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Adoptive cell therapy with T cells reprogrammed to express chimeric antigen receptors (CAR-T cells) has been highly successful in patients with hematological neoplasms. However, its therapeutic benefits have been limited in solid tumor cases. Even those patients who respond to this immunotherapy remain at risk of relapse due to the short-term persistence or non-expansion of CAR-T cells; moreover, the hostile tumor microenvironment (TME) leads to the dysfunction of these cells after reinfusion. Some research has shown that, in adoptive T-cell therapies, the presence of less differentiated T-cell subsets within the infusion product is associated with better clinical outcomes. Naive and memory T cells persist longer and exhibit greater antitumor activity than effector T cells. Therefore, new methods are being studied to overcome the limitations of this therapy to generate CAR-T cells with these ideal phenotypes. In this paper, we review the characteristics of T-cell subsets and their implications in the clinical outcomes of adoptive therapy with CAR-T cells. In addition, we describe some strategies developed to overcome the reduced persistence of CAR T-cells and alternatives to improve this therapy by increasing the expansion ability and longevity of modified T cells. These methods include cell culture optimization, incorporating homeostatic cytokines during the expansion phase of manufacturing, modulation of CAR-T cell metabolism, manipulating signaling pathways involved in T-cell differentiation, and strategies related to CAR construct designs.
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Introduction

On August 30, 2017, the US Food and Drug Administration (FDA) approved the use of tisagenlecleucel (CTL-019; Kymriah®, Novartis, Basel, Switzerland), a CD19-directed chimeric antigen receptor (CAR) T cell, for adoptive cell therapy (ACT) to treat patients with relapsed/refractory B-cell acute lymphoblastic leukemia (r/r B-ALL) (1–3). The complete remission rate (CRR) was 63% [95% confidence interval (CI), 50%–75%], and all patients in complete remission (CR) attained minimal residual disease (MRD) less than 0.01% after a median follow-up of 4.8 months (2). In October 2017, the FDA granted regular approval for axicabtagene ciloleucel (Yescarta), another CAR-T cell directed against CD19, to treat adult patients with relapsed/refractory large B-cell lymphoma after two or more lines of systemic therapy (4). Efficacy was assessed in terms of CRR and duration of response in 101 adult patients with relapsed/refractory large B-cell lymphoma (median of 3 prior systemic regimens) who underwent treatment in a single-arm trial (5). In 2020, brexucabtagene autoleucel was approved for the treatment of relapsed/refractory diffuse large B-cell and mantle cell lymphomas (6, 7). Likewise, lisocabtagene maraleucel was approved in February 2021 as therapy for refractory large B-cell lymphoma (7, 8). Recently, the FDA has approved a CAR-T cell immunotherapy for multiple myeloma; the first-in-class B-cell maturation antigen (BCMA)-targeted CAR-T cell therapy received the agency’s approval on March 26, 2021, to treat adults with relapsed/refractory multiple myeloma (9, 10).

The clinical response to CAR-T cell therapy has been associated with the in vivo expansion and long-term persistence of functional CAR-T cells (11). Mounting evidence suggests that successful outcomes in patients treated with CAR-T cells depend on the cells’ ability to expand and persist after infusion. One of the major issues of using CAR-T cells for the treatment of solid tumors is the low persistence of the cells infused within the tumor mass (12). Long-term persistence and robust in vivo expansion of CAR-T cells infused during ACT are associated with sustained clinical remission and survival of recipient patients (11, 13–15). In 2019, Hay et al. reported a study on adult patients with B-ALL infused with CD19-directed CAR-T cells. Although the MRD was negative in 85% of individuals and the CRR was high, 49% of patients relapsed after CAR-T cell infusion. Before or at relapse, the CAR transgene copies were low or undetectable in peripheral blood (16).

Different factors have been associated with long-lasting remission after the adoptive transfer of CAR-T cells. One of the critical aspects that determine the efficacy of CAR-T cell therapy is the in vivo persistence of the cells infused. Some studies have shown that the persistence of CAR-T cells is correlated with the phenotype of the T cells infused and that prolonged detection of CAR-T cells is associated with superior responses even in patients with high-grade diseases (17). In search of determinants of therapeutic response to CD19-directed CAR-T cells in patients with chronic lymphocytic leukemia (CLL), a study evaluated the genomic and phenotypic features of the cells infused. The authors found that CAR-T cells from patients in CR exhibited upregulation of genes related to a memory cell phenotype, whereas CAR-T cells from patients with no clinical response showed upregulation of genes associated with an effector or exhausted cell phenotype (18). In 2014, Maude et al. reported a pilot clinical trial of 25 patients with r/r B-ALL treated with CD19-directed CAR-T cells. Of these patients, 90% achieved CR on day 28 and 6 months after infusion; the rate of relapse-free survival was 80%. Furthermore, they found an association between the persistence of CAR-T cells in peripheral blood and B-cell aplasia in patients who had a response (13). The recovery of CD19+ lymphocytes from peripheral blood within the first semester following infusion of CAR-T cells indicated the disappearance of these CAR-T cells or the loss of their function (19).

The quantification of CAR-T cells is usually performed by flow cytometry, to detect the surface expression of CAR, or by quantitative polymerase chain reaction, to detect the CAR gene, but not its expression. However, CAR detection does not imply clinical response as cells can be not functionally active (20). An indirect parameter of persistent CD19-directed CAR-T cells after adoptive transfer is B-cell aplasia (20). Several studies have shown an association between the length of cancer remission and B-cell aplasia. B-cell aplasia is an indicator of functionally active CAR-T cells that deplete CD19+ B cells and is associated with a sustained therapy response (11, 13).

This review focuses on the different approaches used by researchers worldwide to achieve the persistence of CAR-T cells and improve their immunophenotype for better treatment response.



CAR-T Cell Differentiation Stage and Treatment Response

The differentiation stage of T cells affects their proliferative and survival abilities. The proliferation and the survival of adoptively transferred T cells strongly correlate with their antitumor activity (21–23). The immunophenotype of cells used to start the manufacture of CAR-T cells relates to the treatment outcomes. For instance, long-term remission is related to the enrichment of CD27+/CD45RO−/CD8+ T cells with memory-like features (18, 24).

The antitumor activity of adoptively transferred T cells depends on their expansion and long-term activity. Clinical results have shown that less differentiated memory T cells are required for the sustained in vivo persistence of adoptively transferred CAR-T cells, while naive (TN), central memory (TCM), and stem-like memory (TSCM) lymphocytes are related to a good response due to their ability to proliferate and live longer (25). Effector T-lymphocyte (TE) subsets exhibit low self-renewal ability, reduced homing to tumor niches, and lower survival than memory lymphocyte (TM) subpopulations (26–28). Preclinical models have been used to examine the longevity and functional features of CAR-T cells derived from memory and naive T-cell subsets. The results have demonstrated that CAR-T cells produced from the CD4+ and CD8+ TN and TCM subsets have greater antitumor potency and proliferation than those derived from effector memory T lymphocytes (TEM) (29). These data indicate that naive and memory T cells are important in CAR-T cell therapy because they display sustained proliferation and higher persistence in vivo (30, 31).

The diversity of the T-cell subpopulations results from the microenvironment stimulus and the cell–antigen interaction. Both CD4+ and CD8+ CAR-T cells can participate in killing malignant cells (32). Indeed, the combination of the most potent CD4+ and CD8+ CAR-expressing T-cell subsets has synergistic antitumor effects in vivo (29). For example, in ACT with GD2-directed CAR-T cells for the treatment of neuroblastoma, the number of CD4+ T cells and TCM cells (CD45RO+/CD62L+) within the infused product showed high concordance with the length of persistence of CAR-T cells (17). Therefore, understanding the generation and maintenance of the different T-cell subsets is critical for proposing strategies that improve the clinical outcomes of CAR-T cell therapy (31, 33).



T-Cell Subsets

T cells can be subdivided into several subsets identified according to the combination of molecules expressed on the cell surface (34). These phenotypic differences are related to the migratory and functional characteristics of each T-cell subpopulation (35, 36).


Naive T Cells

Immature T lymphocytes are characterized by the high expression of the transmembrane phosphatase CD45RA isoform (33, 36). Cells are considered naive until they interact with their cognate antigen. This interaction activates TN lymphocytes to proliferate and differentiate into TM and/or TE lymphocytes (27). Other surface markers expressed by TN lymphocytes are CCR7 and CD62L (l-selectin), which guide the homing of T cells to the secondary lymphoid organs; CD27 and CD28, which provide co-stimulatory signals; and CXCR4 and IL7Rα (CD127) (24, 36). The TN lymphocyte subset lacks the expression of CD45RO, CD95, CD11a, CD122, CD31, and KLRG1 (Figure 1 and Supplementary Table S1) (28, 34, 37) and is also characterized by high proliferative ability (36).




Figure 1 | T-cell subsets. Phenotype and relevant features for a successful chimeric antigen receptor T-cell (CAR-T cell) therapy.





Stem Cell Memory T Cells

This subset is the least differentiated of the memory T-cell subpopulations. TSCM cells have been recently identified as CD4+ or CD8+ T cells with a TN/TM-like phenotype. TSCM cells express CD45RA, CCR7, CD95, CXCR3, CD11a, IL-2Rβ receptor (CD122), and CD127 (34, 36, 38) and have high levels of the transcriptional regulator T cell factor 1 (TCF-1), but do not express CD45RO (Figure 1 and Supplementary Table S1) (37). They have a self-renewal ability similar to that of stem cells and can reconstitute all populations of TM and TE cells (24, 39). Compared to other TM subpopulations, the TSCM subset develops a faster response upon antigenic stimulation and can persist for a long time (27, 40). Because of these characteristics, the TSCM subset has received significant attention in the ACT field (31). Despite their features implying several rounds of division [low expressions of T-cell receptor excision circles (TRECs) and Ki-67high], they maintain their naive-like phenotype (36).



Memory T Cells with Naive Phenotypes

In 2016, Pulko et al. identified a CD8+ T-cell subpopulation that produced effector cytokines after stimulation through the T-cell receptor (TCR). The phenotypes of these cells were CXCR3high, CD49d+, INF-γ+, CD45RA+, CCR7+, CD95low, and CD28int. Although these cells shared several features with TN cells, they had a restricted TCR Vβ repertoire, suggesting antigen-driven stimulation and expansion, and differed transcriptionally from TM and TE cells (36, 39, 41).



Central Memory T Cells

Central memory T cells circulate through secondary lymphoid organs and are characterized by a long life span. Although TCM have less cytotoxic capacity than TE, they can proliferate rapidly and provide an early batch of cytokines after being stimulated by the specific antigen (27, 42). They secrete tumor necrosis factor alpha (TNF-α), although more efficiently interleukin 2 (IL-2), and express CD45RO, CD62L, CD28, CD27, CCR7, CD127, CD11a, IL-18Rα, CXCR4, and CXCR3, but not CD45RA (Figure 1 and Supplementary Table S1) (24, 34, 37, 43). The loss of CCR7 and CD62L accompanies the transition from TCM to the TEM phenotype and, therefore, the cells can no longer migrate to lymphoid tissues (27).



Effector Memory T Cells

Effector memory T cells mainly circulate to non-lymphoid tissues and typically express CD45RO, CD122, CD95, KLRG1, LFA-1, IL-18Rα, chemokine receptors, and tissue homing receptors, but are negative for CD62L, CCR7, and CD31 (Figure 1 and Table Supplementary S1) (34, 37, 43). The TEM cell subset also secretes TNF-α, but has a greater capacity to release interferon gamma (IFN-γ) and are more cytotoxic than TCM lymphocytes (24, 31).



Tissue-Resident Memory T Cells

These cells are very similar to TEM cells, but differ by the expression of CD103 and CD69 (33, 34). These cells do not express CD62L, CD25, CD38, and HLA-DR (34). Moreover, they remain in non-lymphoid tissues and can self-renew in situ and respond to secondary infections (38). Their ability to infiltrate solid tumors is well known and makes them potentially useful for developing CAR-T cells to treat these types of neoplasias (27). The surface marker expression of tissue-resident memory T cells (TRM) differs among tissues. On the skin, TRM cells express cutaneous lymphocyte-associated antigen (CLA), CCR4, and CCR6, and about 50% of them are CCR5+/CXCR3+; in the gut, TRM cells express CD69, CCR6, CCR9, and CD49d; and in the lung, they express CD49a, PSGL-1, CCR5, CXCR3, and CCR6 (34, 44).



Terminal Effector T Cells

This cell subset comprises fully differentiated T cells ready for rapid responses and potent effector functions. However, they have a short life span and a very low self-renewal ability (27). Phenotypically, terminal effector T cells (TEFF) are positive for CD95, CD122, KLGR1 and several homing receptors to migrate to sites of inflammation, such as CCR5 and LFA-1; furthermore, they re-express CD45RA (34, 45). These cells do not express CD45RO, CCR7, CD62L, IL7Rα (CD127), CD27, or CD28 (Figure 1 and Supplementary Table S1) (45). They also have limited expansion ability and rapidly die or become exhausted (33, 38).



Exhausted T Cells

The persisting antigenic stimulation of antigen-specific CD8+ T cells throughout the responses to chronic infections or cancer leads to a gradual loss of the effector functions, with T cells becoming dysfunctional (33, 34, 38). The exhaustion features comprise the sustained expression of inhibitory receptors, altered metabolism fitness, low proliferative capacity, and a reduced secretion of effector cytokines (46). There are two main subsets of exhausted T cells (TEX): precursor of exhausted T cells (TPEX) and terminally exhausted T cells (34).

TPEX have only recently been identified. This small cell subpopulation exhibits memory and exhaustion features, such as the expression of TCF-1, CD62L, ID3, and PD-1 and reduced cytokine secretion. These cells mediate the response to immune checkpoint inhibitors and can self-renew and differentiate into terminally exhausted T cells (TTEX) (33, 46).

TTEX cells typically co-express PD-1, LAG-3, TIM-3, CD160, and TIGIT (34, 38). However, they do not respond to immune checkpoint blockade and their proliferation potential is impaired (47).

T-cell exhaustion is a dynamic process from progenitor to terminally exhausted cells, characterized by different stages, each with distinct features. Understanding this process is necessary to designing more precise immunotherapy strategies. These approaches would help block the differentiation toward exhaustion and reverse certain stages of exhausted T cells (48).



CD4+ T-Cell Subsets

CD4+ T cells can differentiate into several subpopulations, namely, T helper (Th) 1, Th2, Th9, Th17, Th22, follicular helper T cells (TFH), and regulatory T cells (Treg). Cell differentiation depends on the cytokines present in the environment and the strength of TCR signaling (Figure 2) (49). Each cell subset has particular characteristics and releases a cytokine cocktail that defines its functions. These roles can either be anti- or pro-inflammatory, related to protection, survival, or immune homeostasis (34). Several preclinical trial data have demonstrated that, in ACT with CAR-T cells, CD4+ T cells showed a direct antitumor activity comparable to cytotoxic CD8+ CAR-T cells (50–52). Moreover, the function of CD8+ CAR-T cells was characterized by exhaustion and apoptosis in the presence of antigen-specific TCR stimulation, whereas CD4+ CAR-T cells retained equivalent cytotoxicity despite TCR stimulation (50). CD4+ CAR-T cells helped augment the proliferation of CD8+ T cells, but they did not ameliorate the potency of CD8+ CAR-T cell effectors (51). Interestingly, in a murine model using CD28-based second-generation CAR-T cells, Th1 and Th2 cells released cytokines that led to different types of cytotoxicity (53).




Figure 2 | CD4+ T-cell subsets and their role on the final manufactured chimeric antigen receptor T-cell (CAR-T cell) product. Different environment cytokine combinations are required to generate different CD4+ T-cell subsets. Characteristics of T helper 9 (Th9) and Th17 cells with the potential to improve the efficacy of CAR-T cells and the role of regulatory T cells (Tregs) as indicators of therapeutic efficacy are shown.



In addition, tumor-specific Th9 cells are less susceptible to exhaustion, cause complete lysis of tumor cells, and persist longer given their unique hyperproliferative feature (Figure 2) (54). In patients undergoing ACT, resistance can rise due to the outgrowth of antigen-loss-variant (ALV) cancer cells (55). In a recent study, adoptively transferred tumor-specific Th9 cells have been shown to be able to eradicate established ALV-containing tumors (56). Human autologous mesothelin-specific CAR Th9 cells, but not regular or high doses of Th1+Tc1 CAR-T cells, were able to eradicate human ovarian cancer (OvCa) patient-derived xenograft (PDX) in humanized NSG (NOD scid gamma) mice (55). Interestingly, a recent study has shown that the intrinsic activation of CD4+ T cells potentiates the antitumor effects of Th9 cells upon adoptive transfer in mice and that human Th9 cell differentiation can be enhanced through STING activation (57). In addition, other studies found that STING agonists synergize with CAR-T cells, enhancing their ability to control tumor growth (58), and administration of the STING ligand cyclic guanosine monophosphate–adenosine monophosphate (cGAMP) improved the antitumor responses in models of melanoma and colon cancer (59, 60).

On the other hand, Th17 cells are characterized by their plasticity since they can transdifferentiate into other effector subsets, including Th1-like Th17 cells that express the transcription factor T-box-expressed-in-T-cells (T-bet), IL-17, and IFN-γ (61–63). The role of this cell subset in tumor immunity remains partly elucidated. According to some studies, Th17 cells can either promote or eliminate tumors depending on the context of the tumor (64, 65). Interestingly, several reports have shown that the antitumor activity of Th17 cells is related to their ability to recruit and activate cytotoxic T lymphocytes, natural killer (NK) cells, dendritic cells (DCs), and neutrophils into the tumor and also to the plasticity of Th17 cells to differentiate toward the Th1 phenotype that eliminates tumors via the secretion of IFN-γ (62, 66, 67). IL-17, one of the Th1-like Th17-related cytokines, is associated with a pro-tumorigenic role by controlling tumor angiogenesis, increasing cell proliferation, and preventing cell apoptosis (62). Although IL-17 shows some antitumor effects, it is IFN-γ rather than IL-17 from Th1-like Th17 cells that appears essential to an efficient antitumor response (68–70). Indeed, the combination of STING agonists with Th/Tc17 CAR-T cells increased the trafficking, persistence, and tumor control in a murine model of breast cancer (58). Furthermore, Guedan et al. reported the enhanced antitumor activity and increased persistence of CAR-T cells in a preclinical model of ACT using CAR Th17 cells engineered with an inducible T-cell co-stimulator (ICOS) domain (71). In recent years, it has become clear that Th17 cells display persistence, self-renewal potential, and the ability to drive potent antitumor responses (Figure 2) (65).

Treg cells exert an immunosuppressive function and play a key role in maintaining immune homeostasis. They prevent unwanted immune reactions, such as autoimmunity and allergies. Usually, they express CD95+ and CD127low (34). However, their presence in tumors is related to disease progression as they inhibit the antitumor immune response (Figure 2) (72).

The Treg/TE cell ratio is a key marker of the efficacy of immunotherapy (71). Infiltrating CD4+ Treg cells in solid tumors decrease the efficacy of CAR-T cell therapy (73). Deletion of the Lck-binding region within the CD28 endodomain, which is linked to IL-2 production, reverses Treg cell-induced tumor infiltration and enhances the antitumor activity of CAR-T cells (73).

Given the diversity of CD4+ T-cell subpopulations and the cytokines they secrete, it is essential to characterize them in the final product of the CAR-T cell manufacturing process. This way, the conditions necessary to enrich less differentiated T cells in the final CAR-T cell product can be defined to improve their antitumor efficacy in vivo (74).




Strategies to Improve the Persistence of CAR-T Cells


CAR Architecture

Since the introduction of ACT with CAR-T cells, the clinical outcomes have been hindered by the poor persistence of the engineered T cells; therefore, several CAR-T cell generations have been developed to improve cell persistence and functionality (75). The first generation of CAR-T cells had the simplest architecture, i.e., an extracellular single-chain variable fragment (scFv) specific for a cancer marker; hinge and transmembrane regions usually derived from the CH2–CH3 region of IgG1, IgG4, or CD8; and the cytoplasmic CD3ζ signaling domain (Figure 3A) (76, 77). Signaling through the CD3ζ domain did not suffice to prime resting T cells, and the first CAR-T cell generation could achieve neither sustained response nor cytokine release due to this limited signaling ability (78–80).




Figure 3 | Generations of chimeric antigen receptor T-cell (CAR-T cell) construct designs. (A) First-generation chimeric antigen receptors (CARs) were composed of a single-chain variable fragment (scFv) specific for a cancer marker, hinge and transmembrane domains, and the cytoplasmic CD3ζ signaling domain. (B) Second-generation CARs included the coupling of a co-stimulatory signaling domain. (C) Third-generation CARs incorporated a second co-stimulatory signaling domain. (D) Fourth-generation CARs were based on the structure of the second-generation CARs, plus an inducible gene expression cassette encoding a transgenic cytokine. (E) Fifth-generation CARs contain an IL-2 receptor β-chain domain and a binding site for STAT3.



To improve T-cell signaling, the second generation of CAR-T cells included the coupling of a co-stimulatory signaling domain (e.g., CD28 or 4-1BB) that improves activation, enhances survival, and promotes the efficient expansion of the modified T cells (Figure 3B) (81, 82). Other common T-cell co-stimulatory molecules such as ICOS, CD27, and OX40 have been studied (83, 84). The currently approved FDA therapies Kymriah and Yescarta belong to this second-generation CAR-T cells. The experience gained from the application of second-generation CAR-T cells highlighted the relevance of the co-stimulatory molecule on the function and fate of the engineered cells within the TME (85). The addition of the 4-1BB (CD137) domain to CAR constructs promoted the induction of CD8+ T cells with increased respiratory capacity and heightened mitochondrial biogenesis, two characteristics of the least differentiated memory T cells (24, 25, 86). On the other hand, the inclusion of the CD28 co-stimulatory domain induced the expansion of TEM lymphocytes with a gene signature of glycolytic metabolism (87, 88). Consistent with the above, chimeric antigen receptors (CARs) containing CD28ζ or 4-1BBζ are more likely to activate genes associated with the TE or TM phenotype, respectively (89). This is why CD28ζ-containing CAR-T cells persist about 30 days, while those with 4-1BBζ are found even 4 years after the ACT in some patients (88).

Third-generation CARs incorporated a second co-stimulatory signaling domain to achieve greater functional potency (Figure 3C) (90, 91). For example, the addition of the CD28 and OX40 domains to a CD3ζ chain leads to the sustained activation, proliferation, and effector function of resting T cells through the NFκB signaling pathway (85). Furthermore, ICOS-dependent signaling in CAR-T cells has been shown to result in an enhanced cell survival following the ACT. This evidence highlights the importance of testing novel CAR-T cell constructs to counter solid tumors and non-lymphoid hematologic malignancies; approaches to enhance CAR-T cell persistence remain an unmet medical need to date (71, 92). The design of fourth-generation CARs, known as T cells redirected for universal cytokine killing (TRUCKs), was based on the structure of the second-generation CARs. They contain an inducible gene expression cassette coding for a transgenic cytokine, such as IL-12 (IL-8, IL-9, IL-15, and IL-18 are still under investigation), to be delivered into the targeted tissue (Figure 3D) (91, 93). The accumulation of IL-12 can effectively recruit innate immune cells to the TME and attack antigen-negative cancer cells that CAR-T cells cannot recognize (94, 95). Recently, fifth-generation CARs have been studied and engineered based on the second-generation CARs. They contain an IL-2 receptor β-chain domain and include a binding site for STAT3 (Figure 3E) (96). This CAR construct induces a robust cytokine secretion through the activation of the JAK/STAT signaling pathway in the targeted tumor after antigen stimulation (91).

It appears that each part of the CAR construct can influence the persistence and phenotype of CAR-T cells. For instance, the CD3ζ chain generally employed as a signaling domain on CAR constructs contains three immunoreceptor tyrosine-based activation motifs (ITAMs) (97). An ITAM domain consists of two consecutive YxxL/I motifs separated by a defined number of amino acids (YxxL/I-X6−8-YxxL/I) (98). TCR binding to the peptide–MHC complex leads to the activation of the Src family kinase Lck, which phosphorylates two tyrosine residues in each of the CD3ζ ITAMs (97, 99). CD3ζ ITAMs have different roles in the regulation of T-cell activation; for example, mutations of CD3ζ ITAM1 and ITAM2 significantly impaired signal transduction and induced cell death. However, mutation of CD3ζ ITAM3 did not induce cell death, but rather increased IL-2 secretion and MAPK phosphorylation (99, 100). CD28ζ-based CAR-T cells that only contain the ITAM1 domain resulted in higher percentages of TSCM and TCM and a lower fraction of TEFF cells and yielded long-lasting and complete tumor remission in an in vivo animal model (Figure 4) (101). The CD28 cytoplasmic domain contains a YMNM motif that gets phosphorylated upon binding to CD80/CD86 ligands, which can bind to Grb2/Gads through the asparagine residue (102). Besides, the CD28 proline-rich regions can interact with Itk, Tec, Lck, Grb2/Vav, and filamin A (FLNA) (99, 103). CAR-T cells bearing a mutated CD28 domain (CD28-YMFM) promote a long-lasting antitumor control (Figure 4). Besides, CD28-YMFM CAR-T cells exhibit reduced differentiation and exhaustion and increased skewing toward the Th17 profile (104).




Figure 4 | Diagram of the modifications on chimeric antigen receptor (CAR) cytoplasmic domains leading to enhanced tumor control and enrichment of less differentiated T-cell subsets related to better clinical outcomes.



Several studies have shown that the extracellular spacer module (the hinge) significantly impacts the performance of CAR-T cell. Tumor membrane-proximal epitopes are best accessible to CARs with long spacers, while CARs with short spacers exhibit the highest activity against distal epitopes (105–107). These facts support the hypothesis that an optimal distance between T cells and target cells is required for CAR-T cells to be able to trigger an effective immune response. Therefore, a spacer is not required when the epitope is far from the T cells and, conversely, when the tumor epitope is very close to the membrane; the lack of a spacer region might result in a length inadequate for optimal T-cell activity (105). Recent advances have revealed that the TCR acts as a mechanoreceptor. The difference in the dimensions of the ligated peptide MHC (pMHC)/TCR complexes (~15 nm) and the surrounding molecules provides tensive forces that transiently bend the membrane around TCR microclusters. Conformational changes induced by the initial TCR signaling may thus act as a molecular spring to provide defined forces on the engaged TCRs, and such forces might be an amplifying source for T-cell activation (108). Thus, the intercellular space length between T cells and antigen-presenting cells (APCs) that leads to the best activation is equivalent to ~4 Ig-like domains (~15 nm) (108, 109). However, high-affinity TCR ligands can effectively induce TCR triggering even at large interspatial distances between T cells and APCs (109). There is evidence that the CD22-specific chimeric TCR signal strength and Ag sensitivity can be modulated by selecting target epitopes according to their distances from the cell membrane, allowing discrimination between targets with disparate Ag density (107).

Modified CARs have been developed to reduce the binding to soluble Fc gamma receptors (FcγRs); for instance, the CD19R(EQ) contains IgG4-Fc spacers carrying two mutations within the CH2 region (L235E and N297Q), and the CD19Rch2Δ incorporates a CH2 deletion. These CAR-T cells exhibit improved persistence and more potent CD19-specific anti-lymphoma efficacy in NSG mice (110). A novel class of CAR spacers with similar attributes to IgG spacers, but without unspecific off-target binding derived from the sialic acid-binding immunoglobulin-type lectins (Siglecs), was used to build a CAR directed against a membrane-proximal (TSPAN8) epitope of a pancreatic ductal adenocarcinoma model. In vivo settings using these CAR-T cells led to the generation of advantageous TCM cells that released low levels of inflammatory cytokines and retained excellent tumor-killing functions (111).

Another important strategy consists in modulating the affinity to the scFv. A novel CD19 CAR (CAT), with a lower affinity than FMC63, showed higher in vitro proliferation and cytotoxicity and greater in vivo proliferative and antitumor activity compared with FMC63 CAR-T cells (112). In this sense, there is a minimal TCR affinity needed for T-cell activation and, additionally, a plateau to achieve maximal T-cell activity, revealing a TCR affinity threshold (113). Indeed, at low-density peptide ligands, the response is expected to be dominated by the low TCR-to-peptide interaction capable of using serial triggering to achieve the threshold required for T-cell activation. In contrast, high-affinity TCR-to-peptide interactions cannot achieve the activation threshold (114).

An additional strategy for optimizing the transferred construct includes the expression of non-coding RNAs. For instance, recent studies have shown that CAR-T cells engineered to express and deliver the RN7SL1 promote the expansion and effector memory differentiation of CAR-T cells characterized by high persistence and less exhaustion (115–118).

New concepts derived from the synthetic biology field for developing novel approaches in cell therapy are becoming appealing, such as the design of engineered cells harboring synthetic gene circuits able to biologically sense and compute signals derived from intracellular or extracellular biomarkers (119). These biological devices could ultimately be integrated into increasingly complex systems (119). The possibility of engineering T cells with synthetic systems responding to multiple inputs would benefit ACT with CAR-T cells and will probably open the door to the next generation of smarter self-decision-making CAR-T cells (120). For example, a generation of CAR-T cells that are only effective locally might also increase the choice of tumor targetable antigens. In this sense, incorporating the oxygen-sensitive domain (HIF-1a) could generate a CAR construct with gene expression induced by a low oxygen concentration, a characteristic of the TME (120).



Enhance Expansion/Persistence by Vaccination

A multicenter phase I/II study of donor CD19-directed CAR-transduced Epstein–Barr virus (EBV)-specific cytotoxic T lymphocytes (CTLs) in pediatric patients with acute ALL showed that the use of donor EBV-specific CTLs to manufacture CD19CAR could enhance the CAR-T cell expansion/persistence after vaccination with EBV-specific peptides (121). A different approach to enhancing the CAR-T cell function against solid tumors is by directly boosting donor cells with a vaccine that interacts with the chimeric receptor in vivo. The idea is to attach a small target molecule (peptide or protein–ligand) of a CAR into the membrane of the APCs of lymph nodes using the amphiphile ligand (amph-ligand). In this way, the target epitope is displayed on the APC surface together with a native cytokine receptor. The amph-ligand strategy has safely expanded CAR-T cells in vivo, increased their functionality, and enhanced their antitumor activity in multiple models of solid tumors (122). A new approach uses a nanoparticulate RNA vaccine designed for wide delivery of the CAR antigen into lymphoid compartments throughout the body. This vaccine stimulates the presentation of the natively folded target of the CAR-T cells on resident dendritic cells to promote the cognate and selective expansion of CAR-T cells. This strategy improves the engraftment of CAR-T cells and the regression of large tumors in mouse models (123).

The upgrading of the previously described approaches requires more studies to evaluate the usefulness of combined CAR designs, including different generations of CARs and advanced vaccination strategies. In addition, to further improve these strategies, the CAR expression could be placed under the control of the TRAC locus, which has been shown to avert the tonic CAR signaling and delay the effector T-cell differentiation and exhaustion (122, 124).



CAR-T Cell Therapy Combined With Oncolytic Viruses

Several preclinical studies have shown that oncolytic viruses (OVs) can synergize with CAR-T cells to overcome the multiple challenges that CAR-T cell therapy encounters in solid tumors by increasing CAR-T cell trafficking within the tumor and enhancing antitumor activity, as well as eliminating antigen-negative cancer cells (125, 126). In 2014, Nishio et al. armed an oncolytic adenovirus (Ad5Δ24) with the chemokines RANTES (regulated upon activation, normal T cells expressed and secreted) and IL-15 to enhance the trafficking and survival of a third generation of anti-GD2 CAR-T cells on a neuroblastoma xenograft model. They observed that intratumoral administration of this OV led to the improved persistence and migration of the infused CAR-T cells (127). Furthermore, the use of OV-IL15C, an oncolytic virus expressing the IL15/IL15Ra complex, enhanced the persistence of EGFR-CAR T cells that elicited strong antitumor responses in glioblastoma and improved this therapy in an immunocompetent mouse model (128). Another example of this strategy is T-SIGn, an oncolytic viral vector encoding IFNα, MIP1α, and CD80 that acts in synergy with anti-EGFR CAR-T cells. Tumor lysis induced by T-SIGn releases neoantigens and upregulates the antigen processing and presentation machinery to promote epitope spreading. Therefore, the virus reprograms the immunosuppressive TME into a pro-inflammatory one to attract and activate CAR-T cells and innate antigen-presenting cells, amplifying the antitumor response. This strategy was intravenously administered to eliminate pulmonary metastases in a murine model (129).

Despite the promising results obtained in murine models, this approach must be evaluated. Currently, only one ongoing clinical trial (NCT03740256) is being conducted in patients with human epidermal growth factor receptor 2 (HER2)-positive cancer. This study aimed to evaluate the safety and efficacy of anti-HER2 CAR-T cells combined with intratumoral injection of CAdVEC (an oncolytic adenovirus designed to enhance the antitumor immune response). This trial is on recruitment status and there are no results yet (130).



Cell Culture Optimization

The culture medium used for the expansion phase of CAR-T cells impacts the cell performance in vivo (33). Components of the culture medium can influence not only the gene delivery but also the differentiation, proliferation, and potency of CAR-T cells (131, 132).

Usually, the culture medium is supplemented with serum of animal or human origin. Fetal bovine serum (FBS) is often used in research in a broad range of cell cultures as a source of nutrients and growth factors. However, it has several issues: firstly, FBS does not simulate the human microenvironment, which limits its translational application (131); secondly, it involves the risk of transmitting bovine spongiform encephalopathy and some viral infections; thirdly, it can promote the development of unwanted immunological reactions; and, finally, variations between the brands and batches of sera can affect the reproducibility of the experiments (131, 133, 134). Human serum (HS) does not contain any xenogeneic components and supplements the medium with trophogens and additional stimuli that favor cell growth and survival. However, the serum can inhibit cell growth (at high concentrations), is expensive, and there is a marked variability between different batches (131). Medvec et al. observed that expanding T cells in a medium without human serum improved their functionality and persistence (135).

Since many of the metabolites and growth factors required for cell proliferation originate in cells such as erythrocytes, platelets, and endothelial cells, some researchers have studied whether extracts derived from these cells, obtained from whole blood fractions, can support the differentiation and proliferation of T cells (131, 133). For example, blood platelets contain strong mitogens such as growth factors, chemokines, and cytokines (136). Recent studies have provided support that the human platelet lysate (HPL) allows the expansion of CAR-T cells and increases the percentage of TCM cells in the final product compared to those obtained in media supplemented with FBS or HS (136). This observation suggests that HPL-supplemented media for culturing CAR-T cell improves the cell functionality in vivo and enriches the TCM cell subset associated with increased cell persistence in patients following ACT (136). The impact of HPL-exposed CAR-T cells was evaluated in vivo in a mouse xenograft model. The cell proliferation and antitumor effects were more significant compared to those of CAR-T cells cultured in media supplemented with FBS or HS (137).

Ghassemi et al. found that, among other alternatives, the serum used for CAR-T cell expansion culture can be substituted by Physiologix™ (Phx), an extract of growth factors obtained from whole blood. Compared to CAR-T cells expanded with HS-supplemented media, CAR-T cells cultured in Phx-containing media displayed increased transduction efficiency, as evidenced by their in vitro cytotoxic activity and superior in vivo cell survival ability in neuroblastoma models. Additional metabolomic analyses of the composition of Phx showed a modest enrichment in carnosine, a dipeptide composed of the isomers β-alanine and l-histidine. Carnosine is a critical factor that improves the CAR transduction efficiency in activated T cells; it can also decrease the media acidification and induce a glycolytic-to-oxidative metabolic change, a characteristic related to better antitumor effects (131). Smith et al. demonstrated that xeno-free CTS™ Immune Cell Serum Replacement allows the efficient expansion of gene-modified T cells with similar yields to those generated when FBS or HS was used as a supplement (138). Moreover, as an alternative to the expensive serum-free specific culture media, acellular Wharton’s jelly can be utilized as a supportive substance; furthermore, it increases the memory properties of T cells (139).

Other approaches that have been studied include reducing the length of the cell expansion phase and the effect of RetroNectin on T cell culture. The protocols for T-cell engineering routinely expand T cells ex vivo for 9–14 days. However, Ghassemi et al., in 2018, reported that CAR-T cells targeting CD19 (CART19) expanded for 3–5 days proliferated more and showed greater cytotoxic ability in vitro, as well as in a murine xenograft model of ALL, showing that the antileukemic activity inversely correlated with the ex vivo culture time. In addition, these cells persisted longer and showed more robust antitumor activity in a murine model (140). A recently published work has shown that quickly generated (24-h expansion) non-activated CAR-T cells exhibited higher in vivo antileukemic activity per cell than the activated CAR-T cells produced using the standard protocol. The former protocol for the rapid manufacturing of CAR-T cells may reduce the production costs and broaden their applicability. However, immunosuppressive factors in the TME may hinder the ability to generate functional CAR-T cells using this approach (141). The facts previously described must be considered relevant in the microenvironment of solid tumors.

On the other hand, RetroNectin (a recombinant human fibronectin fragment containing the VLA-4 and VLA-5 binding domains) is generally used to enhance the transduction efficiency given its ability to co-localize viral vectors and cells of interest, such as hematopoietic progenitor cells and T lymphocytes (142, 143). When RetroNectin was used in conjunction with anti-CD3 monoclonal antibodies (mAbs), it also enhanced T-cell expansion while preserving the CD45RAhigh CCR7high phenotype, characteristic of TN and TCM cells (144–147). RetroNectin influences the CD4+/CD8+ composition of T-cell products by inhibiting the apoptosis of CD8+ T cells and shifting the cell composition toward a cytolytic phenotype over in vitro culture (144) and during their in vivo persistence (148).



Cytokines Used to Yield Undifferentiated CAR-T Cells

Modulation of the interleukin cocktails can affect the memory functions of T cells and are used as an alternative approach to increase the efficacy of CAR-T cell therapy (144, 149–152). Cytokines are biologically active peptides that act by binding to their specific receptors located on cell surfaces (153). Interleukins are a subgroup of cytokines that allow communication between cells of the immune system; they determine processes such as the activation, differentiation, maintenance, function, and proliferation of immune cells (154). The interleukins chosen for the manufacturing process influences the T-cell proliferation and differentiation in CAR-T cell cultures (144). The most used and studied interleukin is IL-2, which has an essential role in the manufacturing process of CAR-T cells since it stimulates cell proliferation and maintains cell viability during the expansion phase (153). However, the stimulation of T cells with IL-2 favors the differentiation of short-life-span and exhausted cells because IL-2 induces a switch to glycolysis, a feature of TE cells (33, 155).

The substitution of IL-2 with other γ-chain cytokines such as IL-7, IL-15, and IL-21 plays a crucial role in the functionality, homeostasis, differentiation, and expansion of T cells and allows obtaining more significant proportions of less differentiated lymphocytes (156). There is evidence that the culture of CAR-T cells in the presence of IL-15 reduces the activity of mTORC1 and conserves the stem cell memory phenotype that has higher antitumor activity and proliferative ability (33, 155). Some studies have shown that, during the expansion phase of CD28-based CD19 CAR-T cells, a mixture of IL-7 + IL-15 increased the number and proportion of a T-cell subpopulation with TSCM- and TCM-like phenotypes. Moreover, these CAR-T cells showed higher expansion and effector function abilities and more significant migration to secondary lymphoid organs, leading to longer cell persistence and antitumor activity in vivo (149, 157, 158).

Moreover, IL-21 is another member of the γ-chain cytokine family that has shown favorable effects on the T-cell expansion process. Loschinski et al. found that exposure of T cells to IL-21 reduced the glycolytic activity and increased the fatty acid oxidation (FAO), a pathway essential for TCM generation (156). Furthermore, some studies have reported that a mixture of IL-21 + IL-4 + IL-7 added to the culture media maintained the memory phenotype and reduced the expressions of inhibitory receptors including PD-1 and TIM3 in CAR-T cells (159). The combination of IL-12 + IL-7 or IL-21 in the ex vivo cell expansion process yielded CD8+ T cells with enhanced persistence in a NOD/SCID/γc−/− mouse model (150). IL-12 is a non-γ-chain cytokine important in regulating T-cell differentiation and memory generation (160).



Metabolic Reprogramming of CAR-T Cells

The metabolic requirements of T cells depend on their degree of activation, differentiation, and functionality. For example, cells in a quiescent state, such as TN cells, rely on a catabolic metabolism of low-energy consumption, which uses the oxidation of fatty acids, amino acids, and glucose as energy sources, mainly through oxidative phosphorylation pathways (161). However, upon cell activation, the metabolism becomes highly glycolytic to generate the intermediate biomolecules required for cell proliferation. Specific metabolic and epigenetic changes must occur in cells in order to proliferate and differentiate. As can be seen, metabolism is intimately linked to cell activation, proliferation, migration, and function, and therefore to the very fate of T cells (85, 161, 162).

As for the metabolic conditioning of CAR-T cells, the CAR design itself can define their metabolism and functionality. In this sense, it is known that the CD28 co-stimulating domain increases the glycolytic metabolism and differentiation of T cells toward the TEM cell subpopulations. In contrast, the 4-1BB co-stimulating domain increases oxidative metabolism and mitochondrial biogenesis, promoting differentiation to the TCM phenotype, characterized by improved cell proliferation and persistence (88, 161). Hence, it can be concluded that promoting a low metabolic activity over the CAR-T cell manufacturing process could favor the production of T cells with a less differentiated phenotype, which would have greater longevity and antitumor potential. Conversely, a high metabolic activity could favor an effector lymphocyte enrichment; therefore, following infusion into patients, these cells would be quickly depleted, resulting in reduced antitumor activity (162).



Strategies to Target the T-Cell Metabolism

While studying the metabolome and proteome of activated CD4+ TN cells, Geiger et al., in 2016, discovered that increasing the levels of l-arginine in the culture medium induced a metabolic shift from glycolysis to oxidative phosphorylation. This change promoted T-cell differentiation toward a TCM-like phenotype characterized by the expressions of CCR7 and CD62L (163).

Another approach is inhibiting the glycolytic metabolism using drugs or expanding cells in a medium with low glucose concentrations; for example, in 2013, Sukumar et al. used 2-deoxy-d-glucose, a hexokinase 2 inhibitor, to limit the glycolytic metabolism of CD8+ T lymphocytes. This strategy increased the development of TM cells. Additionally, the researchers found that inhibition of the glycolytic pathway was associated with the expression of transcription factors that drive cell differentiation into the memory phenotype (164). The PI3K/AKT/mTor pathway is essential to regulate T-cell differentiation and memory generation. Its activation promotes the expression of the GLUT1 gene, a glucose transporter, which promotes glycolytic metabolism by increasing glucose intake from the medium. Consequently, it facilitates the differentiation of T cells into an effector subset (162). The effect of this pathway inhibition on CAR-T cells has been studied. In 2018, Perkins et al. expanded BCMA-directed CAR-T cells together with a PI3K inhibitor to investigate its activity in vivo. The adoptive transfer of these CAR-T cells resulted in complete long-term tumor regression in animal models of Burkitt lymphoma and multiple myeloma. The animals were even immune to a re-challenge with tumor cells. In addition, the phenotypic analysis of these BCMA-directed CAR-T cells showed a high frequency of CD8+CD62L+ T cells. These results suggest that PI3K inhibition during ex vivo cell expansion generates a product with better antitumor efficacy in vivo (165). Similarly, in 2019, Zhang et al. demonstrated that the culture of epithelial cell adhesion molecule (EpCAM)-directed CAR-T cells with the AKT inhibitor MK2206 did not affect cell proliferation or viability. However, the AKT inhibitor prevented the terminal differentiation of CAR-T cells. These cells exhibited higher expansion and antitumor efficacy in an animal model of colon cancer. Also noteworthy was the finding that AKT inhibition increased the CAR rate expression (166).

Moreover, there is evidence that crosstalk between the Wnt pathway and IL-12 signaling inhibits the T-bet and mTOR pathways and impairs memory programming, which can be recovered in part by rapamycin (167). Furthermore, mTOR inhibition in activated TN cells using a high concentration of rapamycin or TWS119 (an activator of the Wnt-β/catenin pathway) induced the generation of a TSCM phenotype. The inhibition of the pathway induced a switch in the metabolism of T cells characterized by an increase in FAO. The TSCM subpopulation exhibited superior functional characteristics and a more remarkable repopulation ability after adoptive transfer (168).

