development have evolved in molecular biology and gene editing tools. The only first-generation CAR (CD3ζ signaling domain) evolved to second-generation (CD3ζ with 41BB or CD28 domains) and third-generation (CD3ζ with 41BB and CD28 domains) CARs, which have improved T cell targeting and proliferation for the addition of co-stimulatory endo domains (Table 2). In the human leucocyte antigen components, CARs are designed to target particular peptides, which may enable the targeting of tumor-associated antigens (TAA) or tumor specific antigens (TSA) (Figure 5) [157].



These modified T cells, which have tumor targeting receptors, were shown to be very promising in clinical trials for multiple leukemia and lymphoma and could be used to treat solid cancer [96]. Genetic modification to generate this potential chimeric antigen receptor can be carried out only by a specific editing tool such as CRISPR-Cas9 (Table 3) [158]. This is because the alternatives to CRISPR-Cas9 are zinc-finger nucleases (ZFNs) and transcription activator-like effector nucleases (TALENs), and the major drawback of ZFNs and TALENS is that the recognition of the target DNA sequence is determined by protein sequences [159]. For each particular target DNA sequence, therefore, a laborious and complex process and the optimization of proteins are needed, and it is difficult to deliver many of these proteins in cells for simultaneous multiplexed genetic modification [160]. The CRISPR system was identified inside bacteria when it was invaded with foreign DNA. Type II CRISPR strategies combine invading DNA sequences and CRISPR repeat sequences that are encoded by a bacterial genome. This CRISPR repeat DNA sequence is transcribed and forms crRNAs [161], it includes a protospacer, which is a variable RNA sequence that transcribes and forms crRNAs [162], a variable RNA sequence from the invading DNA and CRISPR arrays of the host DNA. Every crRNA hybridizes with a second RNA known as the CRISPR RNA (tracrRNA) and then they form a complex with Cas9 endonuclease protein, which cuts the DNA [161]. The crRNA protospacer directs Cas9 through additional target DNA sequences and cleaves the DNA if they are adjacent to short sequences recognized as protospacer adjacent motifs (PAMs). It was first revealed that the Streptococcus pyogenes Cas9 protein (SpCas 9) would associate with the tracrRNA–crRNA RNA complex to induce a double stranded breakage (DSB) in a target DNA sequence [162]. This experiment also showed that Cas9 does not need an RNA complex to bind and break a certain DNA sequence, rather a constructed single guide RNA can easily achieve this method (sgRNA). The above studies laid the foundation for CRISPR/Cas9 to be used in the field of genome engineering involving genetic modification and control of gene expression, epigenetic alteration and the imaging of the genome [163,164,165,166,167]. By using a plasmid encoding Cas9 and sgRNA, CRISPR/Cas9 can be applied directly to human cells, and there have also been studies of gene editing with non-integrated viruses such as adenovirus and adenovirus-associated virus (AAV) [19,128,129]. New developments of smaller Cas proteins have allowed and improved the combination of this technology with vectors that have increased their optimization, such as AAV vectors. Efficient gene editing in human cells was also used in CRISPR delivery via Cas9 (Ribonucleoproteins, RNP) [168]. Lentiviral and adenoviral transmission of CRISPR components to primary T cells resulted in genetic change in T cells.
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Table 2. Diverse malignancies with their target antigens and their endo domains. Summary of solid tumor antigens targeted by CAR T-cell therapy.
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	Target Antigen
	Malignancies
	Endo Domains
	References





	Epidermal growth factor receptor
	Gastric cancer
	CD28+CD3ζ, 4-1BB
	[169]



	HER2
	Sarcoma, Glioblastoma, Osteosarcoma
	CD28-CD3ζ
	[170]



	IL13Rα2
	Glioblastoma
	CD3ζ
	[171]



	GD2
	Neuroblastoma
	CD3ζ
	[172,173]



	FAP
	Colon and ovarian cancer
	CD8α, CD3ζ, 4-1BB
	[174]



	MSLN
	Pancreatic cancer, Malignant pleural mesothelioma
	CD3ζ and 4-1BB
	[175]



	CD171
	Refractory neuroblastoma
	CD3ζ
	[176]



	EGFRvIII
	Glioma
	CD28+CD3ζ, 4-1BB
	[177]



