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Abstract

:

With the advent of cancer immunotherapy, there has been a major improvement in patient’s quality of life and survival. The growth of cancer immunotherapy has dramatically changed our understanding of the basics of cancer biology and has altered the standards of care (surgery, radiotherapy, and chemotherapy) for patients. Cancer immunotherapy has generated significant excitement with the success of chimeric antigen receptor (CAR) T cell therapy in particular. Clinical results using CAR-T for hematological malignancies have led to the approval of four CD19-targeted and one B-cell maturation antigen (BCMA)-targeted cell therapy products by the US Food and Drug Administration (FDA). Also, immune checkpoint inhibitors such as antibodies against Programmed Cell Death-1 (PD-1), Programmed Cell Death Ligand-1 (PD-L1), and Cytotoxic T-Lymphocyte-Associated Antigen 4 (CTLA-4) have shown promising therapeutic outcomes and long-lasting clinical effect in several tumor types and patients who are refractory to other treatments. Despite these promising results, the success of cancer immunotherapy in solid tumors has been limited due to several barriers, which include immunosuppressive tumor microenvironment (TME), inefficient trafficking, and heterogeneity of tumor antigens. This is further compounded by the high intra-tumoral pressure of solid tumors, which presents an additional challenge to successfully delivering treatments to solid tumors. In this review, we will outline and propose specific approaches that may overcome these immunological and physical barriers to improve the outcomes in solid tumor patients receiving immunotherapies.
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1. Introduction


Cancer immunotherapy dates back to William B. Coley in 1891 when he began treating cancer patients with different combinations of bacteria and their derivatives to provoke an immune response [1]. While the immune system was not understood or recognized at that time, Coley and others observed that patient responses to infection were on occasion associated with tumor regression. Although his work with ”Coley’s Toxins” was not widely accepted in his time, he continued to treat over 1000 patients during his 40 years as a physician and is now regarded as the “Father of Cancer Immunotherapy” [2].



Cancer immunotherapy is transforming multidisciplinary cancer care and opening new therapeutic avenues. Current types of immunotherapy that have been explored include monoclonal antibodies (mAb), immune checkpoint inhibitors (ICI), oncolytic viral platforms (OV), cancer vaccines, adoptive cell therapy (ACT), and various combinatorial approaches [3]. In this review article, we will focus on the current standards of care in cancer immunotherapy, with a strong focus on the promise and limitations of ACT [4], which includes tumor-infiltrating lymphocytes (TIL’s), CAR-T cells, and CAR-natural killer cells (CAR-NK).




2. Standard of Care Therapies


When a patient is first diagnosed with cancer, various treatments can be offered. The appropriate management plan for a given patient depends on several factors including disease type, sites of disease, and patient physiologic status. For years, the standard cancer treatments included surgery, chemotherapy, radiation, or a combination approach. Surgical resection is potentially curative in selected cases, but most advanced solid tumor patients are not candidates for this approach [5]. Most patients with advanced solid tumors require multidisciplinary care including chemotherapy or radiation [6].



A major limitation of cytotoxic chemotherapy drugs is that the drugs generally lack specificity and attack both normal and tumor cells, causing potentially severe side effects [7]. Radiation therapy is often used in combination with chemotherapy or surgery because the use of radiation alone cannot cure most forms of cancer [8]. Typical adverse effects include dry, itchy, and swelling skin, and overall stiffness and fatigue [9]. Even when combinatorial treatment based on surgery, chemotherapy, and radiation achieve disease control, durability or cure are quite rare. Cancer immunotherapy is becoming increasingly embedded in multidisciplinary cancer care in part due to its ability to provide durable disease control in a higher proportion of patients under some circumstances. Expanding the impact of immunotherapy to include more solid tumor types will require further advances that overcome critical barriers related to immunosuppression and targeted delivery, among others.




3. Basics of Immunotherapy


The immune system is known to play a pivotal role in tumorigenesis, hence the role of immunotherapies in treating different kinds of tumors has become crucial. In the 1990s, the first tumor associated antigen was cloned (melanoma associated antigen 1) and immunogenic tumor antigens were discovered, implying that the immune system can recognize and clear them [10]. Interferon α2 was approved by the US FDA for adjuvant treatment of stage IIb/III melanoma in 1995 and IL-2 was FDA approved for the treatment of metastatic melanoma and renal cell carcinoma [10]. In the 21st century, several ICIs were evaluated and approved for the immunotherapy of different types of cancers.



There have been many immunotherapy clinical trials with varying levels of success. Most of these trials have involved the use of mAbs, checkpoint inhibitors, OVs, cancer vaccines, and ACT [11,12]. Thus far, immunotherapies combating hematological cancers and a select group of solid tumors have demonstrated success [13]. New cases of leukemia, lymphoma, and myeloma (hematological cancers) accounted for 9.9% of new cancer cases diagnosed in the US in 2020, while solid tumors made up the rest of the 90% of cancer cases [14]. Immunotherapies, such as CAR-T cells for treating hematological cancers, are typically administered intravenously. Once in circulation, CAR-T cells have easier access to target cells in the setting of hematologic malignancies as compared to solid tumors. Although there has been success in hematological cancers, especially targeting CD19, most of the clinical trials focused on solid tumors have yielded less encouraging results [15]. There are several obstacles within solid tumor TMEs, such as regulatory T cells (Tregs), myeloid derived suppressor cells (MDSCs), tumor-associated macrophages (TAMs), suppressive cytokines (IL-10, TGF-β), hypoxia, and barriers to effective drug delivery, including high intra-tumoral pressure. Systemic infusion of immunotherapies can cause on-target-off-tumor toxicities (OTOTT) and poor trafficking of the CAR-T cells to the tumor site further compromises the therapeutic index [16,17]. Success with solid tumor cell therapy will require a greater understanding of the TME, innovative cell engineering strategies, and appropriate delivery techniques.