In 2016, the study of Bengsch et al. revealed that the peroxisome proliferator-activated receptor-gamma co-activator 1-α (PGC-1α) is a central regulator of oxidative phosphorylation. Moreover, when PGC-1α was overexpressed in TEX cells, it corrected the dysregulated mitochondrial function, improving metabolic fitness and effector function (169). More recently, Dumauthioz et al. enhanced the mitochondrial biogenesis in CD8+ T cells by overexpressing PGC-1α and observed that this strategy improved the antitumor effect by promoting the generation of CD8+ memory T cells (170).

Furthermore, some reports have demonstrated that PD-1 blocking in CAR-T cells improved tumor control and overall cell survival. Moreover, the PD-1 inhibition in T cells led to a metabolic switch from glycolysis toward an increased FAO; these cells exhibited enhanced survival and similarities to memory T cells (171).




Conclusion

Cancer-specific chimeric antigen receptor (CAR) T cells have emerged as one of the most promising immunotherapies to target various types of cancer. However, many barriers must still be overcome to generate highly successful clinical outcomes. One of these unmet needs relates to the persistence of CAR-T cells, and multiple strategies focused on CAR’s architecture, cellular metabolism, T-cell phenotype, vaccination boost, and cell culture optimization are under development to improve it (Figure 5).




Figure 5 | Approaches designed to improve chimeric antigen receptor T cell (CAR-T cell) persistence.



In agreement with the described facts, a plausible strategy to extend the in vivo persistence of CAR-T cells could require combinatory approaches, mainly when the therapy is directed against solid tumors because their hostile microenvironment induces the dysfunction of T cells, making the cell persistence requirements much higher. In this sense, understanding the underlying knowledge supporting each approach under study is extremely relevant. This way, rational combinatory strategies pursuing synergistic antitumor effects in vivo could be better chosen. Finally, it is essential to keep in mind that most of the reviewed approaches come from NSG mice research. Although this is the acknowledged model to assess cellular therapeutic efficacy, some factors cannot be accurately predicted, such as the interactions of CAR-T cells with the TME that could directly affect the persistence of CAR-T cells.

In this review, we summarized some of the approaches developed to circumvent the CAR-T cell short persistence barrier and offered ideas to tackle this hurdle to those researchers who have begun to work on CAR-T cell production.
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Background

Severe cytokine release syndrome (sCRS) has emerged as an adverse complication in the early period of chimeric antigen receptor T cell (CART) therapy, while whether sCRS occurs in the late period remains unknown. Here, we reported two patients with late sCRS.



Case Presentation

Case 1 was a 34-year-old female with refractory Philadelphia chromosome-positive B cell acute lymphoblastic leukemia. She achieved complete remission (CR) but experienced grade III CRS and hemophagocytic lymphohistiocytosis (HLH) 41 days after CD19-targeted CART (CART19) cells and CD22-targeted CART (CART22) cells infusion. Ineffective to tocilizumab and HLH-94 protocol (dexamethasone and etoposide), she died of a cerebral hemorrhage on day 55 after CART therapy. Case 2 was a 38-year-old male with IgG kappa multiple myeloma. He received autologous BCMA-targeted CART (BCMA-CART) therapy 4 months after HLA–matched sibling (sister) donor transplantation and developed grade III CRS 163 days after CART administration, characterized by fever, hypotension, and skin lesions. Effective to methylprednisolone and tocilizumab, his clinical response persisted for over 6.0 months.



Conclusion

Severe CRS could occur in the late period after CART therapy as re-expansion of CART cells possessed the potential risk for late sCRS.
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Introduction

Chimeric Antigen Receptor T Cell (CART) therapy has dramatically expanded therapeutic options among those with high-risk B-cell malignancies (1, 2). Despite the high overall remission rate, early and late complications may cause significant morbidity and even mortality (3–6). As for the early complications, the most common toxicity after CART administration is cytokine release syndrome (CRS), which has been reported to be as high as 77%-100% in CART19 clinical trials (7–9). CRS onset time ranged from 1-22 days (the median onset time: 3 days) and the duration lasted for 1-36 days (the median duration: 8 days) (8, 9). Occurring in 10%-30% of patients with CRS, severe CRS (sCRS) is manifested by fever, hypotension, respiratory distress, nervous system symptoms, and end-organ dysfunction (4, 9). Serious adverse events after 30 days were rarely reported though CART in the blood could be observed as long as 23.1 months (8). As for the most common late complications, cytopenia that had not resolved by day 28 was reported in 53%-78% of patients (5, 8, 10). Additionally, less than 20% of them had prolonged cytopenia 3 months after administration (5). However, prolonged cytopenia did not become the leading cause of death in patients treated with CART (5, 8, 10). Here we report two patients who suffered from late sCRS at an atypical onset time. One developed into grade III CRS and carHLH on day 41 after CART infusion while the other experienced grade III CRS on day 163 after CART infusion. In both cases, elevated levels of CART and IL-6 could be detected in the peripheral blood. To the best of our knowledge, this is the first report regarding patients with CART inducing late sCRS.



Case Description


Case 1

A female patient aged 34 years was diagnosed with Philadelphia chromosome-positive B cell acute lymphoblastic leukemia. After two courses of VDLP regimen (vincristine, idarubicin, L-asparagines, and prednisone) combined with dasatinib, she did not achieve complete remission (CR) as bone marrow (BM) smear showed that immature lymphocytes accounted for 28% of nonerythroid cells (NEC). The laboratory results before CART therapy were as follows: 1) white blood cell (WBC), hemoglobin (Hb), and platelet (Plt) were 2.74 × 109/L, 77 g/L, 65×109/L, respectively; 2) BM smear showed that immature lymphocytes accounted for 92% of NEC (Figure 1A1) and fluorescence in situ hybridization (FISH) showed 81% BCR/ABL fusion gene (Figure 1B1); 3) the flow cytometry (FCM) analysis exhibited that 80.9% of lymphocytes were characterized by CD19+CD22+ (Figures 1C1, C2). Based on these results, the patient was recruited into CART clinical trial for relapsed or refractory B-cell malignancies (ChiCTR-OPN-16008526). Patients were given fludarabine 25 mg/m2 and cyclophosphamide 300 mg/m2 on day -4, -3, and -2, followed by intravenously administration of 2.4 × 106/kg CART19 and 2.1 × 106/kg CART22 separately on day 0 (11). Adverse events were not observed during CART infusion. On day 30, she achieved hematologic CR (Figure 1A2 and Table 1) and BCR/ABL fusion was undetectable (Figure 1B2) by FISH, 0.14% BCR/ABL mRNA was detected by qPCR, and 0.21% CD19+CD22+ lymphocytes were found by BM FCM (Figures 1C3, C4).




Figure 1 | Manifestations in Case 1. (A1) BM smear before CART therapy showed that immature lymphocytes accounted for 92.1% total cells. (A2) BM smear on day 30 showed that immature lymphocytes accounted for 4.5% total cells. (A3) BM smear on day 41 showed that less than 0.5% immature lymphocytes and about 16% hemophagocytic cells in NEC. (B1) FISH before CART therapy revealed 81% BCR/ABL gene fusion. FISH on day 30 (B2), (B2) FISH on day 30 after CART therapy revealed undetectable BCR/ABL gene fusion after CART therapy revealed undetectable BCR/ABL gene fusion. (C1, C2) BM FCM analysis before CART therapy exhibited 80.9% lymphocytes characterized by CD19+CD22+. (C3, C4) BM FCM analysis on day 30 exhibited 0.21% lymphocytes characterized by CD19+CD22+. (D) qPCR showed detectable CAR19 and CAR22 DNA in peripheral blood after CART therapy. (E1, E2) on day 41.




Table 1 | The laboratory results in Case 1.



On day 41 the patient developed fever of 39.0°C, accompanied by fatigue and severe cough. The patient’s arterial partial pressure was: PaO2 = 75 mm Hg, PaCO2 = 42 mmHg, SpO2 = 89%. By this time, the CART19 and CART22 DNA could be detectable in peripheral blood with a drastic increase. The absolute lymphocyte count was 2.9×109/L and the CART19 and CART22 showed an increase on day 41 (Figure 1D). FCM analysis showed 5.38% CAR cells in the peripheral blood (Figures 1E1, E2). PB assessment revealed the normal CRP and PCT levels, indicating that the fever and respiratory symptoms were not caused by infection (Table 1). On day 43, the patient had the manifestations of hemophagocytic lymphohistiocytosis (HLH), characterized by the progressive descent in WBC, RBC, and PLT; enlarged spleen and liver; an increase in inflammatory cytokine-6(IL-6)and ferritin levels; and impaired coagulation function (Table 1). BM smear showed less than 0.5% immature lymphocytes and about 16% hemophagocytic cells in NEC (Figure 1A3).

Based on the clinical symptoms and the laboratory results, the patient was finally diagnosed with grade III CRS (12–14) and carHLH (15). On day 41, high-flow nasal cannula (8L/min), antibacterial treatment (mepitin and vancomycin), and tocilizumab were administered. The patient’s cough and hypoxemia resolved within 24 h (PaO2 = 89 mm Hg, PaCO2 = 39 mmHg, SpO2 = 95%). However, fever was not controlled, therefore an anti-fungus drug (carpofennet) was administered after antibacterial treatment (mepitin and vancomycin) for 72h. On day 43, dexamethasone and etoposide were administered to the patient according to HLH-94 protocol (16). Unfortunately, she did not respond well to the treatment and eventually died of cerebral hemorrhage on day 55.



Case 2

A male patient aged 38 years was diagnosed with plasmablastic lymphoma in August 2017. The FCM analysis of BM revealed that malignant cells accounted for approximately 6.2% of NEC and exhibited the expression pattern CD20+CD138+CD38+cIgG+cKappa+. After the first-line administration, he achieved CR and received HLA–matched sibling (sister) donor transplantation in February 2018. Cyclosporin A combined with methotrexate and mycophenolate mofetil were administered for graft-versus-host disease (GVHD) prophylaxis. On day 18 post-transplantation he obtained hematopoietic reconstitution and on day 30 he achieved complete donor chimerism. GVHD was not observed for 4 months after allo-HSCT. The patient was diagnosed with relapsed plasmablastic lymphoma in June 2018. The clinical features of relapse were as follows: 1) WBC, Hb, and Plt were 15.47 × 109/L, 85 g/L, 45×109/L, respectively; 2) the serum IgG ĸκ protein level was 21.6 g/L; 3) BM smear revealed that lymphoblast cells accounted for 12.5% of NEC (Figure 2A1) and FCM analysis showed that 50.3% of CD45+cells were characterized by cKappa (Figures 2D1, D2); 4) FISH showed XY[213]/XX[287] (Figure 2C1). Therefore, the patient was recruited into CART clinical trial for relapsed or refractory BCMA+ malignancies (ChiCTR-OPC-16009113). T cells for the construction of BCMA-CART were collected from the PB of HLA–matched sibling (sister) donor. Patients were given fludarabine 25 mg/m2 and cyclophosphamide 200 mg/kg on day -4, -3, and -2, followed by 6.2 × 106/kg BCMA-CART on day 0 (17). On day 7, the peak of CART cells could be detected in the PB and the patient was diagnosed with grade I CRS, characterized by fever (38.2°C). His body temperature returned to normal after a dose of tocilizumab was administered. On day 30, the serum IgG κ protein level dropped to 8.05 g/L. On day 90, the serum IgGĸκ protein level was 4.31g/L. Lymphoblast cells accounted for 2.7% of NEC in BM smear (Figure 2A2). FCM analysis of BM showed 0.45% of CD45+cells were characterized by cKappa (Figures 2D3, D4) and FISH displayed XY[16]/XX[484] (Figure 2C2). These results indicated that the patient had achieved CR.




Figure 2 | Manifestations in Case 2. (A1) BM smear before CART therapy showed that plasma cells accounted for 12.5% total cells. (A2) BM smear on day 90 showed that plasma cells accounted for 2.7% total cells. (B) The picture shows that skin rashes with blisters resolved on day 166 (3 days after methylprednisolone treatment). (C1–C3) FISH before CART therapy, on day 90 and on day 163 revealed XY[213]/XX[287], XY[16]/XX[484],and XY[6]/XX[494],respectively. (D1, D2) BM FCM analysis before CART therapy exhibited 50.9% sKappa+ cells. (D3 D4) BM FCM analysis on day 90 after CART therapy exhibited 0.45% sKappa+ cells. (E) FCM analysis showed CAR-BCMA cells in peripheral blood after CART therapy. (F1, F2) FCM analysis showed 1.03% CAR cells in the peripheral blood on day 163.



On day 163, the patient experienced fever (38.6°C), hypotension (88/52 mmHg), skin rashes, and large blisters all over the trunk. FISH showed 99.6% donor chimerism (XY[11]/XX[494]) in BM (Figure 2C3). The BCMA-CART showed a sharp elevation on day 163 (Figure 2E) and FCM analysis showed 1.03% CAR cells in the peripheral blood (Figures 2F1, F2). Moreover, the laboratory examinations indicating normal liver function, elevated IL-6, and ferritin levels are shown in Table 2.


Table 2 | The laboratory results in Case 2.



Based on these results, the patient was diagnosed with grade III CRS (12–14). He was treated with dopamine, norepinephrine, tocilizumab, and methylprednisolone (1 mg/kg/day). Symptoms resolved within 8 h, and vasopressor support was discontinued. Within 3 days, patient’s condition gradually improved with the normalization of body temperature (36.7°C) and blood pressure (123/79 mmHg), unprogressive rashes (Figure 2B), as well as descending ferritin and IL-6 levels (Table 2). As the temperature stayed normal for 7 days, we stopped giving antimicrobial drugs to the patient on day 177. The dosage of methylprednisolone was reduced from 10 days after administration on day 173, and the drug was discontinued 3 weeks after reduction on day 194. His clinical response persisted for over 6.0 months.




Discussion

The late adverse events occurring 30 days after CART therapy are defined as the delayed toxicity mainly manifested by cytopenia (18, 19). Severe CRS, including grade III and grade IV CRS, occurred within 22 days after the infusion (8, 9). In our study, case one and case two developed sCRS on day 41 and day 163, respectively. To the best of our knowledge, this is the first report of CART-cell inducing late sCRS.

In case one, the patient experienced sCRS and carHLH on an atypical onset time. On day 41, the patient was diagnosed with grade III CRS for a sudden high fever and hypoxemia with no evidence of HLH. On day 43, the patient had the manifestations of hemophagocytic lymphohistiocytosis (HLH), characterized by the progressive descent in WBC, RBC, and PLT; enlarged spleen and liver; and impaired coagulation function. Hence, the diagnosis of carHLH was established. CarHLH occurred in 26.7%-40.4% of patients who experienced CRS treated with CART therapy and the onset time ranged from 7 to 26 days post-CAR infusion (4, 20, 21). Clinical features of carHLH included hyperferritinemia, hypertriglyceridemia, hypofibrinogenemia, coagulopathy, hepatic transaminitis, hyperbilirubinemia, severe neutropenia, elevated lactate dehydrogenase, and occasionally hemophagocytosis. Furthermore, it suggests that the occurrence of CarHLH is related to the expansion and long-term existence of CART cells (20, 21). Consistent with the previous reports, hemophagocytic cells were found in the bone marrow smear and CART expansion was observed. The relationship between CRS and carHLH is still inconclusive. Some studies believe that carHLH is a variant of CRS, and it is not recommended to incorporate HLH into CRS for diagnosis and treatment (20, 21). CRS was considered an immune trigger leading to HLH and was a part of a spectrum of systemic hyper-inflammatory disorders (22). It was reported that CRS can be successfully ameliorated with the IL6R inhibitor tocilizumab and does not appear to decrease efficacy of the CART cell (23, 24). Unfortunately, she was not responsive to tocilizumab and HLH-94 protocol, consequently dying of HLH progression.

In case two, the patient received BCMA-CART therapy 4 months after allo-HSCT. On day 163 after CART, the patient suffered from fever, hypotension, and skin lesions. Based on clinical manifestations and laboratory assessments, the diagnosis of grade III CRS was established. Cutaneous toxic effects are reported as a kind of toxic reaction after CART treatment. Rubin et al. described four patients with skin lesions attributed to CAR therapy, including two patients with eruptions with unusual mononuclear cell dermal infiltrates and two patients with transient eruptions (25). Moreover, Yongxian Hu et al. has reported a patient receiving CD19/CD22 dual-targeted CART therapy experienced cutaneous toxic effects and grade III CRS. The existence of predominant CART cells in the bullae fluid and the huge discrepancy in cytokine levels proves that bullae fluid cytokines were produced in situ by infiltrated CART cells (26). After two doses of tocilizumab were administered, the cutaneous toxic effects including the fingertip cyanosis, swelling, and healing of the cutaneous lesions was resolved (26). These findings suggest the development of a local toxic reaction with cutaneous involvement. Consistent with previous reports, our case was considered as sCRS rather than acute GVHD for the normal liver function, higher IL-6 levels, and the drug response. Firstly, the target organs in patients with GVHD include the intestinal tract, skin, liver, and kidney. Despite the presence of skin lesions, liver function in this patient remained normal. Secondly, in case two IL-6 levels elevated up to 3568.34pg/ml, while it was reported that in recipients with acute GVHD IL-6 levels were 10-40pg/ml (27). Thirdly, the patient had a rapid response to tocilizumab, suggesting that the elevated cytokines might be a cause of cutaneous toxic effects.

CART re-expansion might be the cause of the late sCRS. Driven by the supraphysiologic secretion of proinflammatory cytokines, CRS is remarkably associated with active T cells and tumor burden (28, 29). CART served as the main reason for sCRS, because two patients remained CR and a sharp increase of CART in the PB was found. CART has been reported to exist for 23.1 months in peripheral blood (11, 17, 30). The expansion of CART cells is linked with the structural composition of the CAR (e.g., single-chain spacer, extracellular, and costimulatory domains) and the in vivo environment of the recipient (e.g., elevated cytokines, CD4:CD8 T cell ratio and frequency) (31–34). The underlying factors in two cases might trigger the CART re-expansion. In case one, the patient received a sequential infusion approach with CART19 and CART22. On day 7, CART19 took a higher proportion in peripheral blood than CART22 (3475.0 vs. 2345.0 copies/μg of genomic DNA) while on day 41 CART22 was predominant (14569.0 vs. 6952.0 copies/μg of genomic DNA). Patients with CART22 and CART19 developed CRS at different times (21). Whether the proportionate shift resulted in the re-expansion of CART cells needed to be further clarified. In case two, on day 163 the laboratory examination showed elevated CRP (Table 2), suggesting that inflammatory cascade may be the reason for CART re-expansion. Elevation of cytokines, such as IL-15, IL-21, IL-6, and IL-7, has been reported to promote the expansion of CART (35–37). We speculated that due to different factors cytokines partially increased, resulting in the expansion of CART.

In conclusion, severe CRS could occur in the late period after CART therapy and re-expansion of CART cells possessed the potential risk for late sCRS. The data presented are limited due to the low number of patients and retrospective nature of the study. Besides, further investigations into the cytokine profiles (IL-1β, IL-8, IL-4) and the treatment of sCRS (anakinra) might improve the sensitivity of the diagnosis and the effectiveness of treatment. It nevertheless highlights the necessity for concentrating on proliferation and activation of CART inducing sCRS in the clinical work.
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Background

To explore the feasibility and safety of natural killer (NK) cell therapy in HCC, we performed a prospective, open-label, phase I trial to evaluate the synergistic effect of locoregional high-dose autologous NK cell therapy in combination with hepatic arterial infusion chemotherapy (HAIC).



Methods

Patients with locally advanced HCC who were refractory to the standard treatment were eligible for this study. Patients received expanded and activated NK cells for 5 consecutive days in a dose-escalating manner (dose 2.5×108, 5×108, 10×108 NK cells/injection) through hepatic arterial infusion following 4 cycles of HAIC with 5-fluorouracil (750 mg/m2) and cisplatin (25 mg/m2). The primary endpoint was the safety of NK cell-based immunotherapy, and the secondary endpoints were objective response rate (ORR), progression-free survival (PFS), overall survival (OS), and immunologic responses.



Results

Of the 11 patients enrolled, the confirmed ORR was 63.6% (complete response [CR]: 36.4%, confirmed partial response [PR]: 27.3%). Stable disease (SD) and progressive disease (PD) were observed in two patients (18.2%) each, resulting in a disease control rate (DCR) of 81.8%. The median PFS and OS were 10.3 and 41.6 months, respectively. There were no incidences of decompensation or severe adverse events during HAIC, and no adverse events related to NK cell infusion were noted.



Conclusion

The combination of HAIC and locoregional high-dose NK cell therapy is a safe and effective treatment for locally advanced HCC patients who were refractory to the standard treatment. This result warrants further development of this novel treatment to establish its efficacy in HCC. 



Clinical Trial Registration
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Introduction

Hepatocellular carcinoma (HCC) is currently the sixth most common cancer and the third leading cause of cancer-related mortality worldwide in 2020, and the treatment strategies for HCC are selected based on tumor staging (1). Although the Barcelona Clinic Liver Cancer (BCLC) guideline has been widely accepted in clinical practice, there have been regional differences in the treatment of HCC (2). This is especially true in patients with portal vein thrombosis without extrahepatic metastasis, wherein prognosis remains poor. Systemic treatment with sorafenib or lenvatinib has been a useful therapeutic approach for HCC; however, its effect on the survival outcome has been limited with the median OS of 10.7 and 7.9 months in HCC patients treated with sorafenib and placebo, respectively (3). Therefore, there still remains a significant need for new, active treatments in locally advanced HCC.

NK cells are the essential components of the innate immune system in the liver, accounting for 30%–50% of the intrahepatic lymphocytes. Studies have reported that the number and function of NK cells were significantly reduced in HCC patients, and the reduction of tumor-infiltrating NK cells was associated with poor survival in the advanced stages of HCC (4, 5). This implicates the important role of intrahepatic NK cells in the immune surveillance against HCC. Thus, various approaches have been utilized to overcome NK cell dysfunction and to restore NK cell activity in the immune defense against HCC (6).

In Korea and Japan, hepatic arterial infusion chemotherapy (HAIC) has been applied for the treatment of locally advanced HCC. Theoretically, HAIC has several advantages, including higher efficacy and lower systemic toxicity than systemic therapy, as the infusion of drugs through the hepatic artery provides direct delivery of chemotherapeutic agents to the tumor cells. 5-fluorouracil (5-FU) and cisplatin are the most common regimen for the hepatic arterial infusion. Notably, it has been reported that some chemotherapeutic agents including 5-FU and cisplatin have immunomodulatory effects as a potent inducer of NK cell activity (7, 8). Given the predictive role, we assumed that prior treatment with HAIC of 5-FU and cisplatin would enhance the cytotoxic effect of highly activated NK cells expanded ex vivo together with their direct antitumor activity on tumor cells.

On the basis of this hypothesis, we designed a phase 1 study in which 5-FU and cisplatin were administered alone through the hepatic arterial infusion to induce the tumor growth inhibition prior to NK cell infusion. In the current study, we aimed to evaluate the safety and efficacy of locoregional high-dose autologous NK cells (VAX-NK/HCC) generated by our novel system in combination with HAIC of 5-FU and cisplatin in patients who were not suitable for or refractory to the standard treatment.



Patients and Methods


Study Design and Treatment

This study was a non-randomized, open-label, phase I trial with the dose escalation of VAX-NK/HCC cells in patients with advanced HCC. The primary endpoint of this study was to evaluate the safety of VAX-NK/HCC and HAIC combination treatment. The secondary endpoints were to evaluate ORR, PFS, OS, and immunologic response. The schematic diagram for the treatment schedule is summarized in Figure 1. In this study, a total of 4 cycles of HAIC were administered, with 750 mg/m2 of 5-FU and 25 mg/m2 of cisplatin for 4 days every 4 weeks (Q4W). For patients who were 65 years or older, had a history of grade 3 adverse events in the previous HAIC schedule, or had an estimated glomerular filtration rate of < 50 mL/min, a reduced dose of HAIC was administered, with 500 mg/m2 of 5-FU and 15 mg/m2 of cisplatin. Meanwhile, patients who achieved sustained SD or better based on the modified Response Evaluation Criteria in Solid Tumors (mRECIST) criteria after 2nd cycle of HAIC were enrolled to receive VAX-NK/HCC. These selected patients underwent leukapheresis after the 3rd HAIC cycle. This leukapheresis which was aimed at obtaining NK cells at this time was intended not to affect the chemotherapy schedule at all. VAX-NK/HCC was locoregionally administered for 5 consecutive days (high-dose NK cell therapy) while maintained in a fresh culture following the 4th HAIC cycle. After VAX-NK/HCC administration, all adverse events were observed, and the next dose escalation was determined. Three patients each were treated with 2.5 × 108 and 5.0 × 108 cells. After the higher dose was determined as a tolerable dose, an additional five patients were enrolled and received a dose of 10 × 108 cells.




Figure 1 | The schematic scheme for the treatment schedule of VAX-NK/HCC infusion following HAIC treatment. HAIC, hepatic arterial infusion chemotherapy; NK, natural killer; SCR, screening.





Patient Eligibility and Ethical Approval

Patients with intermediate and/or locally advanced HCC histologically confirmed by biopsy or typical radiological findings were eligible to participate in this study. All patients were not suitable for or failed curative treatments such as surgical resection, local ablation therapy, transarterial chemoembolization (TACE), or sorafenib. The inclusion criteria were as follows: age >18 years; an Eastern Cooperative Oncology Group performance status (ECOG PS) of 0 or 1; Child-Pugh liver function class A or B (9); macrovascular invasion; adequate hematologic functions (defined as neutrophils ≥ 1,500/uL, hemoglobin ≥ 9.0 g/dL, and platelet counts ≥ 75,000/uL); and adequate liver and renal functions (total bilirubin ≤ 2 mg/dL, alanine aminotransferase and aspartate aminotransferase ≤ 5 X the upper limit of the normal range [ULN], and serum creatinine ≤ 1.5 X ULN). Patients were excluded if they had received the immune cell-based therapy within 6 months from enrollment, liver transplantation, a history of a malignancy other than HCC within the last 5 years, and hypersensitivity to 5-FU or cisplatin.

All patients provided a written informed consent before participation, and all procedures associated with this study were conducted in accordance with Good Clinical Practice and the Declaration of Helsinki. This study was reviewed and approved by the Institutional Research Board of the Chonnam National University Hwasun Hospital (IRB No. CNUHH-2016-022).



VAX-NK/HCC Generation and Quality Control

After performing leukapheresis to the patients, peripheral blood mononuclear cells (PBMCs) were isolated by density gradient centrifugation on lymphoprepTM (Axis-Shield, Oslo, Norway) solution. PBMCs were expanded with 100 Gy gamma-irradiated K562 cells with RPMI1640 medium supplemented with 10% heat-inactivated fetal bovine serum (FBS) and 4 mM/L L-glutamine (all from Gibco, Thermo Fisher Scientific, Waltham, MA, USA) in the presence of 10 U/mL recombinant human IL-2 (Peprotech, Rocky Hill, NJ, USA), and the medium and cytokine were replaced by every 2-3 days. After 7 days of culture, the concentration of IL-2 was increased to 100 U/mL, and 10 U/mL recombinant human IL-15 (Peprotech) was also added to the medium. On day 14 to 18 of culture, NK cells were harvested and resuspended in 500 mL Hartman solution (JW Pharmaceutical, Seoul, Korea) with 0.4% human serum albumin (GC Pharma, Yongin, Korea).

All generated NK cells underwent quality and safety tests evaluated according to the standard operating protocols and test guidelines of Vaxcell-Bio Therapeutics, approved by the Korea Ministry of Food and Drug Safety. The purity of NK cells and expression for surface receptors were determined by flow cytometry after staining with the following monoclonal antibodies: FITC-conjugated anti-CD3, PE-cy5-conjugated anti-CD56, or PE-conjugated anti-CD16, anti-CD69, anti-CD94, and anti-NKG2D (all from BD Biosciences, Franklin Lakes, NJ, USA). To estimate cytotoxicity, the NK cells were stained with 0.05 μM Calcein-AM (Thermo Fisher Scientific, Invitrogen, USA) and cultured with K562 cells for 4 h at 4:1 effector to target (E:T) ratio. Then, propidium iodide (Gibco) was added and cells were analyzed on flow cytometry. Test for sterility, mycoplasma, and absence of virus were performed at 3 days before first harvest and another sterility test was carried out on day of final harvest. Gram stain and endotoxin were performed on day 14 to 18 of NK cell harvest.



Assessment of Safety, Clinical Response, and Immunologic Response After VAX-NK/HCC Infusion

The adverse events (AEs), vital signs, and physical examination were evaluated. Safety was assessed and graded according to the National Cancer Institute Common Toxicity Criteria for Adverse Event (NCI-CTCAE v4.0). The tumor response was determined based on the mRECIST (10, 11). Radiologic imaging was performed at baseline within 5 weeks before the initiation of VAX-NK/HCC infusion by a computed tomography (CT) or magnetic resonance imaging (MRI) scan. Imaging scans were repeated 4 and 8 weeks after the treatment for tumor response evaluation. For immunologic responses, PBMCs and blood serum were collected from patients prior to VAX-NK/HCC infusion and at 1 week, 2 weeks, 4 weeks, and 8 weeks after VAX-NK/HCC infusion. Cytotoxicity was assessed based on a previously described method using Calcein-AM (Thermo Fisher Scientific) stained PBMCs and propidium iodide (Gibco) stained K562 cells at a 10:1 E:T ratio. IFN-γ, IL-10, and TGF-β levels were then measured in blood serum using enzyme-linked immunosorbent assay. Furthermore, the PBMC population, such as NK cells and T cells, was determined by flow cytometry analysis using the following monoclonal antibodies: FITC-conjugated anti-CD3, PE-cy5-conjugated anti-CD56, APC-conjugated anti-CD4, and PE-conjugated anti-CD8 (all from BD Biosciences). Meanwhile, the phenotype test for NK cell activation and inhibitory receptors were analyzed by flow cytometry using the following monoclonal antibodies: FITC-conjugated anti-CD3, PE-cy5-conjugated anti-CD56, PE-conjugated anti-CD16, anti-CD69, anti-CD94, anti-NKG2D, anti-NKp30, NKp44, NKp46, and CD158b (all from BD Biosciences).



Hepatic Arterial Infusion Chemo-Port Implantation Technique

All hepatic arterial infusion chemo-port system (Celsite ST201C; B. Braun, Chasseneuil, France) implants were accessed through the common femoral artery under local anesthesia with 1% lidocaine, and a chemo-port chamber was implanted into the subcutaneous fat layer of the upper thigh below the groin. Vascular access was achieved with the Seldinger technique using a 4-French (4-Fr) micro-puncture set (MAK; Merit Medical, South Jordan, UT, USA). After the insertion of the 5-Fr introducer sheath (Radiofocus Introducer II; Terumo, Tokyo, Japan) into the superior mesenteric artery, celiac axis angiography was performed to confirm vascular anatomy and anatomical variations using a 5-Fr catheter (Yashiro catheter; Terumo, Tokyo, Japan). The gastroduodenal and right gastric arteries were then selected using a micro-catheter (Renegade STC 18; Boston Scientific, Marlborough, MA, USA) and 0.016-inch wire (ASAHI Meister; Asahi Intecc, Seto, Japan) and were routinely embolized with detachable micro-coils (Concerto detachable coils; Medtronic, Dublin, Ireland, or Interlock coils; Boston Scientific, Marlborough, MA, USA) to prevent the release of anticancer drug into the gastrointestinal tract and maintain a high dose concentration to the liver. Thereafter, the vascular sheath was removed using an exchange wire (Fixed core wire guide; Cook Medical, Bloomington, IN, USA), and a 5-Fr Chemo-port catheter was inserted. Two or three side holes were then made at 0.5- or 1-cm intervals from the tip, which was positioned in the hepatic artery proper or in the proximal portion of the gastroduodenal artery, and digital subtraction angiography through the chemo-port catheter was performed to identify the vessels where the chemotherapeutic agent will be infused. Following this, the chemo-port chamber and catheter were connected using connection rings, and the port chamber was implanted into the subcutaneous fat layer below the groin. The function of the chemo-port system was then rechecked using heparinized saline, and position change or catheter kinking was confirmed with fluoroscopy. In the presence of a large extrahepatic tumoral feeder, bland embolization using 150–250 or 355–500 μm of polyvinyl alcohol particles (Contour; Boston Scientific, Marlborough, MA, USA) was performed prior to HAIC implantation.



Statistics

The aims of this single-arm study were to evaluate the safety and AEs, and to reveal minimal efficacy for the next phase 2 clinical trial; thus, the sample size was not determined based on the statistical power. All statistical analyses were performed using the SPSS software (ver. 13.0; SPSS, Inc., Chicago, IL, USA) and Prism (Ver. 9.0; GraphPad Software, San Diego, CA, USA), and all data were summarized using descriptive statistics. Overall survival (OS) was measured from the date of enrollment to the date of death or the last follow-up visit. Progression free survival was defined as the time from the date of enrollment to the date of disease progression, death, or the last follow-up visit. The Kaplan-Meier method was used to analyze PFS and OS.




Results


Patient Characteristics

From March 2016 to June 2021, a total of 11 patients with locally advanced HCC were enrolled into this trial to receive VAX-NK/HCC. Baseline clinical characteristics of all patients are presented in Table 1. The median age was 56.6 years (range: 43–71), and a majority of patients were male (90.9%). Most patients were rated as Child-Pugh A (81.1%). However, the similar proportions of the patients were classified as BCLC stage B and C of 54.5% and 45.5%, respectively. Regarding HCC characteristics, eight patients (72.7%) had a multinodular type while three patients (27.3%) had an infiltrative type. Moreover, seven patients (63.7%) had a large tumor exceeding 5 cm in diameter. Eight (72.8%) and five (45.5%) patients had more than five tumors and macrovascular invasion, respectively.


Table 1 | Baseline clinical characteristics of patients (n = 11).





Phenotypic Characteristics and Function of VAX-NK/HCC

The leukapheresis was performed to obtain VAX-NK/HCC after the 3rd HAIC cycle while patients were on 5-FU and cisplatin. The purity, surface markers, and cytotoxicity of VAX-NK/HCC manufactured from 11 enrolled patients are shown in Table 2. The purity of expanded NK cells (CD3-CD56+) markedly increased after culture with the mean value of 81.3%. On the contrary, the proportions of T cell (CD3+CD56-), NKT cell (CD3+CD56+), and others (CD3-CD56-) were as low as 7%, 5%, and 3%, respectively. Expanded NK cells also displayed the high levels of cell surface markers such as CD16, CD69, CD94, and NKG2D with the mean values of 98.4%, 88.8%, 98.1%, and 98.1%, respectively. The functional activity of VAX-NK/HCC was also investigated by in vitro cytotoxicity test against K562. VAX-NK/HCC exhibited the strong cytotoxic activity at a 4:1 effector-to-target cell ratio with minimum potency of 70%. Taken together, this data suggest that VAX-NK/HCC manufactured from HCC patients on chemotherapy was highly purified and activated NK cell population.


Table 2 | Characteristics of VAX-NK/HCC.





Safety Assessment

Hematologic and non-hematologic AEs were summarized in Table 3. Of the hematologic AEs reported, anemia was the most common, with five patients (45.5%) of any grade and one patient (9.1%) of grade 3 or higher. Moreover, two patients (18.2%) had neutropenia, with one patient of grade 3 and 4 each, both of which recovered successfully upon adequate treatment with granulocyte colony-stimulating factor. Additionally, one patient (9.1%) had grade 2 thrombocytopenia. Serum chemistry dysfunctions were also reported, including four patients (36.4%) with combined hyperkalemia, one (9.1%) with grade 3 hyperkalemia, one with grade 2 hypomagnesemia, and one with grade 2 increased creatinin. On the other hand, non-hematologic AEs of any grade included nausea, fatigue, and rhinorrhea in seven (63.6%), three (27.3%), and two (18.2%) patients, respectively. Ascites, pain, headache, myalgia, vomiting and dizziness were also reported, each occurring in one patient. Of note, fatigue of grade 3 or higher was found in two patients (18.2%), but it was manageable. All adverse events observed in this study were regarded as HAIC therapy-related by the investigators with no AEs related to locoregional NK cell infusion. Furthermore, there were no cases of decompensation or uncontrolled AEs during HAIC treatment. Thus, the treatment was generally well-tolerated regardless of the dose of VAX-NK/HCC administered, with no incidences of grade 3 or 4 AEs attributable to VAX-NK/HCC cell infusion.


Table 3 | Adverse events during HAIC and VAX-NK/HCC therapy.





Efficacy

Of the 13 patients who had received 2 cycles of 5-FU and cisplatin-based HAIC as initial therapy, 11 patients showing SD or better received 3 doses of VAX-NK/HCC, and all were evaluable for the treatment response. The best responses are shown in Table 4. The objective response rate (ORR) was 63.6%, including four CR (36.4%) and three PRs (27.3%). In addition, SD was observed in two patients (18.2%), and PD in two patients (18.2%), resulting in the DCR of 81.8%.


Table 4 | Therapeutic response after HAIC and VAX-NK/HCC therapy (n = 11).



The median follow-up time in this study was 55.9 months (range: 44.7–63.4 months). The median PFS in all patients was 10.3 months (95% confidence interval [CI]: 6.8–13.7), with PFS rates of 36.4% and 9.1% at 12 and 24 months, respectively (Figure 2A). The median OS was 41.6 months (95% CI: 16.0–67.2), with OS rates of 72.7% and 54.5% at 12 and 36 months, respectively (Figure 2B). Furthermore, the median duration of response (DOR) was reported to be 8.6 months among seven patients showing a complete response or partial response according to mRECIST (range: 4.3–27.5 months) (Figure 3).




Figure 2 | Kaplan-Meier estimates of survival outcomes. (A) progression-free survival. (B) overall survival. CI, confidence interval.






Figure 3 | Time to progression and duration of response in patients with an objective response.



Two serological biomarkers of HCC were measured to monitor the progression of the disease. The α-fetoprotein (AFP) and protein-induced by vitamin K absence or antagonist-II (PIVKA-II) levels were detected from the initial screening to the last follow-up (Figure 4). The median AFP level of 305.8 IU/ml at initial screening was decreased to 15.4 IU/ml following HAIC and VAX-NK/HCC administration (Figure 4A). Likewise, the post-treatment median PIVKA-II level was also decreased to 49.0 mAU/ml from 182.0 mAU/ml at initial screening (Figure 4B).




Figure 4 | Changes in tumor marker levels during and after treatment. (A) α-fetoprotein (AFP) (IU/mL). (B) protein-induced by vitamin K absence or antagonist-II (PIVKA-II) (mAU/mL). NK, natural killer.





Immunological Response

The Immunological profiling was performed for all patients using PBMCs at the baseline, and 1, 2, 4, and 8 weeks after the locoregional infusion of VAX-NK/HCC into the liver (Figure 5 & Supplementary Figure 1). The proportion of NK cells in the peripheral blood was measured up to approximately 20% in all patients, regardless of the cell numbers infused (Figure 5A). There was a slight increase in the blood NK cell proportion after VAX-NK/HCC infusion in five patients, but it was not significant compared to the level at the baseline. Similarly, CD4/CD8 T cell and lymphocyte/monocyte ratios were not significantly different before and after NK cell infusion in the peripheral blood (data not shown). The cytotoxic activity of PBMCs against K562 cells was also tested, and it was found to be similar ranging from 10% nearly up to 60% at both the baseline and post-treatment time points (Figure 5B). Of interest, a slight increase in cytotoxicity was also observed in two patients with elevated levels of peripheral NK cells. As last, the serum cytokine levels of IFN-γ, IL-10, and TGF-β were analyzed, and there was no significant change after treatment (Figures 5C–E).




Figure 5 | Immunoprofiling during and after treatment. (A) Percentages of peripheral NK cells with CD3-CD56+ before and after locoregional NK cell infusion. (B) The cytotoxic activity of PBMCs against K-562 cells at effector to a 10:1 E:T ratio. (C–E) The serum cytokine levels of IFN-γ, IL-10, and TGF-β.






Discussion

The present study demonstrates the safety and clinical activity of locoregional high-dose NK cell therapy combined with HAIC in patients with locally advanced HCC. The combined treatment of NK cells with HAIC of 5-FU and cisplatin was well tolerated with no unexpected toxicities. To the best of our knowledge, this is the first clinical study of NK cell therapy combined with HAIC, the liver locoregional therapy against locally advanced HCC. The clinical responses from this treatment were also promising with the ORR of 63.6%, and the median PFS and OS of 10.3 and 41.6 months, respectively, despite most of these patients receiving prior therapies.

Sorafenib is the recommended first-line treatment in advanced HCC (2). Notably, the SHARP trial has shown that among advanced HCC patients, the sorafenib group had a nearly 3-month median survival benefit in comparison to the placebo group (10.7 vs. 7.9 months; P < 0.001) (3). In the sub-analyses of the SHARP trial, however, sorafenib did not show a definitely prolonged OS among the BCLC B subgroup in which patients with intermediate or locally advanced HCC belong to (12). In addition, the clinical effect of sorafenib becomes less evident in hepatitis B endemic areas. For example, the median OS and TTP of sorafenib group was 6.5 and 2.8 months, respectively as compared to 4.2 and 1.4 months in the placebo group, respectively in another randomized controlled trial from the Asia and Pacific region (9). Therefore, the limitations of sorafenib, such as its modest efficacy, adverse effects, and high cost, have made it difficult to use in clinical practice in this intermediate and/or locally advanced HCC (13). Given the heterogeneity of advanced HCC population, a multi-modal treatment strategy has been suggested for the successful treatment of advanced stage of HCC.

NK cells are cytotoxic innate lymphocytes that have regulatory functions against viral infections and tumors, acting as key anti-tumor effectors in the human immune system (14). In particular, studies have shown decreases in peripheral blood NK cells among patients with HCC, suggesting that the dysfunction or exhaustion of NK cells might contribute to HCC development and progression (4, 15–18). Thus, several NK cell-based immunotherapies against HCC have been explored both at the pre-clinical and clinical levels against HCC. In this study, NK cells were administered locoregionally via the hepatic artery following four cycles of HAIC. It is assumed that systemic administration of NK cells would be disadvantageous for reaching the target organs, considering the tumor microenvironment (TME) in which cytolytic effectors including NK and CD8+ T cells have low capacity to infiltrate (19). In this regard, the local injection of NK cells via the hepatic artery may be an intriguing approach to improve the NK cell homing and infiltration to solid tumors, as it directly delivers viable NK cells to the target organ, which is the liver in this case. Furthermore, it has been reported that 5-FU increased NK cell activity while decreasing myeloid-derived suppressor cells and regulatory T cells, resulting in the possibility of a favorable immune response in HCC (20, 21). In addition, cisplatin can enhance the efficacy of NK cell-based immunotherapy by up-regulating UL16-binding protein 2 (ULBP2), a NKG2D ligand, on HCC (22). Therefore, this would provide the study rationale that the pretreatment with 5-FU and cisplatin-based cytotoxic chemotherapy would be helpful in overcoming the immune suppressive TME and enhancing the anti-tumor activity of NK cells synergistically.