	Carbonic anhydrase IX
	Metastatic renal cell carcinoma
	FcRγ
	[169]



	Alpha-folate receptor
	Ovarian
	FcRγ
	[178]



	Carcinoembryonic antigen
	Liver metastasis
	CD28+CD3ζ
	[179]



	ErbB2+MUC1
	Breast cancer
	CD28, CD3ζ
	[173]



	Vascular endothelial growth factor receptor
	Melanoma
	CD28, CD3ζ
	[180]



	HER2+CD19
	Medulloblastoma
	CD28, CD3ζ
	[174]



	NKG2D
	Breast cancer
	CD28+CD3ζ
	[181]
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Table 3. The tabular representation of the current immunotherapy techniques that are used for cancer treatment worldwide.
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	S.N.
	Immunotherapy Techniques
	Their Mechanism of Action
	Advantages
	Limitations
	References





	01
	Tumor-infiltrating lymphocyte (TIL)
	Harvesting the Killer T cells in ex vivo expansion that have already been infiltrated from cancer patients, as well as activating and expanding the T cell population, is required for efficiently killing cancer cells. A large number of activated T cells are re-infused into patient’s body allowing them to destroy tumor cells. TILs have been widely used to treat solid tumors, metastatic melanoma, pancreatic cancer, colorectal cancer and various other cancers.
	TILs are efficacious for melanoma patients. They are able to focus properly on tumor antigens.
	Therapeutic delays owing to lengthy ex vivo expansion. MHC- I may be downregulated by tumor cells.
	[169,182]



	02
	Engineered T-cell receptor (TCR) therapy
	After isolating T cells from cancer patients, the engineered receptors are introduced into patient’s body for targeting specific cancer antigen and eradication of tumor cells. Modified T cells have exceptional activities and function in terms of having greater lifetime in tumor microenvironment.
	Enhance functionality, polarization and working efficiency.
	In most cases, it is monoclonal specificity. Inconceivable toxic effects may be found.
	[170,182]



	03
	Engineered natural killer (NK) cell therapy
	Augmenting the capability of NK cell antitumor responses via the introduction of antigen specificity by using genetic modification. CAR-mediated NK cell requires co-stimulatory molecule such as CD28, 4-1BB, CD134 in order to increase the proliferation and cytotoxicity effect against the solid tumor.
	Less expensive, easy to be isolated, secreted safer cytokines (IFN-γ and GM-CSF).
	Always have to be injected orally.
	[82,83]



	04
	Chimeric antigen receptor (CAR) T-cell therapy
	The CAR T-cell treatment is used to recognize unprocessed antigens that are represented on the surface of tumor cells. The Car T cells are attracted and guided to cancer target site without MHC molecule’s expression. CD4+ and CD8+ T cells carry out the primary killing methods as cytolysis by secretion of granzyme and perforin.
	Large-scale production within short time, do not depend on MHC molecule, recognizes any surface antigens (Carbohydrate, protein and glycolipid).
	CAR T cell can only target cell surface antigens.

Lethal toxicity may be found owing to cytokine storm.
	[175,182]



	05
	Immunomodulators
	Enhancing cytokines’ secretion and act as an agonist for blocking the cancer progression and enhancing the potential activity of immune cells.
	Can effectively suppress the cancer cells.
	Inability to predict treatment efficacy and patient response.
	[97]



	06
	Antibody-mediated therapy
	Possesses cytotoxic effect against a tumor cell surface antigen and modifies the signal transduction cascade pathway within the tumor cells through the complement-dependent cytotoxicity (CDC) and/or antibody-dependent cellular cytotoxicity (ADCC).
	Showed significant anticancer properties in the tumor microenvironment.
	Inadequate pharmacokinetics and tissue accessibility as well as impaired interactions with the immune system.
	[110]



	07
	Formation of bi-specific T-cell-engaging antibodies for cancer therapy
	Enhance the specificity of the T-cell receptor, co-stimulation or presentation of peptide antigens independently.
	Demonstrated promising efficacy in the cancer treatment.
	When the bi-specific antibodies bind only the CD3-specific branch it shows low efficiency.
	[120,121]



	08
	Formation of cancer vaccine
	Enhance the immune system’s capability to signify and damage the cancer antigens more effectively.
	Possesses an effective activity to provide the immunity towards the cancer antigens.
	The efficacy of cancer vaccines has been limited.
	[130]