4. Solid Tumor Immunotherapy Barrier Overview


Clinical success with immunotherapy for solid tumors has, in many cases, been very difficult to achieve. While surgical resection, chemotherapy, and radiation are often the primary treatment modalities for solid tumors, these methods may fail initially or be unable to provide durable disease control. To achieve greater and more consistent success in patients with advanced solid tumors, immunotherapy must be enabled to overcome challenges posed by solid tumors that are not present in hematological cancers.



4.1. Tumor Microenvironment (TME) General Features and Soluble Mediators


The vasculature in solid tumors is highly abnormal, consisting of capillaries that are often leaky with markedly impaired perfusion [18,19]. This irregular stroma and vasculature typically promote hypoxic and acidic conditions, creating a challenging environment for cell therapy performance [20]. The typical solid tumor TME also limits the penetration of cell therapy products due to high intra-tumoral pressure, leaving much of the tumor mass inaccessible and hence it remains untreated [21,22]. The solid tumor TME also presents immunologic challenges due to immunosuppressive cytokines and suppressor cells, the nature of which may vary by anatomic site and disease histology [23,24]. Immunosuppressive programming within solid tumor TMEs often represents a broad network of cells and soluble mediators.



MDSCs and Tregs are major components that contribute to the immunosuppressive TME in solid tumors. MDSCs and Tregs are known to expand in several murine tumor models and promote T cell dysfunction [25]. Furthermore, the immunologic landscape and TME differ between different organs and should be accounted for when targeting these cell types based on the organ of interest. For example, the liver, an inherently immunosuppressive organ, was found to promote a unique suppressive program among MDSC compared with the lung in models of metastatic disease [26]. The implications of organ-specific immunosuppressive programming may be clinically relevant, as different disease sites within the same patients could require tailored approaches.



Other contributing factors to a suppressive solid tumor TME include chemokines and cytokines produced by immune cells that activate transcription factors such as AP-1, NFκB, and STAT3, which support malignant cell proliferation and survival [27]. NFκB and STAT3 are highly activated in many types of cancer and control cell survival, proliferation, and growth, as well as angiogenesis, invasiveness, and chemokine and cytokine production [28]. Cytokines regulated by NF-κB and STAT3 can either be tumor-inducing (TNF, IL-23, IL-6) or tumor-inhibiting (IFNα, IFNγ, TRAIL) [28]. In colitis associated colorectal cancer and hepatocellular carcinoma, tumor promotion is supported by IL-6 in a STAT3-dependent signaling mechanism [29]. Critical growth factors and cytokines, including IL-6, IL-11, IL-22, HGF, and EGF, in addition to oncogenic tyrosine kinases such as c-Met and Src, cause STAT3 dependent activation of tumor growth [29,30,31,32]. Not only do NFκB and STAT3 directly drive tumor cell biology, but they have also been implicated in the programming of suppressive immune cells, which may in turn drive failure of both endogenous immunity and immunotherapeutics [4,33,34].



TNF-α is a known critical player in tumor signaling pathways and immune cell manipulation within the TME and is mainly produced by activated macrophages, T lymphocytes, and natural killer (NK) cells. In cancer immunotherapy, TNF-α acts as a mediator of anti-tumor immune responses and several immunotherapies have shown reduced anti-tumor activity in the presence of TNF-α antagonists [35,36]. TNF-α is also known, however, to upregulate exhaustion markers TIM-3 in CD8+ T cells induced by programmed cell death-1 (PD-1) antibody therapy [37]. TNF-α also plays an important role in metastasis by increasing the expression of angiogenic factors such as IL-8, vascular endothelial growth factor (VEGF) in endothelial cells of the TME, and basic fibroblast growth factor (bFGF).



TGF-β, a pleiotropic growth factor, under normal physiological conditions maintains homeostasis by inhibiting the growth of cells and stimulating apoptosis. However, the role of TGF-β in carcinogenesis is complex. TGF-β acts as a pro- or anti-tumorigenic factor depending on the stage of tumorigenesis. In the initial stages, TGF-β inhibits tumor growth due to cell-cycle blockade in cells undergoing transformation and during the later stages become pro-tumorigenic due to resistance developed to the anti-proliferative activity of TGF-β by tumor cells [38]. TGF-β is known to recruit Tregs and myeloid cells with a pro-tumorigenic polarization such as neutrophils, MDSCs, macrophages, and tolerogenic DCs and reduces NK cell and CD8+ T cell function [39].




4.2. T Cell Exhaustion in the TME


Naïve T cells transform to CD8+ effector T cells following antigen stimulation, which produces cytokines to kill tumor cells. Effector T cells either undergo apoptosis or differentiate over time into memory T cells. In the solid TME, T cells often express high levels of inhibitory receptors, lose their ability to produce IL-2, TNF-α, IFN-γ, and granzyme, and enter a state of exhaustion [40]. Constant exposure to a tumor antigen leads to the enhanced expression of inhibitory receptors such as PD-1, cytotoxic T lymphocyte antigen-4 (CTLA-4), T-cell immunoglobulin domain and mucin domain protein-3 (TIM-3), lymphocyte activation gene-3 (LAG-3), T-cell immunoglobulin and immunoreceptor tyrosine-based inhibitory motif domain (TIGIT), and band T lymphocyte attenuator (BTLA) [40,41]. T cell function can be restored by blocking these inhibitory receptors as validated by clinical successes of PD-1 and CTLA-4 antibodies. However, combination therapies targeting multiple inhibitory molecules might be required for the efficient revival of T cell function but needs to be optimized since excessive T cell function could lead to increased cytokine release and autoimmune reactions. Moreover, certain tumors are “cold” and lack a high degree of neo-antigen expression and T cell infiltration. In such situations, combinatorial approaches including agents such as toll-like receptor agonists may enable enhanced checkpoint responsiveness [42].