Although HAIC has yet to become a standard treatment for advanced HCC, there have been several reports showing the positive efficacy and survival benefit of HAIC in intermediate and/or locally advanced HCCs (23–27). Song et al. reported a comparative study between sorafenib and HAIC in advanced HCC with portal vein tumor thrombus (PVTT) in which HAIC showed significantly longer OS (7.1 vs. 5.5 months, p = 0.011) and a favorable treatment response with ORR (24% vs. 13.3%, p = 0.214) and DCR (90% vs. 45%, p < 0.001) compared to sorafenib (28). Other studies have also supported the favorable response of HAIC in locally advanced HCCs regardless of PVTT (29, 30). This accumulating evidence led to the conclusion that HAIC could be a potential front-line treatment choice in a subpopulation without extrahepatic metastasis (25, 31). Given these findings, it is reasonable to speculate that locoregional high-dose NK cell therapy with HAIC may further improve the clinical outcome in intermediate and/or locally advanced HCCs as compared to systemic therapies, such as sorafenib. Supportive of this notion, the efficacy of locoregional high-dose NK cell therapy with HAIC in this trial was promising in advanced HCC patients with macrovascular invasion and no extrahepatic metastasis in that it clearly showed a better median PFS (10.3 months, 95% CI: 6.8–13.7) and median OS (41.6 months, 95% CI: 22.5–60.7) as compared to those of the HAIC therapy alone from previous studies whose median OS ranged from 7.3 to 14.0 months, and median TTP or PFS ranged from 2.0 to 7.0 months (23–27). Although this was not a comparative study, these results suggest that NK cell infusion after HAIC had a positive effect against locally advanced HCCs. Although several adverse reactions occurred during treatment, most of them were related to conventional chemotherapeutic agents in HAIC. There were no cases of grade 3 or 4 adverse events related to VAX-NK/HCC cell infusion at any dose. Furthermore, the patterns of adverse reactions in this study were similar to those of HAIC from previous studies in HCC (24, 32), suggesting that VAX-NK/HCC has a favorable safety profile in this study population.

Despite these findings, there were certain limitations in this study. First, we were unable to verify the immunologic response of VAX-NK/HCC, which might be due to the small number of enrolled patients and the possibility of loco-regional delivery and retention in the liver of NK cells infused. Thus, a large cohort study will be necessary to determine its immunologic response. Second, after the combined VAX-NK/HCC and HAIC treatment, progression or recurrence occurred over time in all cases of this study. This study included only four cycles of HAIC and 5 consecutive day infusion of VAX-NK/HCC infusion. In our opinion, HAIC or VAX-NK/HCC infusion should be continued to maintain their therapeutic responses.



Conclusion

Our results demonstrate that the combination of HAIC and locoregional high-dose NK cell therapy is a safe and effective treatment for locally advanced HCC patients who were refractory to the standard treatment. However, as there are limited clinical data available, further comparative studies between HAIC with VAX-NK/HCC and HAIC alone, or between HAIC with VAX-NK/HCC and sorafenib will be required to confirm the study findings.
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Supplementary Figure 1 | Immunoprofiling during and after treatment. Graphs in Figure 5 are represented as in line and dot plot format. (A) Percentages of peripheral NK cells with CD3-CD56+ before and after locoregional NK cell infusion. (B) The cytotoxic activity of PBMCs against K-562 cells at effector to a 10:1 E:T ratio. (C–E) The serum cytokine levels of IFN-γ, IL-10, and TGF-β.
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In recent years, with the breakthrough of CAR-T cells in the treatment of hematological tumors, they are increasingly being used to treat solid tumors, including urologic neoplasms. There are many relatively specific targets for urologic neoplasms, especially prostate cancer. Besides, urologic neoplasms tend to progress more slowly than tumors in other organs of the body, providing ample time for CAR-T cell application. Therefore, CAR-T cells technology has inherent advantages in urologic neoplasms. CAR-T cells in the treatment of urologic neoplasms have been extensively studied and preliminary achievements have been made. However, no breakthrough has been made due to the problems of targeting extra-tumor cytotoxicity and poor anti-tumor activity. we systematacially summarized the research actuality of CAR-T cells in urologic neoplasms, discussed the potential value and difficulties of the research. The application of CAR-T cells in the treatment of urologic neoplasms requires improvement of function through screening for better targets, modification of CAR structures, or in combination with other antitumor approaches.
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Introduction

Urologic neoplasms mainly include prostate cancer, bladder cancer, kidney cancer, adrenal tumor, penile tumor, testicular tumor and ureter tumor. According to GLOBOCAN in 2018, the incidence and mortality of urologic neoplasms were 12.3% and 7.7%, respectively (1). At present, prostate cancer, bladder cancer and kidney cancer are the most common urinary system tumors. The early stage of tumor occurrence can be successfully treated by surgery or radiotherapy and chemotherapy, but there is no radical treatment for advanced tumor (2–4). In the past decade, immunotherapy has emerged as a new direction in the treatment of advanced urologic neoplasms (5–7). Since urologic neoplasms are usually slow-growing compared to the other systemic tumors, there is a time window for treatment, which provides conditions for the selection of appropriate immunotherapy. In addition, tumor-associated antigens such as prostate stem cell antigen (PSCA), prostate specific membrane antigen (PSMA) and epidermal growth factor receptor (EGFR) are expressed in urologic neoplasms. Therefore, the choice of CAR-T cells for urologic neoplasms has an innate advantage.

CAR-T cells technology is a superior immunotherapy for cancer that delivers antitumor effects by providing genetically modified T cells that precisely target tumor-associated antigens (8). CAR-T cells represent a major advance in the field of tumor immunotherapy with their success in treating B-cell-derived lymphoma and leucocythemia (9). Since then, CAR-T cells have become increasingly popular in the treatment of solid tumors. Since then, the study of CAR-T cells in solid tumor therapy has gradually become a hotspot. However, there is considerable heterogeneity between solid and hematologic tumors. First, it is difficult to find tumor-specific targets in solid tumors such as CD19 of hematological tumor cells, and only tumor-associated antigens can be applied, which might led to the emergence of CAR-T cells targeting extratumoral cytotoxicity. Secondly, the drug has a good diffusion effect in the blood system, and it is easy for the drug to contact the tumor cells. Nevertheless, solid tumors have a dense stromal component and an immunosuppressive microenvironment. It is difficult for CAR-T cells to fully infiltrate tumor tissue and contact with tumor cells. Even if CAR-T cells are infiltrated into tumor tissue, and they have to overcome the problem of immunosuppression to exert tumor killing function (10). To overcome these challenges, structural optimization and target screening of CAR-T cells are under investigation.

Urologic neoplasms, like other solid tumors, have been widely used in immunotherapy in recent years, and some progress has been made. Although CAR-T cells offer an innovative approach for the treatment of patients with advanced urinary tumors, no product has been successfully introduced into the clinic. A large number of researchers have attempted to overcome this dilemma by optimizing target selection, modifying CAR-T structure, improving tumor immune microenvironment, and combining other molecular targeted therapies. This review will systematically introduce the research progress and potential value of CAR-T cells in urinary system tumors, and discuss the difficulties faced, in order to provide new ideas for the treatment of urinary system tumors.



CAR-T Cells Technology

CAR-T cells are regarded as the representative of adoptive immunotherapy. The greatest advantage is that they can bind directly to the surface of cancer cells without major histocompatibility complex (MHC) restriction and induce tumor cell death (11). In recent years, CAR-T cells have exhibited impressive therapeutic effect in the treatment of B cell malignancies (12). As a result, researchers have focused on CAR-T cells technology in the application of solid tumors, including urologic neoplasms. CAR-T cells consist of three major components: an extracellular domain (SCFV fragment) that recognizes an antigen of tumor, a transmembrane domain (CD8), and an intracellular domain (costimulatory molecules) that mediates activation of T lymphocytes (13) (Figure 1). When CAR-T cells enter tumor tissue during tumor therapy, SCFV fragments specifically bind to homologous antigens on the surface of tumor cells. The activation signal then passes through the transmembrane domain to the intracellular costimulatory domain, and then activates T cells by activating the costimulatory molecule to finally kill the tumor cells. Generation-to-generation CAR-T cells are optimized for T cell proliferation and tumor killing by increasing intracellular costimulatory molecules. The CD3ζ costimulation domain was the only intracellular domain of the first generation CAR-T cells. The second generation of CAR-T cells significantly enhanced activation of T cells by adding a costimulatory molecule (CD28 or 4-1BB) over the first generation (14). It was found that CD28 activated T cells had a strong instantaneous mortality, while 4-1BB activated T cells had better anti-tumor persistence (15).The intracellular portion of third-generation CAR-T cells contains two costimulatory molecules(CD28 and 4-1BB) in order to enhance activation of T cells. With the development of genetic engineering technology, the intracellular structure of CAR-T cells changed dramatically, and four generations of CAR-T cells were generated according to the structure (Figure 1).The fourth generation CAR-T cells have increased intracellular co-expressed cytokines (IL-7, IL-18, IL-21, CCL19, PH40, etc) base on the second generation CAR-T cells, aiming to positively regulate CAR-T cells (16). Generation 2 and 4 CAR-T cells have been widely studied in solid tumors. 2 generation CAR-T cells showed stable function and easy manipulation. 4 generation CAR-T cells not only regulate the immunosuppressive microenvironment of solid tumors, but also directly participate in positive regulation of T cell activation and proliferation (17–19). Therefore, 4-generation CAR-T cells are the key development direction of solid tumors in the future.




Figure 1 | Schematic diagram of the construction of 1st to 4th generation CAR-T cells. When CAR-T cells enter tumor tissue during tumor therapy, SCFV fragments specifically bind to homologous antigens on the surface of tumor cells. The activation signal then passes through the transmembrane domain to the intracellular costimulatory domain, and then activates T cells by activating the costimulatory molecule to finally kill the tumor cells. SCFV fragment (extracellular domain), CD8 (transmembrane domain) and CD3ζ (intracellular domain) are the basic structures of CAR T cells. Generation-to-generation CAR-T cells are optimized for T cell proliferation and tumor killing by increasing intracellular costimulatory molecules. The CD3ζ costimulation domain was the only intracellular domain of the first generation CAR-T cells. The second generation of CAR-T cells significantly enhanced their cytotoxicity by adding a costimulatory molecule (CD28 or 4-1BB) over the first generation. The intracellular domain of third-generation CAR-T cells contains two costimulatory molecules in order to enhance activation of T cells. The fourth generation CAR-T cells have increased intracellular co-expressed cytokines in addition to the second generation CAR-T cells, and co-expressed cytokines mainly positively regulate the proliferation and differentiation of CAR T cells and recruit peripheral immune cells to better kill tumor cells.



T cells used for CAR-T cell therapy are usually taken from the patient’s peripheral blood (20),and were first separated from the obtained peripheral blood and then infected with lentiviruses carrying CAR plasmids. Finally, CAR-T cells were expanded in vitro and reinjected into patients. The production process of CAR-T cells also raises many questions for clinical use. On the one hand, due to organ function exhaustion in patients with advanced tumor, peripheral blood immune cell activity will be inhibited, which will affect the activity of CAR-T cells produced. In addition, the economic cost of CAR-T cell customization is expensive, which is difficult to bear for the majority of patient population. In order to reduce the cost of producing CAR-T cells and increase their convenience, researches are also underway on universal CAR-T cells, which will make this technology available to a wider patient population (21).



CAR-T Cells for Urologic Neoplasms

Ten years ago, tumor immunotherapy has been widely used in preclinical research and treatment of urinary system tumors, including cytokines and tumor vaccines. Since then, immune checkpoint inhibitors have also shown some efficacy in the treatment of urologic neoplasms. However, a large number of clinical studies have found that these treatments do not significantly improve patient prognosis. In recent years, with the breakthrough of CAR-T cells in the treatment of hematological tumors (13, 22), CAR-T cells technology has been gradually applied in the research of solid tumors, including urologic neoplasms. CAR-T cells also provides a new approach for the treatment of urologic neoplasms such as kidney cancer, prostate cancer, bladder cancer and so on. Many preclinical and clinical trials have been conducted for CAR-T cells in urologic neoplasms (Tables 1, 2), and a portion of clinical trials are ongoingin in the hope of achieving satisfactory results.


Table 1 | Preclinical studies of CAR-T cells in urologic neoplasms.




Table 2 | Clinical trials of CAR-T cells in urologic neoplasms.



As shown in Table 1, targets selected of preclinical studies for CAR-T cells in the treatment of urologic neoplasms mainly include CAIX, PSMA, PSCA, and other generic targets of solid tumors. The structure of CAR is mainly the second generation, and the selected costimulatory molecules are mainly CD28 and 4-1BB. Relatively few third- generation and fourth-generation CAR-T cells have been used to treat urologic neoplasms.


Renal Cell Carcinoma

Worldwide, renal cell carcinoma (RCC) is the 9th most common malignancy in men and the 14th most common malignancy in women. After more than 20 years of increasing incidence, the incidence of RCC worldwide has shown signs of stabilizing or even declining in recent years. However, in the United States, the incidence of RCC continues to increase, mainly for early-stage tumors, and the overall mortality rate for RCC is stabilizing (34). For decades, the only effective treatment for RCC was surgery, as RCC was largely resistant to cytotoxic chemotherapy and insensitive to radiation, which makes the search for new antitumor therapies a priority. Based on the in-depth research on tumor immunity, immunotherapy has become a promising alternative method (35, 36).

Cytokines (IL-2 and IFN-α) as nonspecific immunotherapy have long been the standard treatment for metastatic renal cell carcinoma (mRCC). However, most studies of IL-2 and IFN-α as adjuvant immunotherapy in recent years have shown negative results (37–39). Furthermore, the immune checkpoint inhibitors (ICIs) has shown more favorable efficacy and safety in RCC than second-line chemotherapy (40). Over the past decade, the treatment of patients with mRCC has changed substantially, with pre-combination therapies based on immunotherapy replacing targeted therapies. However, the study also found the importance of ICIs in combination with other anti-tumor therapies. A network meta-analysis conducted by Fahad Quhal et al. (41) showed that the combination of ICIs and tyrosine kinase inhibitors (TKIs) provided better PFS, ORR and OS than the ICIs alone. More recently, data from the ICIs combined anti-tumor trial also confirmed the survival benefit of ICIs combined with pembrolizumab in the treatment of mRCC. These combination therapies are recommended as first-line treatment for advanced renal cancer by the Updated 2021 Guidelines of the European Association of Urology (42). Immunotherapy in combination with other therapies has been approved for the treatment of kidney cancer, and more studies are needed to evaluate their efficacy and safety to guide selection of the best first-line treatment.

The achievement of CAR-T cells in hematologic oncology has prompted the application of CAR-T cells in RCC (43). To date, numerous studies have been conducted on the association of CAR-T cells in the treatment of RCC. Eloah Rabello Suarez et al. (23) exploited a targeted carbonic anhydrase IX (CAIX) CAR-T cells. In a humanized mouse model of mRCC, tumor growth and mass were significantly reduced after treatment with CAX-CAR-T cells. Furthermore, Jun-Ich Mori et al. (25) constructed c-Met-targeted CAR-T cells and validated the antitumor efficacy of c-Met-CAR-T cells in situ mouse models derived from clinical renal papillary cell carcinoma tissues. The c-Met-CAR-T cells have been demonstrated to infiltrate tumor tissues and inhibit tumor growth. CD70 has also been found to be highly expressed in RCC and limited in normal tissue, making it an attractive target for CAR-T immunogenic solid tumors (44). Recently, Siler H Panowski et al. (45) constructed CAR-T cells targeting CD70 single-chain antibodies. CD70-CAR- T cells showed strong antitumor activity against RCC cell lines and patient-derived xenograft mouse models. These studies indicate the potential value of CD70-CAR-T cells in treating RCC, and a phase I clinical trial of CD70-CAR-T cells in treating metastatic renal cell carcinoma is ongoing.

CAR-T cells in combination with other anti-tumor methods are also a focus of research. To enhance CAR-T cells antitumor activity, Huizhong Li et al. (24) combined CAX-CAR-T cells and sunitinib showed significant synergistic effect in the mRCC mouse xenotransplantation model. The combination group exhibited greater proliferation and tumor killing than mice treated alone. This combination approach may provide meaningful insights into CAR-T cell therapy for urologic neoplasms. Jun-Ich Mori et al. (25) also evaluated the anti-RCC efficacy of c-MET-CAR-T cells in combination with axitinib, and found that axitinib synergically enhanced the anti-tumor efficacy of CAR-T cells. It suggests that CAR-T cells combined with targeted drugs may also be a way to treat solid tumors in the future. In addition, Chen Zhang et al. (46) studied the binding of a decorin-carrying oncolytic adenovirus(OAV-decorin) to CAIX-CAR-T to perform antitumor activity against renal cancer cells. Oav-decorin in combination with CAIX-CAR significantly reduced tumor load, altered extracellular matrix (ECM) composition by inhibiting collagen fiber distribution, reduced TGF-β expression, enhanced IFN-α secretion, and generated more CAR-T cells. The combined treatment model also prolonged the survival of the mice. These data also confirmed the role of oncolytic adenovirus and CAIX-CAR-T cells against solid tumors.

In 2016, the National Institutes of Health clinical Center in Maryland published a clinical study of VEGFR2-targeted CAR T cells in the treatment of metastatic kidney cancer(NCT01218867). A total of 24 patients were enrolled, of whom 5 (20.83%) had severe adverse reactions and 1 (4.17%) died. Five years of follow-up showed that 1 patient had partial response, 1 patient had stable disease, and the rest had tumor progression. In this study, researchers also divided the patients into groups according to different doses of combined IL-2. The 5 patients with severe complications were all in the high-dose IL-2 group, while no serious complications were found in the low-dose IL-2 group. The efficacy of VEGFR2-CAR-T cells in mRCC was not satisfactory. This study demonstrates that VEGFR2-CAR T cells are not satisfactory in the treatment of mRCC, but the side effects are acceptable.

Nevertheless, Lamers et al. (47) implemented a phase I/II trial of targeting CAIX CAR-T cells(first generation) to investigate the safety and efficacy of these cells in the treatment of mRCC. Unfortunately, due to the expression of the target antigen in intrahepatic bile duct epithelium, resulting in targeted out-of-tumor cytotoxicity, some patients have discontinued treatment due to detection of liver damage. This study suggests that the selection of tumor-associated antigens for CAR-T cells therapy in solid tumors is particularly important, and that normal tissue cytotoxicity to the selected target antigens must not cause major organ damage in patients. It also indicates that there is still a long way to go for CAR-T cells therapy in solid tumors, especially in the process of step-by-step target selection.

Fortunately, there are a number of clinical studies underway. There are currently two ongoing CAR-T cells studies (NCT03393936, NCT03638206) in China for the treatment of metastatic renal cancer (Table 2), with AXL,ROR2 and c-MET as the target, respectively. The objective was to assess the safety and efficacy of CAR-T cells in the treatment of mRCC.



Prostate Carcinoma

Worldwide, prostate cancer (PCa) is the second most common cancer in men and the fifth deadliest cancer in men (48). Over the past 20 years, great advances in surgery, radiotherapy and hormone therapy for PCa have significantly reduced mortality from the disease. However, metastatic castration resistant prostate cancer (mCRPC) is still very difficult to cure. Although docetaxel, abiraterone acetate, and radiotherapy have been shown to enhance patient outcomes in combination with standard hormone therapy, studies have shown that this subset of patients is rarely cured and has severe side effects (49, 50).

It is urgent to develop new therapeutic modalities for mCRPC patients. Given the success of immunotherapy in the treatment of many malignant tumors in recent years, immunotherapy of mCRPC is being widely explored. Over the past decade, researchers have made great efforts to explore this therapeutic area. Tumor vaccines have been widely used in preclinical and clinical studies of mCRPC, mainly including DC vaccines (51, 52), viral vector vaccines (53, 54) and DNA/mRNA vaccines (55, 56). Clinical studies have shown that some vaccines alone can prolong overall survival, while others require a combination of other therapies to slow tumor progression. In addition, ICIs are widely used in the treatment of mCRPC. In mCRPC patients, pembrolizumab was found to have antitumor activity and a reasonable safety profile as a standard monotherapy. However, Graff et al. (57) found that the effective rate of anti-PD-1 treatment for mCRPC was less than 30%. Therefore, the use of ICIs in mCRPC is still limited by their low clinical immune response rate (58–60). Since then, researchers have begun to investigate the efficacy of CAR-T cells for mCRPC and hope that CAR-T cell therapy will lead to a breakthrough in the treatment of mCRPC.

There are many tumor specific antigens in PCa tissues, such as prostate specific antigen (PSA), PSMA and PSCA. PSMA is a type II transmembrane glycoprotein expressed in the membrane of prostatic epithelium. PSMA was highly expressed in prostate tissue and solid tumor blood vessels, but hardly expressed in normal tissues such as intestine, liver and kidney (61). PSCA is a tumor-associated antigen found in PCa cells (62). PSCA is expressed on the membrane of the prostate gland and can only be detected there. The expression rate of PSCA in PCa tissue was much higher than that in normal prostate tissue (63). In addition, PSCA expression was not detected in other normal tissues (64). PSCA has also become an important target for targeted therapy of PCa. These studies suggest that PCa is a favorable tumor for CAR-T cells therapy (65).

Many studies have been conducted in recent years due to the inherent advantages of CAR-T cells technology in PCa. In 2008, researchers constructed targeting PSMA first generation CAR-T cells first time in a clinical trial (NCT00664196) of five patients. Only two patients achieved a clinical partial response, with PSA reductions of 50% and 70%, respectively. No toxicity against PSMA was observed. It was also found that low plasma doses of IL2 did not support antitumor activity under optimal CAR T cell implantation (66). The efficacy of the first generation CAR-T cells was found to be poor, mainly due to poor persistence of CAR-T cells.

To further optimize the efficacy of CAR-T cells, Qiangzhong Ma et al. constructed second generation PSMA-CAR-T cells containing CD28 stimulating molecule, it showed stronger anti-tumor response in mouse models (67). In a related clinical study (NCT01140373), 2 of 4 patients were stable and 2 patients were advanced. The results of this study showed that the second-generation CAR-T cells were well tolerated and significantly improved the efficacy. In addition, to select better costimulatory molecules, Saul J. Priceman et al. (27) constructed targeting PSCA CAR-T cells, using different costimulatory molecules (CD28 and 4-1BB), and compared the sensitivity of the two intracellular costimulatory molecules to tumor antigen expression. PSCA-CAR-T cells exhibit potent in vivo antitumor activity. Compared with CAR-T cells containing CD28, CAR-T cells containing 4-1BB showed better T cell persistence and disease control because they expressed higher tumor antigen intensity. These result show that CAR-T cells targeting PSMA and PSCA are well tolerated in the treatment of PCa and may have good efficacy. These studies suggest that CAR-T cells targeting PSMA and PSCA, accompanied by structural optimization, may have good efficacy in the treatment of PCa.

More recently, Vivek Narayan et al. (68) reported the results of a phase I clinical trial (NCT03089203) of PSMA CAR-T cells against castrated PCa. Five of the 13 patients developed grade 2 cytokine release syndrome, and three other patients achieved a 30% PSA reduction. Therefore, the study also showed that clinical use of targeted PSMA-CAR-T cells is feasible and generally safe. However, the antitumor activity of CAR-T cells in PCa still needs to be enhanced. Dawei Wang et al. (29) constructed IL23-PSMA-CAR-T cells. IL23-PSMA-CAR-T cells exhibited significantly more proliferation and cytokine secretion in vitro and also exhibited faster tumor clearance and weight gain in vivo than conventional CAR-T cells. CAR-T cells that co-express cytokines are a potential approach to enhance their antitumor activity in the treatment of PCa.

Furthermore, CAR-T cells were used in combination with chemotherapy to enhance tumor killing activity. Jamal Alzubi et al. (28) designed of CAR-T cells targeting PSMA. In vivo, local injection of PSMA-CAR-T cells eradicated xenograft PCa in mice. In addition, systemic intravenous CAR-T cells combined with low-dose docetaxel chemotherapy significantly inhibited tumor growth, whereas docetaxel alone or CAR-T cells did not. Studies have demonstrated that the combination of PSMA-CAR-T cells with chemotherapy is a promising immunotherapy pathway for the clinical treatment of mCRPC.

Radiation therapy is an vital treatment for PCa, and PCa stem cells (PCSCs) have the ability to resist radiation. Recently, Yida Zhang et al. (30) found that radiotherapy up-regulated the expression of PCSCs and immune checkpoint B7-H3 in each PCa cell line. They constructed CAR -T cells targeting B7-H3 and validated their antitumor activity in vivo and in vitro. The results exhibited that B7-H3-CAR-T cells were more cytotoxic to PCSCs than PCa cells. In immunodeficient mice, radiotherapy combined with B7-H3-CAR-T cells was more effective than radiotherapy or CAR-T cells alone. This study demonstrates the importance of using CAR-T technology to target antigens produced or increased during tumor therapy. This suggests that CAR-T cells technology has great potential in combination with other antitumor technologies.

There are a number of ongoing trials involving CAR-T cells for PCa (Table 2), both in China and the United States. The selection of targets focused on PSMA, PSCA, EpCAM and NKG2DL. The objective of the clinical study was to evaluate the safety and efficacy of different gene-editing CAR-T cell technologies in the treatment of mCRPC. Most clinical studies are in the process of being recruited and are expected to be effective.



Bladder Cancer

Bladder cancer (BC) is the 10th most common cancer worldwide. BC has about 430,000 new cases diagnosed each year (69). Smoking and sex are known risk factors for BC (70). According to the clinical TNM classification of malignant tumors, there are three types of BC: non-muscle-invasive BC (NMIBC), muscle-invasive BC (MIBC) and metastatic BC(MBC) (70). More than 70% of the new BC patients were diagnosed with NMIBC, with the remainder diagnosed with MIBC or MBC. Generally speaking, the 5-year survival rate for NMIBC is as high as nearly 90%, but the 5-year survival rate for MIBC drops sharply to no more than 50% or even less than 50%, and less than 15% for MBC (71, 72). Therefore, different types of urothelial carcinoma are treated differently. NMIBC can be treated by tranurethral bladder tumor resection, after which intravesical BCG or adjuvant chemotherapy can be selected (73). The preferred regimens for MIBC are radical resection and cisplatin based neoadjuvant chemotherapy (74). Intravenous chemotherapy is considered the best treatment option for MBC patients. Although surgery, radiation, chemotherapy, and targeted therapies have made some progress in the treatment of BC over the past 30 years, the prognosis for MBC patients remains poor (75).

Immunotherapy has been used to treat BC for the last 10 years. Such as BCG vaccine (76) and ICIs (77, 78). Intravesical BCG therapy is now standard practice for NMIBC, including carcinoma in situ and high-grade papillary neoplasms (79). ICIs were used in BC include Atezolizumab (80, 81), Avelumab (82), Durvalumab (83, 84) Nivolumab (85)and Pembrolizumab (86). At present, these drugs are mainly used for second-line treatment when chemotherapy is ineffective. However, only about 20 percent of patients show an immune response in clinical trials. In addition, it has also been reported that ICIs can cause serious adverse events, with at least 10% of patients experiencing serious adverse events (87). As a result, only a small number of people have benefited clinically from this approach. With the rapid development of tumor immunotherapy, adoptive immunotherapy and other immunotherapy methods have been developed in the treatment of BC.

CAR-T cells as an adoptive immunotherapy approach require tumor target antigens. Tumor associated antigens are expressed on the surface of tumor cells and represent potential therapeutic targets, BC cells are rich in tumor-associated target antigens. In addition, several studies have found that PSMA expression is observably higher in BC than in healthy urothelium (88, 89). Such as HER2, MUC1, EGFR as tumor targets of pan-cancer, are also highly expressed in BC tissues and can be used as a therapeutic target of BC (90, 91). In conclusion, CAR-T cells technology for BC treatment does not lack tumor-associated antigen.

CAR-T cell technology has undergone extensive preclinical and clinical studies in the treatment of urothelial carcinoma. Geoffrey Parriott et al. (31)developed targeting PD1 CAR-T cells that recognizes PD1 receptor ligand expressed in a variety of solid cancers. The results showed that PD1-CAR-T cells lysed tumor cells and resulted in long-term tumor-free survival in mice. Recently, Lei Yu et al. (32)constructed targeting MUC1 CAR-T cells, and verified the immunotherapeutic response in vitro by using BC. Specific cytotoxicity occurred only in MUC1 positive organs such as BC. The success of this study verified the feasibility of using MUC1-CAR-T cells in the clinical treatment of BC.

In order to enhance the antitumor activity of CAR-T cells, some researchers also combined decitabine with EGFR-targeting CAR-T cells to conduct anti-bladder tumor studies, and the study found that the combination can enhance the tumor-specific killing of BC (33). Therefore, CAR-T cells combined with DNA methylation specific inhibitors is also a method to enhance the anti-solid tumor function, and its efficacy needs to be confirmed by further clinical studies. Understanding the determinants of CAR-T cell recognition of tumors is important to improve CAR- T cell function. Greco, B et al. (92) found that a variety of cancers expressed extracellular N-glycan, and its abundance was negatively correlated with CAR-T cell killing activity. Further studies showed that N-glycan protects tumors from CAR-T cells by interfering with appropriate immune synapse formation, reducing transcriptional activation, cytokine production, and cytotoxicity. To overcome this obstacle, researchers took advantage of the high metabolic requirements of tumors to safely inhibit N-glycan synthesis. In xenograft mouse models of pancreatic and BC, such treatment disrupted n-glycan coverage on tumor cells, leading to enhanced CAR-T cell activity. These studies indicate that exploring the mechanism of tumor regulating the response intensity of CAR-T cells is also an important direction to achieve breakthroughs in the treatment of solid tumors.

Currently, clinical studies of CAR-T cells for BC are ongoing (Table 2). These clinical programs are being funded in China and the United States. The target selection includes HER2, PSMA, and ROR2. The objective of the clinical study is to evaluate the safety and efficacy of gene editing car-T cells with different targets in the treatment of MBC. However, due to the small number of clinical studies on bladder cancer, few studies have published results.




Potential Value and Dilemma of CAR-T Technology in Urologic Neoplasms

Tumor associated antigens play an vital role in the application of CAR-T cells technology in cancer therapy, and urologic neoplasms have a relatively high number of specific targets compared to other organ tumors in the body. AIX, PMSA, and PSCA-targeted CAR T cells have demonstrated tumor-killing activity in several preclinical studies, and clinical studies have demonstrated that PMSA-CAR-T cells can be tolerated in clinical use and have good antitumor activity (66).. Secondly, many studies have confirmed that tumor-associated target antigens commonly expressed in solid tumors are expressed in urologic neoplasms, including MUC1, EGFR, VEGFR2, EpCAM, C-Met, NKG2DL, MUC1, etc. Therefore, the use of CAR-T cells in urologic neoplasms has an advantage over other systemic tumors in the selection of target antigens.

The clinical application of CAR-T cell technology requires the collection of peripheral blood monocytes from patients, and the selected T cells need to be transfected with Lentiviruses carrying CAR plasmids, and finally applied to patients. This process takes a certain amount of time, and urologic neoplasms develop relatively slowly in systemic tumors, providing ample time for CAR-T cells to be used. Due to the pathogenesis characteristics of urologic neoplasms, multiple treatments can be performed with CAR-T with different targets. In addition, most preclinical studies of CAR-T cells have found that local administration is superior to intravenous administration, which may be due to limited tumor tissue infiltration and enrichment capacity of CAR-T cells. However, it is feasible to use local drugs in the treatment of urologic neoplasms.

It is well known that the progression of urologic neoplasmsis relatively slow and the prognosis is relatively good in all major systemic tumors. As a result, the development of complementary therapies for advanced tumors has been slow, and there have been relatively few studies of CAR-T in urologic neoplasms. As shown in Table 2, current studies mainly focus on PCa, while there are few studies on kidney cancer and bladder cancer. At present, the number of clinical studies on CAR-T in solid tumors such as digestive tumors and gliomas is larger than in urologic neoplasms. Published studies of CAR-T in the treatment of urologic neoplasms face the same problems as other solid tumors. For example, Lamers et al. (47) conducted the I/II clinical trial of CAIX-targeted CAR-T therapy for metastatic renal cancer, which was terminated due to abnormal liver function in most patients. In addition, Vivek Narayan et al. (68) reported a phase 1 trial of PMSA-CAR-T cell therapy for PCa (NCT03089203), in which 1 of 13 patients developed grade 4 CRS with sepsis and died, and only 3 patients achieved a 30% PSA reduction. Therefore, the current problems faced by CAR-T cells in the treatment of urologic neoplasms are mainly the poor anti-tumor activity and targeted extratumoral cytotoxicity. Therefore, in future studies, the selection of target antigens should be further optimized to alleviate the problem of targeting extratumoral cytotoxicity, and then the structure of CAR-T should be optimized to enhance the tumor killing activity of CAR-T on the basis of avoiding cytokine syndrome.



Discussion

CAR-T cell therapy has been extensively studied in the urinary tumor, most of which are preclinical studies. After all, a large number of clinical studies are needed to verify the efficacy and clinical complications of CAR T cells before they can be used in the clinic. Therefore, more clinical studies of CAR-T cells in urologic neoplasms are needed in the future. Furthermore, although there are many tumor-associated targets for urological CAR-T cells, published studies have demonstrated a lack of specificity. Targeting extratumoral cytotoxicity has been a major challenge in solid tumor therapy using tumor-associated antigens to construct CAR-T cells. Tumor- associated antigens should be optimized to select targets with high expression in tumor tissues and low expression in other non-important organs, so as to effectively kill tumor cells without causing serious complications to patients.

The immunosuppressive tumor microenvironment has been identified as one of the biggest obstacles to the successful treatment of urologic neoplasms with CAR-T cells. Gene-editing of CAR-T cells with positive immunomodulator and immunosuppressor antibodies is a strategy to overcome this obstacle. Keishi Adachi et al. (17) designed gene-editing IL-7 and CCL19 CAR-T cells (IL-7/CCL19-CAR-T cells). Because these immunomodulatory factors are critical for the maintenance of T cell regions in lymphatic organs, they may be involved in the regulation of tumor immunosuppression microenvironments. IL-7/CCL19-CAR-T cells exerted superior antitumor activity in vivo compared to conventional CAR-T cells. Recently, Xingcheng Xiong et al. (93) also designed gene-editing IL-7 and PH20 CAR-T cells(IL-7/PH20-CAR-T cells). Coexpressed PH20 can effectively degrades the extracellular matrix and enhances the tumor-infiltrating function of T cells. Studies have shown that IL-7/PH20-CAR-T cells significantly enhance their antitumor activity in multiple solid tumors. These techniques can be used to enhance the efficacy of CAR-T cell technology against urologic neoplasms.

In addition, CAR-T cells combined with molecularly targeted drugs are a promising way to treat urologic neoplasms in the future. For example, Huizhong Li et al. (24) Combined treatment with AIX-CAR-T and Sunitinib have demonstrated synergistic efficacy in mRCC mouse xenograft model. It was found that sunitinib not only up-regulated the expression of CAIX in tumor cells, but also reduced the myeloid suppressor cells in the tumor microenvironment. Jun-Ich Mori Et al. (25) also combined c-Met-CAR-T cells with axitinib, which once again demonstrated that molecular targeted drugs can synergically enhance the antitumor efficacy of CAR-T cells. Preclinical trials using CAR-T cells in combination with chemotherapy and radiation for PCa have shown significant mutually reinforcing effects (28, 30). These findings suggest that CAR-T cells technology in combination with other antitumor technologies has great potential in the treatment of urologic neoplasms.



Conclusions

In conclusion, numerous studies have demonstrated the potential value of CAR-T cells in urologic neoplasms. However, due to immunosuppressive microenvironment and physical barriers in tumor tissue, CAR-T cells still have poor invasion and persistence in urologic neoplasms. In addition, targeting extratumoral cytotoxicity is also an important issue in the application of CAR-T in urologic neoplasms. Therefore, relevant studies need to further optimize the selection of targets, and CAR-T cells may be more capable of killing urologic neoplasms through gene-editing cytokines, combined molecular targeting agents, and chemotherapy. It is believed that with the further study of tumor immune mechanism, CAR-T cells will achieve satisfactory results in the treatment of urinary system tumors.
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Glioblastoma (GBM), one of the most lethal brain cancers in adults, accounts for 48.6% of all malignant primary CNS tumors diagnosed each year. The 5-year survival rate of GBM patients remains less than 10% even after they receive the standard-of-care treatment, including maximal safe resection, adjuvant radiation, and chemotherapy with temozolomide. Therefore, new therapeutic modalities are urgently needed for this deadly cancer. The last decade has witnessed great advances in chimeric antigen receptor T (CAR-T) cell immunotherapy for the treatment of hematological malignancies. Up to now, the US FDA has approved six CAR-T cell products in treating hematopoietic cancers including B-cell acute lymphoblastic leukemia, lymphoma, and multiple myeloma. Meanwhile, the number of clinical trials on CAR-T cell has increased significantly, with more than 80% from China and the United States. With its achievements in liquid cancers, the clinical efficacy of CAR-T cell therapy has also been explored in a variety of solid malignancies that include GBMs. However, attempts to expand CAR-T cell immunotherapy in GBMs have not yet presented promising results in hematopoietic malignancies. Like other solid tumors, CAR-T cell therapies against GBM still face several challenges, such as tumor heterogeneity, tumor immunosuppressive microenvironment, and CAR-T cell persistence. Hence, developing strategies to overcome these challenges will be necessary to accelerate the transition of CAR-T cell immunotherapy against GBMs from bench to bedside.
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Introduction

Chimeric antigen receptor T (CAR-T) cell is a genetically engineered T lymphocyte that expresses CAR molecules to target surface antigens on tumor cells and other cells. The CAR construct is composed of an extracellular antigen-binding domain (the majority is the variable domain of an antibody targeting the antigen), an intracellular signal transduction domain, and a transmembrane domain that links the extracellular and intracellular domains (1). With the innovations in the design of the CAR structure, CARs have evolved from first to fifth generation. The intracellular domain of first-generation CAR only contains the CD3ζ chain and original signal transmitters from native T-cell receptor signaling that will limit T-cell activation and thus reduce its antitumor efficacy (2–4). Therefore, the second- and third-generation CARs have been developed to enhance T-cell activation by incorporating one and two intracellular signaling domains of co-stimulatory molecules, respectively, into its cytoplasmic tail. These co-stimulatory molecules include CD28 and ICOS from the B7 family, and OX-40 and 4-1BB from the tumor necrosis factor receptor (TNFR) family. Among them, the intracellular domains of CD28 and 4-1BB are commonly used in the CAR construct. Given that they belong to different families with distinct downstream signaling (5), the CD28 or 4-1BB incorporated second-generation CAR, termed CD28-CAR or 4-1BB-CAR, showed distinct signaling kinetics in T-cell activation with the CD28-CAR displaying a faster and enhanced change in protein phosphorylation than the 4-1BB-CAR. Consequently, the CD28-CAR-T cells exhibit a robust but short-lived effector T-cell phenotype, whereas the 4-1BB-CAR-T cells preferentially express memory T-cell genes, leading to more longevity of the CAR-T cells as well as sustained antitumor activities (6, 7). Although the third-generation CAR contains two different co-stimulatory domains (e.g., from CD28 and 4-1BB), it did not show significant advantages over the second-generation CAR in antitumor response (8–10). The fourth-generation CAR-T cell therapy refers to the second-generation CAR-T cells armed with immune stimulatory cytokines (e.g., IL-12, IL-15, and IL-18) that are released while they engage targeted tumor cells, leading to the improvement of CAR-T cell expansion/persistence as well as the promotion of the antigen spreading by recruiting endogenous T cells or NK cells (11–16). Moreover, the encouraging preclinical results of fourth-generation CAR has renewed interest in the concept of “targeted cellular micropharmacies” (17, 18), which utilize immune cells as a tumor-targeted living carrier to deliver therapeutic agents, including antibodies, enzymes, immunostimulatory molecules, as well as nanoparticles loaded with anti-cancer drugs (17, 18). The structure of the fifth-generation CAR is also based on the second-generation CAR, but with the addition of truncated cytoplasmic domains of cytokine receptors and a STAT3-binding motif (19) that permits cytokine engagement signaling (signal 3), resulting in the optimization of T-cell activation and thus superior in vivo persistence and antitumor effects in preclinical models as compared with the second-generation CAR (19).

Until now, there have been dozens of preclinical studies as well as several clinical trials on the glioblastoma (GBM) treatment by CAR-T cells, attempting to target various tumor antigens (Figure 1). Among them, EGFR-vIII, HER2, and IL13Rα2 are the three most common targets and have been tested in early phase trials (Table 1, Supplementary Table 1). IL13Rα2-targeted CAR-T cells are reportedly the first product to enter the trial stage (2). In this trial, three patients with recurrent GBMs were treated by intracerebroventricular injection of first-generation CAR-T cells that were engineered to express IL-13 zetakine, a mutant ligand to IL13Rα2 (NCT00730613) (2). Although a peritumoral inflammatory response was observed by MRI in all the patients, tumor regression was quite transient, thus requiring continuous CAR-T cell delivery (2). The second-generation IL13Rα2-targeted CAR-T cells (4-1BB-CAR-T) were also delivered via multiple intracranial injections to treat one patient with recurrent GBMs (NCT02208362) (20). Two intracranial delivery routes—injecting directly into the resected tumor cavity followed by infusing into the ventricular system—were applied in this study to control tumor local recurrence and tumor dissemination, respectively (20). As a result, regression of all intracranial and spinal tumors was observed after multiple injections, along with the corresponding immune response detected in the cerebrospinal fluid. The complete response lasts for 7.5 months after the initiation of CAR-T cell therapy. Meanwhile, no ≥ CTCAE (Common Terminology Criteria for Adverse Events) grade 3 adverse events, related to the CAR-T cell therapy, were observed during the treatment (20). However, the HER2 (NCT01109095)- and EGFR-vIII (NCT02209376 and NCT01454596)-targeted CAR-T cell therapies were administered through intravenous infusions (21, 22) in their early-stage clinical trials. Both trials show that intravenously infused CAR-T cells are capable of migrating into brain tumors through the blood–brain barrier (BBB), exerting antigen-specific tumor killing, reducing tumor volume, and thereby extending survival time in a fraction of GBM patients (21, 22).




Figure 1 | The main course of developing CAR-T cell therapies on GBMs.




Table 1 | Published clinical trials of CAR-T in treating adult GBMs.



Despite the promising results via systemic administration, more and more researchers recently prefer regional CAR-T cell therapies in treating solid tumors (23). Especially in anti-glioma CAR-T cell therapies, 14 out of 24 NCT (National Clinical Trial)-registered ongoing trials, with known administration routes, exploit intraventricular and/or intracavitary delivery as administration routes (Supplementary Table 1). Unlike hematologic malignancies and other solid tumors, brain tumors present a unique challenge for T-cell infiltration due to the presence of BBB. Although early trials have demonstrated successful trafficking of T cells into tumor, due to the partial disruption of BBB in brain malignancies (21, 22), mounting evidence has shown that locoregional delivery of CAR-T cells, e.g., intratumor/intracavitary and intraventricular administration, can bypass BBB, allow direct access to the tumor site, and thus present more potent antitumor efficacy and less systemic toxicities as compared with systemic administration (24, 25). Noteworthily, systemic administration can induce sequestration of the infused T cells in lung, which not only limits intratumor T-cell infiltration/activation (23), but also may lead to fatal adverse events (26).

Regarding safety, all the published trials (Table 1) have shown that CAR-T cell therapies in the routine dose, either through locoregional delivery or through systemic intravenous infusion, are rather safe in treating gliomas, as nearly all adverse events are less than CTCAE grade 3, and most are headache, fatigue, and self-limiting nervous system signs (epilepsy, gait disturbance, etc.) (2, 20–22, 26). The cytokine release syndrome, which is commonly seen in CAR-T cell therapies on hematological malignancies, is quite rare in the treatment of GBMs (2, 20–22, 26). However, extremely high-dose CAR-T cell administration (≥3×1010 CAR-T cells) through systemic infusion is reportedly related to a fatal syndrome, which appeared as severe acute dyspnea, hypoxemia, and hypotension, in two patients with recurrent GBMs (one patient died of it within 4 h after the onset) after they received the EGFR-vIII targeted CAR-T cell therapies (26). Considering the target, EGFR-vIII is a tumor-specific antigen that is absent in normal tissues; this syndrome is unlikely attributed to the off-target toxicity. The pulmonary venostasis induced by the high-dose infusion of T cells would be an arguable cause for the syndrome, since the autopsy on the patient shows significant pulmonary edema.

