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The aging of the world population leads to a constant increase of cancer-related morbidity and mortality. Treatment of late-

stage tumors has become a significant burden on the healthcare system globally. Adoptive cell immunotherapy is

supposed to prolong life with cancer and ideally cure cancer after a single infusion of the cell product. Arguably, the most

impressive clinical therapy in this field is based on chimeric antigen receptor (CAR) T-cells capable of curing up to 25–

50% of previously incurable patients with B-cell malignancies. Diverse cell therapies are already efficiently used in clinics

for cancer treatment (such as tumor infiltrating lymphocytes, transgenic αβ T-cells) and several novel promising cell

therapies are in development (such as CAR M-cells, transgenic γδ T-cells, CAR NK-cells). Here, we summarize the recent

literature data with the focus on T-cell receptor-based therapies and overview the most advanced systems for

manufacturing of clinical grade cell products. 
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1. Introduction

Adoptive immunotherapy is a highly potent option for the treatment of tumors resistant to the current standards of care.

Chimeric antigen receptor (CAR) T-cell therapy—one of the brightest success stories in this field—has revolutionized the

treatment of resistant hematological malignancies and quickly became a new standard of treatment for relapsed/refractory

disease. Nevertheless, the success of CAR T-cell therapy for the treatment of solid tumors is still relatively modest. The

caveats may lie in the difficulty of T-cell trafficking into solid tumor tissues due to the stromal barriers, tumor

microenvironment, and certain tumor mutations resulting in activation of T-cell exclusion and exhaustion mechanisms. The

second important challenge for successful application of CAR T-cell immunotherapy against solid tumors is a limited

number of surface tumor-specific targets. Well-studied T-cell receptor and Natural Killer (NK) cell receptor-based

technologies are highly promising in expanding the range of poten-tial tumor-specific targets. In addition, novel

approaches addressing the trafficking issues were recently proposed (e.g., macrophage-derived CAR M-cells). Numerous

in-stitutions and companies around the globe are working on resolving the immunother-apy accessibility issues by

developing universal allogeneic cell technologies through exploitation of alternative cell sources or downregulation of

cognate T-cell receptors (TCRs). The same problem is being addressed through development of automated Point-of-Care

(PoC) systems for manufacturing of cell products that allow easier Good Manufacturing Practice (GMP) and biosafety

compliance in comparison with the tra-ditional bioreactors. 

2. The Importance of Cell Source for Production of Conventional CAR T-
Cells

The manufacturing of currently approved CAR T-cell therapies results in highly heterogeneous cell products. Kymriah (by

Novartis) and Yescarta (by Gilead) are produced from bulk mononuclear fraction and do not undergo any T-cell selection

step. In July 2020, Tecartus (brexucabtagene autoleucel) by Gilead became the third clinically approved CAR T-cell

therapy and is used for the treatment of relapsed mantle cell lymphoma. The primary difference between Yescarta and

Tecartus consists in the T-cell selection step that allows depletion of circulating tumor B-cells to prevent their viral

transduction and, therefore, potential tumor resistance . Importantly, production of neither of the approved CAR T-cell

therapies involves any further T-cell subtype selection (e.g., CD4 , CD8 , or specific T-cell memory subsets) or depletion

(Treg). Thus, the precise dosage of fully functional and potent cells within the product gets specified only directly before

the infusion.

The preference of several T-cell subpopulations for production of potent CAR T-cells has been previously discussed in the

literature. Several studies report a variety of T-cell subpopulations, such as central memory T-cells (TCMs) , stem or

stem-like memory T-cells (TSCMs) , CD27 CD45RO CD8  cells , IL17A-producing polyfunctional CD4  T-cells ,

or defined CD4 :CD8  (e.g., 1:1) composition  that are associated with enhanced in vitro or clinical efficacy. The

unequal anti-tumor potential of certain CAR T-cell clones can be illustrated by a significant reduction of CAR T-cell clonal
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diversity in peripheral blood over time and eventual dominance of a small number of clones . Moreover, in one particular

case, the tumor was completely eliminated by a single T-cell clone that underwent tremendous expansion due to

occasional disruption of the TET2 gene after lentiviral vector integration  without any signs of the insertional

oncogenesis after 4.2 years. This report demonstrated that a single pre-selected or genetically enhanced CAR T-cell can

potentially proliferate and provide a robust anti-tumor response. Therefore, safety and efficacy of the therapy to some

extent relies on the careful choice of T-cell subsets for introduction of CAR and other genetic modifications . Moreover,

the defined CD4 :CD8  (e.g., 1:1) composition provides additional capabilities by introduction of different CAR designs to

each of the cell subtypes. The functional utility of such a complex design was proved by Guedan et al., who showed that