4.3. Novel Delivery Technologies


Off-target effects and high intra-tumoral pressure are significant issues associated with solid tumor immunotherapy treatment. The goal of novel delivery approaches in immunotherapy protocols is to enable the targeted and optimal delivery of therapies in tumors so that there are minimal off-target effects, optimizing the therapeutic index. Moreover, innovative delivery solutions may facilitate modulation of organ-specific immunosuppressive programs. Novel delivery strategies may involve device technologies or creative drug formulations. For example, liposomal nanoparticles complexed with a PD-L1 trap plasmid and cationic protamine to form lipid-protamine-DNA (LPD) nanoparticles have been tested as a method for targeting tumor tissue using aminoethyl anisamide ligands [43]. When mice bearing orthotopic colorectal tumors were injected intravenously with oxaliplatin and tumor targeted LPD, there was synergistic inhibition of tumor with reduced toxicity compared to mice treated with PD-L1 antibodies and oxaliplatin [43]. Also, nanomedicines can be designed to improve drug penetration at tumor sites [44]. In another study, 100 nm nanoparticles composed of gelatin were coated with 10 nm quantum dots that were released on exposure to matrix metalloproteinases, which are prevalent in TME [44]. In this study, nanoparticles were intra-tumorally injected into fibrosarcoma tumors in a dorsal skin-fold model, and the quantum dots that were delivered on nanoparticles had improved penetration into the tumor as compared to nonreactive quantum dots alone [44]. Local delivery using implantable scaffolds and intra-tumoral injections is desirable but is not always feasible for tumors that are not easily accessible. Regional delivery using specialized approaches designed to optimize therapeutic delivery through the modulation of pressure and flow have shown promise in pre-clinical models and clinical trials with a durable antitumor activity and low toxicity profile in solid tumors [45,46,47].





5. Immunotherapy Types for Solid Tumors


The fundamental goal of cancer immunotherapy is to stimulate the host immune system and re-engineer immune cells to target and eradicate tumor cells, ideally providing durable disease control. Unfortunately, the biologic challenges that limit patient endogenous anti-cancer immunity often suppress responsiveness to immunotherapy interventions as well. There is often an unfavorable imbalance in the TME between immune stimulatory and inhibitory pathways, whereby immunosuppression blocks effective immunotherapy responsiveness [48]. The TME chemokine and cytokine profile dictates the immune cell localization and can either promote or inhibit tumor development/progression, e.g., activating downstream transcription factors such as STAT, SMAD, AP-1, and NFκB and caspases, and cytokines control the pro- (TNFα, IL-6, IL-7, IL-23) or anti-tumorigenic (IL-12, IFNγ, TRAIL) activities [48]. At the immune cell level, lymphocytes such as NK, CD8+, and CD4+ helper T cells, and pro-inflammatory macrophage subtype M1 and DCs elicit an anti-tumor response while MDSCs and Tregs impede tumor immunity [48]. Favorable TME reprograming to support cellular immune function and limit immunosuppressive pathways may enable better outcomes in advanced solid tumor patients.



5.1. Checkpoint Inhibitors


Monoclonal antibodies (mAbs) are a type of cell therapy designed to target specific antigens present on tumor cells. Therapeutically attractive targets are the checkpoint inhibitor molecules, which include CTLA-4, PD-1, and its ligand, PD-L1 [49]. Immune checkpoints are a part of the immune system that prevents an excessive immune response that can destroy healthy cells in the body. Immune checkpoint signaling within T cells, for example, is initiated when the cognate ligand is engaged on tumor or suppressive immune cells. Checkpoint molecule activation results in downregulation of immune effector programs, which may culminate in reduced cytotoxic function and less favorable cytokine profiles. ICI block these checkpoint proteins from binding to their ligands, preventing the “off” signal. As previously stated, Ipilimumab was the first FDA-approved drug to block a checkpoint inhibitor, CTLA-4 [50,51]. Soon to follow were Nivolumab and Pembrolizumab, the first two anti–PD-1 mAbs that received FDA approval [52]. Checkpoints, like CTLA-4, PD-1, and PD-L1, are immune system regulators that are supposed to activate the immune response [53,54].



As of 2020, there are currently roughly 3000 ongoing clinical trials that are evaluating T cell modulators [52]. Many of these trials involve the PD-1/PD-L1 axis or CTLA-4. PD-1 is expressed on activated T cells, B cells, and myeloid cells, and its two ligands, PD-L1 and PD-L2, are expressed on tumor cells and MDSCs in liver metastasis murine tumor models [55,56]. The PD-1/PD-L1 axis causes immunosuppression by inducing apoptosis in activated T cells, facilitating T cell exhaustion and anergy, enhancing Treg immunosuppressive function, limiting T cell proliferation, and restraining T cell activation and IL-2 production [55]. Blocking PD-1 or PD-L1 inhibits the PD-1/PD-L1 interaction, which then signals T cells to kill cancer cells and create an immune response.