Although CAR-T cell therapies on GBMs have present encouraging outcomes preclinically and in some early-phase trials, the successful bench-to-bedside translation of this novel therapeutic still faces several challenges, including the short duration of clinical remission (2, 20–22, 26), quick clearance of infused CAR-T cells in blood (21, 26), limited proportions (<5%) of systemically infused CAR-T cells that migrated into the brain (22), antigen loss due to tumor heterogeneity (2, 20, 22), as well as extensive immunosuppressive microenvironment within GBMs (22). Therefore, a variety of innovative strategies in CAR designs as well as clinical trial designs have been attempted to overcome these challenges (27, 28). Among these strategies, we believe that targeting a surface antigen or a group of surface antigens that are expressed in the majority of glioma cells, engineering CAR-T cells to overcome the severe immunosuppressive tumor microenvironment (TME), and editing CAR-T cells to sustain its antitumor functions in vivo are three major aspects that needed to be considered to develop the next generation of CAR-T cell therapies against this deadly brain cancer.



Tumor Heterogeneity and Target Selection

GBM is notorious for its high intratumor heterogeneity, which is revealed by studies of sequencing multi-site samples from one tumor as well as single-cell sequencing (29–32). Several theories, including clonal evolution (33), cancer stem cell model (34), and interclonal cooperativity (35), have attempted to explain the origin, formation, and dynamics of intratumor heterogeneity from different perspectives (36). Intratumor heterogeneity not only leads to chemotherapeutic or targeted therapeutic resistance, but also contributes to short-term recurrence, and thereby treatment failure after CAR-T cell therapies. Several preclinical studies have identified antigen loss, which is the expression of target antigens decreasing while non-target antigen expression increases after immunotherapy, and is a major cause of immune escape in GBM orthotopic murine models receiving CAR-T cell treatment (37, 38). Meanwhile, early trials of IL-13Rα- or EGFR-vIII-targeted CAR-T cell therapies also reveal the downregulation or even absence of target antigens in recurrent tumors after treatment (2, 22). Therefore, overcoming intratumor heterogeneity remains paramount in CAR design to improve therapeutic efficacy.

To date, a variety of strategies in CAR design have been developed to limit the antigen escape led by intratumor heterogeneity. Although these strategies are quite distinct in detail, most are focused on spanning recognition of CAR to two or more antigens, which would significantly increase tumor-cell-killing coverage, and thus avoid or delay the antigen escape (39–44) (Figure 2A). Bispecific CAR (BiCAR) refers to bivalent CAR-T cells co-expressing two CARs that target different antigens on tumor cells. Tandem CAR (Tan-CAR) is another bivalent CAR, in which two antigen-binding domains, joined as a tandem CAR exodomain, share a common intracellular signal transduction domain that can be activated by encountering either or both different antigens. Hegde et al. showed that Tandem CAR-T cells, targeting HER2 and IL13Rα2, can mitigate antigen escape, display enhanced antitumor efficacy, and thus improve survival in a murine GBM model (42). They also observed that Tandem CAR-T cells exhibited more sustained but not more exhaustible anti-glioma activities than the corresponding Bispecific CAR T cells (42). Choi et al. developed a Bispecific T-cell Engager (BiTE) secretory CAR (40) that targets EGFRvIII while locally releasing BiTEs for engaging endogenous T cells against the wild-type EGFR, which is not only frequently overexpressed in GBMs but also expressed in organs such as skin tissues. They observed that BiTE CAR displayed superior activity in eliminating heterogeneous tumors over the monovalent EGFRvIII-CAR while avoiding the on-target and off-tumor toxicity against human skin grafts (45). The Trivalent CAR-T, designed to target three antigens simultaneously (IL-13Rα2, HER2, and EphA2), exhibited more powerful and broader tumor-killing capacity than the BiCAR. Nevertheless, the proportion of IL-13Rα2-HER2-EphA2 three negative cells in a few patients is approximately 20%, which would also lead to antigen loss in these patients (39).




Figure 2 | CAR designs to overcome the GBM intratumor heterogeneity. (A) CAR targeting multiple antigens: (1) Bispecific CAR (BiCAR, middle): BiCAR-T cells co-express two CARs that target different antigens on tumor cells. (2) Tandem CAR (Tan-CAR, right): Tan-CAR joins two antigen-binding domains to make a tandem CAR exodomain that can be activated by encountering either or both different antigens, e.g., HER2 and IL13Rα2. (3) Bispecific T-cell Engagers (BiTEs) secretory CAR (left): BiTEs are composed of two distinct arms: one arm targeting the wild-type EGFR on tumor cells and another arm specifically binding to the CD3ϵ subunit on endogenous T cells. BiTEs-CAR T cells can directly kill tumor cells that express EGFR-vIII, while indirectly redirecting endogenous T cells to eliminate tumor cells expressing wild-type EGFR through secreting BiTEs. (B) Logic-gate principle: (1) “AND” gate (left): the intracellular domain of one CAR is designed as a synNotch receptor structure that is cleaved to form a transcription factor after engaging antigen 1 and subsequently initiate the expression of another CAR specific for antigen 2. Thus, the tumor-killing effect can only be achieved when the CAR-T cells encounter tumors cells simultaneously expressing both antigen 1 and 2. (2) “NOT” gate (middle): similar to the “AND” gate design, except that activation of one CAR (targeting antigen 2) leads to suppressing the activation of another CAR (targeting antigen 1). Therefore, these CAR-T cells can be activated only if they encounter antigen 1 without the presence of antigen 2. (3) “AND+OR” gate (right): the first CAR is designed as in the “AND” gate design, and the following expressed CAR is a TanCAR structure (“OR” gate), which can be activated when it encounters antigen 1 or 3. CAR, chimeric antigen receptor; TCR, T-cell receptor; scFv, single-chain variable fragment; TF, transcription factor; tBID, truncated BH3 interacting death agonist.



Recently, more than ten CAR target antigens have been identified in GBMs (Figure 1) and have shown promising preclinical results (37, 46–57). However, compared with the considerable tumor-specific proteome, it is reasonable that a large number of other antigens, which are possibly fit for CAR-T cell therapies, remain to be discovered. Therefore, large-scale discovery for CAR antigens in GBMs is warranted. Screening potential target antigens by comparing public omics data between tumors and the adjacent brain tissues, followed by validating them through high-throughput protein assays will accelerate the process of discovery. In particular, the strategy of logic gates, which has recently been used in CAR design to target two or more antigens (Figure 2B) (58, 59), will significantly increase tumor-cell-killing coverage while minimizing the off-target toxicity for the GBM treatment (60, 61). The “AND” gate refers to CAR-T-cell activation achieved in the presence of both antigens, whereas the “NOT” gate represents the activation suppressed when both antigens are present. Both gates utilize a synNotch receptor structure as a molecular switch to trigger the expression (AND) or inhibit the function (NOT) of the second CAR, which is specific for another antigen (Figure 2B). Tandem CAR (Tan-CAR) is actually an “OR” gate design that can be integrated with the “AND” gate strategy (Figure 2B). By integrating the strategy of logic gates and machine learning method, a huge number of potential combinations in known CAR targets were optimized to improve recognition selectivity of CAR-T cells against 33 different kinds of tumors (58, 59). Among them, GLRB-CD56 is a target combination in which both targets are overexpressed in GBMs but not expressed in the same normal tissue (59). Therefore, the “AND” gate strategy can be utilized to target this combination for improving CAR recognition specificity, thereby facilitating the development of novel CAR-T cell therapy against GBMs.

Nevertheless, the new potential CAR targets or target combinations identified from these strategies may still encounter the following problems (1): These strategies are usually based on the public gene transcriptional data, which sometimes did not represent the authentic protein expression of targets (2). The spatial distribution of targets within the tumor cannot be reflected by the level of target gene expression (3). Concerning the off-target toxicities, it is rather tricky to select the targets that are overexpressed in tumors but also moderately expressed in normal tissues. These targets are more ubiquitous than those absent in normal tissues. Although some of these targets such as HER2 have already been shown as a safe CAR target in treating GBMs in an early-phase trial (21), novel CAR-T designs are still required to further minimize the possibility of off-target toxicities (62, 63) (4). These strategies omit the structural difference of antigen between tumors and normal tissues, which can also be targeted. One example is a CAR design that targets a cryptic epitope, the 287–302 amino acid loop in EGFR, which is only exposed and recognized by CAR when the protein is activated, mutated, or overexpressed (tumor cells), whereas the recognition is blocked when the protein is in an inactivated or wild-type status (normal tissues) (64, 65). As a result, the CAR exhibits strong in vivoin-vivo and in vitro tumor-killing capacity against EGFR-vIII mutant or EGFR-overexpressing tumor cells, but maintains low toxicity to EGFR normally expressed cells (43). Therefore, the target information at the protein level pertaining to its protein expression and structure is necessary. Recent advances in protein expression analysis by proteomic technologies (66) as well as innovations in protein structure prediction by artificial intelligence (67, 68) will greatly promote the discovery of novel CAR targets for the GBM treatment.

GBM exhibits strong plasticity in tumor evolution and will adaptively inhibit target gene expression after treatment, which could lead to immune escape, even if the target could exist in all glioma cells (2). In order to overcome this kind of immune escape, there are two approaches that can be utilized (1): Forcibly expressing targets in tumor cells via gene therapies: Anthony et al. engineered an oncolytic virus to express a nonsignaling, truncated CD19 protein in solid tumors, which can be selectively targeted by CD19-CAR-T cells (69). Obviously, this approach is greatly limited by the transfection efficiency of virus (2). Enhancing antigen spreading via cytokine-released CAR-T cells (the fourth-generation CAR-T cells): CAR-T cell-mediated tumor killing can promote a bystander-killing effect of endogenous T cells against untargeted tumor cells, termed antigen spreading (70, 71). This phenomenon can be further enhanced by the fourth-generation CAR-T cells releasing cytokines such as Flt3L, a DC chemotactic cytokine (72). A preclinical study has demonstrated their improved efficacy against tumor models with heterogeneous antigen expression (72). However, this bystander-killing effect is exerted by endogenous T cells, which are also significantly affected by the highly immunosuppressive microenvironment of GBM, their severe exhaustion states, as well as the distinctive sequestration effect on T cells by brain tumors (73, 74). Therefore, the intensity, persistence, as well as clinical significance of this bystander-killing effect remain poorly understood, thus requiring further investigation in preclinical models and clinical studies (75, 76).



Highly Immunosuppressive Tumor Microenvironment Within GBMs

Mounting lines of evidence have supported the view that the highly immunosuppressive TME formed within GBMs can locally and systemically damp the cancer-killing effect exerted by CAR-T cells (Figure 3A). The major cellular component of TME within GBMs is tumor-associated macrophages (TAMs), which include microglia (MG) and myeloid-derived macrophages (MDMs). TAM densities have been proven to be associated with worse outcome and increased malignancy in gliomas (77, 78). Several studies have revealed that high-grade gliomas exhibited significantly increased infiltration of MDMs, which highly express the genes related to immune suppression as well as anti-PD1 therapy resistance (79, 80). Treg cells play a crucial role in maintaining the immune inhibition of TME and suppressing CD8+ T cell-mediated immune response. Treg cell infiltrative levels increased significantly in GBM after anti-EGFRvIII CAR-T cell treatment (22). Treg cells also secreted cytokines such as IL-10, IL-4, and IL-13, thus promoting the development of TAMs with immunosuppressive properties (76, 81). Glioma stem cells (GSCs) also play an important role in recruiting monocytes and promoting their transformation toward tumor-promoting phenotypes, thus directly or indirectly (via Treg cells activation) inhibiting effector T-cell activation/proliferation while inducing their apoptosis (82, 83). Meanwhile, immune checkpoint molecules, such as PD-1, LAG3, TIM-3, and TIGIT, are highly expressed on T cells infiltrating GBMs (84, 85); immunosuppressive molecules such as IDO1, PD-L1, and IL-10 will compensatorily increase after CAR-T cell treatment (22). All these cells and molecules constitute the highly immunosuppressive TME that will locally reshape the infiltrating antitumor T cells and thus limit their activation and proliferation. Interestingly, GBMs can promote T-cell sequestration in bone marrow through downregulating a T-cell receptor—S1P1, which is essential for lymphocyte recirculation (73). Therefore, tailoring CAR-T cells to overcome the impact of immunosuppressive TME is paramount for developing CAR-T cell immunotherapy against GBMs.




Figure 3 | Strategies to overcome the highly immunosuppressive GBM microenvironment. (A) The immunosuppressive microenvironment can limit CAR-T cell functions through several ways: ① upregulating PD-1 and other immune checkpoint molecules; ② increasing IL-4 and IL-13 that promote the transformation of TAMs into anti-inflammatory phenotype; ③ existence of GSCs that directly and indirectly (through activating Treg cells and M2-type TAMs) inhibit CAR-T cell functions; ④ increasing the infiltration of Treg cells that directly and indirectly (through secreting IL-10, TGF-β, etc.) suppresses CAR-T cell functions. (B) The corresponding strategies in CAR designs to block or reverse these immunoinhibitory effects. ① Three methods for blocking the PD-1 pathway: combining with antibodies blocking the PD-1 molecule (left), knocking out the PDCD1 gene (encoding PD-1) by the genome editing method (middle), and using a PD-1 chimeric switch receptor (right) that reverses the inhibitory signal by PD-1 activation into the stimulatory signal within CAR-T cells; ② CAR-T cells armed with IL-8 receptor (CXCR1 and CXCR2) could be attracted into tumors enriched with IL-8 and neutralized its immune-inhibitory effect; ③ the fourth-generation CAR-T cells armed to secrete proinflammatory cytokines that can enhance the direct tumor-killing activities by CAR-T cells as well as the indirect bystander killing by endogenous T cells; ④ inverting the inhibitory effects of anti-inflammatory cytokines through transgenic expression of an inverted cytokine receptor that fuses the IL-4 receptor exodomain with the IL-7 receptor endodomain that activates T cells. MDM, myeloid-derived macrophages; ECD, extracellular domain; TM, transmembrane domain; ICD, intracellular domain; GSC, glioma stem cell.



Modifying the immunosuppressive molecules on T cells is one strategy commonly used in CAR design to overcome the immunosuppressive effect by the GBM TME. Among these molecules, PD-1 is the most attractive immunosuppressive receptor that has been proven to be a successful immunotherapeutic target in treating cancers. The CAR design, tailored to reduce its immunosuppressive effect, has already exhibited encouraging results preclinically and in early clinical trials (86–89). These designs include combinatory therapy with PD-1 blocking antibodies (clone RMP1-14 and clone UB8-1B9), CAR-T cells that secrete PD-1 blocking antibodies (87, 89), CAR-T cells with the PD-1 gene knockout, as well as a chimeric switch-receptor targeting PD-1 that comprises the truncated extracellular domain of PD-1 and the transmembrane and cytoplasmic signaling domains of CD28 into CAR-T cells (86, 90–92) (Figure 3B).

However, considering that PD-1 usually functions as a “braker” for excessive T-cell activation, the safety concerns regarding suppressing the PD-1 pathway during CAR-T treatment should not be ignored. Moreover, Treg cells also express PD-1 and thus systemic PD-1/PD-L1 blockade would lead to enhancement of Treg cell function, thereby significantly suppressing antitumor immune responses and causing a state of hyper-progressive disease in gastric cancer (93–95). A regards Treg cells constituting a majority of infiltrating T cells in GBMs, this effect should be carefully monitored in future clinical studies. On the other hand, several studies have revealed that persistent PD-1 blockade will alter the kinetics of T-cell differentiation. In this situation, T cells will proliferate too rapidly, undergo premature differentiation, and lose the effector memory phenotype, thereby generating a large number of terminally differentiated T cells. This phenomenon is more evident in PD-1 knockout T cells (96, 97). Therefore, the combinatory strategy with PD-1 blockade needs further intensive investigation in preclinical models as well as early trials, concerning the complexity of immune checkpoint pathways. In particular, several issues should be addressed before this strategy enters clinical practice: Will PD-1 blockade exhibit other functions during the CAR-T cell treatment? Is PD-1 inhibition beneficial to the survival of CAR-T cells in the long run? Does PD-1 blockade significantly exaggerate the side effects of CAR-T cell therapy? Is PD-1 blockade alone sufficient to control T-cell exhaustion, considering the “super-cold tumor” nature of GBMs as well as the availability of antibodies targeting other immune checkpoints (98, 99)?

Cytokines can be simply subtyped into pro- and anti-inflammatory cytokines, based on their effect on T-cell functions. The pro-inflammatory cytokines, such as IL-12, IL-18, and IL-15, have been used to arm CAR-T cells (the fourth-generation CAR-T cells) to enhance tumor-killing capacity (11, 13, 14). Meanwhile, these cytokines as well as others such as CCL-19 and CCL-21 can also recruit T cells or NK cells to promote the bystander killing on tumors (100, 101). On the other hand, the receptors of anti-inflammatory cytokines can be exploited to entrap their corresponding immune-inhibitory cytokines. For instance, IL-8 plays a vital role in MDSC recruitment into TME, tumor epithelial–mesenchymal transition, angiogenesis, and metastasis (102–104). The expression of IL-8 in gliomas significantly increases after radiotherapy (105). Therefore, CAR-T cells armed with IL-8 receptors, CXCR1/CXCR2, can neutralize IL8’s immunosuppressive effect and promote T-cell infiltration into TME (Figure 3B). The 8R70CAR, a CD70-targeted and IL-8 receptor-modified CAR, has exhibited enhanced abilities in promoting CAR-T cell intratumoral trafficking and persistence, thereby contributing to tumor regression and immunologic memory in multiple murine cancer models (105). Inverting the inhibitory effects of anti-inflammatory cytokines is an alternative approach to protect CAR-T cells from the immunosuppressive TME. IL-4 is a type 2 cytokine that usually contributes to the upregulation of anti-apoptotic molecules in malignant cells and suppression of antitumor immune response (106–108). Transgenic expression of an inverted cytokine receptor that fuses the IL-4 receptor exodomain and IL-7 receptor endodomain in CAR-T cells can improve their proliferation, survival, as well as antitumor activity in an IL-4-rich microenvironment (109, 110) (Figure 3B).



In Vivo Persistence of CAR-T Cell Therapy on GBMs

Based on current lines of evidence from early trials, the in vivo persistence of CAR-T cells in treating GBMs is mostly less than 2 weeks, regardless of administration routes (20–22, 26). The in vivo persistence was significantly impacted by several factors, including dosages, preconditions before infusion, inherent characteristics of T-cell stimulatory signaling, and adaptive changes of gene expression profiling in tumor-infiltrating T cells (111, 112). The last two factors decide T-cell phenotype and activation status, and profoundly affect T-cell in vivo persistence.


Tuning Inherent Signaling

CAR-T cell activation is tuned by intracellular phosphorylation cascade. Although enhancing the phosphorylation intensity of CAR intracellular segments may improve the antitumor effect of CAR-T cells (113), this strategy does not always work (114). As mentioned previously, CD28 and 4-1BB exerted a differential effect on CAR-T cell activation and persistence. The in vivo persistence of 4-1BB-CAR-T cells was superior to the CD28, which displayed enhanced phosphorylation intensity (7, 115, 116); the third-generation CAR-T cells sometimes exhibited inferior in vivo persistence and tumor-killing capacity as compared with the second-generation CAR-T cells (8–10); CAR-T cells with PD-1 silencing tended to differentiate into terminally exhausted T cells (96, 97). Moreover, CAR-T cells engineered with a CD3ζ chain containing three ITAMs exhibited enhanced activation and increased effector phenotypes, as compared with those having a CD3ζ chain comprising only one ITAM. However, the latter showed increased memory phenotypes, enhanced proliferation, as well as prolonged in vivo persistence (117). Therefore, it is arguable that moderately reducing the intensity of activation signaling in CAR-T cells would significantly extend their survival, and thus provide an overall benefit in cancer treatment. Alleviating the phosphorylation intensity through recruiting phosphatases will prolong persistence and thus improve therapeutic efficacy for the CD28 second-generation CAR-T cells (118) (Figure 4A). Intermittently interrupting the continuous activation of CAR-T cells can reverse T-cell exhaustion, induce memory phenotype, and thus provide overall survival benefits (119) (Figure 4A). However, all these strategies require a delicate control of T-cell signaling, and thus their actual performance should be evaluated intensively in preclinical models as well as in early trials, concerning the complexity of intracellular signaling within T cells and complicated interactions between tumor cells and immune cells. In particular, safety needs to be cautiously assessed in real clinical practice, since loss of control in T-cell signaling would contribute to catastrophic cytokine storm on the one hand or lead to therapeutic ineffectiveness and treatment failure on the other hand.




Figure 4 | Strategies to prolong CAR-T cell persistence. (A) Tuning inherent signaling. High phosphorylation intensity in TCR signaling leads to robust but unsustainable antitumor activity, while alleviating the phosphorylation intensity results in reduced but sustained tumor-killing effects. Two strategies can be utilized in CAR design to tune the phosphorylation intensity, thereby prolonging CAR-T cell persistence while maintaining moderate antitumor activity: ① Integrating CD28-CARs with the FRB domain, which recruits phosphatases via binding FKBP and then decreases the phosphorylation level, can suppress CAR overactivation. ② Intermittently administering a small molecular drug, shield-1, to interrupt the dissociation effect on CARs by the DD domain that is fused with CARs, will block CAR continuous activation. (B) Screening pro-exhaustion genes: GBM cells and their microenvironment can adaptively alter the gene expression profiles of infiltrative T cells into an exhausted phenotype, leading to shortened persistence. Identification of these pro-exhaustion genes via CRISPR-based genome-scale knockout technology will greatly accelerate CAR-T cell development to prolong persistence. LCK, leukocyte-specific protein tyrosine kinase; FKBP, FK506 binding protein; FRB, FKBP-rapamycin binding; DD, destabilizing domain.





Countering Adaptive Mechanisms

Tumor cells and their microenvironment can adaptively alter the gene expression profiles of infiltrative T cells into an exhausted phenotype, leading to shortened persistence and T-cell treatment failure. Meanwhile, tumor immunogenicity is another factor that significantly impacts T-cell persistence in antitumor immune response (120). Therefore, an accurate identification and the specific blockade of these altered genes that are vital to T-cell persistence are essential to counter the CAR-T cell treatment failure induced by this adaptive mechanism. With the development of CRISPR technology as well as the establishment of a CRISPR-Cas9 library, scientists can randomly knock out genes at the genome scale and then perturb genes that would control T-cell exhaustion or tumor immunogenicity (121–124) (Figure 4B). Utilizing this strategy, Wei et al. identified the gene REGNASE-1 that engages T-cell metabolism as a negative regulator for adoptive T-cell therapy via decreasing T-cell persistence (125). Wang et al. uncovered genes, including TLE4 and IKZF2, that are associated with T-cell exhaustion and effector function via screening of CAR-T cells, and identified genes, including RELA and NPLOC4, that are essential for tumor susceptibility to tumor killing via the reciprocal screening of GSCs (126). Ye et al. performed in vivo screening for membrane protein targets in CD8+ T cells in mouse models of GBM and identified a few genes, such as Pdia3 and Mgat5, that dampen T-cell effector functions in gliomas (127). Therefore, this cutting-edge CRISPR technology can be used to uncover key genes that engage T-cell persistence. Knocking out these genes will facilitate CAR-T cells that counter extrinsic immunoinhibitory effects on T cells, thereby enhancing their tumor-killing capacity as well as prolonging the persistence in the body, which can ultimately improve the therapeutic efficacy of CAR-T treatment (125–128).




Conclusion and Outlook

CAR-T cell immunotherapy has greatly changed the landscape of cancer treatment, especially for hematological malignancies, a fraction of which would be cured by this promising therapeutic modality in the foreseeable future. Although CAR-T cell therapy on GBMs is only in its infancy, the advent of cutting-edge biological technologies will accelerate the process to find novel strategies for GBMs. For instance, the method of genome-scale screening via CRISPR-Cas9 can significantly shorten the time for discovery of key genes that can be perturbated to enhance CAR-T cell therapeutic efficacy. Meanwhile, a three-dimensional model of glioma organoids (GOs) can be utilized for better preclinical studies on CAR-T cell treatment, since GOs recapitulate the cellular heterogeneity, structure, and functions of primary tissues as compared with primary culture cells. The technology of single-cell sequencing can be applied to accurately reveal the intratumor heterogeneity in glioma cells as well as the other cellular components of TME, and thus provide abundant information for monitoring immune response and predicting therapeutic efficacy during treatment. Therefore, with the advancement of these technologies and the rapid development in novel CAR strategies, we hope that there will be some CAR-T cell therapeutics that will finally be allowed for clinical use to improve the dismal outcomes of GBM patients.
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Cell therapy is a distinguished targeted immunotherapy with great potential to treat solid tumors in the new era of cancer treatment. Cell therapy products include genetically engineered cell products and non-genetically engineered cell products. Several recent cell therapies, especially chimeric antigen receptor (CAR)-T cell therapies, have been approved as novel treatment strategies for cancer. Many clinical trials on cell therapies, in the form of cell therapy alone or in combination with other treatments, in solid tumors, have been conducted or ongoing. However, there are still challenges since adverse events and the limited efficacy of cell therapies have also been observed. Here, we concisely summarize the clinical milestones of the conducted and ongoing clinical trials of cell therapy, introduce the evolution of CARs, discuss the challenges and limitations of these therapeutic modalities taking CAR-T as the main focus, and analyze the disparities in the regulatory policies in different countries.
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Introduction to Cell Therapy

While traditional cytotoxic agents still play important roles as one of the critical mainstays in therapeutics for malignant solid tumors, targeted small-molecule drugs, antibodies, and cell therapies are emerging as new directions. Indeed, cell therapies have recently helped transform the treatment blueprint for cancer patients. Cell therapy is generally considered as the transplantation of autologous or allogeneic cellular material into a patient for therapeutic purposes (1). Cell therapy products include genetically engineered cell products and non-genetically engineered cell products. Cell therapy has been regarded as “the third pillar of future medicine” with great potential to treat solid tumors in the new era of cancer treatment (2).

At present, the subcategories of cell therapy products used to treat tumors are as follows: engineered chimeric antigen receptors (CARs), T-cell receptor-engineered T-cell therapy (TCR-T), tumor-infiltrating lymphocytes (TILs), tumor vaccines, stem cells, dendritic cells mixed with cytokine-induced killer (DC-CIK) cells, CIK cells, and natural killer (NK) cells. CARs and TCR-T are parts of specific immune therapy modified by genetic engineering, which have attracted much attention because of their excellent therapeutic effects. Two CAR-T therapies—Kymriah (3) and Yescarta (4)—were approved by the United States (US) Food and Drug Administration (FDA) in 2017, with objective remission rates of 83% (52/63) and 72% (73/101), respectively, for recurrent or refractory B-cell acute leukemia. In 2020, the FDA approved Tecartus (5), the first cell-based gene therapy for relapsed or refractory mantle cell lymphoma, with an objective remission rate of 87% (52/60) and a complete response of 62% (37/60). Most recently, ABECMA (idecabtagene vicleucel) (6) was approved by the FDA for adult patients with relapsed or refractory multiple myeloma after four or more prior lines of therapy in 2021. The National Medical Products Administration (NMPA) approved FKC876, the first cell-based gene therapy for relapsed or refractory indolent non-Hodgkin’s lymphoma in China. These demonstrate the current success of cell therapy, including CAR-T therapy, for blood cancers. However, cell-based therapies are not yet quite effective in treating solid tumors due to heterogeneous antigens in solid tumors, complex microenvironment (7–9), limited targetable antigens (10), difficulties in immune cell migration, and tumor infiltration (11, 12). Despite these difficulties, some cell therapies have already been approved by the FDA for clinical practice in solid tumors. For example, the use of sipuleucel-T, a dendritic cell (DC) vaccine (13), and its related clinical trials have been reported in recent years. Furthermore, the global market value of cell therapy technology has rapidly grown and is expected to exceed $34 billion by 2025 (14). Thus, cell therapies would be a huge leap from traditional therapies.

Cell therapy is closely related to the fields of targeted therapy, gene therapy, and regenerative medicine, making it even more complicated in clinical practice. Meanwhile, cell therapy has become an independent evaluation system different from traditional drugs, especially with regard to the assessment of safety and efficacy. Therefore, the management system of cell therapy varies worldwide (Table 1). Here, we provide a concise overview of cell therapy, especially CAR-T therapy; enumerate the relevant clinical trials initiated in the last decade; and summarize the disparities in regulatory policies in different countries. In addition, we assess the conceptual framework and specific therapeutic strategies as well as the challenges and limitations of CAR-T therapies.


Table 1 | Government policies regarding cell therapies worldwide.





Milestones of Cell Therapy for Solid Tumors

Important events of cell therapy in solid tumor treatment are summarized in Figure 1. The first adoptive cellular immunotherapy, lymphokine-activated killer (LAK) cells (15), opened the door for cell therapy. The safety of using high-dose interleukin (IL)-2 is still an issue, although it has a very broad spectrum antitumor effect. In 1988, the first reported clinical trial of TILs showed a 60% objective regression rate (16). In 2006, the first study using TCR reported a substantial sustainable regression (17). In 2010, the first DC vaccine was approved by the FDA for metastatic, asymptomatic hormone-refractory prostate cancer (13) with a 3-year survival rate of 34%. In 2013, the first trial of genetically modified MSCs (MSC_apceth_101) was initiated (NCT02008539) (18). Five out of 10 patients treated with MSC_apceth_101 achieved stable disease. The combination of MSC_apceth_101 with ganciclovir was reported to be safe and tolerable in patients with advanced gastrointestinal adenocarcinoma (19, 20). In 2015, the first trial of genetically modified TILs (LN-144) was initiated (NCT02360579). From the current result, LN-144 treatment results in an overall response rate of 36.4% and a median duration of response not reaching 17 months of median follow-up time in metastatic melanoma patients who progressed on multiple prior therapies (21). In 2018, the first clinical trial using CAR-NK was initiated (NCT03415100), which is still ongoing. In 2019, the first TCR-T and CAR-T (CAR-glypican-3) trial in China obtained the CDE license.




Figure 1 | Timeline of important events for cell therapy in solid tumors. After the first adoptive cellular immunotherapy, LAK opened the gate of cell therapy in 1985. Cell therapy has rapidly evolved in the last 10 years with a consistent appearance of novel types. The transformation from the non-genetic engineering model to genetic engineering-based products is the most important direction.





Official Government Policies for Cell Therapy Worldwide

The available official regulatory policies around the world regarding cell therapies, including those in the USA, Europe, Japan, and China, were collected, reviewed, and summarized (Table 1).

In September 2008, the guideline on Human Cell-Based Medicinal Products from the Committee for Medicinal Product for Human Use of the Europe Medicines Agency came into effect. It defined cell therapy as cell-based medical products, including self-renewing stem cells, autologous or allogeneic origin cells, and genetically modified cells. The present document applies only to the cellular component of the cell-based medicinal products containing genetically modified cells.

In November 2014, the Pharmaceuticals and Medical Devices Agency (PMDA) of Japan published “Act on Securing Quality, Efficacy and Safety of Pharmaceuticals, Medical Devices, Regenerative and Cellular Therapy Products, Gene Therapy Products, and Cosmetics.” The Act defined cell therapy products as those intended for use in human or animal healthcare, which are obtained after culturing or other processes using human or animal cells, as well as those intended for use in the treatment of disease in humans or animals, which are introduced into the cells of humans or animals and contain genes to be expressed in their bodies.

In June 2015, the Center for Biologics Evaluation and Research (CBER)/Office of Cellular, Tissue, and Gene Therapies of the USFDA issued “Considerations for the Design of Early-Phase Clinical Trials of Cellular and Gene Therapy Products – Guidance for Industry” (FDA-2013-D-0576). This guidance defined cellular therapy products as cellular immunotherapies, cancer vaccines, and other types of both autologous and allogeneic cells for certain therapeutic indications. It also mentioned that the risk and safety problems associated with specific types of cell therapy products should be carefully considered based on limited experiences. Furthermore, it gives specific recommendations and evaluation criteria for a wide range of situations/settings, including manufacturing, preclinical use, clinical trial design, dose determination, and assessment of feasibility and activity of therapy, among others. In 2016, CBER launched a new policy aimed at accelerating the review of cell therapy products for serious or life-threatening diseases, called the “Regenerative Medicine Advanced Therapy Designation,” to guarantee the availability of novel products for patients who most urgently need them. Afterward, the USFDA released “Expedited Programs for Regenerative Medicine Therapies for Serious Conditions” (FDA-2017-D-6159), which further clarifies that products defined as fast track, breakthrough therapy, or regenerative medicine advanced therapy (RMAT) designation are able to go through priority review and accelerated approval. Due to the current coronavirus pandemic, the USFDA (FDA-2020-D-1137) has recently released “Manufacturing Considerations for Licensed and Investigational Cellular and Gene Therapy Products During COVID-19 Public Health Emergency,” highlighting the importance to avoid virus contamination from various sources such as cellular and tissue samples from donors.

In December 2017, China’s FDA [CFDA, now known as the National Medical Product Administration (NMPA)] published the “Technical Guidelines for Research and Evaluation of Cell Therapy Products (Trial version, 2017-NO216).” It describes cell therapy as “products derived from human cells that are used to treat human diseases.” This is a trial version asking for professional inputs, as formal guidance is in urgent need. A “double-track system” is currently used by the Chinese authorities for the oversight of cell therapy products, comprising the drug “registration system” of The Center for Drug Evaluation (CDE) under NMPA and the medical technology “filing system” of the National Health Commission. Many clinical trial studies are carried out through the “filing system,” which has relatively loose requirements, rather than through the “registration system” with relatively strict requirements for investigational new drug (IND) research. This practice has promoted the development of cell therapy products and industry in clinical application. However, more clinical trials of cell therapy were registered on www.clinicaltrials.gov than those registered as IND in CDE. Now, updated guidelines are called, considering the rapid development of innovative pharmaceutical enterprises in China.

To sum up, cell therapy is an interdisciplinary field with complex safety concerns and efficacy standards, which greatly differ from those of traditional drugs, leading to the divergence in definition and administration patterns as summarized in Table 1. It is believed that a refinement of the documents is a pressing need in order to efficiently share, manage, and oversee cell-based products in clinical trials and medical practice. Meanwhile, the rapid research advancement requires a continuously updated management of cell therapy products to ensure both innovation and safety.



Trends of Investigational Products on Cell Therapy


Conducted and Ongoing Clinical Trials During the Past Decade

The clinical trials of cell therapies carried out from January 1, 2011, to January 1, 2021, worldwide were derived and analyzed from the Pharmaprojects database (https://citeline.informa.com/trials/) developed by a leading international research group known as INFORMA (Supplementary Information) to illustrate the status of clinical investigations of cell therapy in solid tumors both worldwide and specifically in mainland China.

A total of 572 clinical trials were recorded, among which 112 trials (19.6%) were CAR-related, 87 (15.2%) were on TCR-T, 17 (3.0%) on stem cells, 188 (32.8%) on cell-based vaccines, and 168 (29.4%) on others (on TILs, DC-CIK, CIK, and NK cells) (Table 2). Most of the trials are phase 1 or phase 1/2 (370/572, 64.7%), and only 24 (4.2%) trials are phase 3. Among those, 198 (34.6%) have been completed; however, only three products investigated in these trials have been approved, namely, sipuleucel-T (22) by the USFDA for treating asymptomatic or minimally symptomatic metastatic castrate-resistant (hormone-refractory) prostate cancer; autologous dendritic cells by the Indian FDA (23) for prostate, ovarian, colorectal, and non-small cell lung carcinomas; and Immuncell-LC in South Korea for liver cancer (24) worldwide.


Table 2 | Classification and characteristics of clinical trials on cell therapy worldwide.



In China, 140 trials have been initiated in the last 10 years, consisting of 60 (42.9%) trials on CAR, 20 (14.3%) on TCR-T, 6 (4.3%) on vaccine, 2 (1.4%) on stem cells, and 52 (37.1%) on others, none of which have been approved in China yet. Phase 1 and phase 1/2 trials account for 75.7% (105/140), phase 2 trials account for 20.7% (29/140), and only 5 (3.6%) trials are phase 3 (Table 3).


Table 3 | Classification and characteristics of clinical trials on cell therapy in China.



Most of the clinical trials on cell therapy are in the early stage of evaluating safety instead of efficacy both worldwide (360, 62.9%) and in China (84, 60.0%). The abundance rate for products with specific targets, such as TCR-T and CAR-T, was 34.8% (199/572) worldwide, which was similar to that in China (57.2%, 80/140). The recruited patient population comprised mostly those with stage III to IV solid tumors in second- or later-line treatment both worldwide and in China. The proportion of biomarker-selected trials on these patients was still low both worldwide and in China (16.8% and 19.3%). The newly initiated clinical trials have increased both in and outside of China (Figures 2A, B).




Figure 2 | Trend of clinical trials on cell therapy worldwide and in China. (A) Newly initiated active clinical trials on cell therapy have increased especially after 2014, and the dominating type is converting from vaccine to CAR/TCR-T. (B) Newly initiated active clinical trials in China continue to increase since 2015, and the dominating type is CAR/TCR. (C) Newly initiated active clinical trials increase both in and outside of China (since 2015).



The landscape of targets in clinical trials was also different between China and the rest of the world. The top 3 targets of CARs were mesothelin, GPC3, and mucin-1 (MUC1) worldwide and GPC3, MUC1, and Claudin18.2 in China. The top 3 targets of TCR-T were NY-ESO-1, pHLA, and MAGE-4 worldwide. NY-ESO-1, HBV, and HPV were the top 3 targets in China, which was dominated by virus-specific targets. This abundance was much higher compared with that in other regions excluding China, indicating that the incidence of these distinctive virus-specific tumors in China was still high. The clinical trials on CAR-T and TCR-T have increased both inside and outside of China during the last 10 years, especially after 2017 (Figure 2).

The cell therapy of solid tumors has emerged as a novel strategy with promising efficacy data, but it is still under early-phase trial investigations worldwide, including in China.




CAR Therapy for Solid Tumors

More than half of all cell therapy trials in China are CAR-based; hence, the use of the most promising subtype of cell therapies, CAR, in treating solid tumors was discussed hereafter. CAR is a synthetic molecule comprising an extracellular domain, a transmembrane domain, and an intracellular signaling domain (Figure 3) (25). CAR-T immunotherapy has achieved remarkable success in treating hematologic cancers (26). Unfortunately, the clinical findings of CAR in treating solid tumors have been discouraging so far.




Figure 3 | Chimeric antigen receptors and main challenges of treating solid tumors. Evolution of CAR from the first generation to the fourth generation. First-generation CARs. Second-generation CARs embody an additional intracellular signaling domain to the first-generation receptor configuration and provide a co-stimulatory signal. Third-generation receptors incorporate two co-stimulatory domains with the T-cell-activating signaling domain. Fourth-generation CARs or TRUCKS (T cells redirected for universal cytokine killing) carry vectors that encode a CAR and a CAR-responsive promoter as well as respond to the successful signaling of CAR by the transgenic production of cytokines such as IL-12. Upon accumulated knowledge of solid tumors and their surrounding environment, more effective CAR therapeutic products may be generated. CAR, chimeric antigen receptors.




Challenges of CARs for Solid Tumors

Identifying antigens exclusively expressed on tumor cells is the key factor for effective CAR-T exploration in solid tumors, which has been most challenging. A growing number of clinical trials now focus on solid tumors, targeting tumor-associated antigens (TAAs) including disialoganglioside GD2 (e.g., NCT03721068, NCT04637503) (27–30), human epidermal growth factor receptor 2 (HER2) (e.g., NCT04650451, NCT03740256) (31), epidermal growth factor receptor variant III (EGFRvIII) (e.g., NCT02844062, NCT03423992) (31–33), carcinoembryonic antigen (CEA) (e.g., NCT04348643, NCT04513431) (28), interleukin (IL) 13Rα2 (e.g., NCT04003649), prostate-specific membrane antigen (PSMA) (e.g., NCT04227275, NCT04249947) (34, 35), neural cell adhesion molecule L1 (NCAM-L1, CD171) (e.g., NCT02311621) (36), receptor tyrosine kinase-like orphan receptor 1 (ROR1) (e.g., NCT02706392) (37), mesothelin (e.g., NCT03545815, NCT03054298) (38, 39), and B7-H3 (e.g., NCT04185038, NCT04483778, NCT04077866) (40). Another potential immunotherapy target for solid tumors is tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL) death receptors. The TRAIL ligand receptors, death receptors 4 (DR4)/DR5, are widely expressed in many cancer cells, but not expressed in normal tissues (41, 42). Importantly, on-target/off-tumor toxicities to normal cells attributable to cross-reactivities have not been observed for the aforementioned antigens.

Inadequate antigen expression to trigger optimal CAR-T cell activation remains a significant challenge for the effective clinical application of CAR-T therapeutics. In fact, CAR-T cells directed against MUC1 and PSCA are not able to completely eliminate solid tumors, and tumor cells expressing low densities of the target antigen are the main reason for tumor escape (43). Additionally, solid tumors display substantial heterogeneity of phenotypes and target antigens. In an EGFRvIII-targeted CAR-T first-in-human study, post-therapeutic biopsies of glioblastoma revealed that the levels of EGFRvIII antigen expression reduced after treatment compared with pre-treatment tumors in 71% of the patients (31, 32). The inability of the CAR-T cells to detect and eliminate antigen-low tumor cells may be related to the failure of treatment in this study.

The two additional obstacles in achieving a beneficial therapeutic effect using CAR-T therapy on solid tumors are the poor trafficking to both tumor sites and to the tumor microenvironment (TME) (44, 45). Unlike the situation in blood cancer, CAR-T cells cannot effectively traffic from the blood into the solid tumor mass. The chemokine receptor can be co-expressed in CAR-T cells to increase the trafficking of CAR-T cells to solid tumor sites. Several groups have reported that CAR-T cells, which express the chemokine receptor CCR2b, increase the tumor infiltration and antitumor activity of CAR-T cells (46, 47). Another chemokine receptor combined with CAR-T cells is CXCR2 (48, 49), which has been shown to improve the homing of CAR-T cells to the tumor. CARs expressing IL12β p40 subunit to produce IL-23 upon activation, which activates STAT3 signaling to promote proliferation, showed improved activities in mice (50, 51). The chemokine receptors co-expressed in CAR-T cells need to be selected according to the specific tumor types because different tumor types have different expression patterns of chemokines (52–55). Thus, more chemokine receptors must be found and validated for solid tumors. Alternatively, locoregional delivery of CAR-T cells and repeat treatment may help improve the therapeutic effect of CAR-T therapy. Donovan et al. identified EPHA2 as a tumor antigen for medulloblastoma and designed trivalent CAR-T cells (EPHA2, HER2, IL13Rα2) to perform preclinical studies and validated that intrathecal delivery of the trivalent CAR-T could be an effective treatment for metastatic medulloblastoma (56). Therefore, cancer-type-specific CAR-T delivery and transplantation may also help overcome the obstacle of poor trafficking.

The TME has numerous suppressive immune cells and molecular factors, which impair the cytotoxic function of CAR-T cells (57, 58). Overcoming the immunosuppressive effects of the TME is the main focus of CAR-T therapy research in solid tumors (59). Several strategies have been proposed for CAR-T cells to resist immunosuppression of the TME. Suryadevara et al. reported that the prevention of lymphocyte-specific tyrosine kinase (Lck) binding in the CD28 domain eliminated the secretion of IL-2 from CAR-T cells, and hence, CAR-T cells achieved resistance to regulatory T cells (Tregs) (60). Mohammed et al. showed that CAR-T cells expressing 4/7 inverted cytokine receptors could reverse the immunosuppressive signal from IL-4 to the signal of proliferation (61). Yamamoto et al. found that the apoptosis-inducing ligand FasL (CD95) is overexpressed within the TME of many human cancer types and designed T cells to prevent Fas-induced apoptosis (44). Rafiq and colleagues reported that CAR-T cells expressing PD-1-blocking single-chain variable fragment (scFv) achieved resistance to PD-L1 inhibition (62). However, many inhibitory factors exist in the TME: a strategy to resolve one inhibitory factor may succeed in mouse models, while more efforts may be required to achieve expected therapeutic effects in clinical trials.