ICOS-costimulated CD4  CAR T-cells significantly improved the persistence of CD8  CAR T-cells with other costimulatory

domains in mice . Such observations may have a significant impact on the prospective designs of clinical grade CAR T-

cell products.

Within the context of solid tumors and the associated immunosuppressive microenvironment, T-cells demonstrate reduced

trafficking as well as enhanced inhibition and exhaustion . Given that T-cells are not the only cell subtype suitable for

CAR introduction, other cell populations related to the innate immunity should be carefully considered (Figure 1).

Figure 1. The diverse nature of adoptive immunotherapy. Infusion of tumor infiltrating lymphocytes (TILs) is one of the

oldest clinical approaches in T-cell-based immunotherapy. The isolated TILs are expanded ex vivo and infused back to the

patient. In addition, TILs and other T-cells may be used for isolation of T-cell receptors (TCRs) for further genetic

engineering and generation of transgenic TCR therapies. Alternatively, to widespread CAR T-cells, other cell populations

(e.g., NK-cells, macrophages) may be transduced to produce CAR NK-cells and CAR M-cells, respectively. Cellular

therapies that are primarily applied for the treatment of solid tumors (*) or hematological malignancies (+).

3. CAR Cells, but Not CAR αβ T-Cells

3.1. γδ. T-Cells

The specific γδ T-cell subset attracts a growing interest in the scientific community since these cells generally recognize

non-protein ligands, stress-ligands, and metabolites represented by non-conventional MHC such as CD1c or CD1d , as

well as butyrophilin-2A1 (BTN2A1)  and other molecules. The British TC Biopharm and the Dutch Gadeta exploit the

opportunities of this cell type for TCR and CAR-based therapies. The major advantage of these cells is stipulated by the

decreased risk of autoimmune complications due to their outstanding cognate specificity (HLA-independent recognition of

a narrow range of highly conservative antigens).

3.2. NK-Cells

NK-cells in contrast to T-cells recognize the presence of self-MHC class I molecules and detect stress-induced ligands on

the tumor cells. However, NK-cells represent a promising cell source for CAR-based therapy because similarly to T-cells,

they are capable of perforin/granzyme-dependent cytotoxicity that is regulated by activation and inhibition of surface NK-

cell receptors. Interestingly, the cytokine-activated autologous peripheral blood NK-cells may possess substantial

therapeutic potential even in the absence of any genetic modification (e.g., introduction of CAR), as was supported by

demonstration of measurable clinical benefit in patients with relapsed glioblastoma . The clinical benefit from
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application of genetically unmodified allogeneic NK-cells appears to be more prominent due to a mismatch in repertoire of

killer cell immunoglobulin-like receptors (KIR) . The therapeutic depletion of graft αβ T-cells prior to allogeneic

hematopoietic stem cell transplantation (HSCT) is supported by the assumption that the primary graft-versus-leukemia

effect originates from NK-cells and γδ T-cells rather than αβ T-cells. The follow-up of αβ and CD19  depleted

haploidentical HSCT demonstrated lower probability of chronic graft-versus-host disease (GvHD) with comparable

leukemia-free survival in a multicenter retrospective trial in Italy with 343 participants  and some other smaller trials 

. Moreover, some KIR allelic variants, such as KIR2DS4∗ 00,101 or KIR2DS2, are found to be protective in

glioblastoma, while being associated with prolonged overall survival (OS) or reduced risk of glioblastoma in healthy

donors . Similarly, to γδ T-cells, the advantage of NK-cells as a cell source for universal allogeneic therapy is their

MHC-independence and no need for knockout of endogenous TCR. On the other hand, the proliferative capacity of NK-

cells is lower than that of T-cells, therefore making isolation and expansion of NK-cells to sufficient numbers a challenging

task.