CTLA-4 is expressed on activated T cells and is known to regulate T cell proliferation as an early immune response as opposed to PD-1, which suppresses T cells as a late immune response—primarily in peripheral tissues [57]. Approved PD-1 inhibitors include Pembrolizumab (Keytruda), Nivolumab (Opdivo), Cemiplimab (Libtayo); PD-L1 inhibitors include Atezolizumab (Tecentriq), Avelumab (Bavencio), and Durvalumab (Imfinzi); and a CTLA-4 inhibitor includes Ipilimumab (Yervoy). An anti-CTLA-4 (ipilimumab) and anti-PD-1 (nivolumab and pembrolizumab) combination has been studied extensively in metastatic melanoma patients and the efficacy of the combination was demonstrated in multiple clinical trials [58]. In a phase 1 study, an ipilimumab and nivolumab combination was reported to increase the objective response rate to 61% (n = 44/72), with complete responses seen in 22% (n = 16/72) of patients [59]. Patients in this study reportedly had significantly lower incidence of disease progression or death. In another phase 2 study, patients with this combination therapy had an increase in the 2-year overall survival to 63.8% [60]. In the phase 3 study, patients treated with nivolumab plus ipilimumab, compared to ipilimumab or nivolumab monotherapy, had a higher objective response rate (57%, 19%, and 44%, respectively), longer median progression free survival (PFS, 11.5, 2.9, and 6.9 months, respectively), and lower incidence of disease progression or death [61]. Results of the outcomes after 3-year and 4-year follow-up of patients pointed towards the superior clinical benefits of combination therapy over monotherapy [62,63]. They have helped improve clinical patients with different types of cancers, including breast, bladder, cervical, colon, liver, and lung [64]. Having the ability to impact such a wide range of cancers is a considerable leap for immunotherapy. Although there are currently no precise biomarkers to predict the response of ICI, its efficacy, in general, is associated with the expression of (PD-1, PD-L1, and CTLA-4) and tumor mutation burden [55,65]. Detecting therapeutic response, prognostic biomarkers, and utilizing a combination of two or more ICIs can significantly improve their efficacy.



A mechanism to overcome the limited efficacy of PD-1/PDL-1 ICIs is to target other TME-associated immune checkpoint molecules, such as TIM-3 and LAG-3. A phase 2 study conducted on 72 patients treated with LAG-3 IgG4 mAb (LAG-525) and an anti-PD-1 (spartalizumab) antibody for advanced solid tumors and hematologic malignancies showed promising results, especially in neuroendocrine tumors, small cell lung cancer, and diffuse large B-cell lymphoma. The anti-LAG-3/PD-1 combination demonstrated a clinical benefit rate at 24 weeks of 86%, 27%, and 81%, respectively, in the indications mentioned above (NCT03365791) [66]. There are seven anti-TIM-3 monoclonal antibodies and one anti-PD-1 and TIM-3 bispecific Ab (RO7121661) undergoing clinical development. Sym021 (anti-PD-1), sym022 (anti-LAG-3), and sym023 (anti-TIM-3) were evaluated as single or combination treatments in phase 1 trials for solid tumors or lymphomas (NCT03311412, NCT03489369, and NCT03489343) [67]. The monotherapy and combination therapy were well tolerated with two partial responses observed in the combination group. Overall, a multi-checkpoint inhibition strategy appears rational, given the presence of redundancy and biologic complexity in most solid organ TMEs.




5.2. Bi-Specific Antibodies


Bispecific monoclonal antibodies (BsAb) are genetically engineered recombinant antibodies that can simultaneously target two antigens. To date, two BsAbs, blinatumomab and emicizumab, have been approved in the US and the EU. Currently, more than 60 BsAb drugs are in pre-clinical trials and 30 are in clinical trials. Two-thirds of the BsAbs focus on the treatment of cancer by bringing effector T cells closer to cancer cells that express specific surface antigens (BiTE) [68]. BiTEs only trigger T cell cytotoxicity and cytokine production when both antigen binding sites are occupied [69] and is known to preferentially activate memory T cells [70,71,72]. BiTEs are small in size and rapidly penetrate tumors and tissues, however they also get quickly cleared by kidneys and continuous dosing is required [73,74].



The BiTE blinatumomab has demonstrated clinical response at very low doses in patients with non-Hodgkin lymphoma as compared to intact antibodies such as rituximab (anti-CD20) [74]. The side effects specific to BiTEs are neurotoxicity and CRS, which was observed in the first FDA-approved mAb, blinatumomab [74]. Emicizumab, a humanized bispecific antibody that binds to both activated coagulation factors IX and X, was approved for treatment of acquired hemophilia A, a severe bleeding disorder caused by inhibitory auto-antibodies against coagulation factor VIII [68]. BsAbs are in development and a proper understanding of protein engineering and design to create these molecules with proper delivery strategy is crucial to overcome treatment related adverse events. BiTEs likely will require the presence of T cell infiltrates within tumors to mediate their mechanism of action. As such, immunologically “cold” tumors with a negligible lymphocyte presence may pose significant challenges for this class of drug.




5.3. Oncolytic Viruses (OV)


Cancer cells have impaired antiviral defenses, which makes them vulnerable to OV. After infection, OVs cause lysis of cancer cells, thereby releasing the antigens and stimulating the immune response towards the remaining tumor cells. It was observed in the 19th century that some cancer patients would go into a small state of remission, most notably leukemia patients who contracted influenza [75,76]. OVs work in two different ways: they can be selected, to target, replicate in, and lyse tumor cells while avoiding healthy tissue and/or induce an immune response to have the body’s innate immunity do the killing [77]. Although there is a push to use genetically engineered OVs, some naturally occurring viruses, such as Reolysin, a proprietary variant of the non-pathogenic reovirus that naturally resides in the digestive or respiratory tract, could be used to combat cancer as well [78]. T-Vec (Imlygic), an attenuated herpesvirus encoding granulocyte-macrophage colony stimulating factor (GM-CSF), is the only FDA-approved OV for treating melanoma patients [79]. GM-CSF can enhance the inflammatory response by activating immune cells and is used as an immunostimulant in cancer therapies, as mentioned above. However, tumor-derived GM-CSF, such as in pancreatic cancer and in liver metastases, cause the activation and expansion of immunosuppressive MDSC, which can suppress effector T cell functions [26,56,80]. Hence, organ and disease-specific biology should be taken into account to better identify patients who will be likely to respond to treatment and to decipher potential mechanisms of treatment resistance.