CAR products cannot be easily expanded under good manufacturing practice (GMP) conditions which limits their application as “off-the-shelf” products for patients. On the other hand, CAR-modified NK cells may help solve this problem, owing to their tolerable safety profile and low possibility of triggering graft-versus-host disease upon the allogeneic infusion of CAR-modified NK cells without the constraint of autologous cells. An ex-vivo expansion method of NK cells from CD34+ umbilical cord blood is now an option for a clinical-grade protocol for adoptive immunotherapy. Induced pluripotent stem cells (iPSCs) are also sources of functional NK cells. The iPSC-derived NK cells can be expanded 102- to 103-fold with a panel of cytokines, including IL-3, IL-7, IL-15, SCF, and Flt3L, without exogenous stromal cells (63), which is promising for future development. A study comparing the cytotoxicity of NK cells isolated from peripheral blood mononuclear cells and iPSCs for killing ovarian cancer cells (64) indicated that both NK cell populations had a significant effect on the killing of cancer cells. Gene editing of iPSCs with CRISPR/Cas9 could also improve the therapeutic potential of iPSC-derived NK cells (iPSC-NKs). A study by Zhu et al. revealed that knocked-out cytokine-inducible SH2-containing protein (encoded by the gene CISH) developed CISH−/− iPSC-NKs, showing increased expansion and cytotoxic effects on tumor cell lines including ovarian tumor cells (65). The expression of CARs can further boost the antitumor activity of effector NK cells. Another study showed that CAR-iPSC-NK cells inhibited ovarian tumor growth more effectively compared with iPSC-NK cells (66).



Improvements in CAR Design

Currently, CAR-T cells used in preclinical or clinical trials are mostly based on 4-1BB or CD28, but these CAR designs have some downsides, such as cytokine release syndrome and macrophage activation syndrome (67, 68). Guedan et al. reported that CAR-T cells with ICOS and 4-1BB co-stimulation had an optimal antitumor activity and persistence in vivo (67). In contrast to CAR-T, TILs or TCR-engineered T cells that rely on TCR signaling have reported low rates of adverse events (68). Helsen et al. developed a new chimeric receptor termed TAC (T-cell antigen coupler) which transduces signals through the native TCR, and TAC-engineered T cells display both enhanced in-vivo antitumor efficacy and decreased off-tumor toxicity compared to the first- and second-generation CARs (68). Another chimeric receptor utilizing native TCR for transducing signal is TRuC (T-cell receptor fusion construct). TRuC-T cells have shown the capacity for trafficking to tumors and long-term functional persistence in a model (69).

Whether using a typical CAR that is based on co-stimulator 4-1BB/CD28 or the TAC/TRuC that hijacks the endogenous TCR subunits to form a CAR complex, CD3ζ is required for the activation of these artificial receptors. However, in the TME, CD3ζ expression is always downregulated by arginine exhaustion with arginase (70, 71); hence, CARs based on CD3ζ may have a disadvantage in treating solid tumors. Recently, a natural multichain immunoreceptor design showed potential antitumor activity for solid tumors. Wang and colleagues (72) developed a multichain CAR design that is not based on CD3ζ but rather on KIR/DAP12. KIR-CAR/DAP12 expression in T cells is not affected in solid tumors, while CARs based on CD3ζ are not fully expressed in solid tumors. Moreover, Dap12-based CAR-T cells showed resistance to tumor-induced hypofunction and enhanced antitumor activity compared to CD3ζ-based CAR-T cells. Currently, Dap12-based CAR-T immunotherapy is being tested in clinical trials by Wang and colleagues, and the preliminary results show that one ovarian cancer patient achieved SD over 16 months and the ascites of two patients significantly decreased along with effective CAR-T cell expansion both in blood and ascites (data not published). In 2019, another Dap12-based CAR design was reported (73), which was TREM1/Dap12-based and showed faster tumor eradication than BBζ CAR-T cells in mice.

In conclusion, because of the suppression of CD3ζ within TME, Dap12-based multichain CAR showed advantages when applied to solid tumors.



Future Directions of CAR-T Therapy

Current clinical trials show that TAAs for CAR-T therapy in solid tumors are not specific to tumor cells. In fact, it is difficult to find targets highly and uniquely expressed in solid tumors. Thus far, B7-H3 and DR4/DR5 have been established as potential targets for treating solid tumors. In addition to antigen identification, overcoming the dysfunction of CAR-T cells in the TME is the most important challenge for improving therapeutic effects in solid tumors. Some strategies have been proposed to enhance the function of CAR-T in TME, but these strategies need to be clinically validated. As mentioned earlier, mutations in the CD28 domain can improve CAR-T resistance to Treg cells, implying that CAR designs currently in use are not perfect. The bottleneck of CAR-T therapy for solid tumors may be addressed by changing the design of CARs to optimize the T-cell signal transduction pathway (74), especially the endoplasmic domain of CAR.

Most research groups focus on target switching or new antibody generation. However, barriers to CAR-T therapy against solid tumors cannot easily be overcome using this strategy; hence, artificial receptors approaching two destinations, tumor recognition and immune cell activation, need to be designed. Just mimicking TCR may not serve the purpose. Other immune cell-activating receptors may also be mimicked. Single-chain artificial receptors can be substituted by multiple-chain receptors with an architecture closer to that of natural activating receptors. Also, antigen-dependent control of CAR may enhance its effectiveness. For instance, Hernandez-Lopez et al. engineered a two-step positive-feedback circuit attempting to allow cytotoxic T cells to discriminate targets upon the density of TAAs (75). Jan et al. put efforts into generating lenalidomide-controlled reversible ON- and OFF-switch CARs, under which the system CARs are designed to split under the ON-mode and be degraded under the OFF-mode (76). In addition, advanced nanomaterial-based CAR deliveries are also in development (77). With these new designs, the therapeutic effects of CARs against solid tumors may be improved, and TME suppressive effects may also be avoided during CAR-T cell expansion and functionality realization.

CAR-T/immune cell survival and tumor homing have gained increasing attention. Antiregulatory signal antibodies and homing signals have been tested with the so-called “travel trailer style” design to provide more T/immune cell growth factors, which will be validated soon in clinical trials. In addition to the molecular level design, combining CAR-modified immune cell therapies themselves or other treatments, such as immune checkpoint blockade or traditional cancer treatment, are worthy of being tested in the near future (78).




Concluding Remarks

After comparing the regulations from different countries on cell therapy from several sources including engineered cells and products that recruit, mobilize, and activate human cells in treating human malignant tumors, ideally, CAR-T should select the tumor-specific antigens that have no on-target/off-tumor toxicities upon more advanced research. An “off-the-shelf” product for cancer treatment should be well considered for wide application in clinical practice for its ease of availability and large-scale expansion. Most importantly, cell therapy is expected to have a positive impact on the treatment of solid tumors (Figure 1). Thus, supportive and reasonable guidelines from related authorities worldwide may ensure promising, beneficial, and favorable results.
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Chimeric antigen receptor-T (CAR-T) cell therapy is a revolutionary adoptive cell therapy, which could modify and redirect T cells to specific tumor cells. Since CAR-T cell therapy was first approved for B cell-derived malignancies in 2017, it has yielded unprecedented progress in hematological tumors and has dramatically reshaped the landscape of cancer therapy in recent years. Currently, cumulative evidence has demonstrated that CAR-T cell therapy could be a viable therapeutic strategy for solid cancers. However, owing to the immunosuppressive tumor microenvironment (TME) and heterogenous tumor antigens, the application of CAR-T cell therapy against solid cancers requires circumventing more challenging obstacles. Breast cancer is characterized by a high degree of invasiveness, malignancy, and poor prognosis. The review highlights the underlying targets of CAR-T cell therapy in breast cancer, summarizes the challenges associated with CAR-T cell therapy, and proposes the strategies to overcome these challenges, which provides a novel approach to breast cancer treatment.
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Introduction

According to the most recent global cancer statistics in 2020, breast cancer has overtaken lung cancer to become the most commonly diagnosed cancer, with approximately 2.3 million newly diagnosed cases and 680,000 deaths (1). Breast cancer severely threatens women’s health because of its high malignancy and extremely poor prognosis. Breast cancer is categorized into the following subtypes based on the expression level of estrogen receptor (ER), progesterone receptor (PR), and human epidermal receptor 2 (HER2): basal‐like breast cancer, luminal A, luminal B, triple-negative breast cancer (TNBC), and human epidermal growth factor receptor 2 (HER-2) amplified subtype (2). Surgery, chemotherapy, and radiotherapy remained the mainstream treatments for breast cancer (3). Fatal complications such as damage to normal breast tissues, recurrence, and metastasis after treatment seriously limit the effect of breast cancer treatment (4, 5). The continuous clinical application of targeted therapies such as trastuzumab has led to a better prognosis and fewer adverse reactions in HER2-positive breast cancer patients (6). However, its overall therapeutic effect is still limited due to the molecular specificity of targeted therapies, and alternative treatments are urgently required.

The tumor microenvironment (TME) consists of tumor cells, immune cells, mesenchymal cells, and secreted chemokines and cytokines, which jointly regulate the physiological process of tumor cells (7). In recent decades, the regulatory mechanisms of the TME in tumorigenesis have been elucidated, and tumor-infiltrating immune cells play a significant role in the TME. Immunotherapy based on immune checkpoints such as programmed death-1/programmed death ligand-1 (PD-1/PD-L1) and cytotoxic T-lymphocyte-associated antigen 4 (CTLA4), has been extensively applied in multiple tumors. The suppression of immune checkpoints can block the immunosuppressive signals in immune cells and activate them to recognize and destroy tumor cells (8). Immunotherapy has achieved satisfactory clinical therapeutic effects in lung cancer, melanoma, and renal cell carcinoma, which has revived the field of cancer treatment (9).

Chimeric antigen receptor T (CAR-T) cells are artificially engineered T cells that express a synthetic tumor cell-specific receptor on their surface. The preparation process of CAR-T cells is shown in Figure 1. T cells were initially isolated from peripheral blood mononuclear cells and transfected with a lentivirus to express CAR. The modified CAR-T cells were subsequently amplified in vitro and reinfused back into the patients (10). The CAR-T cells can recognize specific tumor antigens and activate an immune response ultimately eliminating tumor cells (11). CAR-T cell therapy has achieved impressive success against hematologic tumors (12). Since 2017, the FDA has approved six types of CAR-T cells for hematologic tumors (13). (Figure 2) The considerable effects of CAR-T cell therapy against hematological malignancies have facilitated its application in solid tumors, including breast cancer. In this review, we introduced the novel CAR-T cell engineering strategy, summarized the potential targets and clinical trials in breast cancer, and discussed the challenges and engineering strategies of CAR-T cell therapy.




Figure 1 | Flowchart for manufacturing engineered CAR-T cells. First, a blood sample was taken from the patient. Secondly, T cells were isolated and collected from the human blood samples. Then, the lentivirus was transfected into the T cells genome of the patients, facilitating the T cells to express artificially modified CARs. Finally, the designed CAR-T cells were massively amplified in vitro and subsequently injected into tumor patients.






Figure 2 | The process of FDA-approved CAR-T cells for tumor treatment.





The construction of CARs

CARs are divided into four main components based on their structure and function, including an antigen-binding domain, a hinge domain, a transmembrane domain, and an intracellular signaling domain (14). The diagrams of the specific structure patterns are shown in Figure 3. Optimization of the four domains of CARs during their development can effectively increase their effectiveness and safety in tumor treatment.




Figure 3 | Fundamental structure diagram of a CAR-T cell and the development flowchart from the first-generation to the new-generation CAR-T cell. The fundamental structure of CAR-T cells is composed of extracellular tumor antigen-binding domains, hinge domains, transmembrane domains, and intracellular signaling domains. The first generation of CAR-T cells contained only a CD3ζ intracellular signaling domain. The second or third generation of CAR-T cells added one or more costimulatory molecules based on the previous generation. The next generation of CAR-T cells applied a variety of new engineering strategies, including bispecific CARs, the switch, nanobodies, caspase 9, and the cytokine pathway.



The antigen-binding domain is located on the extracellular membrane of CAR-T cells, and mainly plays the role of recognizing the tumor antigen and transducing the recognized antigen signal into the cell (15). The antigen-binding region is a single-chain variable fragment (scFv) composed of a variable heavy chain and light chain of antibodies linked by Gly4Ser peptide, the most common linker in CARs (16). The scFv sequence is usually part of a monoclonal antibody derived from mice or humans. Currently, smaller natural monoclonal antibodies (nanobodies) are also being designed using the scFv sequences (17). This domain recognizes cell tumor-specific antigens and activates T cells, which are independent of major histocompatibility complex (MHC) molecules. It provides a method to overcome immune escape due to the downregulation of MHC molecules in tumor cells (18). The recognition ability of the antigen-binding region and affinity of tumor cells in CAR-T cells directly affect the antitumor effect.

The hinge region is responsible for connecting the extracellular antigen binding domain and the transmembrane region of the cell membrane. It provides more flexibility for the antigen-binding domain to cope with spatial barriers in binding to tumor cells so that CAR-T cells can identify and interact with tumor cells more easily (19).

The transmembrane domain connects with the intracellular and extracellular domains of CAR-T cells and fixes the basic construction of CARs into the cell membrane. Type I proteins are the main component of transmembrane regions such as CD3ζ, CD4, CD28, or CD8α (20, 21). Savoldo et al. found that the CARs transmembrane region containing CD28 has a more stable structure than that containing CD3ζ (22).

The intracellular signal domain is the intracellular localization component of CARs, which usually consists of an activation domain and costimulatory domains. The identification signals of tumor antigens were transmitted to CAR-T cells, activating the intracellular signal domain, and prompting T cells to destroy tumor cells. Most of the activation domains of CARs are derived from CD3ζ immunoreceptors based on tyrosine activation motifs (22). However, the activation signals conveyed by CD3ζ alone are not sufficient to induce a durable immune response in T cells (23). Therefore, costimulatory regions such as OX40, CD27, CD28, 4-1BB, or ICOS are introduced into the structure of CARs. The activation of the costimulatory region was found to dramatically promote the antitumor effect and persistence of CAR-T cells by generating cytokines such as IL-2 (24). The CD27 molecule was confirmed to enhance the killing effect of Trop2-targeted CAR-T cells and to prolong their survival time in breast cancer (25).



The development of CAR-T cell therapy

With advances in biotechnology, the construction of CAR-T cells has evolved over several generations. The general development process is illustrated in Figure 3.

The first-generation CAR-T cells transmit activation signals only through the intracellular region of the CD3ζ domain. They have shown limited efficacy in clinical trials due to a lack of costimulatory signaling, leading to more rapid CAR-T cell death (26). The costimulatory signal domain 4-1BB or CD28 was added into the second generation of CAR-T cells based on the construction of the previous generation. Combined activation of the two signals significantly improved the tumor-killing efficacy and persistence of CAR-T cells. Multiple clinical trials have confirmed that second-generation CAR-T cells targeting CD19 achieved significant clinical efficacy in B-cell acute lymphoblastic leukemia (B-ALL) treatment (27, 28). Moreover, the third generation of CAR-T cells with an additional costimulatory signaling molecule was designed to further enhance the activation ability of CAR-T cells. Costimulatory signaling molecules such as CD27, CD28, ICOS, 4-1BB, and OX40 were commonly used in this generation of CAR-T cells, providing superior antitumor efficacy to their predecessors (29). The third generation of CAR-T cells has become the main widely used technology in the construction of CAR structures. NKG2D CAR-T cells with CD27 or 4-1BB costimulatory signaling molecules could promote the expansion and self-enrichment of CAR-T cells without the presence of IL-2, effectively enhancing the ability to recognize and eliminate breast cancer (30). EGFR‐targeted CAR‐T cells containing CD28, 4‐1BB and CD3ζ costimulatory signaling molecules showed a strong inhibitory effect on tumors (31).

In addition, some novel strategies have started to be carried out to identify CAR-T cell therapies with a better therapeutic effect and minimum adverse reactions. It was found that CD28 can promote cytokine secretion, 4-1BB can increase T cell proliferation, and CD27 can enhance T cell survival. The fourth generation of FRα-targeted CAR-T cells containing the costimulatory domains CD28, 4-1BB, and CD27 demonstrated superior therapeutic efficacy in breast cancer due to the o combined benefits of the three costimulatory domains (32).

Switch-based recombinant dual-function antibody engineering has been developed to address safety concerns associated with CAR-T cell therapy. The structure of the switch includes a Fab molecule that binds specifically to tumor antigens and a peptide epitope that specifically binds to CAR-T cells. CAR-T cells only bind to the peptide epitopes of the switch but not to endogenous tissues or antigens on tumor cells. Hence, the recognition and activation processes are severely dependent on the existence of the switch. This switch strategy could reduce the occurrence of adverse reactions by controlling CAR-T cell activity and cytokine release with the same effect compared with traditional CAR-T treatment (33).

The design of two ligand-binding domains in single-stranded CAR structures is a strategy for the more efficient identification of tumor cells. The CARs can recognize two distinct tumor antigens, either of which is adequate to activate T cells. This activation pattern markedly improves the efficiency of tumor cell recognition (34). In Yang et al.’s study, a bivalent tandem CAR (TanCAR) was designed to target both CD70 and B7-H3, which enhanced antitumor functionality and improved the problem of antigenic heterogeneity and variant in breast cancer (35).

The signal transmission domain, the new structure domain in current CARs, maybe another important signal to activate CAR-T cell function in addition to the costimulatory domain. Kagoya et al. have designed a novel generation of CAR-T cells which add a new signaling molecule domain compared to the traditional CAR-T cells. The signal domain was constructed from the IL-2 receptor β-chain and STAT3 binding tyrosine-X-X-glutamine (YXXQ) motif. These novel CAR-T cells could improve proliferation, antitumor capacity, and persistence compared to traditional CAR-T cells through the activation of JAK kinases and the STAT3/STAT5 transcription factor signaling pathways (36).



Therapy targets of CAR-T cells in breast cancer

In solid tumors, the construction of CAR-T cells is more complex, and recognition of targeted tumor-specific antigens is an important challenge for CAR-T cell therapy. Over the years, several tumor surface antigens have been determined as promising therapeutic targets for CAR-T cell therapy in breast cancer. In the next sections, we summarize some recent advances of targets in CAR-T cells for breast cancer. Moreover, the summarized targeted information is presented in Table 1.


Table 1 | The summary of targeted of CAR-T cell therapy in breast cancer.




HER2

Human epidermal growth factor receptor 2 (HER2), one of the most widely studied molecules in breast cancer, is elevated in 20-25% of breast cancer patients. The overexpression of HER2 is related to higher rates of metastasis and recurrence in breast cancer (57). Since the FDA approved trastuzumab in 1998, specific therapies with monoclonal antibodies have revolutionized the mainstream treatment concept for HER2-positive breast cancer. Although HER2-targeted therapies have been widely used in breast cancer patients and achieved good therapeutic results, drug resistance still limits their therapeutic effects in patients (58). The constructed HER2-targeted CAR-T cells can actively recognize tumors and achieved better efficacy and safety in a clinical trial of sarcoma (59, 60). Gábor et al. designed HER2-targeted CAR-T cells with trastuzumab-derived scFv and a CD28 costimulatory domain. The results showed that complete tumor remission was achieved within 57 days in these trastuzumab-resistant breast cancers when only 7% of CAR-T cells consisted of the T cells. The results confirmed that a small quantity of CAR-T cells can have a strong antitumor effect on the anti-HER2 antibodies-resistant xenografts (37). In another study of trastuzumab-resistant breast cancer, HER2-targeted CAR-T cells could infiltrate the core region of the tumor globule, showing tumor cell cytotoxic activity, whereas anti-HER2 antibodies failed. Moreover, CAR-T cells can penetrate the tumor matrix and eradicate tumors in trastuzumab-resistant breast cancer xenografts. This study demonstrated that CAR-T cells can effectively overcome antibody therapy failure by masking the tumor epitope and blocking the tumor stroma components of breast cancer (38). Meanwhile, Saul et al. found that the delivery of HER2-targeted CAR-T cells to the brain led to a strong antitumor function in breast cancer with brain metastases by the orthotopic xenograft model, which solved the difficulty of drugs breaking through the blood-brain barrier in tumor brain metastasis (39).



HER3/4

As a heterodimer and signal transduction partner of HER2, HER3/HER4 is related to oncogenic signaling and treatment resistance in breast cancer (61). Heregulin (HRG), a secreted soluble growth factor in cells, contains an epidermal growth factor subdomain and has a high affinity for HER3/4 receptors. It can induce heterodimerization of the HER tyrosine kinase receptor family by binding to specific receptors (62). This extracellular domain of HRG was designed to construct HER3/4-targeted CAR-T cells. Those cells have been found to specifically recognize and have a strong tumor-killing effect on HER3-overexpressing breast cancer cells by in vitro experiments and transplanted tumor models (40).



EGFR

EGFR, one of the important members of the EGFR tyrosine kinases family, is found to be overexpressed in approximately half of TNBC and has a significant regulatory ability in breast cancer progression and malignant transformation (63). The activation of EGFR causes the autophosphorylation of its tyrosine kinase domain by binding to the EGFR receptor and activates downstream PI3K/AKT signaling pathways (64, 65). EGFR-specific CAR-T cell have shown anticancer potential in lung cancer (66), and better safety and anti-tumor effect in phase I clinical trials of pancreatic cancer (67). Xia et al. found that EGFR-targeted CAR-T cells showed a specific and strong tumor-killing ability on TNBC in vitro, and this ability was further confirmed in xenograft mouse models. Mechanism studies have confirmed that EGFR-targeted CAR-T cells can activate the granzyme-perforin-PARP and Fas-FADD-caspase signaling pathways in TNBC cells, which may be an important mechanism for increasing the antitumor effect (31). In another study, Liu et al. designed two different types of EGFR-targeted CAR-T cells, which have different DNA sequences in the scFv region. These CAR-T cells can identify TNBC cells with high EGFR expression and trigger TNBC cell death in vitro assays and xenograft mouse models (41).



MSLN

Mesothelin (MSLN) is a glycoprotein on the surface of mesenchymal cells. Its expression has been found to be upregulated in various types of cancers, including breast cancer, making MSLN-targeted CAR-T cells a potential opinion in breast cancer therapy (68, 69). Zhang et al. designed a third-generation MSLN-targeted CAR-T cell containing CD28 and 4-1BB costimulatory domains. In in vitro and in vivo xenograft models of breast cancer, MSLN-targeted CAR-T cells specifically damaged MSLN-positive breast cancer cell lines and prominently inhibited the growth of breast cancer tumors. Concurrently, T cell and cytokine secretion levels were found to be significantly increased in the presence of CAR-T cells (42, 70).



ICAM1

Intercellular adhesion molecule-1 (ICAM1) is a type of cell surface transmembrane glycoprotein receptor and a member of the immunoglobulin superfamily. The function of ICAM1 was found to be correlated with tumor cell adhesion, cell growth signaling pathway, and the transport of immune cells to inflammation sites. The expression level of ICAM1 is higher in TNBC than in normal breast tissues (71). Mg2, an ICAM1-specific scFv, was selected as an extracellular antigen-binding domain. In vitro tumor cell and TNBC mouse model experiments have revealed that ICAM1-targeted CAR-T cells possess a strong ability to specifically destroy TNBC cells, significantly reduce the growth of TNBC tumors, and improve the survival rate of the mouse model (43).



AXL

AXL is a type of tyrosine kinase receptor (RTK) originally discovered in patients with chronic myeloid leukemia. AXL is overexpressed in the breast cancer cell membrane, and its overexpression is related to lower survival in patients (72). Previous studies have suggested that it could be implicated in tumor physiological processes, including proliferation, apoptosis, migration, inflammation, and angiogenesis. Moreover, it can activate various intracellular downstream signaling pathways such as NF-κB, MAPK, mTOR, AKT, and PI3K (73, 74). Wei et al. constructed AXL-targeted CAR-T cells and detected their antigen-specific cytotoxicity and cytokine release ability in AXL-positive tumors in vitro. The experimental result showed that AXL-targeted CAR-T cells have a significant antitumor ability and stronger persistence in TNBC xenograft models (44).



MUC1

MUC1 is a type of transmembrane mucin protein that is heavily glycosylated and often expressed on most glandular epithelial cells and organs (75). Overexpression and aberrant glycosylation of MUC1 were found in over 90% of breast cancer patients (76). Abnormally glycosylated MUC1 (tMUC1) can be specifically recognized by synthetic monoclonal antibody TAB004 in breast cancer, but not in normal structured MUC1 (77). Zhou et al. designed the MUC28z chimeric antigen receptor using TAB004 construction as the antigen-binding domain. These types of CAR-T cells enhanced the expression and secretion of cytokines and chemokines such as Granzyme B and IFN-γ after recognizing the tMUC1. tMUC1-targeted CAR-T cells showed significant cytotoxicity and anti-tumor effect and decreased TNBC tumor proliferation and growth in vitro and in xenograft models (45, 78).



GD2

Ganglioside (GD2) is an acidic glycosphingolipid with two sialic acid residues, identified as a marker in breast the stem cell-like cells of breast cancer (79). The expression level of GD2 is upregulated in TNBC (80). Seitz et al. designed a novel GD2-targeted CAR-T cell to recognize and damage GD2-positive tumor cells. The construction of the scFv in the CAR was based on dinutuximab beta, a type of monoclonal antibody CH14.18. This research found that the activation of GD2-targeted CAR-T cells mediated tumor cell death and prevented progression and metastasis in breast cancer (46, 81).



FRα

Folate receptor α (FRα) is a membrane-binding protein with a high affinity for folic acid, which has the function of transporting folic acid into cells. FRα is overexpressed on the surface of breast cancer cells, but not in normal tissues, making it a promising targeting antigen in breast cancer (82). Luangwattananun et al. generated FRα-targeted CAR-T cells by the lentiviral system. These specific CAR-T cells have a significant antitumor ability when co-cultured with TNBC cells expressing FRα. Moreover, its cytotoxic effect was more obvious in cell with increased FRα expression and not observed in FRα-negative normal breast cells. Concurrently, CAR-T cells did not produce this specific cytotoxicity on FRα-negative MCF10A normal breast cells (32).



PD-L1

Programmed death receptor 1 (PD-1, CD279) and programmed death ligand 1 (PD-L1) can activate immune cell inhibitory signals, and their expression is usually upregulated in tumor patients with continuous T cell activation (83). Targeting PD-L1 is a promising target and has achieved good results in clinical trials in a variety of tumors (84, 85). A chimeric PD-1 (chPD1) receptor has been developed, which can recognize PD-L1 expressed in breast cancer. Parriott et al. designed ChPD1-T cells for recognizing and damaging tumor cells by secreting inflammatory factors such as IL2, IL-17, IL-21, IFN γ, TNF, and GM-CSF and decreasing the inflammatory suppressor cytokine IL-10. ChPD1-T cells significantly reduced the tumor burden and prolonged tumor-free survival in tumor-bearing mice (47). Bajor et al. found that the PD-L1-targeted CAR-T cells showed a strong degranulation response and cytokine production in TNBC cells with a higher expression of PD-L1. The co-culture of low PD-L1-expressing tumor cells and CAR-T cells can result in delayed tumor cell clearance by inducing PD-L1 expression on tumor cells. Further research confirmed that HER-2-targeted CAR-T cells could enhance the expression level of PD-L1 on breast cancer cells, synergistically increasing the tumor-killing function of PD-L1-targeted CAR-T cells (48).



PTK7

Protein Tyrosine kinase 7 (PTK7), an important member of the receptor tyrosine kinases (RTKs) family, has an intracellular domain structure that catalyzes inactive tyrosine kinase (86). The expression of PTK7 has been shown to be increased in breast cancer (87). Three different types of PTK7-specific CARs (PTK7-CAR1/2/3) were constructed, all of them containing an artificial modified PTK7-specific scFv domain, CD8α molecules transmembrane domain, CD3ζ intracellular domain sequences, and 4-1BB intracellular costimulatory domain. These CAR-T cells all led to increased cytokine production and cytotoxicity to high PTK7-expressing breast cancer without causing obvious damage to normal tissue (49).



Trop2

Trophoblast cell surface antigen 2 (Trop2), a cell surface glycoprotein, is overexpressed in TNBC and has a significant function in tumor growth, proliferation, migration, and metastasis (88). Chen et al. developed a novel Trop2-targeted CAR-T cell. These constructed CAR-T cells showed a strong tumor-killing ability in breast cancer cells expressing Trop2 by in vitro experiments. The addition of CD27 in Trop2-targeted CAR-T cells increased their antitumor effect in tumor cells and tumor-bearing mouse models by enhancing the expression of IL-7Rα and reducing the expression of PD-1 (25).



SLC3A2

Ansari et al. found that higher expression of the tumor-associated antigen SLC3A2, a cell surface protein, played a significant role in tumor metabolism and predicted a worse prognosis in breast cancer (89). SLC3A2-targeted CAR-T cells have shown cytotoxicity against breast cancer tumor cells by simultaneously stimulating the production of INF-γ and IL-2 production in vitro. In an in vivo xenograft model, SLC3A2-targeted CAR-T cells significantly improved overall survival and reduced subcutaneous xenograft tumor growth and tumor burden without weight loss and cytokine release syndrome (CRS) (50).



B7-H3

B7-H3 is an immune checkpoint molecule also regarded as CD276, which is part of the B7 superfamily of immune checkpoint inhibitors (90, 91). Chen et al. revealed that B7-H3 was overexpressed in breast cancer, and that upregulation of B7-H3 was correlated with poor prognosis and clinical outcomes in breast cancer, implying that B7-H3 could be a prospective target for CAR-T therapy (92). Lei et al. found that B7-H3-targeted CAR-T cells could specifically damage B7-H3-expressing solid tumor cells, including breast cancer. Meanwhile, a low dose of SAHA, an inhibitor of histone deacetylases, significantly increased the antitumor effect of B7-H3-targeted CAR-T cells in vitro by enhancing the expression of B7-H3 and reducing the secretion of CTLA-4 and TET2 with their immunosuppressive function (51).



CD70

CD70, a key member of the necrosis factor receptor superfamily, is expressed on the cell surface and widely overexpressed in a variety of tumors (93, 94). Yang et al. designed a type of bivalent tandem CAR (TanCAR) both targeting CD70 and B7-H3 molecules. The modified CAR-T cells can specifically bind to CD70 and have a higher persistence and antitumor capacity on CD70-positive breast cancer cells. TanCAR-T cells increased the capacity to induce tumor cell damage and cytokine release in breast cancer cells compared to single-chain specific CAR-T cells when they were applied to breast cancer cells expressing both target antigens (35).



VEGFR 2/3

Vascular endothelial growth factor (VEGF) and vascular endothelial growth factor receptor (VEGFR) have a crucial physiological function in angiogenesis and lymphangiogenesis, which are closely associated with tumor cell molecular and biological functions including growth, invasion, migration, and metastasis (95, 96). Blocking or interfering with the interaction between VEGF and VEGFR has become a possible method for tumor therapy. VEGFR-2 and VEGFR-3 are important members of the VEGFR family, and VEGFR-2 or VEGFR-3-targeted CAR-T cells were designed to verify their potential in the treatment of breast cancer. Xing et al. found that these CAR-T cells exhibited strong cytotoxicity against both VEGFR-2/3-positive breast cancer cells by up-regulating the production capacity of INF-γ, TNFα, and IL-2 cytokines. Moreover, VEGFR-2/3-targeted CAR-T cells significantly inhibited the proliferation, invasion, and metastasis capacity of xenograft tumors in nude mice models and disrupted the tubular structures of endothelial cells (52).



TEM8

Tumor endothelial marker 8 (TEM8), a glycoprotein with highly conserved integrin, is involved in endothelial cell invasion and metastasis and is initially regarded as a tumor endothelial marker (97). The expression of TEM8 is elevated in breast cancer cells, and higher expression of TEM8 is associated with higher growth, metastasis, and recurrence rates of breast cancer (98). TEM8-targeted CAR-T cells can secrete immune-stimulating cytokines and block tumor angiogenesis by damaging TEM8-overexpressing TNBC cells and tumor vascular endothelial cells after TEM8-specific recognition. These cells can also induce the regression of TNBC-derived xenograft tumors and counteract the formation of mammary globules by targeting stem cell-like breast cancer cells (53).



NKG2DLs

NKG2D (Natural Killer Group 2, member D) is a type of receptor highly expressed in NK cells and T cells. NKG2D ligands (NKG2DLs) are frequently upregulated in multiple tumor cells, including breast cancer cells. The combination of NKG2D in immune cells and NKG2DLs on tumor cells plays a significant role in the activation of their tumor-killing effect in immune cells (99). In vitro, NKG2DLs-targeted CAR-T cells could effectively recognize and eliminate TNBC overexpressing NKG2DLs. Furthermore, the costimulatory domains with 4-1BB or CD27 molecule specifically enhanced the persistence of CAR-T cells (30, 100).



αvβ6 integrin

The integrin αvβ6, a member of the heterodimeric cell surface receptors family, mediates cell-cell and cell-extracellular matrix interactions. The αvβ6 integrin was up-regulated in breast cancer and its overexpression correlated with the prognosis of cancer patients (101). The integrin αvβ6 could activate the TGFβ signaling pathway and promote cell proliferation and migration, epithelial-mesenchymal transition, and matrix metalloproteinase activity (102, 103). A highly selective αvβ6-targeted CAR-T cell was constructed by combining the fused CD28+CD3 domain with the A20 peptide derived from the foot-and-mouth disease virus. IL-4-responsive fusion gene (4αβ) was co-expressed in CAR-T cells to increase the proliferation and expansion ability and persistence of these cells in vivo. Whilding et al. found that αvβ6-targeted CAR-T cells exhibited strong cytotoxicity to breast cancer cells with less damage to normal tissues in vivo and in vitro (54, 104).



CD32A131R

Antibody-dependent cell-mediated cytotoxicity (ADCC) is a common method by which the immune cells kill tumor cells. The recognition and dissolution process of tumor cells is affected by the affinity with which the Fc fragment of the antibody binds to the FcγR domain of immune effector cells. CD32, a member of the FcγR family, is composed of three different variants A, B, and C which have affinities for Fc segments (105). CD32A131R was defined based on arginine at position 131. Caratelli et al. designed a low-affinity chimeric receptor CD32A131R to induce the elimination of EGFR-overexpressing breast cancer by crosslinking with cetuximab. These CAR-T cells could effectively recognize specific cetuximab-bound tumor cells and promote the expression and secretion of INF γ and TNFα by combining cetuximab and CAR-T cells (55).




Combination therapy with CAR-T

Although there have been significant advances in CAR-T cell therapy in solid tumors, the efficacy of CAR-T cells alone in solid tumors treatment remains limited. Consequently, effective approaches to promote CAR-T cells therapy are still needed. Several studies have shown that the persistence and tumor-killing ability of CAR-T cells are influenced by numerous molecules or genes expression. We summarize several prospective approaches for combining CAR-T cells with other molecules to improve therapeutic efficacy.


Combination therapy in HER2-targeted CAR-T

Il-21 is a cytokine in the TME that can promote T cell proliferation and drive the T cell memory effect and has the function of preventing tumor metastasis or recurrence (106). Du et al. found that IL-21 can augment the aggregation and amplification capacity of poorly differentiated CAR-T cells and effectively increase the cytotoxicity of HER2-targeted CAR-T cells to HER2-overexpressing cells by increasing cytokine secretion in breast cancer. Their study demonstrated that the addition of IL-21 significantly increased strong cytotoxicity against trastuzumab-resistant breast cancer cells with the synthesis and secretion of IFN-γ and IL-2, after combining HER2-targeted CAR-T cells with trastuzumab-resistant HCC1954 and BT474 cells (107).

Furthermore, Li et al. found that the anti-PD1 antibody can enhance the therapeutic effect of HER2-targeted CAR-T cells (108). In another study of homologous mouse models, more HER2-targeted CAR-T cells were shown to reside in the tumor stroma with the addition of an anti-PD1 antibody, significantly increasing the ability to recognize tumors and maintain T cell persistence. The results suggested that the anti-PD1 antibody can increase the tumor-killing ability of CAR-T cells and reduce the tumor weight (109).

The IKZF family proteins contain a zinc finger domain that can recognize specific DNA sequences, bind other proteins, and activate or inhibit targeted genes by reshaping chromatin and binding to RNA Pol II transcription initiation complexes (110). The knockout of transcription factor IKZF3 in HER2-targeted CAR-T cells can significantly improve the ability to kill cancer cells by increasing T cell activation and proliferation without affecting the activity and function of CAR-T cells (111).



Combination therapy in EGFR-targeted CAR-T cells

Polyinosinic-polycytidylic acid (poly I: C) is a type of synthetic double-stranded RNA (dsRNA) analog. It can be recognized and bound by toll-like receptor 3 (TLR3) and protein kinase (PKR) activated by dsRNA. It may mediate immune functions and has extensive antitumor effects on a variety of cancers (112, 113). The joint application of EGFRVIII-targeted CAR-T cells with Poly I: C prominently increased the tumor-killing ability of CAR-T cells against tumor cells and promoted the production and secretion of IFN γ and IL-2. It also improved the tumor growth and proliferation inhibitory effect of CAR-T cells in subcutaneous breast cancer-transplanted mice. Meanwhile, this composition resulted in a huge decrease in the number of myeloid-derived suppressor cells (MDSC) in the spleen and peripheral blood, which may reduce the immunosuppressive effect of MDSC in the tumor immune process (114).

Olaparib, an oral poly ADP-ribose polymerase (PARP) inhibitor, was shown to have clinical benefits against mutated BRCA-positive metastatic breast cancer (115). Sun et al. found that olaparib could prominently increase the antitumor effect of EGFRVIII-targeted CAR-T cells by inhibiting the migration and aggregation of MDSC and promoting the survival and persistence of T cells in the TME. Mechanistically, olaparib was shown to decrease the migration of MDSC by preventing the expression of SDF1α released by cancer-associated fibroblasts (CAFs), increasing the immune effect of CAR-T cells on the tumor (116).

CDK7 is a key component of the transcription factor TFIIH, which is introduced to the transcription initiation site adjacent to PolII to promote the initiation of transcription (117). Xia et al. found that EGFR-targeted CAR-T cells-resistant breast cancer cells are particularly susceptible to THZ1, a CDK7 inhibitor. The combination of THZ1 and EGFR-targeted CAR-T cells exhibit a better ability to inhibit immune resistance and prevent tumor proliferation and metastasis processes compared to applying to CAR-T cells alone in TNBC tumor models (118).



Combination therapy in ROR1-targeted CAR-T cells

Receptor tyrosine kinase-like orphan receptor 1 (ROR1), a type I transmembrane receptor in the ROR family, has an extracellular ligand-binding domain and an intracellular tyrosine kinase domain (119). Nicholas et al. summarized that ROR1 was involved in inhibiting cell apoptosis, enhancing the EGFR signaling pathway, and inducing tumor epithelial-mesenchymal transformation (EMT) (120). However, ROR1-targeted CAR-T cells showed limited efficacy in breast cancer. Srivastava et al. found that oxaliplatin can activate tumor macrophages and release T cell recruitment chemokines, which could improve ROR1-targeted CAR-T cell infiltration. Moreover, oxaliplatin combined with anti-PD-L1 can synergistically improve the function of damaging tumors by ROR1-targeted CAR-T cells (56).

Transforming growth factor (TGF) β is one of the commonly accepted immunosuppressive cytokines in the TME and is correlated with the antitumor effect of ROR1-targeted CAR-T cells. Cytokine production and the proliferation function of ROR1-targeted CAR-T cells were prominently impaired in the presence of TGF-β. Tanja et al. found that blocking the TGF-β receptor signaling by inhibitor SD-208 can promote the tumor-killing function of ROR1-targeted CAR-T cells (121).



Combination therapy in other CAR-T cells

Interleukin-7 receptor (IL7R) is present on the surface of lymphoid progenitor cells surface and is essential for normal lymphocyte development (122). The up-regulation of IL7 or the IL-7 receptor was found to prolong the persistence of immune cells and enhance antitumor effects (123). Zhao et al. found that the activation of the IL-7 receptor could enhance the antitumor function and prolong the survival time of traditional AXL-targeted CAR-T cells by increasing the growth, proliferation, activation, and cytotoxicity capacity of CAR-T cells in vitro and in vivo (124).

The P38 pathway, a stress-activated protein kinase pathway, is also often disrupted and associated with cancer survival and migration in humans (125). By CRISPR-Cas9 screens and functional testing of T cells, it was found that interfering in the P38 pathway could enhance the expansion ability and limit the oxidation and differentiation pressures of T cells. P38 inhibitors (P38i) were found to cause CAR-T cells to be more effective in T cell-mediated tumor-specific lysis, manifesting the promising clinical application of P38i in increasing the antitumor function of CAR-T cells (126).

The persistence ability of CAR-T cells in the TME is an important factor in impeding their therapeutic effect in solid tumors (127). The CD8+ T 17 (Tc17) cells and T helper 17 (Th17) cells were found to be more persistent in the TME (128). A study has found that CAR-T cells produced by Th/Tc17 cells could improve the persistence ability and tumor-suppressive role of CAR-T cells in the TME when the stimulator of STING agonists DMXAA or cGAMP were combined with anti-PD-1 antibodies. Single-cell RNA sequencing demonstrated that DMXAA could promote the transport of CAR-T cells and regulate their immune effect in the TME by producing a chemokine (129).

The rAd.sT is a type of oncolytic adenovirus targeting TGF-β signaling. Li et al. reported that the combination of MSLN-targeted CAR-T cells and rAd.sT in breast cancer therapy can increase the production of cytokines IL-6 and IL-12 in the TME, resulting in a stronger tumor inhibition effect (130).




Clinical Trials in breast cancer

In several years of research on breast cancer, human trials of some prospective targets of CAR-T cells have been confirmed all over the world to verify the clinical treatment effectiveness and safety of the therapy. Specific clinical trials are summarized in Table 2. In 2017, a Phase I clinical trial (NCT01837602) with c-Met-targeted CAR-T cell was conducted in metastatic breast cancer patients. The mRNA of CAR was detected in the blood of 2 patients and tumor tissue of 4 patients, and cell injection was well tolerated, with no grade greater than 1 associated adverse reaction. The tumor was killed and immunohistochemical analysis showed that the CAR-T cells caused an inflammatory response within the tumor, resulting in extensive tumor necrosis (131). However, another phase 1 clinical trial targeting c-Met CAR-T (NCT03060356) was terminated due to the halt in funding. By far, the CAR-T cell therapy clinical trials targeting HER 2 were conducted the most widely in breast cancer patients. There has been a total of five phase 1/2 clinical trials. Two of them have been withdrawn (NCT02547961) (NCT02713984) and three are being recruited (NCT04650451) (NCT03740256) (NCT04430595). In addition, the phase 1 clinical studies on MUC1-targeted CAR-T cells are also widely carried out. (NCT02587689) (NCT04020575) (NCT04025216). Phase 1/2 clinical trials of CAR-T cells targeting CEA in the CET-positive breast cancer are also ongoing (NCT02349724) (NCT04348643). Moreover, there are several other clinical trials targets, including EpCAM (NCT02915445), NKG2DL (NCT04107142), ROR1 (NCT02706392), CD70 (NCT02830724), C7R/GD2 (NCT03635632), CD133 (NCT02541370) and CD44v6 (NCT04427449). In the future, more CAR-T cell clinical treatment trials for breast cancer patients will still be carried out to obtain the best therapeutic effect.


Table 2 | The summary of clinical trials of CAR-T cell therapy in breast cancer.





Challenges of CAR-T cell therapy

Although CAR-T therapy for solid tumors has been widely studied in the laboratory and clinic and has shown good progress, its clinical efficacy remains unsatisfactory. Severe adverse reactions, tumor cell heterogeneity, immunosuppression in the TME, and the persistence of CAR-T cells are the obstacles faced in CAR-T cell therapy, which are shown in Figure 4. Therefore, better engineering strategies should be developed in future research to improve the clinical efficacy of and minimize adverse reactions in CAR-T cell therapy. In the following, we summarize the problems and possible solutions of CAR-T cell therapy.




Figure 4 | Summary of the challenges affecting CAR-T cell function. Specifically designed CAR structures and the production and release of some cytokines promoting immune function such as INF-γ, TNFα, IL-2, and CCL2 effectively enhanced the antitumor ability of CAR-T cells. The recruitment of immunosuppressive cells such as TAMs, MDSCs, and Treg cells, the release of immunosuppressive cytokines including TGFβ, VEGF, IL-4, and IL-10 in the TME, and the activation of PD-1 signaling all inhibit tumor immunity. Abnormal formation of extracellular matrix and dysregulation of the vascular system are also important factors affecting CAR-T cells.