	09
	Nanoparticle-based cancer immunotherapy
	They can be employed as adjuvants or as carriers to carry molecules to a specified destination, equipped with certain ligands that encourage specific use and they can be applied in an immune-modulating activity.
	Good pharmacokinetics, precise targeting of tumor cells, reduction of side effects and drug resistance.
	Nanoparticles have no common feature other than their size.
	[133]



	10
	Inhibition of T cell exhaustion
	Inhibition of T cell exhaustion increase the efficacy of T cells in which it can effectively recognize and kill the cancer antigens. It shows an effective strategy to generate the CAR T cells that are resistant to exhaustion.
	Can provide a hopeful result and it may become an important breakthrough in cancer immunotherapy.
	More complex technique and also it is patient specific.
	[63]








However, these techniques cannot directly insert and interrupt the basic genetic elements at the location level and have not been successful in genetic modification [183,184]. The lentiviral CRISPR kit, which is Jurkat T cell-based, has recently been created, with the aim to be versatile and simple to operate, and this toolbox can provide an additional advantage for research on T-cell signal transductions and programmability with different variants of Cas9 proteins [185]. There is also a study on the gene editing of Cas9 RNP cells at a particular site [155]. However, in vitro-produced sgRNAs and Cas9 protein (recombinant) form the Cas9 RNPs, and this synthetic Cas9 RNPs was introduced inside CD4 T cells and resulted in specific genetic modification because the treated T cells did not express PD-1 and CXCR4 proteins. In particular, the successful implantation of DNA inserts by the incorporation of an HDR (homology directed repair) template at the Cas9 cleavage position was assured by the deep sequencing. There are existing methods to introduce the CRISPR/Cas9 system into the T cells, but each method has its own pros and cons (Table 3). For example, the lentiviral method was used to target the CCR5 gene of T cells in humans for Cas9 delivery, but the main drawback of this method is the low knockout efficacies [186,187]. Moreover, it is not ideal to have permanent expression of gene editing factors, which might generate higher off target consequences [168]. In addition, it has recently been revealed that Cas9 antibodies are present in the serum of cord blood in a great number of healthy donors, which might trigger an immune response and cause an undesirable effect [188,189,190,191]. Thus, transient expression is desirable in the case of CRISPR/Cas9 system delivery. These can be applied by the non-viral transfection of T cells, for example, by electroporation, liposome-mediated nanoparticles, ligand fusion tags or cell penetrating peptides. All other approaches have not yet been utilized in T cells, except for electroporation. Electroporation is less productive and 95% of T cells die because of a cytotoxic effect, but they can retain their expansion potential to increase viable cell numbers after CRISPR/Cas9-based genome editing [192,193]. As a result, electroporation-based methods might be the most optimum to utilize Cas9-mediated genome modifications in T cells for therapeutic reasons given the temporary existence of a CRISPR/Cas9 system and the retention of T cell growth capacity.



In 55% of the targeted T cells, there were indels and 20% exogenous DNA [155]. In another study by Hendel et al., it was shown that modification of the CCR5 gene by Cas9 mRNA in T cells with synthetic sgRNAs can result in a greater success rate where around 49% of target T cells were modified at their targeted site and were evaluated with the TIDE method by hybridizing indels with fluorescent molecules [194]. There is also a report on the procedure of disrupting DNA in T cells to synthesize clinically standard CAR T cells [195]. Freshly isolated human T cells were stimulated with anti-CD3/CD28 beads and lentivirally transformed for stable expression of the CAR-Transgene at a period of 1 day after stimulation, and T cells were electroporated simultaneously on days 3 and 4 with RNA encodes Cas9 and SgRNA to cut PD1, HLA-1 and TCR genes [196]. The output using this technique was based on the donor sequence, with results showing >70% CAR transduction ability in several production models and also >60% dual knockout efficiency, which have been briefly demonstrated in Figure 6. This development process resulted in CAR T cells that were unique to CD19 targets, resistant to host rejections and unable to cause GVHD, for this reason emphasizing CRISPR/Cas9-mediated universal CAR T cell generation. Similar findings were recorded using a different CRISPR/Cas9 strategy with Cas9 RNPs targeting the B2m, PD1 and TCR genes [197]. With a single electroporation of different Cas9mRNAs, an effective gene alteration can be achieved [198], and this could be less time-consuming and the success rate could increase. Therefore, these gene editing techniques based on CRISPR/Cas9 can inhibit TLA-4 or PD-1 cells from T cells, and then target tumor cells for successful immunotherapy.