5.4. Cancer Vaccines


Dr. William B. Coley’s “toxins” paved the way for the modern study of cancer immunology. Observing the effects of fever on sarcoma patients, Dr. Coley started inoculating his patients with Streptococcus pyogenes and Serratia marcescens. Johnston et al. would later validate Coley’s work and bring cancer vaccines into the mainstream. Cancer vaccines are categorized as cellular, viral vector, or molecular (DNA, peptide, or RNA) vaccines. Cellular vaccines are developed from an autologous or allogeneic tumor cell line. Dendritic cells are used to develop cellular cancer vaccines due to their roles as antigen-producing cells. Viral vector vaccines promote tumor-directed immune responses by delivering antigens via T-cell priming [81]. Also, mRNA vaccines encode antigens that express proteins following internalization, which causes an immune response. These vaccines can deliver high numbers of antigens with a low risk of infection or insertional mutagenesis. In general, vaccines for solid tumors may often face the challenge of TMEs already programmed in a highly immunosuppressive manner, which limits the ability of patients to develop meaningful anti-tumor responses to tumor antigens.



5.4.1. Preventative vs. Therapeutic Vaccines


Cancer vaccines that aim to reduce cancer incidence, morbidity, and mortality are termed preventative or prophylactic. These vaccines have found success in the primary prevention of cancers, secondary to both HBV (Hepatitis B virus) and HPV (Human Papillomavirus). In contrast, therapeutic cancer vaccines are utilized to treat an existing disease or prevent relapse or metastases [82]. Therapeutic cancer vaccines accomplish this by producing responses directed against antigens specific to tumors with the goal to activate the immune system through antigen presentation [83]. A challenge in developing cancer vaccines is the possibility that the host has already become tolerant to the targeted tumor-associated antigens based on suppressive TME programming.




5.4.2. Clinical Trials


Therapeutic cancer vaccine clinical trials have seen few successes. Only a handful of vaccines have been approved in the US or EU, while several phase 3 clinical trials have failed to deliver results leading to discontinuation [83]. The successful products are BCG (TheraCys & TICE), Sipuleucel-T (PROVENGE), and T-Vec (IMLYGIC) [84]. BCG, a vaccine to prevent and treat urothelial carcinoma, became FDA approved in 1990 in the form of TheraCys. A phase 3 trial treating patients with intravesical BCG vaccine demonstrated a 5-year disease-free survival of 45% [85]. Sipuleucel-T, an autologous cellular immunotherapy for metastatic castrate-resistant prostate cancer, was approved in 2010 [84]. GVAX vaccines are genetically modified tumor cells that can secrete immune stimulatory GM-CSF. Several clinical trials testing GVAX vaccines in melanoma, pancreatic cancer, lung cancer, and prostate cancer have shown limited efficacy [86,87,88,89]. Combination therapies, including ICI that reverse immunosuppression with cancer, may improve the likelihood of success. Cancer vaccine progress lies in the identification of multiple immunogenic antigens, generating potent vaccine vectors, and overcoming solid tumor-mediated immunosuppression.





5.5. Adoptive Cell Therapy (ACT)


ACT is another form of cell therapy that uses autologous or allogeneic immune cells to eliminate cancer. The patient’s own (autologous) immune cells can be isolated, bioengineered for tumor antigen specificity, expanded, and reinfused into the patient, as shown in Figure 1. The ability to isolate and expand immune cells ex vivo offers the advantages of being able to select immune cells with high-avidity recognition and effector function, expand them to large numbers in the absence of inhibitory factors that exist in vivo, and the ability to manipulate the host’s TME before the infusion to better support immune cell function and persistence [90].



5.5.1. Autologous Cell Therapy


The driving principle of ACT—that certain immune cells have enhanced antitumor function—is predominantly provided by Cytotoxic T Lymphocyte (CTL) properties and its T-cell receptor (TCR). The CTL is the immune effector cell primarily responsible for combating solid tumors, and its TCR provides the specificity for certain target antigens. When tumor antigens are presented to T cells, their TCRs become primed to target these tumors specifically, allowing for enhanced immune responses [91]. TILs are examples of these enhanced T cells that can recognize tumor-associated antigens to target and eliminate tumors specifically. These TILs can be isolated from the excised tumor, then be activated ex vivo and expanded up to 100 billion cells [92]. Prior to infusion, patients may be lymphodepleted, which has demonstrated an improvement of ACT treatment efficacy [93]. In addition to impressive response rates, longer response durability has also been reported in clinical trials [94,95]. Using a patient’s own T cells greatly limits the risk of developing an immunological reaction against donor cells and of graft-versus-host disease (GvHD).



CAR-T are T cells that have been genetically engineered to express specialized receptors that offer the immune cell enhanced performance [96]. These receptors have several components, such as an extracellular binding domain, a hinge region, a transmembrane domain, and intracellular signaling domains [97]. In general, a monoclonal antibody, the single chain variable fragment (scFv) is utilized as the extracellular binding domain, providing CAR-T with tumor antigen specificity. This selectivity, coupled with T cells’ immunological properties, makes CAR-T therapy a potent antitumor treatment [96].