In a clinical setting, the increased attention to allogeneic NK-cells, e.g., based on the NK-92 line initially derived from a

lymphoma patient, is explained by a limited proliferative capacity of primary donor-derived NK-cells. Obviously, such

allogeneic cells require prior irradiation to prevent their inoculation leading to formation of secondary tumors. Preclinical

 trials demonstrated the increased in vitro and in vivo activity of HER2-specific CAR-NK-92 cells in comparison to the

parental NK-92. Further, a number of clinical trials is ongoing and a case report of successful treatment of relapsed

glioblastoma patients with surgery and HER2-specific CAR-NK-92 cells was presented by Dr. W. Wels to illustrate phase I

CAR2BRAIN (NCT03383978) clinical trial . The therapeutic application of CD33-CAR-NK-92 cells in Phase I trial with

dose up to 5 × 10  cells was shown to be safe although the clinical benefit was only moderate (significant but transient

reduction in blast count) suggesting its most appropriate application as a “bridge” to allogeneic HSCT .

Exploiting cord blood allogeneic donor-derived NK-cells allowed Liu et al. at MD Anderson Cancer Center to demonstrate

the preliminary efficacy of CAR NK-cells to be almost equivalent to CAR T-cells, at least for B-cell malignancies and in a

short period of time . CAR-transduced cord blood NK-cells are designed to produce IL-15 for self-stimulation and, in

contrast to NK-92, lack tumorigenic potential that allows omission of the irradiation step during preparation of the

therapeutic cell product. The results of the Phase I/II trial revealed 8 out of 11 responses and 7 complete remissions,

while some patients demonstrated persistence of the minimal residual disease (MRD)—a small number of tumor cells in

the blood, as confirmed by flow cytometry. The complexity of clinical implementation might explain the fact that to date,

there are only six ongoing clinical trials with NK-92 cells and only two trials with cord blood NK cells.

3.3. CAR M-Cells

Low penetration capability of CAR T-cells into the solid tumor tissues is well known and was extensively discussed in the

literature . Adusumilli et al. report observations from a preclinical model demonstrating that intrapleurally

administration of CAR T-cells specific to mesothelin required up to 30-fold fewer cells to induce long-term complete

remission compared to systemically infused CAR T-cells . This issue of CAR T-cell therapy was addressed in an

immunotherapy approach developed specifically for the treatment of solid tumors whereby an adenoviral first-generation

CAR vector is transduced in human macrophages resulting in CAR M-cells . These macrophage-derived cells were

capable of efficient trafficking to the tumor site, target-specific phagocytosis and reprogramming of the tumor

microenvironment (TME) while retaining M1 self-polarization. Importantly, it was found that CAR M-cells are able to induce

epitope spreading, the expansion mechanism of tumor-specific T-cells that functions through enhanced processing and

presentation of tumor epitopes as a result of phagocytosis by CAR M-cells. Overall, CAR-transduced macrophages

significantly improved the survival rates of immunodeficient NOD/SCID mice. Moreover, they have a potential for even

stronger impact on the survival of immunocompetent mice with functional T-cells due to the epitope spreading effect .

With regards to potential clinical application, macrophages are known to be a hardly susceptible for lentiviral transduction

due to the low proliferations rates . In ovine models, the efficient transduction was achieved only at very high

multiplicity of infection (MOI) values of 10–60 and with the use of polycations like hexadimethrine bromide (polybrene) or

protamine sulfate . For CAR M-cells, Klichinsky et al. demonstrated high transduction efficiency using adenoviral vector

(serotype 5) . In principle, adenoviral vectors appear to be safe and are used in clinic for oncolytic viral therapy  and

as vaccines, including anti-SARS CoV-2 . However, inability of adenovirus to integrate the cell genome might result

in low persistence of CAR expression in adenovirus-transduced macrophages. In addition to that, such critical points as

the number of cells per infusion and the potential toxicity remain to be more thoroughly investigated in future clinical trials.

To summarize, further development of the advanced ACT approaches mentioned above is particularly important in the

context of two primary issues associated with CAR T-cell therapy: (i) limited affordability for patients due to the high costs

of personalized production and the lack of universal allogeneic clinical-stage therapies; (ii) low efficacy against solid
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tumors (e.g., glioblastoma or pancreatic cancer) that can be potentially resolved by using CAR M-cells associated with

enhanced tumor penetration and positive impact on endogenous T-cell response.
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