7. Concluding Remarks


Overall, the new emerging CAR T-cell therapy will be a novel strategy that will increase the activity of T cells and can be worked as an immune-therapeutic approach in the treatment of cancer. In this review, we have shown the modification of the T-cell for therapeutic purposes in cancer treatment with the high efficiency genome editing tool CRISPR Cas9; specifically, its application in therapeutic processes against cancer and the development process of T-cell therapy in the next generation metamorphosis drugs. The CD19-mediated chimeric antigen receptor T-cell therapy will become a novel strategy in the treatment of human cancers. In chimeric antigen receptor (CAR) T cells, an extracellular single-chain variable fragment (ScFv) is specific to the antigens on tumor cells and the T-cell activation is initiated by an intracellular chimeric signaling domain. Then, the T cells are able to damage the tumor cells.



Many cancer research activities focus on the role of T cells in both early and late phages of disease where T cells show their functions for controlling the enhancement of tumor development and progression in cancer patients. However, there have been some abnormalities for generating T cell responses against the tumor specific antigens, which include them being difficult to develop and maintain in cancer patients. An effective strategy used to add T cells for cancer therapeutic treatments are antibodies. These antibodies are activated only for the surface specific antigen on cancer cells and for the CD3 complex on T cells. These types of antibodies are efficient in engaging with any kind of T cells that are cytotoxic to cancer cells in order to damage the cancer cells. However, to use the CRISPR/Cas9 technology to mediate immunotherapy, we have broadly demonstrated the CRISPR/Cas9-mediated genome engineering strategy, which exhibits a significant impact and the therapeutic potential of this technology and, thus, represents a very important area that will help biological researchers in their future study about this novel strategy for cancer immunotherapy.
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Figure 1. Diagrammatic recognition process of cancer antigens via T cells. APC directly recognize the cancerous antigens on the surface on rapidly proliferative cells and activate signal phase-1. Following, signal phase-2 is activated by attaching the MHC-II with T-cell receptors and activating the T cell. 
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Figure 2. Formation of bi-specific T-cell engaging antibodies for cancer therapy. Bi-specific antibodies are specific for the CD3 and CD19 marker of cancer cells. 
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Figure 3. The steps for the formation of cancer vaccine. A surface protein found on the surface of cancer cells and vaccine developed depending on the structure of that protein. Here, the DNA with modified gene will be inserted into the cancer cells by using irradiation of the cancer cells. 






Figure 3. The steps for the formation of cancer vaccine. A surface protein found on the surface of cancer cells and vaccine developed depending on the structure of that protein. Here, the DNA with modified gene will be inserted into the cancer cells by using irradiation of the cancer cells.



[image: Processes 10 00016 g003]







[image: Processes 10 00016 g004 550] 





Figure 4. The mechanism of returning the exhausted T cell to an activated T cell against cancer cell. By showing a molecule called PD-L1, the normal cells send white flag to the immune system. The signal is detected by T cells via PD-1 protein. The protein binds with PD-L1 and prevents T cells from attracting body’s own cells. 
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Figure 5. The mechanistic demonstration for the production of high efficiency cancer killing T cells. T cells are modified in order to make them more effective to kill cancer cells. For this purpose, the extract of T cells is taken from patients. T cells are engineered so that they can recognize tumor cells and, then, they are reprogrammed to generate super killer cells. The super killer T cells are expanded in vitro into multiple numbers. These T cells are infused back into patient’s body to work against cancer cells. Finally, the engineered T cells are able to destroy cancer cells. 
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Figure 6. The estimated strategy of T cell modification through using the CRISPR-Cas9 genome editing tool. Here, the donor blood cells have to be extracted to collect primary human T cells, then these cells are transformed into polyphenols KO T cells by our mostly desired CRISPR-Cas9 genome editing tool. After that, these genetically modified polyclonal T cells are validated by knockout verification and finally injected into the cancer patient body. 
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