CAR-T therapy is continually evolving, improving its function with each successive generation, as shown in Figure 2. The first generation of CAR-T comprises of a single structure of the CD3ζ chain, which is known to have limited CAR proliferation and tumor-killing efficacy. The second and third generation significantly improved CAR-T function with one or two co-stimulatory domains, such as CD28 or 4-1BB. The second signal from the co-stimulatory domain promotes IL-2 synthesis, which activates T cells and enhances their proliferation and in vivo persistence [97]. Fourth-generation CAR-T, also referred to as armored CARs or T cells redirected for universal cytokine-mediated killing (TRUCKs), are enhanced with factors that improve the antitumor function, such as cytokines or enzymes [98]. To enhance the safety of CAR-T therapy, CAR-T with a “safety switch” of inducible Caspase 9 (iCasp9) has been designed [99]. This allows for the termination of inappropriately activated CAR-T cells, preventing potential immunopathology [98]. Table 1 lists the clinical trials in the USA of CAR-T cells against most commonly targeted tumor antigens.




5.5.2. Allogeneic Cell Therapy


Allogeneic cell therapy offers several advantages over autologous cell therapy but also presents different challenges. The “off-the-shelf” aspect of allogeneic cell therapy saves patients valuable time by eliminating the long “vein-to-vein” lag encountered with autologous products. Since cells originate from healthy donors who are not exposed to chemotherapy, the risk of production failure may be lower. Also, there is consistency between the doses as they are generated from the same donor and hence are considered the same lot. The complex production of doses can be performed in a more controlled way using standard quality assurance with the option of scaling up the manufacturing process, thereby contributing to lower production costs. Unfortunately, rejection, GvHD, and poor persistence are challenges in the allogeneic ACT space. There are several variants of allogeneic ACT products, which we discuss below.



Building on the success of CAR-T cells, CARs have also been applied to NK cells. While CAR-T therapy has proven effective in treating hematological and solid tumors, CAR-NK cells have certain advantages in a few areas. Unlike T cells, NK cells are not bound by HLA restrictions [100]. This property allows CAR-NK to be used in an allogeneic setting, with the potential of becoming a universal “off-the-shelf” cellular therapy product [101]. It has been demonstrated clinically that CAR-NK can survive in vivo for several weeks to months [102]. Also, CAR expression on NK cells allows for more effective cytotoxicity in solid tumors compared to normal NK-mediated cytotoxicity, as they inherently possess tumor cytotoxicity and can be activated independent of CAR mechanisms via natural cytotoxicity receptors (NCRs)—such as NKp30, NKp44, and NKp46, and DNAM-1 co-stimulatory receptor and NKG2D [103].



NK cells can also be derived from several sources, such as cord blood, induced pluripotent stem cells (iPSCs), and PBMCs [104]. In an early clinical trial (NCT03383978) NK cell line, NK-92 is currently being tested. NK cells generated from PBMCs or cord blood relies on the use of irradiated feeder cells, such as K562. iPSCs present an alternative source for generating NK cells without the feeder cells [105]. Also, iPSCs can be genetically modified prior to NK cell differentiation, thereby enabling the provision of an unlimited supply of NK cells [106].



Allogeneic γδ T cells play an important role in tissue homeostasis and cancer immunosurveillance. These cells have been infused into patients after lymphodepleting chemotherapy and were shown to expand in vivo without causing GvHD [107]. γδ T cells are abundant in tissues and may have an edge over αβ T cells for developing therapeutic strategies for treating solid tumors [108]. Polyclonal γδ T cells transduced with CD19 CAR and GD2 CAR have demonstrated anti-tumor effects in vitro and in in vivo murine models [109,110].



Despite the potential benefits of allogeneic cell therapy, there are significant challenges that need to be overcome for their successful implementation. Some of the challenges include an immunologic mismatch between donor and recipient that may cause undesirable GvHD. Conversely, if a recipient’s immune system recognizes and reacts to allogeneic therapy, the dose may be rejected, thereby limiting its therapeutic activity. It is likely that autologous and allogeneic ACT products will both find a place within the multi-disciplinary management of solid tumor patients. The relative value of autologous and allogeneic therapy in specific clinical settings will be determined by disease biology, typical patient physiology, and the existing therapeutic landscape.




5.5.3. Combination Therapy or Other Strategies of Regional Delivery


To increase the likelihood of success with immunotherapy in challenging solid tumor indications, a variety of combinatorial approaches are being explored. Multiple clinical studies have shown that CAR-T therapy or chemotherapy alone achieved limited efficacy to treat solid tumors [111,112]. However, studies have found that many chemotherapeutic agents, such as cyclophosphamide, doxorubicin, oxaliplatin, fluorouracil, and gemcitabine, reduce tumor burden and have immunomodulatory effects that enhance immunotherapy [113]. Radiotherapy has been known to react synergistically with CAR-T therapy. Not only does radiotherapy eradicate the tumor, but it can also sensitize tumor cells to cytotoxic lymphocytes in the murine colon adenocarcinoma model [114], modulate the TME to make it conducive to CAR-T infiltration, traffic in the highly angiogenic insulinoma mouse models [115], and improve tumor antigen presentation as observed in tumors implanted in flanks of mice [116].



CAR-T treatment can be combined with other immunotherapies as well. Tumors often employ their immunosuppressive microenvironments to escape the therapeutic effects of CAR-T therapy [117]. Antibodies that block CTLA-4, PD-1, and PD-L1 can be used to overcome the immunosuppressive nature of the TME and allow the CAR-T to maintain efficacy [118]. Combinations of CAR-T with chemokines such as CXCR2 or CCR4 have been found to help CAR-T trafficking and persistence in solid tumors [118]. It has also been found that combining CAR-T therapy with OVs produces synergistic effects. OVs can assist in the entry of CAR-T into tumors [119]. CAR-T has also been shown to better survive in solid tumors in the presence of OVs [120].