Specific target

Due to the specific mechanism and characteristics by which CAR-T cells recognize and damage tumor cells, it is very important to identify specific tumor targets expressed on the tumor cells’ surface and that have higher expression levels in tumor tissue than in normal tissue. In the previous section, we summarized some potential specific target molecules in breast cancer. However, most targets are only effective against specific types of breast cancer on account of the heterogeneity of tumor cells. Concurrently, the escape of target antigens, characterized as the complete or partial loss of tumor antigens, is another huge problem. Although CAR-T cells possessed a high initial response rate to tumor cells, a significant reduction in response rate was reported in a substantial proportion of patients who injected CAR-T cells repeatedly (132).

The joint identification of multiple targets is an alternative mean of overcoming antigen escape. Bivalent tandem CAR (TanCAR) targeting both CD70 and B7-H3 has shown the ability to enhance tumor recognition by CAR-T cells (35). Meanwhile, a phase 1 clinical trial (NCT04430595) combined with HER2, GD2, and CD44v6 targets are currently underway, which can effectively reduce antigen escape and increased recognition of tumor cells.



Treatment-related toxicities

Neurotoxicity and cytokine release syndrome (CRS) are the two most common severe and unpredictable reactions to CAR-T cell therapy. Current studies suggest that these adverse reactions are associated with the high level of cytokines secreted by CAR-T cells (133). Neurotoxicity usually presents with seizures, delirium, memory loss, and acute cerebral edema, while CRS typically presents with fever, hypotension, and respiratory insufficiency (134, 135). In a case of metastatic colon cancer, the patient had respiratory distress within 15 min after HER2-targeted CAR-T cell injection and died 5 days later. The chest radiograph and serum samples showed significant immune infiltration in the lung. It is speculated that numerous CAR-T cells migrate to the lung immediately after infusion and trigger cytokine release by recognizing the low levels of HER2 on the lung epithelial cells. The expression of immune cytokines including IL-6, TNF-α, IL-10, GM-CSF, and IFN-γ was significantly increased. The cytokine storm caused by CAR-T treatment could result in respiratory distress and death (136). Although this was a case report about severe adverse reactions caused by HER2-targeted CAR-T cell therapy for colon cancer, effectively avoiding damage to normal lung tissue is still a problem that needs to be discussed and solved, as HER2-targeted CAR-T is widely used in breast cancer treatment. Therefore, we believe that a serious cytokine storm can also occur in breast cancer treatment.

In the research of CAR-T exosomes, purified exosomes from CAR-T cells were found to express perforin, granzyme B, and cell membrane molecules including CARs, CD3, CD8, and TCRs. The application of CAR-T exosomes in the treatment of breast cancer can effectively control toxicity and improve safety (137). Furthermore, Sterner et al. and Giavridis et al. found that IL-1, IL-6, and GM-CSF participated in the CRS regulation process, and the knockdown of cytokine coding genes or specific cytokine inhibitors may significantly decrease the occurrence rate of CRS (138–140). Moreover, suicide genes, which could lead to cell death through a small molecule-mediated activation process, have been introduced in CAR-T cells as a new possible mechanism to avoid the unpredictable therapeutic reactions of CAR-T cells. The fusion of the modified caspase 9 protein into the human FK506 binding protein (FKBP) can effectively and specifically eliminate CAR-T cells expressing the suicide gene without affecting the growth and proliferation of normal CAR-T cells, which reduces damage to normal tissue (141). Glucocorticoid is a potent anti-inflammatory drug that effectively relieves patients’ brain inflammation and vasogenic edema symptoms due to CAR-T cell therapy (142). Kloss et al. found that the recognition of different antigens on tumor cells by CAR-T cells can effectively increase the specificity of tumor recognition and reduce the damage to normal cells (143). Based on this opinion, Srivastava et al. designed logic-gated ROR1-targeted CAR-T cells. The synthetic Notch (synNotch) receptors were designed to recognize EpCAM or B7-H3 on the tumor. ROR1 CAR expression is induced by synNotch receptor activation. In breast cancer studies, this strategy mediates antitumor effects on ROR1+ breast cancer without toxicity reaction to normal tissues (144).



The proliferation and persistence of CAR-T cells

The proliferation and persistence ability of CAR-T cells are often directly related to the antitumor effect. The function of some genes in CAR-T cells affects their persistence. As mentioned above, the addition of costimulatory domains to the structure of CARs was the traditional method of significantly increasing the proliferation and persistence of CAR-T cells (30). Agnes et al. found that colony stimulating factor-1 (CSF-1) was associated with immune cell proliferation by binding to the CSF-1 receptor, which was encoded by a c-fms gene in the cancer cells. The c-fms gene was expressed in T cells by gene-modified. The addition of CSF-1 stimulated the proliferative effect of CAR signals by the secretion of IFN and IL-2 without compromising the cytotoxicity in these gene modification cells (145). In another study, Boucher et al. reported that CAR-T cells with mutated CD28 subdomains had better survival and function. The expression of various genes relevant to T cell depletion, such as Nfatc1, Nr42a, and Pdcd1, were significantly reduced through null mutations of the CD28 subdomain (146). In addition, several transcription factors are known as inductors of T cell exhaustion. Khan et al. found that TOX can transform effector T cells with antitumor function into non-functional exhausted T cells by driving epigenetic remodeling of exhausted T cells (147). TCF-1 is another transcription factor that could regulate the transformation of exhausted T cells by mediating the expression of Eomes and c-Myb (148). The activation of transcription factor NR4A is related to the expression of immunosuppressive molecules such as PD-1 and TIM3. CAR-T cells showed stronger tumor-killing activity and better persistence with the knockout of NR4A (149). Furthermore, the poorly differentiated T cell subsets including stem cell memory T (TSCM) cells, naive T cells, and central memory T (TCM) cells have a high proliferative capacity. The use of these to design CAR-T cells is an effective method to prolong the proliferation and persistence and enhance the antitumor activity of CAR-T cells in patients when constructing CAR-T cells (150).



Immunosuppressive effect of the tumor microenvironment

Immune evasion is a major challenge in antitumor immunotherapy, which directly determines the effectiveness of tumor immunity. The change of cytokines and chemokines in the TME is an important factor affecting immune escape. The process of antitumor immune activation releases numerous cytokines. The expression of the chemokine pattern in the TME has changed to preferentially recruit and inhibit inflammation cell types and avoid recruiting antitumor immune cells. This physiological process resulted in numerous immunosuppressive cells existing in the TME, which suppressed the antitumor function of immune cells (151–153). Immunosuppressive cells, including MDSCs, TAMs, and Treg cells, are recruited by cytokines in the TME, which is a key reason for the immunosuppression effect (154–158). In addition, Binnewies et al. suggested that chemokines and cytokines, including IL-4, IL-10, TGFβ, and VEGF in the TME can directly suppress the T cell effect and improve the aggregation of immune inhibitory cells. Concurrently, the assembled inhibitory cells also secrete numerous immunosuppressive cytokines, which further enhance the immunosuppressive effect with a positive feedback process (159).

It is a common method to enhance the immune response of CAR-T cells by promoting the expression of immune-enhancing genes and cytokines secretion. Adachi et al. found that upregulation of IL-7 and CCL19 genes in CAR-T cells may improve the invasion of T cells or dendritic cells in solid tumor tissue in mouse models, promoting tumor regression (160). Moreover, the overexpression of IL-18 and IL-12 genes in CAR-T cells could activate endogenous immune cells and enhance antitumor responses (161). Research has shown that cytokines such as INF-γ, TNFα, and IL-2 can enhance the anti-tumor function of CAR-T cells (52).

The activation of T cell immunosuppressive signal in the TME is an important obstruction in CAR-T cells therapy. PD-1/PD-L1 is one of the most characterized and studied signals in breast cancer. Previous research has shown that the inhibition of PD-1 signaling has been shown to produce significant clinical benefits in various tumor patients, including breast cancer. The activation of the PD-1 signal induces the depletion and inactivation of CAR-T cells (9). The anti-PD1 antibodies significantly improved the antitumor role of targeting HER2 CAR-T cells (108).



Physical barriers

Cancer-associated fibroblasts (CAF) are stromal cells in the TME. They could promote the deposition of abnormal extracellular matrix (ECM) around the tumor to form a dense fibrotic environment and limit CAR-T cell transport to tumor tissues. The tumor immunosuppression effect induced by CAF is an obstacle to promoting the therapeutic efficacy of CAR-T cells (162). The activation process of TGF-β could enhance the secretion of ECM proteins by CAF, leading to the formation of a physical network and restricting the movement of T cells. Although previous studies have confirmed that HER2-targeted CAR-T cells have a stronger ability to penetrate ECM than traditional antibody drugs (38), the presence of ECM in the TME can still hinder the ability of CAR-T cells to recognize and kill tumors.

NOX4 is a downstream molecule of TGFβ signaling. The inhibition of NOX4 not only blocks TGF-β signaling but also prevents CAF differentiation, which reduces EMC protein secretion and promotes immune cell infiltration into tumor tissues (163, 164). Caruana et al. reported that the lack expression of the enzyme heparinase (HPSE) after in vitro manipulation of T cells may be responsible for the reduced ability to degrade and penetrate the ECM. HPSE can degrade heparin sulfate proteoglycan, the main component of ECM. GD2-targeted CAR-T cells expressing HPSE were designed to enhance the ability to degrade ECM and promote T cell invasion and antitumor activity to tumors, including breast cancer cells (165).



Dysregulation of the vascular system

The vascular system of tumors often undergoes remodeling and shows severe vascular abnormalities and dysfunction. The penetrability of immune cells from blood vessels to solid tumors is impaired, leading to the diminished antitumor effect of CAR-T cells (166). Vascular system dysregulation and inadequate endothelial energy in tumor tissues downregulate the expression level of intercellular adhesion molecule 1(ICAM1) and adhesion molecules VCAM1, which limits T cell infiltration in tumor tissues (167). Meanwhile, normalization of the tumor vascular system can enhance tissue blood perfusion to improve the infiltration and viability and promote the antitumor ability of CAR-T cells.

Bevacizumab, a humanized monoclonal antibody against VEGF, not only inhibits the germination of new blood vessels but also normalizes the vascular system. Meanwhile, bevacizumab was found to inhibit the down-regulation process of cell adhesion molecules and increase the invasion capacity of CAR-T cells in the tumor (168). Xing et al. designed targeted VEGFR2/3 CAR-T cells and achieved remarkable results in the treatment of breast cancer, which provides a new idea for both antitumor formation and anti-angiogenesis (52). Injecting CAR-T cells into the tumor location directly, keeping them away from the vascular transport system, is another effective treatment strategy. The intraperitoneal injection of CAR-T cells in mesenchymal mesothelioma induced better response and tolerability compared with intravenous injection, which provides a new prospect for local injection therapy of CAR-T cells (169).




Future outlook

The successful application of CAR-T cells in hematological tumors has made it a promising approach for solid cancer therapy. Moreover, the FDA approval of CAR-T cells for clinical application has greatly facilitated the exploration of CAR-T cell therapy in treating solid tumors. Several CAR-T cells targeting breast cancer-related antigens have been manufactured to exert better therapeutic effects against breast cancer. Although CAR-T cell therapy has demonstrated remarkable antitumor function both in vitro and in vivo, the severe treatment-related toxicity, less T cell persistence, and immunosuppression in the TME continue to hinder its clinical application in breast cancer and other solid tumors.

Furthermore, it is worth noting that molecule-targeted therapies including monoclonal antibodies and ADC have also achieved excellent results in breast cancer (170). In addition, the preparation and clinical application of these types of drugs were more convenient compared to CAR-T cell therapy. However, the killing effect of monoclonal antibodies such as trastuzumab and pertuzumab on HER2-overexpressing breast cancer cells still depends on the activity of immune cells, and drug resistance due to epitope masking and steric hindrance remains a major difficulty that needs to be addressed appropriately (171). Moreover, ADC depended on antibodies to recognize tumor cells and carry cytotoxic drugs to kill tumor cells. Specific recognition of tumor cells, antibody-drug decoupling, and drug resistance still hinder the widespread use of ADC drugs in breast cancer (172). CAR-T cells can directly recognize and damage tumor cells, which can effectively avoid the difficulties faced in antibody therapy. Hence, CAR T cell therapy remains a promising and indispensable treatment for breast cancer and more engineering strategies are required to enhance the safety and efficacy in future studies.
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Chimeric antigen receptor (CAR)-T cell therapy has been shown to have considerable therapeutic effects in hematological malignancies, and NKG2D(z) CAR-T cell therapy has been verified to be safe based on clinical trials. However, due to the poor persistence of NKG2D(z) CAR-T cells, their therapeutic effect is not obvious. Here, we constructed NKG2D(bbz) CAR-T cells that can simultaneously activate 4-1BB and DAP10 costimulatory signaling. They were found to be cytotoxic to the target cells in vitro and in vivo. They exhibited low differentiation, low exhaustion, and good proliferation. Importantly, the proportions of central memory T (Tcm) and stem cell-like memory T (Tscm) cell subsets were strikingly increased. After long-term incubation with the target cells, they displayed reduced exhaustion compared to NKG2D(z) CAR-T cells. Further, in the presence of the phosphoinositide 3-kinase (PI3K) inhibitor LY294002, they exhibited reduced exhaustion and apoptosis, upregulated Bcl2 expression, and an increased proportion of Tcm cell subsets. Finally, NKG2D(bbz) CAR-T cells had better antitumor effects in vivo. In summary, the results showed that NKG2D(bbz) CAR-T cells may be valuable for cellular immunotherapy of cancer.
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Introduction

Chimeric antigen receptor (CAR)-T cell therapy has achieved significant success and attracted much attention in the treatment of hematologic cancers (1, 2). Since the successful US Food and Drug Administration (FDA) approval of the CAR-T cell therapy tisagenlecleucel (Kymriah) in 2017, several other CAR-T cell products for various hematological malignancies have been approved (3). The therapy involves using gene editing to allow T cells to express CARs that are not restricted by histocompatibility complex (MHC) molecules and can directly recognize and lyse tumor cells (4). The first-generation CARs had only a CD3ζ signaling domain, along with an extracellular antigen recognition domain. Modular construction has allowed them to be modified to create second- and third-generation CARs that connect CD28, 4-1BB, or both signaling domains to CD3ζ, in order to attempt to simulate the costimulation (signal 2) provided by antigen-presenting cells during T cell receptor (TCR) recognition, which is required for the activation of all physiological T cells (5–7).

CAR-T cells usually only recognize a single target, so antigen escape can easily occur due to antigen loss by cancer cells (8, 9). In contrast, we use the activated receptor natural-killer group 2, member D (NKG2D), which can recognize eight ligands, as the extracellular antigen recognition domain. NKG2D is mainly expressed on the surface of NK and CD8+ T cells (10). NKG2D ligands include MICA, MICB and ULBP1-6, which are expressed on the surface of most tumor cells but almost absent from the surface of normal cells (11). NKG2D(z) CAR (composed of CD3ζ and full-length NKG2D) T cells have been shown to be cytotoxic to multiple myeloma, lymphoma, and ovarian cancer cells in mice (12–14). Furthermore, the safety of these cells has been demonstrated in phase I clinical trials; however, due to their limited expansion and persistence, the therapeutic effect of these low-dose CAR-T cells was poor (15, 16).

T cells expressing CAR with a CD28 or 4-1BB signaling domain can both exert effective cytotoxicity, but differ in effector function, clinical efficacy, and toxicity. These differences are thought to be caused by differences in signaling cascade activation, leading to different subsets and viability of CAR-T cells (17–20). 4-1BB significantly increases the proportion of the central memory T (Tcm) cell subset and enhances the persistence and viability of CAR-T cells in vivo. DAP10 functions as a costimulatory molecule downstream of NKG2D in CD8+ T cells, thus enhancing the response of effector T cells, increasing cytokine secretion, and causing T cells to differentiate into memory precursor cells (21). Therefore, the activation of DAP10 costimulatory signaling by CARs may enable CAR-T cells to overcome immunosuppression encountered in the microenvironment of solid tumors (22–25). To enhance the persistence of NKG2D(z) CAR-T cells, we constructed an NKG2D(bbz) CAR structure involving full-length NKG2D, 4-1BB, and CD3ζ. NKG2D interacts with DAP10 of T cells and thereby recruits p85 protein, acting as a costimulatory molecule similar to CD28. Thus, the NKG2D(bbz) CAR-T cells can simultaneously activate 4-1BB and DAP10 costimulatory signaling.



Materials and methods


Vector construction, lentiviral production, and cell lines

Lentiviral vectors encoding NKG2D(z) and NKG2D(bbz) CAR were constructed by use of plenti-EF1α-MCS. NKG2D(z) CAR is composed of CD3ζ (52-164aa) and full-length NKG2D (1-216aa). NKG2D(bbz) CAR is composed of CD3ζ (52-164aa), 4-1BB (214-255aa), and full-length NKG2D (1-216aa). The cDNA sequences encoding these two CARs were codon-optimized, synthesized by GENEVA (Suzhou, China), and then cloned into plenti-EF1α-MCS. NKG2D(z) and NKG2D(bbz) lentiviruses were packaged in 293T cells (ATCC, Manassas, VA, USA) by use of a third-generation lentivirus packaging system (pLP1, pLP2, and pMD2.G).

The human cell lines MMIS, IM9, K562 and U266 (ATCC) were maintained in RPMI 1640 medium with 10% fetal bovine serum (FBS). The cell lines A549, ABC1 and MDA-MB-231 (ATCC) were maintained in DMEM with 10% FBS.



Preparation of CAR-T cells

Peripheral blood mononuclear cells (PBMCs) from healthy donors were prepared via Fillco (TBD) density gradient centrifugation. The PBMCs were washed in buffer 1 (phosphate-buffered saline [PBS]+2%FBS) twice, and then the T cells were isolated and activated by CD3/CD28 magnetic beads (11141D, Gibco) at a ratio of 1:1. The T cells (at a density of 1.2×106/mL) were cultured in serum-free medium (Corning) supplemented with 5% AB serum (Sigma), 100 U/mL IL2, 10 ng/mL IL7, and 10 ng/mL IL15 (Proteintech). After activation by CD3/CD28 magnetic beads for 24 h, the T cells were transduced with NKG2D(bbz) or NKG2D(z) lentiviruses. Cell viability and transduction efficiency were assessed 5 days after transduction.



Flow cytometry

A BD FACS AriaII and a BD Accuri™ (BD Biosciences) were used to acquire data. Analysis was performed with FlowJo software (FlowJo). CAR expression was determined by surface staining with either antibody against NKG2D (APC/PE, Biolegend) or mCherry (mCherry was co-expressed in NKG2D CAR-T cells to more accurately assess the percentages of these cells).

CAR-T cell phenotypes were assessed with monoclonal antibodies against the following molecules: CD4 (FITC, Biolegend), CD8 (PE, Biolegend), PD1 (APC, Biolegend), Tim3 (FITC, Biolegend), LAG3 (PE, Biolegend), CD27 (PECY7, BD), CD28 (PECY7, BD), CD25 (APC, Biolegend), CD127 (APC, Biolegend), CD62L (PE/PB, Biolegend), CD45RA (APC/PE, Biolegend), CCR7 (FITC, Biolegend), annexin V (APC, Biolegend), and 7-aminoactinomycin D (7AAD; ThermoFisher). The Tscm subset is defined as CD45RA+CD45RO+CD62L+ T cells (26). NKG2D ligands were detected with antibodies against MICA/B (PE, Biolegend), ULBP1 (PE, R&D), ULBP2/5/6 (PE, R&D), ULBP3 (PE, R&D), and ULBP4 (PE, R&D). To assess Bcl2 expression, a Cytofix/Cytoperm Kit (BD Biosciences) was used to fix and permeabilize the cells and then the cells were labeled with antibody against Bcl2 (APC, Biolegend).



Proliferation of NKG2D CAR-T cells in vitro

CAR-T cell labeling by carboxyfluorescein succinimidyl ester (CFSE) was used to evaluate the proliferation of NKG2D(bbz) CAR-T cells incubated with their specific ligand (soluble MICA [sMICA]-Fc fusion protein) without IL2/7/15. The cells were labeled with 2–5 μM CFSE at 4°C for 10 min followed by adding 9 mL buffer 1 to quench the reaction. The cells were washed twice with buffer 1 and then cultured with sMICA-Fc to stimulate NKG2D CAR-T cell proliferation without IL2/7/15. After 72 h, CFSE dilution, as an indicator of NKG2D CAR-T cell proliferation, was assessed by flow cytometry.



Cytotoxicity assays

A549, ABC1 and MDA-MB-231 cells were seeded in E-Plate 16 (Acea Biosciences, San Diego, CA) at 1×104 cells/well, and then monitored in a normal incubator overnight by use of an xCELLigence impedance-based real-time cell analysis (RTCA) system (Acea Biosciences). When the cells were in the logarithmic growth phase the next day, half of the medium was removed and replaced with normal or balanced medium containing NKG2D CAR-T cells or mock-T cells at an effector:target (E:T) ratio of 3:1. The cells were continuously monitored for several hours with the RTCA system, and the impedance was plotted over time.

Bioluminescence luciferase assays were also performed to measure the cytotoxic activity of CAR-T cells against NKG2D ligand-expressing target cells (K562, U266, MMIS, A549). The target cells (1×104) were co-cultured with NKG2D CAR-T cells at various E:T ratios for 8 h with the mock-T cells serving as the negative control.

To assess cytokine production, A549 cells were plated at 5×104 cells/well in 48-well plates and cultured in the presence or absence of 5×104 NKG2D CAR-T cells/well. After 12 and 24 h, the medium was obtained to assess IL2, IFN-γ, GM-CSF, and TNF-α secretion by use of ELISA kits (LIANKE).



In vivo anticancer assays

Five-to-6-week-old female NOD SCID gamma (NSG) mice (GemPharmatech) were intraperitoneally injected with 5×106 A549-Luc-green fluorescent protein (GFP) cells. These cancer cells in the mice were then detected by live bioluminescent imaging. Images were collected and analyzed with a Xenogen-IVIS Imaging System. When the mean fluorescence intensity (MFI) value was >109, the mice were divided into three groups, which received NKG2D(z) CAR-T cells (8×106/mouse), NKG2D(bbz) CAR-T cells (8×106/mouse), or mock-T cells (ethics ID number: Xmsq2021-0075). The weight of the mice and MFI values were regularly monitored. The supernatant was aspirated after centrifugation of peripheral blood from the mice (collected via the submandibular vein) and the secretion of IL6, IL2, IFN-γ, and TNF-α in the peripheral blood was measured with a Th1/Th2/Th17 kit (560484, BD Pharmingen). The percentages of NKG2D(z) and NKG2D(bbz) CAR-T cells were assessed based on mCherry fluorescence after lysis of erythrocytes.



Statistical analyses

All statistical analyses were performed using GraphPad Prism v7.0. The data are reported as mean ± SD (n≥3). Two-way analysis of variance (ANOVA) followed by Dunnett’s multiple comparisons test were used to compare more than two groups, and two-tailed paired t-tests were used to compare two groups. P<0.05 was considered to indicate a significant difference.




Results


NKG2D ligand is highly expressed on the surface of some solid and blood cancer cells

The NKG2D ligands consist of eight cell-associated glycoproteins that belong to the MIC and ULBP families. We used flow cytometry to detect the expression of NKG2D ligands on the surface of multiple myeloma, liver cancer, breast cancer, and lung cancer cell lines. The results showed that the expression levels of NKG2D ligands on the surface of different tumor cells varied. The lung cancer cell line A549 highly expressed MICA, MICB, ULBP1, and ULBP2/5/6. The breast cancer cell line MB543 did not express ULBP1, but ULBP3 was partially expressed. The multiple myeloma cell line IM9 highly expressed MICA, MICB, and ULBP4 (Supplementary Figure 1A). To further verify the NKG2D ligands expression in solid tumor tissues, we performed immunohistochemical analysis to assess the expression in the tumor tissues of patients with gliomas, lipomas, and lung cancer. The results showed that MICA/B were highly expressed in the tumor tissues (Supplementary Figure 1B).



Development of NKG2D CAR involving full-length NKG2D, 4-1BB, and CD3ζ

NKG2D(z) CAR-T cells have been shown to be effective and safe in phase I clinical trials. However, due to their limited expansion and persistence, the therapeutic efficacy of low-dose CAR-T cells was poor (15, 16). Based on the results of clinical trials, we constructed NKG2D(bbz) CAR structures, involving full-length NKG2D, 4-1BB, and CD3ζ (Figure 1A). These cells could simultaneously activate DAP10 and 4-1BB costimulatory signaling. T cells were separated and extracted from the peripheral blood of healthy donors, activated with anti-CD3/CD28 magnetic beads for 24–48 h, and then transduced with NKG2D(z) or NKG2D(bbz) lentiviruses. On day 5, the expression of NKG2D CAR was detected on the surface of the T cells (Figure 1B). We found that the MFI of NKG2D on the surface of CD8+ NKG2D(bbz) CAR-T cells was 4232 ± 89 as opposed to 3485 ± 18.72 for CD4+ NKG2D(bbz) CAR-T cells (p<0.0001) (Figure 1C). To further compare and evaluate the differences in biological functions between NKG2D(z) and NKG2D(bbz) CAR-T cells, self-cleaving peptide 2A was used to co-express mCherry fluorescent protein based on both original CAR structures (Supplementary Figure 2; Figures 1D, E). We found that the ratio of CD8 to CD4 was 2.13 ± 0.56 for NKG2D(bbz) CAR-T cells and 1.62 ± 0.69 for NKG2D(z) CAR-T cells (p=0.0286) (Figure 1F).




Figure 1 | High expression of NKG2D(bbz) CAR in human T cells. (A) Graphical overview of NKG2D(bbz) CAR construct design. The CD3ζ signaling domain is followed by 4-1BB and full-length NKG2D. (B) 6 days after initial activation, NKG2D expression on the surface of CD4+ and CD8+ T cells was detected by flow cytometry. (C) Mean fluorescence intensity (MFI) of NKG2D on CD4+ and CD8+ NKG2D(z) and NKG2D(bbz) CAR-T cells. (D) NKG2D and mCherry expressed on T cells were detected by flow cytometry to assess the percentages of NKG2D(z) and NKG2D(bbz) CAR-T cells. (E) The numbers of NKG2D(z) and NKG2D(bbz) CAR-T cells were adjusted to be equivalent to each other. RNA was extracted to assess the expression of NKG2D CAR by qPCR. (F) CD4/CD8 ratio among NKG2D CAR-T cells was detected by flow cytometry. Data come from ≥3 donors. p<0.05 indicates significant difference. Data are presented as the mean ± SD.





Cytotoxicity of NKG2D(bbz) CAR-T cells against the target cells

To verify that NKG2D(bbz) CAR-T cells can recognize NKG2D ligands on tumor cells and have cytotoxic effects, A549, ABC1, MDA-MB-231, K562, MMIS and U266 cells were selected, and both the RTCA method (Figures 2A, B) and luciferase method (Figures 2C, D) were used. The NKG2D(bbz) CAR-T cells showed comparable cytotoxic activity to NKG2D(z) CAR-T cells in vitro.




Figure 2 | Characterization of NKG2D(bbz) CAR-T cell cytotoxicity and cytokine production in vitro. (A, B) Real-time cell analysis (RTCA) was used to monitor the cytolysis of A549, ABC1 and MDA-MB-231 cells by NKG2D(z) and NKG2D(bbz) CAR-T cells. Effector:target (E:T) cell ratio=1:1. Data are presented as mean ± SD of triplicate wells. (C, D) Cytotoxicity of NKG2D CAR-T cells was verified by co-incubation with luciferase-expressing U266, MMIS and K562 cells at the indicated E/T ratio. Data are presented as the mean ± SD of triplicate wells. (E–H) In vitro cytokine analysis of supernatants from co-culture of NKG2D(z) or NKG2D(bbz) CAR-T cells with A549 cells for 12 and 24 h. Data come from ≥3 donors. p<0.05 indicates significant difference. Data are presented as the mean ± SD.



We then used ELISA to compare cytokine secretion between the two CAR-T cells. After 12-h incubation with A549 target cells (E:T=1:1), the results showed that NKG2D(bbz) CAR-T cells secreted more IL2 compared to NKG2D(z) CAR-T cells (308 ± 9.404 vs 130.7 ± 5.334; p<0.0001) and NKG2D(z) CAR-T cells produced more TNF-α (47.17 ± 5.891 vs 33.85 ± 1.214; p=0.0199), while there was no significant difference in IFN-gamma; or GM-CSF secretion (Figures 2E–H).



Superior proliferation of NKG2D(bbz) CAR-T cells

To compare the persistence of NKG2D(bbz) and NKG2D(z) CAR-T cells in a nutrient-free environment, we measured the percentages and sizes of NKG2D CAR-T cells at day 7 after their initial activation (Supplementary Figure 3). After adjusting the NKG2D CAR expression levels to the equivalent extent, the culture conditions were changed so that there was no IL2/IL7/IL15/other cytokines. After 48 h of culture, the apoptosis of NKG2D CAR-T cells was detected by flow cytometry. We found that the percentage of viable cells was more significantly increased for NKG2D(bbz) CAR-T cells compared to NKG2D(z) CAR-T cells (44.5 ± 2.781 vs 29.4 ± 6.856; p=0.0233) (Figure 3A). Accordingly, we found that Bcl2 expression was also remarkedly upregulated in NKG2D(bbz) CAR-T cells compared to NKG2D(z) CAR-T cells (77.5 ± 3.07 vs 61.74 ± 7.647; p=0.0039) (Figure 3B). Moreover, we labeled the NKG2D CAR-T cells with CFSE and found that the MFI on the surface of NKG2D(bbz) CAR-T was 45396 ± 74387 as opposed to 833000 ± 132300 for NKG2D(z) CAR-T cells after 72 h of culture (p=0.0302) (Figure 3C). To further investigate the proliferation profiles of NKG2D(bbz) CAR-T cells in response to specific ligand stimulation, we co-incubated sMICA-Fc or MMIS myeloma cells (positive control) with NKG2D CAR-T cells for 24h. The results showed that 14.94 ± 5.048% of NKG2D CAR-T cells expressed CD69 after co-incubation with sMICA-Fc (p=0.0127) (Figure 3D). We also verified that NKG2D on the surface of NKG2D CAR-T cells could be recognized by sMICA-Fc by use of flow cytometry. The sMICA-Fc could also be used to detect the percentage of NKG2D CAR-T cells (Figure 3E). In addition, we found that NKG2D(bbz) CAR-T cells had faster proliferation in the presence of sMICA-Fc and absence of IL2/7/15 (Figure 3F).




Figure 3 | NKG2D(bbz) CAR-T cells (NKG2D(z) CAR-T cells modified with 4-1BB) exhibit decreased apoptosis and improved proliferation in vitro. The expression efficiency of NKG2D CAR on the surface of T cells was detected by flow cytometry 7 days after initial activation, and then the levels of NKG2D(z) and NKG2D(bbz) CAR-T cells were adjusted to be consistent with the level of mock-T cells and cultured in medium without IL2/7/15. (A) Apoptosis of NKG2D(z) and NKG2D(bbz) CAR-T cells was detected by flow cytometry 48 h later. The flow cytometry analysis and statistical analysis of apoptotic cells are presented from left to right. (B) Bcl2 expression in NKG2D(z) and NKG2D(bbz) CAR-T cells was detected by flow cytometry. (C) NKG2D(z) and NKG2D(bbz) CAR-T cells were labeled with carboxyfluorescein succinimidyl ester (CFSE), and their proliferation was assessed by flow cytometry after 3 days of culture. Data come from 3 donors. *p<0.05 indicates significant difference. Data are presented as the mean ± SD. (D) Soluble MICA (sMICA)-Fc protein was prepared using CHO cells and then co-incubated with NKG2D CAR-T cells for 24 h. The expression of CD69 on the surface of NKG2D CAR-T cells was detected using flow cytometry. MMIS target cells were co-incubated with NKG2D CAR-T cells as a positive control. (E) Flow cytometry was used to verify that sMICA-Fc can identify NKG2D on the surface of NKG2D CAR-T cells. NKG2D antibody was used as a positive control. (F) The specific ligand sMICA-Fc was used to stimulate the proliferation of CFSE-labeled NKG2D(z) and NKG2D(bbz) CAR-T cells, which was detected by flow cytometry.





NKG2D(bbz) CAR-T cells resisted exhaustion and exhibited reduced differentiation in vitro

To analyze the phenotypic differences between NKG2D(z) and NKG2D(bbz) CAR-T cells, we examined the cells by flow cytometry on day 9 after initial activation. We found that NKG2D(z) CAR-T cells had lower CD27 (82.32 ± 10.82 vs 87.3 ± 9.545; p=0.0070), CD127 (19.64 ± 31.86 vs 23.72 ± 33.61; p=0.0091), and CD62L (48.64 ± 12.21 vs 69.98 ± 17.79; p=0.0014) expression and higher PD1 (68.44± 6.734 vs 51.88 ± 10.65; p=0.0024) expression, but NKG2D(bbz) CAR-T cells exhibited lower differentiation and exhaustion (Figure 4A). Additionally, the distribution of NKG2D CAR-T cell subsets was examined and NKG2D(bbz) CAR-T cells were found to have more Tnaive (CD45RA+, CCR7+) (43.73 ± 2.914 vs 17.67 ± 0.9504 for NKG2D(bbz) CAR-T cells and NKG2D(z) CAR-T cells, p<0.0001), Tcm (CD45RA-, CCR7+) (29.53 ± 1.93 vs 13.93 ± 0.9074, p<0.0001), and Tscm (CD45RO+, CD45RA+) (61.75 ± 9.882 vs 32.25 ± 7.709; p=0.0355) cell subsets (Figure 4B). Taken together, these findings demonstrated that the addition of the costimulatory 4-1BB to the NKG2D(z) CAR structure effectively reduced NKG2D CAR-T cell differentiation and exhaustion.




Figure 4 | Compared to NKG2D(z) CAR-T cells, NKG2D(bbz) CAR-T cells exhibited reduced differentiation and exhaustion, and the Tnaive cell subset was increased. (A) CD27, CD28, CD127, CD25, CD62L, and PD1 on the surface of NKG2D(z) and NKG2D(bbz) CAR-T cells were detected by flow cytometry at 9 days after initial activation. The curves represent the flow cytometry peak map, and the bars represent the statistical map of the corresponding marker. (B) T cell subsets of NKG2D(z) and NKG2D(bbz) CAR-T cells were analyzed. T cell subsets are divided into naïve (CD45RA+, CCR7+), effector memory (em) (CD45RA−, CCR7−), central memory (cm) (CD45RA−, CCR7+), terminal effectors re-expressing CD45RA (emRA) (CD45RA+, CCR7−), and stem cell-like memory (scm) (CD45RA+, CD45RO+). Data come from ≥3 donors. p<0.05 indicates significant difference. Data are presented as the mean ± SD.





NKG2D(bbz) CAR-T cells exhibited better antitumor effects in vivo

To further observe the antitumor ability of NKG2D(bbz) and NKG2D(z) CAR-T cells, we incubated them with A549 cells for 96 h and then assessed their cytotoxicity by use of luciferase assays. We found that there was no significant difference in cytotoxicity after long-term incubation with tumor target cells in vitro between NKG2D(bbz) and NKG2D(z) CAR-T cells (Figure 5A). In addition, we collected NKG2D CAR-T cells after co-incubation to assess the exhaustion of CD4+ or CD8+ NKG2D CAR-T cells and found that CD4+ and CD8+ NKG2D(z) CAR-T cells were exhausted earlier than corresponding NKG2D(bbz) CAR-T cells (Figures 5B, C). Moreover, the CD8 subsets among NKG2D(z) CAR-T cells were more likely to die after 4 days of incubation (Figure 5D). Based on these results, we constructed a A549-bearing mouse model and found that NKG2D(bbz) CAR-T-cell-treated mice exhibited lasting anti-tumor effects with two infusions on day 14 and day 22 (Figures 5E, F). However, there was no significant difference in the body weight of these NKG2D CAR-T-treated mice. On day 29, we assessed the levels of IL2, IL6, IFN-gamma;, and TNF-α in the peripheral blood of the mice and found that IL6 was significantly higher in the NKG2D(z) CAR-T-treated group than in the NKG2D(bbz) CAR-T-treated group (6689 ± 1414 vs 1794 ± 395.1; p=0.0045), while the percentage of NKG2D(bbz) CAR-T cells in peripheral blood was 4.917 ± 0.6191 compared to 1.11± 0.6942 for NKG2D(z) CAR-T cells (p=0.0021) (Figures 5G, H).




Figure 5 | Compared to NKG2D(z) CAR-T cells, NKG2D(bbz) CAR-T cells co-cultured with A549 cells had lower exhaustion and could effectively inhibit tumor growth in vivo. (A) NKG2D(z) and NKG2D(bbz) CAR-T cells were incubated with A549-Luc-GFP cells for 96 h, and the luciferase method was used to evaluate their long-term tumor cell inhibition. (B, C) After NKG2D(z) and NKG2D(bbz) CAR-T cells were co-incubated with A549-Luc-GFP cells for 96 h, NKG2D(z) and NKG2D(bbz) CAR-T cells were collected, and PD1, Tim3, and LAG3 on the surface were assessed. Data come from ≥3 donors. p<0.05 indicates significant difference. (D) Analysis of CD4/CD8 ratio among NKG2D(z) and NKG2D(bbz) CAR-T cells by flow cytometry. Data come from ≥3 donors. p<0.05 indicates significant difference. (E) NOD SCID gamma (NSG) mice were intraperitoneally injected with 5×106 A549-Luc-GFP cells. 14 days later, 8×106 NKG2D CAR-T cells were intravenously injected. Tumor burden was monitored using bioluminescence intensity based on a Xenogen-IVIS imaging system. (F) Analysis of the weight of mice. Data are presented as the mean ± SD. (G) Percentage of NKG2D(z) and NKG2D(bbz) CAR-T cells in the peripheral blood of mice was detected by flow cytometry. (H) IL2, IL6, IFN-gamma;, and TNF-α levels in peripheral blood of mice were detected using a human Th1/Th2/Th17 cytometric bead array kit.





Phosphoinositide 3-kinase (PI3K) inhibitor enhanced persistence of NKG2D CAR-T cells

NKG2D(z) CAR-T cells are prone to apoptosis during culture. The PI3K inhibitor LY294002 has been found to effectively improve the viability of these cells (27). Therefore, we investigated the effect of the PI3K inhibitor on NKG2D(bbz) CAR-T cells (Figure 6). At 7 days after initial activation of NKG2D(bbz) CAR-T cells, the PI3K inhibitor at various concentrations (0, 5, or 10 µM) was added and the cells were cultured for 48 h.




Figure 6 | The appropriate concentration of a PI3K inhibitor (LY294002) can partially resist NKG2D(z) and NKG2D(bbz) CAR-T cell exhaustion caused by the PI3K pathway by upregulating Bcl2. (A) LY294002 (0, 5, or 10 µM) was added to NKG2D CAR-T cells. After 48 h of culture, PD1 on the surface of CD4+ and CD8+ NKG2D(z) and NKG2D(bbz) CAR-T cells was assessed. (B, C) Bcl2 and annexin V expressed by NKG2D CAR-T cells were assessed by flow cytometry. (D) After NKG2D(z) and NKG2D(bbz) CAR-T cells received LY294002 at different concentrations for 48 h, the subset classification of NKG2D CAR-T cells was assessed by flow cytometry. Data come from ≥3 donors. p<0.05 indicates significant difference. *p<0.05, **p<0.01, ***p<0.001. Data are presented as the mean ± SD.



PD1 expression on the surface of CD4+/CD8+ NKG2D(bbz) CAR-T cells was significantly decreased after adding 5 μM of PI3K inhibitor (77.75 ± 8.15 vs 56.75 ± 6.695 for CD4+NKG2D(bbz) CAR-T cells treated with 0 and 5 µM, respectively, p=0.0013; 69.37 ± 12.99 vs 50.43 ± 17.49 for CD8+NKG2D(bbz) CAR-T cells treated with 0 and 5 µM, respectively, p=0.0184) (Figure 6A).

To explore how the PI3K inhibitor reduced NKG2D CAR-T cell exhaustion, we assessed Bcl2 and annexin V expression and found that the PI3K inhibitor slightly increased Bcl2 expression in both NKG2D(z) CAR-T cells (36.64± 10.11 vs 43.08 ± 11.93 for 0 and 5 µM, respectively, p=0.0065) and NKG2D(bbz) CAR-T cells (46.6 ± 22.99 vs 58.96 ± 22.55 for 0 and 5 µM, respectively, p=0.0023) (Figures 6B, C), and their Tcm cell subset significantly increased (24.96 ± 1.436 vs 37.8 ± 3.316 for 0 and 5 µM of CD4+NKG2D(bbz) CAR-T cells, p=0.0096; 10.68 ± 2.311 vs 23.4 ± 1.485 for 0 and 5 µM of CD8+NKG2D(bbz) CAR-T cells, p=0.0003) (Figure 6D). In summary, the results revealed that inhibition of PI3K signaling could effectively inhibit NKG2D CAR-T cell apoptosis, and thus a PI3K inhibitor may be used to improve their survival when NKG2D(bbz) CAR-T cells are cultured or used in vivo.




Discussion

NKG2D, which is involved in innate and adaptive immunity, is a type II transmembrane activating receptor that is mainly expressed on CD8+ T cells and NK cells (28–30). The approval of CD19-directed CAR-T cell therapy for B-cell hematological malignancies provides strong clinical validation for CAR-T therapy, and thus provides an impetus for the development of CAR-T cell therapy for other cancers.

Several studies have verified the antitumor ability of NKG2D(z) CAR-T cells in mice with ovarian cancer and multiple myeloma (13, 31). The safety of NKG2D(z) CAR-T cells has also been demonstrated in clinical trials of myelodysplastic syndromes/acute myeloid leukemia and relapsed/refractory multiple myeloma (15, 16). However, these cells were found to have only short-term persistence in vivo during the treatment (32). In this study, we prepared NKG2D(bbz) CAR-T cells that could simultaneously activate 4-1BB and DAP10 costimulatory signaling. To minimize the interference of NKG2D expression on CD8+ T cells and better compare the differences between NKG2D(z) and NKG2D(bbz) CAR-T cells, we used self-cleaving peptide 2A to co-express mCherry fluorescent protein. NKG2D(bbz) CAR-T cells had more Tnaive and Tcm cell subsets with higher CD27 and CD62L expression in vitro. 4-1BB costimulatory signaling makes it easier for CAR-T cells to differentiate into Tcm cells, reduces cell exhaustion, and prolongs the life of CAR-T cells in vivo (33, 34). NKG2D interacts with DAP10, which contains a YINM motif and thereby recruits p85 to induce PI3K signaling and Grb2 to activate Vav-SOS signaling (35, 36). Similar to CD28, the NKG2D-DAP10 complex eventually leads to AP-1, NFAT, and NF-κB nuclear translocation and subsequent cell survival, proliferation, upregulated expression of effector molecules and cytokines, and the release of cell lysate particles after a series of cascade reactions (10, 37, 38).

Regarding the use of CAR-T cell therapy for solid tumors, the tumor microenvironment is inhospitable to immune cell proliferation (39). The signaling domains of the co-receptor CD28 and 4-1BB affect the metabolic characteristics of human CAR-T cells, including enhancing cell persistence in the tumor microenvironment (33, 40). Compared to NKG2D(z) CAR-T cells, NKG2D(bbz) CAR-T cells had faster proliferation and less apoptosis in the absence of IL2/7/15, while PD1 expression was lower under normal culture conditions. Meanwhile, we showed that NKG2D(bbz) CAR-T cells proliferate faster under the stimulation of their specific ligand sMICA-Fc. After NKG2D(z) and NKG2D(bbz) CAR-T cells were co-cultured with target tumor cells for 96 h, NKG2D(bbz) CAR-T cells exhibited lower exhaustion and secreted more IL2 within 24 h than NKG2D(z) CAR-T cells. Other studies have also shown that 4-1BB could prolong the persistence of CAR-T cells in vivo and ultimately enhance their antitumor ability (41, 42). In the current study, after the second infusion of NKG2D CAR-T cells, the mice in the NKG2D(z)-treated group showed significant weight loss and higher IL6, which may lead to inflammation and death of the mice. After prolonged incubation with A549 cells, the reduced proportion of CD8+ NKG2D(z) cells may be related to the fact that CD8+ NKG2D(z) CAR-T cells were more easily lost, indicating that CD4+ and CD8+ NKG2D CAR-T cells should be prepared separately in the future to study the differences in target tumor cell lysis and cytokine secretion.