5.5.4. Side Effects


Although CAR cellular therapy has proven highly beneficial in treating tumors, these results are often accompanied by potential toxic side effects. Overcoming these side effects is paramount to the successful application of these cell therapies. The most prevalent of these side effects is CRS, or elevated inflammatory cytokines resulting from therapy-induced immune activation. CRS can range from mild to severe, with the latter being potentially life-threatening. Symptoms can include high fever, malaise, fatigue, myalgia, nausea, anorexia, tachycardia/hypotension, capillary leak, cardiac dysfunction, renal impairment, and hepatic failure disseminated intravascular coagulation [121].



Another potential side effect is OTOTT in CAR cellular therapy, which can be avoided only in cases where the target antigen is exclusively restricted to the tumor. Unfortunately, many CAR cells target antigens are shared on normal tissue, resulting in OTOTT [122]. On-target/off-tumor recognition is often observed in the gastrointestinal, hematologic, and pulmonary organ systems [123]. Targeting colon cancer with CAR therapy using the carcinoembryonic antigen (CEA) has caused severe colitis due to recognition of the normal colon tissue [124]. Anaphylaxis is another concern when treating patients with CAR cells due to the murine mAb origin of the antigen-recognition domains [122]. These domains can be recognized as a foreign protein and elicit an immune response [125].






6. Summary


The major roadblock for ACT is to translate this treatment modality to solid malignancies to treat solid tumors effectively and to improve its survival, persistence, and efficacy. While autologous treatments such as CAR-T cell therapy have proven effective, HLA restrictions prevent the drug’s universal application. This also makes the manufacturing of cellular therapy incredibly expensive and time-consuming, which is problematic for some patients with highly proliferative diseases, as it can result in disease progression. While CAR-NK cells do not face these same HLA restrictions, this therapy is more novel and requires further exploration. The development of a universal “off-the-shelf” cellular therapy would revolutionize immunotherapy.



The immunosuppressive TME of the solid tumor remains a major obstacle to overcome, with the potential for variation among anatomic sites. Combination therapies with checkpoint blockade, vaccines, OVs, cell therapies, etc., have shown that these different methods have the potential to counter immunosuppression more effectively while also providing direct tumor killing activity in some cases. Further combinations are required to address the difficulties presented by solid tumors. Novel delivery methods are also worthy of consideration to optimize the therapeutic concentration in solid tumors and to overcome delivery barriers imposed by physical forces within the TME. High-pressure delivery of CAR-T cellular therapy has shown increased penetration and persistence of cells in tumors [45,46]. Regional delivery of cell therapy may also enhance the therapeutic index by limiting systemic toxicity, including CRS and neurologic side effects.




7. Conclusions and Perspectives


Although immunotherapy has shown great promise in certain indications, ICIs and cell therapy have thus far failed to make a major impact on certain solid tumor indications. CAR-T cell therapy has completely revolutionized patient care for some hematologic malignancies, but has yet to achieve similar levels of success in the realms of solid organ primary or metastatic malignancies. An unprecedented number of clinical trials of CAR-T cells in solid tumors are ongoing with novel strategies creating increased levels of optimism. Barriers to immunotherapy success in solid tumors such as CAR-T cell trafficking, persistence, immunosuppressive TME, and antigen heterogeneity have been identified. Hence, increased understanding of the critical interactions between tumors and immune responses is imperative. Combinatorial approaches specifically tailored to both the disease and organ biology hold the greatest promise in extending the positive impact of immunotherapy to a greater number of patients in need. Also, the development of specific biomarkers to delineate the use of the optimal immunotherapy is critical to ensure the best treatment option for patients. Overall, novel cancer immunotherapies have revolutionized cancer treatment for patients by enhancing clinical outcomes for patients and results from ongoing research should also assist in its continued progress in the field.
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Abbreviations




	ACT
	adoptive cell therapy



	ADCs
	antibody-drug conjugated



	AP-1
	activator protein 1



	bFGF
	basic fibroblast growth factor



	BsAb
	bispecific monoclonal antibodies



	BCMA
	B-cell maturation antigen



	BsAb
	bispecific antibody



	BiTEs
	bispecific T cell engagers



	BTLA
	band T lymphocyte attenuator



	CAR-NK
	chimeric antigen receptor NK cells



	CAR-T
	chimeric antigen receptor T cells



	CRS
	cytokine release syndrome



	CTLA-4
	cytotoxic T lymphocyte antigen 4



	FDA
	food and drug administration



	GvHD
	graft-versus-host disease



	HBV
	hepatitis B virus



	HPV
	human papillomavirus



	HLA
	human leukocyte antigen



	iCasp9
	inducible Caspase 9



	ICI
	immune checkpoint inhibitors



	IFN
	interferon



	IL
	interleukin



	iPSC
	induced pluripotent stem cells



	LAG-3
	lymphocyte activation gene 3 protein



	LPD
	lipid-protamine-DNA



	mAb
	monoclonal antibody



	MDSCs
	myeloid derived suppressor cells



	NF-κB
	nuclear factor kappa B



	mRNA
	messenger RNA



	OTOTT
	on-target-off-tumor-toxicity



	OV
	oncolytic virus



	PD-1
	programmed cell death protein



	PD-L1
	programmed cell death protein and its ligand



	scFv
	single chain variable fragment



	STAT3
	signal transducer and activator of transcription 3



	TAM
	tumor associated macrophages



	TGF-β
	transforming growth factor beta



	TIL’s
	tumor-infiltrating lymphocytes



	TIM-3
	T-cell immunoglobulin domain and mucin domain protein 3



	TME
	tumor microenvironment



	Tregs
	regulatory T cells



	TIGIT
	T-cell immunoglobulin and immunoreceptor tyrosine-based inhibitory motif domain