Many studies have shown that PI3K inhibition can overcome target-driven “self-fratricide” of NKG2D CAR-T cells through reducing the expression of NKG2D CAR on the CAR-T cell surface (25). In our study, we found that inhibition of PI3K activation significantly increased the Tcm subset of NKG2D(bbz) CAR-T cells in vitro, suggesting that the treated NKG2D(bbz) CAR-T cells had improved capacities for long-term survival. We also found that inhibition of PI3K activation with LY294002 partially reduced the apoptosis of NKG2D(z) and NKG2D(bbz) CAR-T cells and up-regulated Bcl2 expression. PI3K could decrease the persistence and impair the function of CAR-T cells in vivo (43, 44). When CAR-T cells were cultured in vitro, the addition of IL15 could reduce mTORC1 activity so as to induce anti-apoptotic properties associated with up-regulated Bcl2 expression (45). Thus, IL15 and LY294002 together may further reduce mTORC1 activity to up-regulate Bcl2 expression. In the future, NKG2D(bbz) CAR-T cells and a PI3K inhibitor may be combined in vitro and in vivo to improve their persistence and anticancer effects.

In summary, we constructed NKG2D(bbz) CAR-T cells that could simultaneously activate both 4-1BB and DAP10 costimulatory signaling. To minimize the interference caused by the expression of natural NKG2D on the surface of CD8+ T cells, we made NKG2D(z) and NKG2D(bbz) CAR-T cells co-express mCherry fluorescent protein. Compared to NKG2D(z) CAR-T cells, NKG2D(bbz) CAR-T cells exhibited low differentiation and reduced exhaustion in vitro, and also sustained anticancer activity in vivo. Moreover, we found that a PI3K inhibitor reduced apoptosis and upregulated Bcl2 expression, and increased the proportion of the Tcm cell subset. Therefore, our study provides further experimental evidence for the clinical application of NKG2D(bbz) CAR-T cells, potentially with a PI3K inhibitor.
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Tumors pose a great threat to human health; as a subgroup of tumor cells, cancer stem cells (CSCs) contribute to the genesis, development, metastasis, and recurrence of tumors because of their enhanced proliferation and multidirectional differentiation. Thus, a critical step in tumor treatment is to inhibit CSCs. Researchers have proposed many methods to inhibit or reduce CSCs, including monoclonal antibodies targeting specific surface molecules of CSCs, signal pathway inhibitors, and energy metabolic enzyme inhibitors and inducing differentiation therapy. Additionally, immunotherapy with immune cells engineered with a chimeric antigen receptor (CAR) showed favorable results. However, there are few comprehensive reviews in this area. In this review, we summarize the recent CSC targets used for CSC inhibition and the different immune effector cells (T cells, natural killer (NK) cells, and macrophages) which are engineered with CAR used for CSC therapy. Finally, we list the main challenges and options in targeting CSC with CAR-based immunotherapy. The design targeting two tumor antigens (one CSC antigen and one mature common tumor antigen) should be more reasonable and practical; meanwhile, we highlight the potential of CAR-NK in tumor treatment.
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1 Introduction

According to global cancer statistics, there were approximately 19.3 million new cancer cases and 10.0 million cancer deaths in 2020. The global cancer burden continues to increase and is expected to be 28.4 million (a 47% rise from 2020) in 2040 (1). Therefore, cancer remains a serious threat to human health and safety. An increasing amount of antitumor strategies has been proposed to reduce the damage caused by tumors. Nonetheless, the present results require optimization. During cancer research, scientists found a particular tumor cell cluster, cancer stem cells (CSCs), which harbor the properties of stem cells and common tumor cells simultaneously; these include self-renewal and multidirectional differentiation (2, 3). Subsequently, CSCs contributed to the genesis, development, metastasis, and recurrence of tumors because of their special properties (4). In addition, CSCs are resistant to conventional chemotherapy and radiotherapy via many different mechanisms, such as abnormal reactive oxygen species (ROS) scavenger levels, increased adenosine 5′-triphosphate (ATP)-binding cassette efflux transporter expression, increased autophagic activity, and decreased ferroptosis (5, 6).

In order to reveal the mechanisms with which CSCs contribute to tumor development, more detailed information of CSCs has been reported. Researchers have developed many methods to identify and isolate CSC, including multiparametric flow cytometry (FCM), magnetic activated cell sorting (MACS), side population (SP) sorting, sphere formation assay, chemotherapeutic drugs, immunoselection, and density gradient centrifugation; meanwhile, they have suggested that the unique features of CSC including intracellular enzyme activity, the concentration of reactive oxygen species, the mitochondrial membrane potential, promoter-driven fluorescent protein expression, autofluorescence, suspension/adherent culture, cell division rate, resistance to cytotoxic compounds, or hypoxia and invasiveness/adhesion can also be used to identify CSC (7). In addition to conventional methods to identify CSC, the recent single-cell technologies have also proven promising in identifying CSCs populations, CSC biomarkers, and the range of tumor microenvironment cellular constituents that contribute to tumor growth (8).

Research has found that CSCs harbor a unique mitotic pattern (asymmetric and symmetric division) (9) and a unique metabolic phenotype (oxidative phosphorylation (OXPHS) and aerobic glycolysis) (10). Additionally, CSCs can be marked by many biological molecules in different tumor types. Inhibiting CSCs remains a crucial step in cancer treatment. Many methods have been used to inhibit or reduce CSCs until now, including monoclonal antibodies targeting particular surface molecules of CSCs (CD44, CD133, epithelial cell adhesion molecule (EpCAM), aldehyde dehydrogenase (ALDH), etc.), signal pathway inhibitors (wingless/integrated (Wnt)-β-catenin, hedgehog interactive (Hh), janus kinase and signal transducer and activator of transcription (JAK-STAT), etc.), and energy metabolic enzyme inhibitors, inducing differentiation therapy and immunotherapy (tumor vaccine, oncolysis virus, immune checkpoint inhibitor, chimeric antigen receptor (CAR) therapy, etc.). Among all the immunotherapy options, immune cells engineered with CAR show potential for CSC-targeted therapy.

In recent years, CAR-T cell therapy has been successful against many tumor types, especially hematological malignancies. Using CAR with immune effector cells could make them more accurate and effective in targeted cell elimination, which is an ideal strategy to inhibit CSCs. With the development of CAR therapy, different CAR designs and modified immune effector cells have been developed for tumor therapy. Although more options in CAR application continue to emerge, many issues remain to be addressed in CAR-based therapy for CSC elimination.



2 CSC targets in immunotherapy

Although there are various methods to kill tumor cells, most targets used in immunotherapy are tumor-associated antigens, not tumor-specific antigens. Therefore, the lack of effective tumor-specific targets remains a crucial problem, which also exists in CSC elimination. The most representative molecular markers are CD44 and CD133, expressed in the CSCs of many tumor types, and have been used as therapeutic targets for CSC elimination. In addition, researchers have found many other new molecular targets (Table 1) which could improve effectiveness and contribute to CSC therapy.


Table 1 | CSC markers which have been used as therapeutic targets in different tumors.





3 CAR therapy in CSC treatment


3.1 Development of the CAR

The initial conception of CAR-T was proposed by an Israeli scientist in 1993. This first-generation CAR consisted of three parts, a single-chain fragment (ultracellular domain), a trans-membrane domain, and CD3ζ (intracellular domain) (Figure 1). The first CAR-T was ineffective for tumor therapy because it lacked persistent proliferative capacity in the human body. Thus, the second CAR was designed by adding a co-stimulatory molecule CD28/4-1BB into the intracellular domain of the first-generation CAR. Subsequently, to achieve stronger and more persistent proliferative activity, the third-generation CAR was designed by adding two co-stimulatory molecules (CD28/4-1BB and CD28/OX40/4-1BB) into the first CAR. The fourth-generation CAR was designed to improve the efficacy, potency of antitumor ability, and therapeutic safety by adding a nuclear factor of the activated T-cell (NFAT) or suicide gene besides targeting tumor cells. Recently, the conception of fifth-generation universal CAR (BBIR CAR, SUPRA CAR) was proposed by researchers. Fifth-generation CAR has several advantages over rigid CAR structures, such as convenience to switch the antigen target without modification of CAR structure, more controllable activities or toxicities of CAR therapy, and multiple choices in effector cell types and signaling domains (48).




Figure 1 | Different generations of CAR design. The intracellular domain of the first CAR only consists of one signaling domain (CD3ζ). The second CAR adds one co-stimulatory molecule (CD28/4-1BB/OX40/ICOS) to the intracellular domain of the first CAR. The third CAR contains two costimulatory molecules in the intracellular domain. The fourth CAR is designed by adding NFAT or suicide gene based on the second or third CAR. The fifth CAR uses a “third-party” intermediate system to separate the antigen-binding domain of CAR from the T-cell signaling unit.





3.2 Immune effector cells modified with CAR in CSC therapy


3.2.1 CAR-T in CSC therapy

The classic case of immune cells engineered with CAR is the T cell, which is artificially modified into a CAR-T cell to target the CD19 molecule on the human leukemia cell. Since then, many CAR-T cells designed with different tumor targets and CAR generations have been tested in many tumor types, including hematological malignancies, glioblastoma, melanoma, liver cancer, gastric cancer, and pancreatic cancer (49–54). Five CAR-T products with two different targets (CD19: Kymriah, Yescarta, Teacarus, Breyanzi; BMCA: Abecma) were approved to be applied to clinical cases by the Food and Drug Administration (FDA) in 2017 and 2021. As a subgroup of tumor cells, CSCs play a more crucial role in tumor development. Therefore, the prognosis can be improved by targeting CSC with CAR-T therapy (55, 56).


3.2.1.1 Anti-CD133-CAR-T

CD133 is a well-known surface marker of CSC in many different tumors, and researchers have indicated that targeting CD133 with CAR-T is a feasible way to inhibit CSCs. Xuekai Zhu et al. verified the eliminating effect of anti-CD133-CAR-T cells against AC133+ glioblastoma stem cells (GBM-SCs). This research found that anti-CD133-CAR-T cells showed excellent killing capability against AC133+ patient-derived GBM-SCs and a glioma mouse model (57). CSCs survive conventional chemotherapy because of their multidrug resistance. Yang Han observed upregulated CD133 expression in a human gastric cancer sample and the BGC-823 cell line after cisplatin treatment; these researchers designed the anti-CD133-CAR-T cell to verify its anti-CSC capability. Finally, they indicated that the combinational strategy of cisplatin and anti-CD133-CAR-T could inhibit gastric cancer progression in three different xenograft models, improving the outcome by targeting normal and CSCs simultaneously in gastric cancer (31). In another study, Thanich Sangsuwannukul et al. designed the fourth-generation anti-CD133-CAR-T cells; they found that the cholangiocarcinoma stem cells marked by CD133 could be lysed in a dose-dependent manner (58). A similar antitumor effect was also observed in hepatocellular carcinoma stem cells (NCT02541370) (59).



3.2.1.2 Anti-EpCAM-CAR-T

EpCAM, also named CD326, ESA, or EGP40, is a transmembrane glycoprotein encoded by GA-733-2, whose molecular weight is approximately 40 kDa. EpCAM plays a crucial role in cell-to-cell and cell-to-cellular matrix adhesion. EpCAM is a commonly used surface marker to identify CSCs in many tumor types, including gastric cancer, pancreatic cancer, liver cancer, and other cancers. Several EpCAM-related CAR-T strategies have been proposed to provide promising approaches for eliminating CSCs. Juan Fu et al. designed the third-generation anti-EpCAM-CAR-T cell, composed of EpCAM-scFv, a CD8 transmembrane domain, a CD8/4-1BB costimulatory domain, and an intracellular CD3ζ; they found that anti-EpCAM-CAR-T showed prominent killing capability against EpCAM highly expressed ovarian cancer tissue and a cell line (SKOV3). The antitumor ability of this method was significantly higher than the phosphate-buffered saline (PBS) group and NC-T group in SKOV3-CDX models (60). Yan Zhou et al. indicated that EpCAM was overexpressed in five colon cell lines and designed anti-EpCAM CAR-T cells as a promising strategy to inhibit CRC development (61). In addition, anti-EpCAM-CAR-T-related preclinical evaluations have been conducted and shown potential in tumor therapy (62).




3.2.2 CAR-NK in CSC therapy

The natural killer (NK) cell plays a vital role in the human body’s antitumor immunity regulation, virus infection control, and immunoregulation. Unlike T and B cells, NK cells show non-specific cytotoxicity without being sensitized. NK cells could also be reprogrammed with CAR into CAR-NK to inhibit tumor development.

According to previous studies, CAR-NK cells have also been applied in CSC-targeted strategies. Rüdiger Klapdor et al. designed the third-generation anti-CD133-CAR-NK92 cells and found that anti-CD133-CAR-NK92 cells could inhibit ovarian tumor cell development; the most important result was that the sequential treatment strategy consisting of cisplatin followed by CD133-CAR-NK92 cells showed a stronger killing effect than cisplatin or CD133-CAR-NK92 cells alone (63). These researchers designed another dual CAR-NK cell targeting CD24 and mesothelin at the same time. This strategy was effective against ovarian cancer cells by targeting CSCs and common tumor cells simultaneously (64). In colorectal cancer, Qing Zhang et al. designed the second-generation EpCAM-CAR-NK92 cells and indicated that EpCAM-CAR-NK92 harbored a high potential in inhibiting CRC development. The combinational strategy consisting of EpCAM-CAR-NK92 and regorafenib could enhance the anti-CRC effect in mouse models (65).



3.2.3 CAR-macrophage in CSC therapy

A core problem in immunotherapy of solid tumors is the infiltration rate of effector cells in the tumor microenvironment. Researchers have found that macrophages are the main innate immune cells and harbor the highest infiltration rate in the tumor microenvironment, which makes them a potential target for tumor therapy. Many macrophage-based studies have proven their success in inhibiting tumor development (66). Researchers have found that macrophages can also be engineered with CAR to target tumor antigens and improve solid tumor therapy. Michael Klichinsky et al. found an adenoviral vector to overcome the genetic editing resistance of primary human macrophages and endow the edited macrophages with sustained pro-inflammatory phenotypes (M1). These CAR macrophages, overexpressed pro-inflammatory cytokines, and chemokines had enhanced antigen presentation processes and resistance to immunosuppressive cytokines. Moreover, these cells showed potential against humanized solid tumor mouse models (67). Li Zhang edited induced pluripotent stem cell (iPSC)-derived macrophages with CAR and found that the expression of CAR on macrophages enhanced phagocytosis of tumor cells and anticancer activity (68). Macrophage therapy is a potential avenue in immune cell-editing-based immunotherapy, especially against solid tumors. However, we did not find any CAR-macrophage-related studies with CSC therapy during our literature search. Therefore, this could be a promising direction in future research.




3.3 Current challenges and options for targeting CSC with CAR-cells


3.3.1 Challenges for targeting CSC with CAR cells


3.3.1.1 Off-target effect

An ideal target is necessary for immunotherapy, and it should be abundantly and specifically expressed on tumor cells. A non-specific target will cause serious side effects because of non-specific immunization. CAR therapy overcomes several obstacles in tumor immunotherapy; the most groundbreaking one is the major histocompatibility complex (MHC) unrestricted recognition of tumor antigens. However, many issues remain, including off-target activity. Most targeted antigens in immunotherapy are tumor-associated antigens (TAA). Finding a specific antigen to target specific tumor cells, such as the prostate-specific antigen for prostatic cancer, can be challenging. Additionally, the antigens used for CAR therapy are surface antigens on tumor cells, which further limits the choices for CAR therapy. Nonetheless, certain CSC makers are surface antigens, which could be targeted by CAR therapy.



3.3.1.2 Antitumor activity of immune effector cells edited by CAR

Several methods, including additional costimulatory domains in different CAR, have been used to enhance the expansion and persistence of effector cells in patients. Nonetheless, low antitumor activity remains a core problem for several reasons, including the source of immune cells.

The optimal immune effector cell for CAR therapy should be autogenous to enhance immune tolerance and persistence in the acceptor. However, many disadvantages exist in autogenous CAR therapy, such as T-cell dysfunction due to exhaustion and senescence, high manufacturing costs, and a delay in treatment for patients. Thus, allogenic immune cells from healthy hosts have been commonly used in CAR-T therapy. As exogenous antigens, CAR-T cells will cause immune reactions and be rapidly eliminated by the patient’s immune system, and this causes graft versus host disease (GVHD) and low antitumor activity due to the short persistence of CAR-T cells in the patient system (69). Compared to T cells, NK cells modified with CAR exhibit advantages in many aspects, such as tumor cell CAR-independent killing ability (NCRs, NKG2D, CD226, and ADCC), reduced alloreactivity, and the existence of mature cell lines (NK92) (70).



3.3.1.3 CRS and ICANS

Cytokine release syndrome (CRS) refers to the strong inflammatory response state caused by many pathogenic factors in humans, which mainly occurs in immunotherapy. CRS is the main side effect of CAR-T. Many kinds of cytokines and chemokines, such as interleukin (IL)-6, IL-8, IL-10, and monocyte chemoattractant protein-1 (MCP-1), will be released by activated CAR-T cells and other immune cells, leading to high fever, hypotension, and even life-threatening multiorgan dysfunction. Researchers have tried to reduce CRS via various methods. The most effective way to reduce CRS is with cytokine and chemokine inhibitors. For instance, many IL-6 inhibitors (tocilizumab, sarilumab) have been used to reduce CRS, including CAR-T/coronavirus disease of 2019 (COVID-19)-related CRS (71, 72). Another way to reduce CRS is through a novel CAR molecule design. Zhitao Ying et al. generated a new anti-CD19 CAR molecule (CD19-BBz (73)) by using a tertiary-structure-prediction program (Phrye2) and altering sequences encoding the extracellular and intracellular domains of the CD8α molecule. These researchers found that the new anti-CD19-BBz (73) CAR-T was safer because of its lower levels of cytokines, higher levels of antiapoptotic molecules, and slower proliferation rate (74). Immune effector cell-associated neurotoxicity syndrome (ICANS) is the second most common side effect of CAR-T therapy. ICANS is characterized by several mental symptoms, such as aphasia, word-finding difficulty, seizures, and coma. Several variables were independent predictors of ICANS severity during CAR-T treatment, including bone marrow disease, cyclophosphamide, fludarabine lymphodepletion, and CAR-T cell dose and peak expansion (75). To achieve safer CAR-T therapy, researchers have established different grading and corresponding handling principles for CRS and ICANS (76). Additionally, research suggests that patients can benefit from the earlier and potentially more targeted interventions during treatment.

Moreover, there should be less CRS and ICANS with CAR-NK therapy. However, this hypothesis requires extensive research through preclinical and clinical trials, especially for solid tumors (77).




3.3.2 Options for targeting CSC with CAR-cells


3.3.2.1 Suitable CAR choice

Optimizing the CAR structure is a viable way to improve the CAR therapy’s accuracy, efficiency, and safety. Although different generations of CAR overcome several obstacles with their special design, many new problems were found in CAR therapy, especially in solid tumors. Thus, researchers continue to design new specialized CAR structures to utilize the limited antigens on targeted cells. Meijia Yang et al. designed a tandem CAR which could target two tumor antigens (CD70, CD276); these tandem CAR-T cells exhibited enhanced cytolysis and cytokine release in the tumor cells expressing CD70 and CD276 (78). Mohammadmahdi Sabahi et al. proposed a tandem AND-gate CAR-T cell which utilized a combination of a modular synthetic Notch receptor (synNotch) and a tandem CAR-T cells to target glioblastoma CSCs (79). Additionally, some other special CARS, such as dual-signaling CARs, inhibitory CARs, AND-NOT CARs, CARs with three scFvs, ON/OFF-switch CARs, and universal CARs, have been proposed and proven their success and advantages in tumor therapy (80). However, these CARs mainly target common tumor cells, not CSC. Future research should apply CARs with different structures to CSC therapy.



3.3.2.2 Suitable effector cell choice

Although many issues remain with CAR-T therapy, T cells are the most important immune effector cells in humans and the most mature and used cell types in CAR-based immunotherapy. According to current data, CAR-NK cells show many advantages over CAR-T cells. Firstly, CAR-NK cells show more tolerance and less CRS. There is more than one NK-cell origin for CAR-NK production, such as periphery (PB), umbilical cord blood (UCB), human embryonic stem cells (HESCs), induced pluripotent stem cells (iPSCs), and mature NK cell lines. On the one hand, autogenous NK cells could avoid GVHD and reduce the cost of immunotherapy. The NK cell lasts for less than 20 days in the human body, and the short persistence can reduce the level of immune response and avoid serious CRS. Secondly, in addition to their specific killing ability against tumor cells, CAR-NK cells can also exhibit antitumor capability because of their natural nonspecific killing ability through the cytotoxic receptor. Thirdly, the sources of NK cells are diverse, of which the mature NK92 cell line harbors several advantages. NK92 cells are easy to amplify, are easy to transfect, and elicit low rejection levels.

The main immune cell harboring CAR to target CSC is the T cell; CAR-NK is rarely used for CSC therapy (Table 2). Recent reports have shown that CAR-NK cells appear more viable, effective, and safer than CAR-T cells. However, CAR-NK cells require further validation through preclinical and clinical trials before they can be applied for CSC therapy in tumor patients.


Table 2 | Recent studies about CAR-T/NK in CSC therapy.





3.3.2.3 Suitable targeted antigens choice

CSCs are marked with several biological molecules, including surface molecules such as CD44, CD133, CD24, and EpCAM, which could be utilized as targets to inhibit CSCs through several targeting methods, including CAR therapy. The core problem is that CSCs are difficult to target because of their small percentage and heterogeneity characterized by unstable surface antigen expression. Nonetheless, the development of CAR-based immunotherapy has an enhanced capability to target CSCs. In Figure 2, we summarized targeted antigen choices for CAR-T/NK in CSC elimination; of these, the methods shown in panels B1 and B2 are more reasonable and effective.




Figure 2 | Different methods to target CSC with immune effector cells modified with CAR. (A) One target CAR-effector cell targeting a CSC antigen located on CSCs; (B) Dual-target CAR-effector cell targeting two different antigens, including one common tumor antigen and one CSC antigen located on common tumor cells and CSCs, respectively. (C) Dual-target CAR-effector cell targeting two different antigens, including one common tumor antigen and one CSC antigen located on one CSC simultaneously.








4 The current status of clinical trials of CAR-based immunotherapy in CSC therapy

To evaluate the clinical therapeutic effect of CAR-based immunotherapy in CSC inhibition, researchers have designed several CAR-T cells targeting some mature CSC markers to validate their efficacy in phase I/II clinical trials. As shown in Table 3, most of the current status of these clinical trials is recruiting, and part of them have been terminated for different reasons. The only completed clinical trial was conducted at the Biotherapeutic Department and Pediatrics Department of Chinese PLA General Hospital, which started on 1 June 2015 and ended on 1 September 2017. Researchers designed CD133 CAR-T cells to treat 21 patients with advanced hepatocellular carcinoma (HCC). They observed the promising antitumor activity and a manageable safety profile in CD133 CAR-T therapy, the median OS was 12 months (95% CI, 9.3–15.3 months), and the median PFS was 6.8 months (95% CI, 4.3–8.4 months). During treatment, one patient had a partial response, 14 had a stable disease for 2 to 16.3 months, and six progressed after T-cell infusion; they found that hyperbilirubinemia was the most common high-grade adverse event and several circulating molecules, such as endothelial growth factor (VEGF), soluble VEGF receptor 2 (sVEGFR2), stromal cell-derived factor (SDF)-1, and interferon (IFN)-γ, could be the potential biomarkers of CD133 CAR-T therapy in HCC (59). In addition, we did not find any CAR-NK-related clinical trials in CSC therapy. The conclusion of whether clinical patients can benefit from these CAR-based immunotherapies remains to depend on more completed clinical trial results.


Table 3 | The current clinical trials with CAR therapy targeting CSCs.





5 Discussion

Inhibition of CSCs plays a crucial role in antitumor therapy. Several different methods to target CSCs have been proposed in previous studies, including monoclonal antibodies, signal pathway inhibitors, energy metabolism inhibitors, differentiation inducers, and immunotherapy. CAR-based immunotherapy has proven its success in hematologic malignancies and several solid tumors. With the development of CAR, more effective and safer CAR designs have been used in antitumor therapy; meanwhile, it allows modified immune effector cells (T cells, NK cells, etc.) to target more than one tumor surface antigen at the same time, further improving efficacy in reducing CSCs and common tumor cells. In addition to T cells, the NK92 cell line has been used in CAR therapy. Therefore, the choices of immune effector cell could be more diversified in the future.

Furthermore, several issues deserve attention in CSC-CAR therapy. First, CSCs are also tumor cells and harbor small percentages and unstable surface antigen expression. As shown in Figure 2, CAR therapy consists of a mature common tumor antigen and a CSC surface antigen is more effective in CAR-based antitumor therapy, making the CSC-targeted strategy a “second sword”. Second, CSC surface markers need to be detected before CSC-targeted therapy. Third, more novel and effective CSC-related surface antigen molecules should be developed in the future. Fourth, a combinational strategy consisting of CAR therapy and conventional chemotherapy could be more effective in antitumor treatment.

Obviously, inhibition of CSCs is of great significance in tumor treatment; CAR-based therapy provides a new potential way to target CSCs. Particularly, CAR-NK cells exhibit more advantages than CAR-T cells. Therefore, these CAR-based immunotherapy options may comprise novel anti-CSC research and therapy in the future.



Author contributions

BH and LM: Original draft preparation, investigation, and figure preparation. JZ and JL: Investigation, language assistance. YL: Methodology, supervision. All authors approved the submitted version.



Funding

This work was funded by the Special Research Project of Lanzhou University Serving the Economic Social Development of Gansu Province (054000282), Lanzhou Talent Innovation and Entrepreneurship Project (2020-RC-38), Major Science and Technology Special Project of Gansu Province (20ZD7FA003), and The Applied Research of c-Met and PD1/CD28 Fusion Receptor CAR-T in Gastric Cancer (751000–054000002).



Acknowledgments

The authors thank professor YL for his comments on this manuscript.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



References

1. Sung, H, Ferlay, J, Siegel, RL, Laversanne, M, Soerjomataram, I, Jemal, A, et al. Global cancer statistics 2020: Globocan estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA: Cancer J Clin (2021) 71(3):209–49. doi: 10.3322/caac.21660

2. Batlle, E, and Clevers, H. Cancer stem cells revisited. Nat Med (2017) 23(10):1124–34. doi: 10.1038/nm.4409

3. Yang, L, Shi, P, Zhao, G, Xu, J, Peng, W, Zhang, J, et al. Targeting cancer stem cell pathways for cancer therapy. Signal Transduction Targeted Ther (2020) 5(1):8. doi: 10.1038/s41392-020-0110-5

4. Najafi, M, Mortezaee, K, and Ahadi, R. Cancer stem cell (a)Symmetry & plasticity: Tumorigenesis and therapy relevance. Life Sci (2019) 231:116520. doi: 10.1016/j.lfs.2019.05.076

5. Shibue, T, and Weinberg, RA. Emt, cscs, and drug resistance: The mechanistic link and clinical implications. Nat Rev Clin Oncol (2017) 14(10):611–29. doi: 10.1038/nrclinonc.2017.44

6. Zhou, HM, Zhang, JG, Zhang, X, and Li, Q. Targeting cancer stem cells for reversing therapy resistance: Mechanism, signaling, and prospective agents. Signal Transduction Targeted Ther (2021) 6(1):62. doi: 10.1038/s41392-020-00430-1

7. Duan, JJ, Qiu, W, Xu, SL, Wang, B, Ye, XZ, Ping, YF, et al. Strategies for isolating and enriching cancer stem cells: Well begun is half done. Stem Cells Dev (2013) 22(16):2221–39. doi: 10.1089/scd.2012.0613

8. Hua, Z, White, J, and Zhou, J. Cancer stem cells in tnbc. Semin Cancer Biol (2022) 82:26–34. doi: 10.1016/j.semcancer.2021.06.015

9. Mukherjee, S, Kong, J, and Brat, DJ. Cancer stem cell division: When the rules of asymmetry are broken. Stem Cells Dev (2015) 24(4):405–16. doi: 10.1089/scd.2014.0442

10. Chae, YC, and Kim, JH. Cancer stem cell metabolism: Target for cancer therapy. BMB Rep (2018) 51(7):319–26. doi: 10.5483/bmbrep.2018.51.7.112

11. Wuchter, C, Ratei, R, Spahn, G, Schoch, C, Harbott, J, Schnittger, S, et al. Impact of Cd133 (Ac133) and Cd90 expression analysis for acute leukemia immunophenotyping. Haematologica (2001) 86(2):154–61.

12. Feller, N, van der Pol, MA, Waaijman, T, Weijers, GW, Westra, G, Ossenkoppele, GJ, et al. Immunologic purging of autologous peripheral blood stem cell products based on Cd34 and Cd133 expression can be effectively and safely applied in half of the acute myeloid leukemia patients. Clin Cancer Res an Off J Am Assoc Cancer Res (2005) 11(13):4793–801. doi: 10.1158/1078-0432.Ccr-05-0031

13. Espinoza-Gutarra, MR, Green, SD, Zeidner, JF, and Konig, H. Cd123-targeted therapy in acute myeloid leukemia. Expert Rev Hematol (2021) 14(6):561–76. doi: 10.1080/17474086.2021.1935855

14. Wang, J, Chen, S, Xiao, W, Li, W, Wang, L, Yang, S, et al. Car-T cells targeting cll-1 as an approach to treat acute myeloid leukemia. J Hematol Oncol (2018) 11(1):7. doi: 10.1186/s13045-017-0553-5

15. Yang, X, Yao, R, and Wang, H. Update of aldh as a potential biomarker and therapeutic target for aml. BioMed Res Int (2018) 2018:9192104. doi: 10.1155/2018/9192104

16. Drent, E, Groen, RW, Noort, WA, Themeli, M, Lammerts van Bueren, JJ, Parren, PW, et al. Pre-clinical evaluation of Cd38 chimeric antigen receptor engineered T cells for the treatment of multiple myeloma. Haematologica (2016) 101(5):616–25. doi: 10.3324/haematol.2015.137620

17. Kim, R, Kim, SB, Cho, EH, Park, SH, Park, SB, Hong, SK, et al. Cd44 expression in patients with combined hepatocellular cholangiocarcinoma. Ann Surg Treat Res (2015) 89(1):9–16. doi: 10.4174/astr.2015.89.1.9

18. Zhou, G, Da Won Bae, S, Nguyen, R, Huo, X, Han, S, Zhang, Z, et al. An aptamer-based drug delivery agent (Cd133-Apt-Dox) selectively and effectively kills liver cancer stem-like cells. Cancer Lett (2021) 501:124–32. doi: 10.1016/j.canlet.2020.12.022

19. Yang, R, An, LY, Miao, QF, Li, FM, Han, Y, Wang, HX, et al. Effective elimination of liver cancer stem-like cells by Cd90 antibody targeted thermosensitive magnetoliposomes. Oncotarget (2016) 7(24):35894–916. doi: 10.18632/oncotarget.9116

20. Hu, B, Xu, Y, Li, YC, Huang, JF, Cheng, JW, Guo, W, et al. Cd13 promotes hepatocellular carcinogenesis and sorafenib resistance by activating Hdac5-Lsd1-Nf-Κb oncogenic signaling. Clin Trans Med (2020) 10(8):e233. doi: 10.1002/ctm2.233

21. Liu, YC, Yeh, CT, and Lin, KH. Cancer stem cell functions in hepatocellular carcinoma and comprehensive therapeutic strategies. Cells (2020) 9(6):1331. doi: 10.3390/cells9061331

22. Zhao, W, Wang, L, Han, H, Jin, K, Lin, N, Guo, T, et al. 1b50-1, a mab raised against recurrent tumor cells, targets liver tumor-initiating cells by binding to the calcium channel A2δ1 subunit. Cancer Cell (2013) 23(4):541–56. doi: 10.1016/j.ccr.2013.02.025

23. Guo, W, Liu, S, Cheng, Y, Lu, L, Shi, J, Xu, G, et al. Icam-1-Related noncoding rna in cancer stem cells maintains icam-1 expression in hepatocellular carcinoma. Clin Cancer Res (2016) 22(8):2041–50. doi: 10.1158/1078-0432.Ccr-14-3106

24. Koltai, T, Reshkin, SJ, Carvalho, TMA, and Cardone, RA. Targeting the stromal pro-tumoral hyaluronan-Cd44 pathway in pancreatic cancer. Int J Mol Sci (2021) 22(8):3953. doi: 10.3390/ijms22083953

25. Xue, ZX, Zheng, JH, Zheng, ZQ, Cai, JL, Ye, XH, Wang, C, et al. Latexin inhibits the proliferation of Cd133+ miapaca-2 pancreatic cancer stem-like cells. World J Surg Oncol (2014) 12:404. doi: 10.1186/1477-7819-12-404

26. Katsuta, E, Tanaka, S, Mogushi, K, Shimada, S, Akiyama, Y, Aihara, A, et al. Cd73 as a therapeutic target for pancreatic neuroendocrine tumor stem cells. Int J Oncol (2016) 48(2):657–69. doi: 10.3892/ijo.2015.3299

27. Zhou, T, Liu, J, Xie, Y, Yuan, S, Guo, Y, Bai, W, et al. Ese3/Ehf, a promising target of rosiglitazone, suppresses pancreatic cancer stemness by downregulating Cxcr4. Gut (2022) 71(2):357–71. doi: 10.1136/gutjnl-2020-321952

28. Lu, Y, Xu, D, Peng, J, Luo, Z, Chen, C, Chen, Y, et al. Hnf1a inhibition induces the resistance of pancreatic cancer cells to gemcitabine by targeting Abcb1. EBioMedicine (2019) 44:403–18. doi: 10.1016/j.ebiom.2019.05.013

29. Lin, L, Jou, D, Wang, Y, Ma, H, Liu, T, Fuchs, J, et al. Stat3 as a potential therapeutic target in aldh+ and Cd44+/Cd24+ stem cell-like pancreatic cancer cells. Int J Oncol (2016) 49(6):2265–74. doi: 10.3892/ijo.2016.3728

30. Liu, L, Zhang, L, Yang, L, Li, H, Li, R, Yu, J, et al. Anti-Cd47 antibody as a targeted therapeutic agent for human lung cancer and cancer stem cells. Front Immunol (2017) 8:404. doi: 10.3389/fimmu.2017.00404

31. Han, Y, Sun, B, Cai, H, and Xuan, Y. Simultaneously target of normal and stem cells-like gastric cancer cells Via cisplatin and anti-Cd133 car-T combination therapy. Cancer Immunol Immunother CII (2021) 70(10):2795–803. doi: 10.1007/s00262-021-02891-x

32. Li, Q, Li, Y, Jiang, H, Xiao, Z, Wu, X, Zhang, H, et al. Vitamin d suppressed gastric cancer cell growth through downregulating Cd44 expression in vitro and in vivo. Nutr (Burbank Los Angeles County Calif) (2021) 91-92:111413. doi: 10.1016/j.nut.2021.111413

33. Lu, R, Zhao, G, Yang, Y, Jiang, Z, Cai, J, and Hu, H. Inhibition of Cd133 overcomes cisplatin resistance through inhibiting Pi3k/Akt/Mtor signaling pathway and autophagy in Cd133-positive gastric cancer cells. Technol Cancer Res Treat (2019) 18:1533033819864311. doi: 10.1177/1533033819864311

34. Jiao, XL, Zhao, C, Niu, M, and Chen, D. Downregulation of Cd24 inhibits invasive growth, facilitates apoptosis and enhances chemosensitivity in gastric cancer ags cells. Eur Rev Med Pharmacol Sci (2013) 17(13):1709–15.

35. Xue, S, Ma, M, Bei, S, Li, F, Wu, C, Li, H, et al. Identification and validation of the immune regulator Cxcr4 as a novel promising target for gastric cancer. Front Immunol (2021) 12:702615. doi: 10.3389/fimmu.2021.702615

36. Wenqi, D, Li, W, Shanshan, C, Bei, C, Yafei, Z, Feihu, B, et al. Epcam is overexpressed in gastric cancer and its downregulation suppresses proliferation of gastric cancer. J Cancer Res Clin Oncol (2009) 135(9):1277–85. doi: 10.1007/s00432-009-0569-5

37. Wang, B, Chen, Q, Cao, Y, Ma, X, Yin, C, Jia, Y, et al. Lgr5 is a gastric cancer stem cell marker associated with stemness and the emt signature genes nanog, Nanogp8, Prrx1, Twist1, and Bmi1. PloS One (2016) 11(12):e0168904. doi: 10.1371/journal.pone.0168904

38. Yang, Z, Chen, D, Nie, J, Zhou, S, Wang, J, Tang, Q, et al. Microrna−143 targets Cd44 to inhibit breast cancer progression and stem cell-like properties. Mol Med Rep (2016) 13(6):5193–9. doi: 10.3892/mmr.2016.5194

39. Latorre, E, Carelli, S, Raimondi, I, D'Agostino, V, Castiglioni, I, Zucal, C, et al. The ribonucleic complex hur-Malat1 represses Cd133 expression and suppresses epithelial-mesenchymal transition in breast cancer. Cancer Res (2016) 76(9):2626–36. doi: 10.1158/0008-5472.Can-15-2018

40. Meenakshi Sundaram, DN, Kucharski, C, Parmar, MB, Kc, RB, and Uludağ, H. Polymeric delivery of sirna against integrin-B1 (Cd29) to reduce attachment and migration of breast cancer cells. Macromol Biosci (2017) 17(6). doi: 10.1002/mabi.201600430

41. Sales-Dias, J, Ferreira, A, Lamy, M, Domenici, G, Monteiro, SMS, Pires, A, et al. Development of antibodies against the notch ligand delta-Like-1 by phage display with activity against breast cancer cells. New Biotechnol (2021) 64:17–26. doi: 10.1016/j.nbt.2021.05.003

42. Kuo, YC, Wang, LJ, and Rajesh, R. Targeting human brain cancer stem cells by curcumin-loaded nanoparticles grafted with anti-aldehyde dehydrogenase and sialic acid: Colocalization of aldh and Cd44. Materials Sci Eng C Materials Biol Appl (2019) 102:362–72. doi: 10.1016/j.msec.2019.04.065

43. Vora, P, Venugopal, C, Salim, SK, Tatari, N, Bakhshinyan, D, Singh, M, et al. The rational development of Cd133-targeting immunotherapies for glioblastoma. Cell Stem Cell (2020) 26(6):832–44.e6. doi: 10.1016/j.stem.2020.04.008

44. Xie, Y, Sundström, A, Maturi, NP, Tan, EJ, Marinescu, VD, Jarvius, M, et al. Lgr5 promotes tumorigenicity and invasion of glioblastoma stem-like cells and is a potential therapeutic target for a subset of glioblastoma patients. J Pathol (2019) 247(2):228–40. doi: 10.1002/path.5186

45. Luo, Y, Tian, Z, Hua, X, Huang, M, Xu, J, Li, J, et al. Isorhapontigenin (Iso) inhibits stem cell-like properties and invasion of bladder cancer cell by attenuating Cd44 expression. Cell Mol Life Sci CMLS (2020) 77(2):351–63. doi: 10.1007/s00018-019-03185-3

46. Yeh, BW, Yu, LE, Li, CC, Yang, JC, Li, WM, Wu, YC, et al. The protoapigenone analog Wyc0209 targets Cd133+ cells: A potential adjuvant agent against cancer stem cells in urothelial cancer therapy. Toxicol Appl Pharmacol (2020) 402:115129. doi: 10.1016/j.taap.2020.115129

47. Zhang, XF, Weng, DS, Pan, K, Zhou, ZQ, Pan, QZ, Zhao, JJ, et al. Dendritic-Cell-Based immunotherapy evokes potent anti-tumor immune responses in Cd105+ human renal cancer stem cells. Mol carcinogenesis (2017) 56(11):2499–511. doi: 10.1002/mc.22697

48. Zhao, J, Lin, Q, Song, Y, and Liu, D. Universal cars, universal T cells, and universal car T cells. J Hematol Oncol (2018) 11(1):132. doi: 10.1186/s13045-018-0677-2

49. Holstein, SA, and Lunning, MA. Car T-cell therapy in hematologic malignancies: A voyage in progress. Clin Pharmacol Ther (2020) 107(1):112–22. doi: 10.1002/cpt.1674

50. Bagley, SJ, Desai, AS, Linette, GP, June, CH, and O'Rourke, DM. Car T-cell therapy for glioblastoma: Recent clinical advances and future challenges. Neuro-Oncology (2018) 20(11):1429–38. doi: 10.1093/neuonc/noy032

51. Simon, B, Wiesinger, M, März, J, Wistuba-Hamprecht, K, Weide, B, Schuler-Thurner, B, et al. The generation of car-transfected natural killer T cells for the immunotherapy of melanoma. Int J Mol Sci (2018) 19(8):2365. doi: 10.3390/ijms19082365

52. Liu, H, Xu, Y, Xiang, J, Long, L, Green, S, Yang, Z, et al. Targeting alpha-fetoprotein (Afp)-mhc complex with car T-cell therapy for liver cancer. Clin Cancer Res (2017) 23(2):478–88. doi: 10.1158/1078-0432.Ccr-16-1203

53. Bębnowska, D, Grywalska, E, Niedźwiedzka-Rystwej, P, Sosnowska-Pasiarska, B, Smok-Kalwat, J, Pasiarski, M, et al. Car-T cell therapy-an overview of targets in gastric cancer. J Clin Med (2020) 9(6):1894. doi: 10.3390/jcm9061894

54. Akce, M, Zaidi, MY, Waller, EK, El-Rayes, BF, and Lesinski, GB. The potential of car T cell therapy in pancreatic cancer. Front Immunol (2018) 9:2166. doi: 10.3389/fimmu.2018.02166

55. Walcher, L, Kistenmacher, AK, Suo, H, Kitte, R, Dluczek, S, Strauß, A, et al. Cancer stem cells-origins and biomarkers: Perspectives for targeted personalized therapies. Front Immunol (2020) 11:1280. doi: 10.3389/fimmu.2020.01280

56. Barbato, L, Bocchetti, M, Di Biase, A, and Regad, T. Cancer stem cells and targeting strategies. Cells (2019) 8(8):926. doi: 10.3390/cells8080926

57. Zhu, X, Prasad, S, Gaedicke, S, Hettich, M, Firat, E, and Niedermann, G. Patient-derived glioblastoma stem cells are killed by Cd133-specific car T cells but induce the T cell aging marker Cd57. Oncotarget (2015) 6(1):171–84. doi: 10.18632/oncotarget.2767

58. Sangsuwannukul, T, Supimon, K, Sujjitjoon, J, Phanthaphol, N, Chieochansin, T, Poungvarin, N, et al. Anti-tumour effect of the fourth-generation chimeric antigen receptor T cells targeting Cd133 against cholangiocarcinoma cells. Int Immunopharmacol (2020) 89(Pt B):107069. doi: 10.1016/j.intimp.2020.107069

59. Dai, H, Tong, C, Shi, D, Chen, M, Guo, Y, Chen, D, et al. Efficacy and biomarker analysis of Cd133-directed car T cells in advanced hepatocellular carcinoma: A single-arm, open-label, phase ii trial. Oncoimmunology (2020) 9(1):1846926. doi: 10.1080/2162402x.2020.1846926

60. Fu, J, Shang, Y, Qian, Z, Hou, J, Yan, F, Liu, G, et al. Chimeric antigen receptor-T (Car-T) cells targeting epithelial cell adhesion molecule (Epcam) can inhibit tumor growth in ovarian cancer mouse model. J vet Med Sci (2021) 83(2):241–7. doi: 10.1292/jvms.20-0455