	TNF
	tumor necrosis factor



	TRAIL
	TNF related apoptosis inducing ligand



	VEGF
	vascular endothelial growth factor
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Figure 1. Adoptive cell transfer from patient tumor or blood. (1) Production begins with isolation of peripheral blood mononuclear cells (PBMC) from leukapheresis or tumor is excised and multiple individual cultures are isolated and (2) plated separately followed by (3) selection and activation of T cells. (4) T cells then undergo genetic modification for generating CAR-T cells or tumor cultures are assayed for specific tumor recognition. (5) Cells are expanded in presence of interleukins and when desired dose cell numbers are achieved, expanded cells are harvested and dose is formulated. (6) QC tests are performed to ensure that drug meets release criteria and is then fused into patients with or without conditioning lymphodepleting chemotherapy (6). 






Figure 1. Adoptive cell transfer from patient tumor or blood. (1) Production begins with isolation of peripheral blood mononuclear cells (PBMC) from leukapheresis or tumor is excised and multiple individual cultures are isolated and (2) plated separately followed by (3) selection and activation of T cells. (4) T cells then undergo genetic modification for generating CAR-T cells or tumor cultures are assayed for specific tumor recognition. (5) Cells are expanded in presence of interleukins and when desired dose cell numbers are achieved, expanded cells are harvested and dose is formulated. (6) QC tests are performed to ensure that drug meets release criteria and is then fused into patients with or without conditioning lymphodepleting chemotherapy (6).



[image: Biomedicines 10 00655 g001]







[image: Biomedicines 10 00655 g002 550] 





Figure 2. Four generations of CAR-T cells. First generation CARs comprise of single chain variable fragment (scFv) antibody (orange) fused to transmembrane domain (purple) to TCR signaling component of CD3ζ (green) at the cytoplasmic tail. Second generation CARs have a CD28 co-stimulatory signaling domain (red) which enhances proliferation and cytotoxicity. Third generation CARs contain an additional co-stimulatory domain, 4-1BB (blue) to the second generation CARs which enhances proliferation, minimizes T cell exhaustion and improves CAR-T cells persistence. Fourth generation CARs also called “T cell directed for universal cytokine-mediated killing” (TRUCKs) are engineered to secrete cytokines (gray) to attract immune cells (NK and macrophages). 






Figure 2. Four generations of CAR-T cells. First generation CARs comprise of single chain variable fragment (scFv) antibody (orange) fused to transmembrane domain (purple) to TCR signaling component of CD3ζ (green) at the cytoplasmic tail. Second generation CARs have a CD28 co-stimulatory signaling domain (red) which enhances proliferation and cytotoxicity. Third generation CARs contain an additional co-stimulatory domain, 4-1BB (blue) to the second generation CARs which enhances proliferation, minimizes T cell exhaustion and improves CAR-T cells persistence. Fourth generation CARs also called “T cell directed for universal cytokine-mediated killing” (TRUCKs) are engineered to secrete cytokines (gray) to attract immune cells (NK and macrophages).



[image: Biomedicines 10 00655 g002]







[image: Table] 





Table 1. Commonly targeted solid tumor antigens in clinical trials in USA.
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	Antigen
	Cancer
	Phase
	Trial ID #





	CD20
	Melanoma, Non Hodgkin Lymphoma, Mantle cell Lymphoma
	Phase 1/2
	NCT04160195, NCT04186520



	CD171
	Neuroblastoma
	Phase 1
	NCT02311621



	CEA
	Lung, colorectal, gastric, breast, pancreatic, peritoneal, liver
	Phase 1
	NCT03682744, NCT01373047,



	
	
	
	NCT03818165, NCT02416466,



	
	
	
	NCT02850536



	Claudin 18.2
	Gastric, pancreatic
	Phase 1
	NCT04404595



	EGFRIII
	Glioblastoma, gliosarcoma and brain tumor
	Phase 1/2
	NCT01454596, NCT03283631



	EGFR806
	Central nervous system tumor, pediatric glioma
	Phase 1
	NCT03638167, NCT03618381



	GD2
	Glioma
	Phase 1
	NCT04099797



	Glypican-3
	Liver
	Phase 1
	NCT02932956, NCT02905188



	
	
	
	NCT04377932



	HER2
	Central nervous system tumor, pediatric glioma, breast
	Phase 1/2
	NCT03500991, NCT03696030



	
	
	
	NCT02442297, NCT03740256



	
	
	
	NCT04483778, NCT03618381



	
	
	
	NCT00924287, NCT04650451



	
	
	
	NCT01109095



	HLA-A2
	Ependymoma
	Phase 1
	NCT01795313



	IL-13Rα2
	Glioblastoma, cutaneous melanoma
	Phase 1
	NCT02208362, NCT04119024



	
	
	
	NCT04003649



	KK-LC-1
	Epithelial
	Phase 1
	NCT05035407



	Mesothelin
	Ovarian, cervical, pancreatic, lung, breast, mesothelioma
	Phase 1/2
	NCT01583686, NCT04577326



	
	
	
	NCT03054298, NCT02159716



	
	
	
	NCT02414269



	PSCA
	Prostate cancer, metastatic pancreatic
	Phase 1/2
	NCT03873805, NCT02744287



	TAA-T
	Hematopoietic malignancies, acute myeloid leukemia, MDS, Hodgkin lymphoma, B cell lymphoma
	Phase 1
	NCT02203903, NCT03843294



	VEGFR2
	Metastatic melanoma, renal
	Phase 1/2
	NCT01218867
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