61. Zhou, Y, Wen, P, Li, M, Li, Y, and Li, XA. Construction of chimeric antigen Receptor−Modified T cells targeting epcam and assessment of their Anti−Tumor effect on cancer cells. Mol Med Rep (2019) 20(3):2355–64. doi: 10.3892/mmr.2019.10460

62. Zhang, BL, Li, D, Gong, YL, Huang, Y, Qin, DY, Jiang, L, et al. Preclinical evaluation of chimeric antigen receptor-modified T cells specific to epithelial cell adhesion molecule for treating colorectal cancer. Hum Gene Ther (2019) 30(4):402–12. doi: 10.1089/hum.2018.229

63. Klapdor, R, Wang, S, Hacker, U, Büning, H, Morgan, M, Dörk, T, et al. Improved killing of ovarian cancer stem cells by combining a novel chimeric antigen receptor-based immunotherapy and chemotherapy. Hum Gene Ther (2017) 28(10):886–96. doi: 10.1089/hum.2017.168

64. Klapdor, R, Wang, S, Morgan, M, Dörk, T, Hacker, U, Hillemanns, P, et al. Characterization of a novel third-generation anti-Cd24-Car against ovarian cancer. Int J Mol Sci (2019) 20(3):660. doi: 10.3390/ijms20030660

65. Zhang, Q, Zhang, H, Ding, J, Liu, H, Li, H, Li, H, et al. Combination therapy with epcam-Car-Nk-92 cells and regorafenib against human colorectal cancer models. J Immunol Res (2018) 2018:4263520. doi: 10.1155/2018/4263520

66. Chen, Y, Yu, Z, Tan, X, Jiang, H, Xu, Z, Fang, Y, et al. Car-macrophage: A new immunotherapy candidate against solid tumors. Biomed pharmacother = Biomed pharmacotherapie (2021) 139:111605. doi: 10.1016/j.biopha.2021.111605

67. Klichinsky, M, Ruella, M, Shestova, O, Lu, XM, Best, A, Zeeman, M, et al. Human chimeric antigen receptor macrophages for cancer immunotherapy. Nat Biotechnol (2020) 38(8):947–53. doi: 10.1038/s41587-020-0462-y

68. Zhang, L, Tian, L, Dai, X, Yu, H, Wang, J, Lei, A, et al. Pluripotent stem cell-derived car-macrophage cells with antigen-dependent anti-cancer cell functions. J Hematol Oncol (2020) 13(1):153. doi: 10.1186/s13045-020-00983-2

69. Depil, S, Duchateau, P, Grupp, SA, Mufti, G, and Poirot, L. 'Off-the-Shelf' allogeneic car T cells: Development and challenges. Nat Rev Drug Discov (2020) 19(3):185–99. doi: 10.1038/s41573-019-0051-2

70. Xie, G, Dong, H, Liang, Y, Ham, JD, Rizwan, R, and Chen, J. Car-nk cells: A promising cellular immunotherapy for cancer. EBioMedicine (2020) 59:102975. doi: 10.1016/j.ebiom.2020.102975

71. Du, P, Geng, J, Wang, F, Chen, X, Huang, Z, and Wang, Y. Role of il-6 inhibitor in treatment of covid-19-Related cytokine release syndrome. Int J Med Sci (2021) 18(6):1356–62. doi: 10.7150/ijms.53564

72. Kishimoto, T. Il-6: From arthritis to car-T-Cell therapy and covid-19. Int Immunol (2021) 33(10):515–9. doi: 10.1093/intimm/dxab011

73. Stornaiuolo, A, Valentinis, B, Sirini, C, Scavullo, C, Asperti, C, Zhou, D, et al. Characterization and functional analysis of Cd44v6.Car T cells endowed with a new low-affinity nerve growth factor receptor-based spacer. Hum Gene Ther (2021) 32(13-14):744–60. doi: 10.1089/hum.2020.216

74. Ying, Z, Huang, XF, Xiang, X, Liu, Y, Kang, X, Song, Y, et al. A safe and potent anti-Cd19 car T cell therapy. Nat Med (2019) 25(6):947–53. doi: 10.1038/s41591-019-0421-7

75. Sheth, VS, and Gauthier, J. Taming the beast: Crs and icans after car T-cell therapy for all. Bone Marrow Transplant (2021) 56(3):552–66. doi: 10.1038/s41409-020-01134-4

76. Neelapu, SS. Managing the toxicities of car T-cell therapy. Hematol Oncol (2019) 37 Suppl 1:48–52. doi: 10.1002/hon.2595

77. Zhang, L, Meng, Y, Feng, X, and Han, Z. Car-nk cells for cancer immunotherapy: From bench to bedside. biomark Res (2022) 10(1):12. doi: 10.1186/s40364-022-00364-6

78. Yang, M, Tang, X, Zhang, Z, Gu, L, Wei, H, Zhao, S, et al. Tandem car-T cells targeting Cd70 and B7-H3 exhibit potent preclinical activity against multiple solid tumors. Theranostics (2020) 10(17):7622–34. doi: 10.7150/thno.43991

79. Sabahi, M, Jabbari, P, Alizadeh Haghighi, M, Soltani, S, Soudi, S, Rahmani, F, et al. Proposing a tandem and-gate car T cell targeting glioblastoma multiforme. Med Hypotheses (2020) 137:109559. doi: 10.1016/j.mehy.2020.109559

80. Miao, L, Zhang, J, Huang, B, Zhang, Z, Wang, S, Tang, F, et al. Special chimeric antigen receptor (Car) modifications of T cells: A review. Front Oncol (2022) 12:832765. doi: 10.3389/fonc.2022.832765

81. Deng, Z, Wu, Y, Ma, W, Zhang, S, and Zhang, YQ. Adoptive T-cell therapy of prostate cancer targeting the cancer stem cell antigen epcam. BMC Immunol (2015) 16(1):1. doi: 10.1186/s12865-014-0064-x

82. Golubovskaya, V, Berahovich, R, Zhou, H, Xu, S, Harto, H, Li, L, et al. Cd47-Car-T cells effectively kill target cancer cells and block pancreatic tumor growth. Cancers (2017) 9(10):139. doi: 10.3390/cancers9100139

83. Song, Y, Tong, C, Wang, Y, Gao, Y, Dai, H, Guo, Y, et al. Effective and persistent antitumor activity of Her2-directed car-T cells against gastric cancer cells in vitro and xenotransplanted tumors in vivo. Protein Cell (2018) 9(10):867–78. doi: 10.1007/s13238-017-0384-8

84. An, N, Hou, YN, Zhang, QX, Li, T, Zhang, QL, Fang, C, et al. Anti-multiple myeloma activity of nanobody-based anti-Cd38 chimeric antigen receptor T cells. Mol pharmaceutics (2018) 15(10):4577–88. doi: 10.1021/acs.molpharmaceut.8b00584

85. Hu, B, Zou, Y, Zhang, L, Tang, J, Niedermann, G, Firat, E, et al. Nucleofection with plasmid DNA for Crispr/Cas9-mediated inactivation of programmed cell death protein 1 in Cd133-specific car T cells. Hum Gene Ther (2019) 30(4):446–58. doi: 10.1089/hum.2017.234

86. Nian, Z, Zheng, X, Dou, Y, Du, X, Zhou, L, Fu, B, et al. Rapamycin pretreatment rescues the bone marrow aml cell elimination capacity of car-T cells. Clin Cancer Res (2021) 27(21):6026–38. doi: 10.1158/1078-0432.Ccr-21-0452

87. Zhang, Q, Zhang, H, Ding, J, Liu, H, Li, H, Li, H, et al. Corrigendum to Combination therapy with epcam-Car-Nk-92 cells and regorafenib against human colorectal cancer models. J Immunol Res (2019) 2019:2070562. doi: 10.1155/2019/2070562



Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Huang, Miao, Liu, Zhang and Li. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




CASE REPORT

published: 17 August 2022

doi: 10.3389/fimmu.2022.963031

[image: image2]


Long term complete response of advanced hepatocellular carcinoma to glypican-3 specific chimeric antigen receptor T-Cells plus sorafenib, a case report


Hongwei Sun 1†, Chongyun Xing 2†, Songfu Jiang 2, Kang Yu 2, Shengjie Dai 1, Hongru Kong 1, Yuepeng Jin 1, Yunfeng Shan 1, Wenjun Yang 1, Zhen Wang 3, Jun Xiao 3, Huamao Wang 3, Wei Wang 3, Zonghai Li 3 and Keqing Shi 4*


1 Department of Oncology, The First Affiliated Hospital of Wenzhou Medical University, Wenzhou, China, 2 Department of Hematology, The First Affiliated Hospital of Wenzhou Medical University, Wenzhou, China, 3 CARsgen Therapeutics Ltd., Shanghai, China, 4 Translational Medicine Laboratory, The First Affiliated Hospital of Wenzhou Medical University, Wenzhou, China




Edited by: 
John–Maher, King’s College London, United Kingdom

Reviewed by: 

Tetsuya Nakatsura, National Cancer Centre (Japan), Japan

Yen-Chun Peng, Taichung Veterans General Hospital, Taiwan

*Correspondence: 

Keqing Shi
 skochilly@wmu.edu.cn


†These authors have contributed equally to this work


Specialty section: 
 This article was submitted to Cancer Immunity and Immunotherapy, a section of the journal Frontiers in Immunology


Received: 07 June 2022

Accepted: 29 July 2022

Published: 17 August 2022

Citation:
Sun H, Xing C, Jiang S, Yu K, Dai S, Kong H, Jin Y, Shan Y, Yang W, Wang Z, Xiao J, Wang H, Wang W, Li Z and Shi K (2022) Long term complete response of advanced hepatocellular carcinoma to glypican-3 specific chimeric antigen receptor T-Cells plus sorafenib, a case report. Front. Immunol. 13:963031. doi: 10.3389/fimmu.2022.963031



The clinical efficacy of current therapies for Hepatocellular carcinoma (HCC) are unsatisfactory. In recent years, chimeric antigen receptor (CAR) T-cell therapies have been developed for solid tumors including advanced HCC (aHCC), but limited progress has been made. Glypican-3 is a promising immunotherapeutic target for HCC since it is specifically highly expressed in HCC. A previous study indicated that GPC3-targeted CAR T-(CAR-GPC3) cells were well-tolerated and had prolonged survival for HCC patients and that Sorafenib could increase the antitumor activities of CAR-GPC3 T-cells against HCC in mouse models. Here, we report a patient with aHCC who achieved a complete response (CR) and a long survival period after the combination therapy of CAR-GPC3 T-cell plus sorafenib.

A 60-year-old Asian male diagnosed with hepatitis B virus (HBV) related HCC developed liver recurrence and lung metastasis after liver tumor resection and trans-arterial chemoembolization therapy. The patient also previously received microwave ablation therapy for lung metastasis. After the enrollment, the patient underwent leukapheresis for CAR-GPC3 T-cells manufacturing. Seven days after leukapheresis, the patient started to receive 400 mg of Sorafenib twice daily. The patient received 4 cycles of CAR-GPC3 T cells (CT011) treatment and each cycle was divided into two infusions. Prior to each cycle of CT011 treatment, lymphodepletion was performed. The lymphodepletion regimen was cyclophosphamide 500 mg/m2/day for 2 to 3 days, and fludarabine 20-25 mg/m2/day for 3 to 4 days. A total of 4×109 CAR-GPC3 T cells were infused. The CT011 plus Sorafenib combination therapy was well tolerated. All the ≥ grade 3 AEs were hematological toxicities which were deemed an expected event caused by the preconditioning regimen. This patient obtained partial responses from the 3rd month and achieved CR in the 12th month after the first cycle of CT011 infusion according to the RECIST1.1 assessment. The tumor had no progression for more than 36 months and maintained the CR status for more than 24 months after the first infusion.
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Introduction

Hepatocellular carcinoma (HCC) is the most common histologic subtype of primary liver cancer, which is the sixth most common cancer and the third leading cause of cancer-related death worldwide (1). A combination of atezolizumab, an immune checkpoint inhibitor, plus bevacizumab is the current preferred first-line regimen (2). However, the objective response rate (ORR) of 27.3% is unsatisfactory in patients with unresectable HCC (3). The approval of atezolizumab plus bevacizumab suggests that immunotherapy combined with other medication is an effective therapeutic strategy to achieve a better clinical response. The combination of immunotherapeutic agents with other medications, including tyrosine kinase inhibitors, has also been demonstrated to be effective as first-line in patients with metastatic HCC but the combination with immune cell therapy is rarely reported (4–6). Chimeric antigen receptor (CAR) T-cell therapy has achieved outstanding efficacy in hematological malignancies and shown potential anti-tumor efficacy in early phase clinical trials for the treatments of solid tumors including advanced HCC (aHCC) (7, 8). Glypican-3 (GPC3) is an ideal immunotherapeutic target for HCC barely expressed in normal tissues and highly expressed in HCC (9, 10). In a previous report of two sequential phase 1 trials (NCT02395250 and NCT03146234) of glypican-3-targeted chimeric antigen receptor (CAR-GPC3) T-Cells (product code Y035) for aHCC patients, thirteen patients underwent CAR-GPC3 T cells with lymphodepletion regimens. Two out of 13 patients achieved partial response (PR) according to RECIST 1.1 (8). Based on its good safety profile and partial antitumor activities observed in the phase 1 trials, we explored a method to improve clinical response. Sorafenib is currently the recommended first-line systemic agent for aHCC but the ORR is just 2% to 4% (2, 11, 12). Sorafenib has been reported to enhance the efficacy of immunotherapeutic medications, therefore we explored the combination of CAR-GPC3 T cells with Sorafenib in mouse models of HCC (13, 14). The results demonstrated that via combination with Sorafenib, CAR-GPC3 T cells may be more effective against HCC than the CAR-T cells alone, probably by the mechanism of promoting IL-12 secretion of tumor-associated macrophages and tumor cell apoptosis in mouse models (15).

Here we report an aHCC patient who received the combination therapy of Sorafenib and CAR-GPC3 T-cell (product code CT011, former code Y035) in an investigator-initiated clinical trial (NCT03302403). The patient obtained PRs from the 3rd month and achieved CR since the 12th month post first infusion of CT011. The construction of CT011 CAR-GPC3 T cells was described previously and shown in Supplementary Information (8).



Case Presentation


The patient’s demography and prior treatment

The patient was a 60-year-old Asian male. He was diagnosed with hepatitis B virus (HBV)-related HCC and underwent liver tumor resection in May 2018. The patient started to take entecavir 0.5mg QD continuously since Dec 2018 for HBV infection management. He was diagnosed with HCC recurrence and lung metastasis in August 2018. He then received trans-arterial chemo-embolization therapy for liver tumor on August 31, 2018, and microwave ablation therapy for lung metastasis on September 4, 2018. On November 6, 2018, the abdominal magnetic resonance imaging showed progressive disease (PD) (Figure 1A). He was enrolled in an investigator-initiated trial of “Clinical Study of Redirected Autologous T Cells with a Chimeric Antigen Receptor in Patients with Malignant Tumors” on November 10, 2018 (NCT03302403). The patient’s GPC-3 expression was ++ to +++ in 70% of tumor cells as detected by immunohistochemistry (Supplementary Information). The alpha-fetoprotein (AFP) was 6047 ng/ml at screening. There were four target lesions at baseline and the total diameter was 77.9 millimeter (mm): No.1 target was in the S6 segment of the liver (20.83 mm), No.2 target was next to the gallbladder fossa in the abdominal cavity (20.34 mm), No.3 target was at the right intra-abdominal cavity (16.76 mm), No.4 target was the lymph node in the mediastinum (19.97 mm) (Supplementary Information).




Figure 1 | Clinical activities of the patient: (A), Therapies and their responses; (B), Dose of preconditioning treatment and CAR-GPC3 T-cells in each cycle; (C), All the grade 3 and 4 treatment-related adverse events in each cycle. PD, progression disease; NE, not evaluable; PR, partial response; CR, complete response.





Study Treatment

After completing informed consent and eligibility confirmation, the patient underwent leukapheresis to obtain peripheral blood mononuclear cells (PBMC) for the generation of CT011. CT011 were produced as described previously (8, 15). Seven days after leukapheresis, the patient started to receive Sorafenib of 400 mg twice daily. Sorafenib was administered during the CT011 treatment and lasted for 16 months post-first infusion. Prior to each cycle of CT011 infusion, the patient received preconditioning of cyclophosphamide 500 mg/m2/day and fludarabine 20-25 mg/m2/day. The details of the preconditioning regimen and CAR T infusion are shown in Figure 1B. Each cycle included two infusions of 5×108 CAR-GPC3 T cells each time. The patient received 4 cycles of CAR-T therapy and 4×109 CAR-GPC3 T cells in total were infused.



Adverse Events (AEs)

All AEs were graded according to the Common Terminology Criteria for Adverse Events version 5.0. Cytokine release syndrome (CRS) and CAR-T-cell-related encephalopathy (CRES) events were assessed and graded per the Lee and CARPOX Working Group’s criteria (2014) (16, 17). The patient tolerated the combination therapy well. All the grade 3 or 4 AEs are shown in Figure 1C. The patient experienced treatment-related AE after each cycle of CT011 treatment. No treatment-related serious AE, neurotoxicity, or infusion reaction occurred. Most of the treatment-related AEs were grade 1 or 2, including CRS, anemia, chills, hypotension, pyrexia, hypoalbuminemia, hypokalemia, prolonged activated partial thromboplastin time, and so on. All the ≥ grade 3 AEs were expected hematological toxicities including decreased white blood cell count, lymphocytopenia, thrombocytopenia, and neutropenia, which were mainly due to preconditioning regimen and recovered after therapy within 2 weeks.

The CRS occurred after each cycle of CT011 treatment (Grade 2 in the first three cycles, and Grade 1 in the 4th cycle. The main symptom was fever 24-48 hours after infusion. All the CRS were well managed by a single dose of tocilizumab (320 mg, 4 mg/kg).



Persistence of CAR-GPC3 T cells and cytokines

As shown in Figure 2A, the GPC3 CAR copies in peripheral blood rapidly increased to their peak at within one week post-infusion and then decreased gradually on each cycle. The highest peak number of CAR copies was reached on D7 post first infusion in the 4th cycle of treatment (1945 copies/μg gDNA). As shown in Figure 2 B–F, cytokine  tumor necrosis factor-126 α (TNF-α), interferon-γ (IFN-γ), interleukin-6 (IL-6), interleukin-10 (IL-10) and interleukin-15 (IL-15) were elevated and reached their peaks at 3 days after each cycle of CAR T-cell 127 infusion, and then dropped to normal level after about 2 weeks. and reached their peaks at 3 days after each cycle of CAR T-cell infusion, and then dropped to normal level after about 2 weeks.




Figure 2 | CAR-GPC3 expansion and cytokines in peripheral blood. (A), The copies number of CAR-GPC3; (B), TNF-a; (C), IFN-γ; (D), IL-6; (E), IL-10; (F), IL-15. The first cycle CAR T cells started on Day 0; the second cycle of CAR T cells started on Day 91; the third cycle of CAR T cells started on Day 139; The fourth cycle CAR T cells started on Day 192.





Anti-tumor activities (The AFP and tumor response evaluation)

As shown in Figure 3A and Supplementary Information, before preconditioning, the AFP increased to 12,049 ng/mL from 6,047 ng/mL at the screening when the patient had received Sorafenib therapy for two weeks. After 13 days of the first infusion of CT011, the AFP declined to 2,104.55 ng/mL. Interestingly, the AFP was abnormally increased up to 14,714 ng/mL on the 35th day and decreased to 557 ng/mL on the 73rd day. The AFP level continuously declined to the normal value (≤9 ng/mL) after the first infusion of the second cycle and remained normal afterwards.




Figure 3 | Efficacy of the combination of Sorafenib plus CT011 with lymphodepletion. (A), Changes of the AFP after Sorafenib monotherapy and the initiation of GPC3-CAR T infusion; (B), Changes of the No.3 target lesion. CT scans showed this target lesion was about 16.76 mm at baseline and regressed gradually after the combination treatment. At 9th month, this lesion completely disappeared without relapse; (C), The postoperative pathology picture of the No.4 target lesion at 12th month (HE×100 and HE×200, the pictures showed large patch of coagulative necrosis, peripheral fibrosis, chronic inflammatory cell infiltration, no obvious tumor residue, indicating reaction post anti-tumor treatment); (D), Positron emission tomography-computed tomography (PET-CT) images of the target lesions. The patient received PET-CT check at baseline, 9 months, 12 months, and 16 months post first infusion. No.1, No.2 and No.3 target lesions disappeared at the 12th month, while No.4 target lesion was inactive and was considered as non-specific uptake after anti-tumor treatment.



According to RECIST 1.1, the tumor response evaluation was PR at the 3rd month following the first cycle of CT011 and then four PRs were obtained in the following approximately 8 months. The tumor response was then converted to CR at the 12th month, as was confirmed by positron emission tomography-computed tomography (PET-CT) (Figures 1A and 3). The CT images at scheduled visits post baseline in the 9th month after first infusion are shown in Figure 3B and Supplementary Information. In the 12th month after the first infusion of CT011, three of four target lesions disappeared except for the No. 4 target lesion (mediastinal lymph node that stabilized at about 10 mm afterwards. The patient also underwent a thoracoscopic mediastinal lymph node resection in the 12th month, and the postoperative pathology indicated no tumor cell residue, suggesting a reaction to CT011 and Sorafenib combination treatment (shown in Figure 3C). Figure 3D show PET-CT images at baseline, 9 months, 12 months, and 16 months post first infusion. No. 1, No. 2, and No. 3 target lesions disappeared, and the No.4 target lesion was considered inactive with a non-specific uptake after anti-tumor treatment (Supplementary Information).




Discussion/Conclusion

The efficacy of CAR T cells against solid tumors remains unsatisfactory due to barriers including heterogeneous tumor antigen expression, an immunosuppressive and hostile tumor microenvironment, insufficient infiltration into the tumor sites and poor CAR T persistence (18). To overcome those challenges and enhance the efficacy, the combination of CAR T-cell with other anticancer therapies is being developed (19, 20).

GPC3 is specifically overexpressed in more than 50%-70% of HCCs, making it an ideal treatment target for HCC (21, 22). GPC3 positive HCC patients had a significantly lower 5-year disease-free survival rate (27% vs 62%, p = 0.0036) and five-year survival rate (54.5% vs 87.7%, p = 0.031) than GPC3-negative patients (23, 24). The expression of GPC3 is an independent prognostic factor of recurrence after hepatectomy (23). In recent years, multiple GPC3 targeted therapies have been investigated, including GPC3 antibodies, GPC3-derived vaccines, and immunotoxins, but very limited positive progress in clinical trials has been reported, especially for aHCC (25, 26). The safety and anti-tumor efficacy of various GPC3-targeting CAR T therapies in HCCs were confirmed in preclinical studies (15, 27–30). While further clinical trial investigation is required to verify the safety and anti-tumor efficacy in patients, CAR-GPC3 T therapy is recognized as a potential therapy for HCC (27–30). Our phase 1 clinical trials (NCT02395250 and NCT03146234) of GPC3 CAR T with lymphodepletion shows good tolerability in refractory or relapsed GPC3 positive HCCs with promising potential antitumor activities that need further improvement (31).

Sorafenib is recommended as a first-line oral systemic therapy for HCC which has been reported to have immune-modulatory effects (32–34). It can modulate the cytokine phenotype of macrophage toward a profile that promotes the function of immune effector cells. It was reported that Sorafenib reverse the suppression of IL-12 stimulated with lipopolysaccharide and/or prostaglandin E2 (15, 35, 36). Sorafenib can also reverse immunosuppression by decreasing and inhibiting the accumulation of myeloid-derived suppressor cells and immature dendritic cells in the tumor microenvironment or directly through the vascular endothelial growth factor (VEGF) or VEGF receptor (VEGFR) pathway inhibition on Treg (37). Furthermore, Sorafenib can also promote vascular normalization, a process of tumor microenvironment remolding, realizing the transition from immune suppression to immune support (38). In our previous preclinical studies, we demonstrated that Sorafenib could change the tumor microenvironment and enhance the antitumor activities of CAR-GPC3 T-cells against HCC (15). Thus, we explored the combination therapy in clinical practice.

The patient in this report received the CAR-GPC3 T-cells and Sorafenib combination treatment. He obtained PRs from the 3rd month and achieved CR in the 12th month after his first infusion. As of December 7, 2021, no progression has been identified for more than 36 months. For this patient, the AFP level increased and his disease was progressing when receiving Sorafenib alone before lymphodepletion. This AFP level was significantly decreased to normal level after CT011 infusion, although there was ever a transient elevation of D35 post first infusion, which could likely be ascribed to tumor cell necrosis and its promotion of the release of large amounts of tumor antigens (39, 40). The AFP level reduced to the normal range after the second cycle of CT011 infusion and has remained normal to the present, in line with tumor remissions observed via imaging scan.

After each infusion, in the presence of Sorafenib the peak values of CAR-GPC3 copies reached 700, 580, 900 and 1945 copies/μg gDNA, respectively. The patient partially responded to the combination treatment and later gradually achieved CR after 4 cycles of CT011 infusions, which warranted further investigation to determine the additional value of multiple infusions and the combination therapy to achieve superior efficacy of CAR T-cell in a patient with HCC.

Consistent with good safety profile in the phase 1 study, the patient was well tolerated to the CAR-GPC3 T multiple infusions in combination with Sorafenib (8). After each infusion, the CAR-GPC3 copies and serum levels of cytokines increased significantly in the presence of Sorafenib. The occurrence and severity of AEs in additional cycles were slightly lower than those in the first cycle, which may be due to the reduced tumor burden, an impacting factor in CRS severity.

In summary, we report the first patient treated with CAR-GPC3 T-cell and Sorafenib combination therapy. To the best of our knowledge, this is the first reported case with a CR after the combination therapy of CAR-T cells with tyrosine kinase inhibitors. The clinical outcome demonstrated that the combination therapy of CAR-GPC3 T-cell and Sorafenib may be a new promising approach for GPC3+ aHCC patients. A well-designed study is deemed to be necessary to further confirm the safety and efficacy of the combination therapy.
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Chimeric antigen receptor T cell (CAR-T) therapy has emerged as highly effective in relapsed/refractory (R/R) diffuse large B-cell lymphoma (DLBCL), but only about 40% patients have achieved sustained responses. Here, we conducted a phase II clinical trial testing efficacy and toxicities of CAR-T therapy in R/R non-Hodgkin’s lymphoma patients (NCT03196830). Among enrolled patients, 33 R/R DLBCL patients pretreated with DFC (decitabine, fludarabine plus cyclophosphamide) lymphodepletion chemotherapy and infused with tandem CD19-CD22 based CAR-T cells were drawn out for efficacy and toxicities of CAR-T therapy evaluation. With a median follow-up of 10.9(0.6-29.0) months, the best overall response and complete remission (CR) rates were 90.9% and 63.6%, respectively. The median progression-free survival (PFS) was 10.2 months and overall survival (OS) was undefined. The 2-year OS and PFS rates were 54.3% and 47.2%, respectively. No severe grade 4 cytokine release syndrome (CRS) was observed and grade 3 CRS was observed in only 7 patients; 3 patients developed mild immune effect or cell-associated neurotoxic syndrome. All toxicities were transient and reversible and no CAR-T-related mortality. Further subgroup analysis showed that achieving CR was an independent prognostic factor associated with favorable PFS and OS. The 2-year OS and PFS for patients who achieved CR within 3 months (undefined versus undefined P=0.021 and undefined versus undefined P=0.036) or during the follow-up period were significantly longer than those who did not (undefined versus 4.6 months P < 0.0001 and undefined versus 2.0months P<0.001). While severe CRS was also an independent prognostic factor but associated with inferior PFS and OS. The 2-year OS and PFS for patients with grade 3 CRS were significantly shorter than those with grade 0-2 CRS (4.1 months versus undefined P<0.0001 and 1.7 months versus undefined P=0.0002). This study indicated that CD19/CD22 dual-targeted CAR-T therapy under a decitabine-containing lymphodepletion regimen may be a safe, potent effective approach to R/R DLBCL patients.
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Introduction

Chimeric antigen receptor T cell (CAR-T) therapy representes a potentially curative approach to diffuse large B-cell lymphoma (DLBCL) patients; however, only about 40% of patients achieve sustained responses (1, 2). High relapse rate, due to antigen escape, uncertainties surrounding the cell-intrinsic property and exhaustion of CAR-T cells, has restricted CAR-T efficacy and its widespread clinical application.

To overcome antigen escape, bispecific CAR-T therapy simultaneously targeting both CD19 and CD22 is an option. Wei G et al. found that CD19/CD22 dual-targeted CAR-T therapy was effective in R/R aggressive B-cell lymphoma with 14(87.5%) achieving objective response and 10 (62.5%) achieving complete response (CR) among 16 eligible patients. Further, bispecific CAR-T therapy was also safe with only 1 patient presenting with severe cytokine release syndrome (CRS) and no patients developing immune effect or cell-associated neurotoxic syndrome (ICANS). The 2-year overall survival (OS) and progression-free survival (PFS) rates were 77.3% and 40.2%, respectively (3).

Abnormal hypermethylations lead to tumor suppressor genes silencing which are often observed in lymphoma patients. Decitabine(DAC), a DNA demethylating agent, has been reported to confer to demethylation of tumor suppressor genes and result in tumor cell growth inhibition (4–6). Moreover, Li et al. (7) demonstrated that DAC, in addition to its demethylation effect directly on lymphoma cells, can also upregulate CD19 expression on lymphoma cells and enhance the CAR-T cell-specific killing function in vitro. Two relapsed and refractory (R/R) lymphoma patients who underwent a combination of DAC and CAR-T therapy achieved complete remission (CR) and remained disease-free for 4 months and 2 months respectively. Further, DAC has a very limited impact on CAR-T cell viability, proliferation, and cytolytic functions. These studies provide a strong rationale for the combination of DAC and CAR-T therapy in R/R DLBCL. However, the optimal time of DAC application during CAR-T therapy including before, concomitantly with, or after CAR-T infusion is still needed to further exploit.

In this study, we reported the institutional experience at the First Affiliated Hospital of Soochow University from 33 decitabine-containing lymphodepletion regimens pretreated and tandem CD19/CD22 CAR-T infused R/R DLBCL patients drawn out from one ongoing phase II trial testing efficacy and toxicities of CAR-T therapy in R/R Non-Hodgkin lymphoma patients (http://ClinicalTrials.gov NCT03196830). Our data demonstrated that DAC-primed CD19/CD22 dual-targeted CAR-T therapy may be a safe, potent effective approach to R/R DLBCL patients.



Materials and methods


Patients and study design

The phase II clinical trial ran from June 23, 2017 through now at the First Affiliated Hospital of Soochow University. 33 R/R DLBCL patients received lymphodepletion chemotherapy with DFC regimen (DAC a total dose of 100mg/m2 was equally intravenously administrated for 3 consecutive days, cyclophosphamide 300mg/m2×3d and fludarabine 30mg/m2×3d). Two days after chemotherapy, tandem CD19/CD22 based CAR-T cells at a total dose of 1×107 cells per kilogram were infused within 3 days by escalation (10%, 30%, and 60% of total dose). CAR-T efficacy and safety were evaluated. A follow-up to evaluate the duration of response, survival, and late adverse events was ongoing. The final follow-up visit for endpoint analysis was conducted on April 1, 2022. Patients’ characteristics, toxicities and responses to CAR-T were shown in Table 1.


Table 1 | Baseline characteristics of patients.





CAR-T cells preparation

The peripheral blood lymphocytes were acquired and collected through density gradient separation from patients’ peripheral blood. T lymphocytes were further isolated by degradable anti-CD3 magnetic microbeads (Miltenyi Biotec, Bergisch Gladbach, Germany) and activated with 5ug/mL monoclonal anti-CD3/CD28 antibodies(Miltenyi Biotec, Bergisch Gladbach, Germany) for 48 hours. Then T cells were transduced with lentivirus encoding the CD19/22-4-1BB-CD3z transgene as previously reported (8) and cultured in AIM-V media (Gibco, NY, USA) supplemented with 10% autologous serum, 100 IU/ml IL-2, 5 ng/ml IL-7, and 5 ng/ml IL-15 for 12~20 days until their numbers met the pre-set value. All these CAR-T products were provided by the unicar-therapy bio-medicine technology co.(Shanghai, China). Quality tests were performed before infusion to patients as previously described (9–11).



End points and assessments

The primary endpoint was overall response rate [ORR, calculated as the combined rates of CR and partial response (PR)], as assessed by the investigators according to the International Working Group Response Criteria for Malignant Lymphoma (12). Secondary endpoints included the duration of response, the incidence of adverse events (AEs), and the survival of CAR-T cells detected in patients’ peripheral blood. AEs were evaluated according to the Common Terminology Criteria for Adverse Events, version 4.03, set by the U.S. Department of Health and Human Services. CRS was graded according to the criteria of reported (13). Secondary endpoints included OS calculated from the day of CAR-T infusion to death or the end of follow-up and PFS calculated from the day of CR after CAR-T therapy to relapse or death, or the end of follow-up. CAR-T cell expansions were analyzed as described previously (9–11).



Statistics

Analyses were performed using Graphpad Prism 5. The Kaplan-Meier approach was performed to estimate time-to-event analyses. Characteristics, efficacy and safety analyses in two cohorts were assessed with two-sided Student’s t-tests or Fisher’s exact test. Changes in cytokines and CAR-T copies in two cohorts were analyzed by two-way ANOVA. P values of less than 0.05 were considered statistically significant.



Study approval

This study was approved by the Ethics Committee of the First Affiliated Hospital of Soochow University and was conducted in accordance with the Declaration of Helsinki principles. All patients provided written informed consent.




Results


Demographics and baseline characteristics

This cohort included 16 females and 17 males. The median age was 55(31~72) years old. 33 R/R DLBCL patients enrolled in this study were evaluated. Table 1 described the subject-, disease- and CAR-T-related variables of this cohort. The majority of patients were non-germinal center B cell (GCB) subtype per the Hans algorithm (14) and had Stage III or IV DLBCL before treatments. Most patients received two to four lines of pre-trial chemotherapy. Further, most patients were refractory and at progression disease (PD) status before CAR-T infusion. Within three months,13 cases (Patient C1-C13) achieved CR with 9 cases maintaining CR and 4 relapsed. Among the 4 relapsed cases, 1 was exposed and irresponsive to radiotherapy and died of PD shortly; 3 cases were exposed and responsive to allogeneic hematopoietic stem cell transplantation(allo-HSCT) with 2 achieving CR and alive and 1 achieving PR and died of severe graft versus host disease (GVHD). Furthermore, 16(Patient C18-C33) out of 20 cases without achieving CR within three months were bridged to maintenance therapies including 6 cases with lenalidomide, 2 cases with Bruton tyrosine kinase inhibitor (BTKi), 5 cases with lenalidomide and BTKi, and 3 cases with radiotherapy (Figures 1, 2A).




Figure 1 | Flow chart of treatments of the enrolled 33 R/R DLBCL patients. .






Figure 2 | Clinical efficacy after CAR-T therapy in 33 R/R DLBCL patients. (A) Duration of response and survival post-infusion with CAR-T cells in all patients. (B) Representative PET-CT before CAR-T infusion, 1 month after CAR-T infusion, before HSCT and 3 months after HSCT in patient C10 was shown. The black arrow points to the location of the tumor. .





Safety

All AEs occurring within 14 days of CAR-T cells infusion were graded and reported for the 33(100%) treated patients. The most frequent AEs were severe hematological toxicities. Grade III/IV neutropenia was observed in all 33 cases (100%), severe anemia, thrombocytopenia and hemagglutination abnormalities were observed in 23(69.7%), 30(90.9%) and 12(36.4%) cases respectively. CRS was observed in 25(75.8%) patients included grade 3 CRS (21.2%), grade 2 CRS (12.1%) and grade 1 CRS (42.4%) respectively. Patients with mild CRS (grade 0-2) responded to supportive care, while patients with severe CRS (grade 3), 3 cases were resolved with tocilizumab and 4 cases were controlled by rapid steroid taper besides supportive care. Further, 3 patients (9.1%) developed ICANS who also manifested with severe CRS. After administration of steroid, ICANS were reversed quickly. A panel of cytokines relevant to CAR-T therapy were detected with a dramatically higher increase of interferon (IL)-6 and c-reactive protein (CRP) levels in cases with grade 3 CRS than in other cases (P=0.0014 and P=0.0103 respectively, Figures 3A, B). Further analysis showed that patients achieving CR during the follow-up period has a lower IL-6 increase than patients without achieving CR (P=0.0029, Figure 3C), while the CRP had no difference in both groups (P=0.7588, Figure 3D). Non-neurological and non-hematological toxicities included pyrexia (78.8%), hypoxia (36.4%), hypotension (3.0%), cardiac failure (6.0%), acute kidney injury (15.2%), pneumonia (12.1%), increase of alanine transaminase (24.2%) and hyperbilirubinemia (3.0%). Generally, all cases were well-tolerated and all toxicities were transient and reversible and no CAR-T-related mortality (Table 2).




Figure 3 | Cytokines and CAR-T copies in 33 R/R DLBCL patients. (A, B) Changes of IL-6 and CRP levels in patients with different CRS grades after CAR-T therapy. Significant higher IL-6 and CRP levels were detected in cases with grade CRS 3 than in that cases with grade CRS 0-2 (P=0.0014 and P=0.0103 respectively two-way ANOVA, shown are means±SD; n1=7, n2=26). (C, D) Changes of IL-6 and CRP levels in patients with different responses after CAR-T therapy. Patients achieving CR during follow-up period has a lower IL-6 increase than patients without achieving CR (P=0.0029, two-way ANOVA, shown are means±SD; n1= 20, n2=13), while CRP had no difference in both groups(P=0.7588, two-way ANOVA, shown are means±SD; n1=20, n2=13). (E, F) Changes of CAR-T copies in patients with different response after CAR-T therapy. Relatively higher CAR-T copies were observed in cases that achieved CR than cases without CR within 1 month(P<0.0001, two-way ANOVA, shown are means±SD; n1=9, n2=24) or 3 months(P<0.0001, two-way ANOVA, shown are means±SD; n1=13, n2=20). Note: CR for complete remission; CRS for cytokine release syndrome; IL-6 for Interferon-6; CRP for c-reactive protein.




Table 2 | Toxicities after CAR-T therapy in all patients.





Efficacy and survival

As of April 1, 2022, 33 cases were enrolled and 32 cases were eligible for further efficacy evaluation as one case was discharged due to financial problems on day 11 and died on day 18 after CAR-T infusion due to pneumonia. Within 1 month and 3 months after CAR-T infusions, 29 (90.6%) and 30(93.8%) achieved an objective response with 9 (28.1%) and 13(40.6%) achieving CR. The best ORR and CR rate (CRR) were 93.8% and 63.6% respectively. Further subgroup analysis showed that the best CRR was significantly higher in cases at PR/stable disease (SD) status than cases at PD status before CAR-T infusion (90% vs 50%, P=0.0303), while there was no significant difference at the best ORR as well as CRR/ORR within one or three months between two groups(P>0.05). Among 7 patients with severe CRS, 6 were eligible for efficacy evaluation. Within 1 month or 3 months follow-up, 1 achieved CR and 5 achieved PR. The ORR and CRR were 100% and 16.7%, respectively. Among the 26 patients with mild CRS, 8 achieved CR, 15 achieved PR and 3 maintained SD within 1 month follow-up; while 12 achieved CR, 12 achieved PR and 2 maintained SD within 3 months follow-up. The ORR and CRR were 88.5% and 30.5% within 1 month follow-up and 92.3% and 46.2% within 3 months follow-up, respectively. However, there were no significant difference on the efficacy among patients with different grade of CRS. Furthermore, after CAR-T infusion, relatively high (7.8×103-3.4×105/ml) CAR-T copies were observed in all patients with significantly higher copies in cases achieved CR than in cases without CR within 1 month or 3 months(P<0.0001) (Figures 3E, F).

With the follow-up to date, 21 cases were still alive and 12 cases deceased. Among the 21 alive cases, 17 cases were in ongoing CR and 3 cases were in ongoing PR and 1 case was at PD. Among the 12 deceased cases, 3 cases died of pneumonia at 18 days, 2.1 months and 4.1 months after CAR-T infusion, one case died of severe GVHD 3.3months after allo-HSCT who achieved CR but relapsed 2.8 months after CAR-T and was exposed to allo-HSCT, while the other 8 cases died of PD with 7 cases within 12 months and 1 case at 18.0 months after CAR-T therapy. Among the patients with ongoing CR, one patient (C10) who responded to CAR-T therapy initially and relapsed shortly was exposed to allo-HSCT and achieved CR (Figure 2B). Figure 2B showed representative PET- CT before CAR-T infusion, 1 month after CAR-T infusion, as well as before HSCT and 3 months after HSCT in patient C10. The patient was previously treated with 4 cycles of R-CHOP (rituximab plus cyclophosphamide, doxorubicin, vincristine, and prednisone) and 2 cycles of R-GemOx (rituximab plus gemcitabine and oxaliplatin) but got PD. Then the patient was exposed to CAR-T therapy and achieved CR 1 month after CAR-T therapy, but relapsed 9.3 months after CAR-T infusion. The patient was then exposed to radiation, immunochemotherapy BR (bendamustine plus rituximab) regimen, targeted therapies including BTKi, B-cell lymphoma-2 inhibitor (BCL-2i) and chidamide, followed by allo-HSCT and achieved CR2. Now patient C10 had been in CR for more than 1 year.

With a median follow-up of 10.9(0.6-29.0) months, the 2-year OS and PFS rates were 54.3% and 47.2% respectively (Figures 4A, B). Further subgroup analysis showed that achieving CR was an independent prognostic factor associated with favorable PFS and OS. Though there was only a trend of difference in OS and no significant difference in PFS between patients who achieved CR within 1 month and those who did not (undefined versus undefined P=0.057 and undefined versus undefined P=0.103). But the 2-year OS and PFS for patients who achieved CR within 3 months (undefined versus undefined P=0.021 and undefined versus undefined P=0.036) or during the follow-up period were significantly longer than those who did not (undefined versus 4.6 months P < 0.0001 and undefined versus 2.0months P<0.001). While severe CRS was also an independent prognostic factor but associated with inferior PFS and OS. The 2-year OS and PFS for patients with grade 3 CRS were significant shorter than those with grade 0-2 CRS(4.1 months versus undefined P<0.0001 and 1.7 months versus undefined P=0.0002). (Figures 4C–J).




Figure 4 | Survival after CAR-T therapy in R/R DLBCL patients. (A, B) OS and PFS curves of all patients after CAR-T therapy and the 2-year OS and PFS rates were 54.3% and 47.2% respectively (n=33). (C, D) OS and PFS curves of patients in cases who achieved CR within 1 month and those who did not. The 2-year OS and PFS in both groups were undefined and undefined (n1=9, n2=24, P=0.057 and P=0.103 respectively). (E, F) The 2-year OS and PFS curves of patients in cases who achieved CR within 3 months and those who did not. The 2-year OS and PFS in both groups were undefined and undefined (n1=13, n2=20, P=0.021 and P=0.036 respectively). (G, H) The 2-year OS and PFS curves of patients in cases who achieved CR during the follow-up period and those who did not. The 2-year OS and PFS in both groups were undefined versus 4.6 months (n1=20, n2=13, P < 0.0001) and undefined versus 2.0 months (n1=20, n2=13, P<0.001). (I, J) The 2-year OS and PFS curves of patients with grade 3 CRS and those with grade 0-2 CRS. The 2-year OS and PFS in both groups were 4.1 months versus undefined (n1=7, n2=26, P< 0.0001) and 1.7 months versus undefined (n1=7, n2=26, P=0.0002). Note: OS for overall survival; PFS for progression-free survival.






Discussion

This study firstly reported the safety, efficacy as well as the survival of tandem CD19/CD22 CAR-T therapy with DAC containing lymphodepletion regimen in 33 R/R DLBCL and addressed the additional benefit of DAC in CAR-T treated R/R DLBCL patients. Patients showed high efficacy, good survival and reversible toxicities highlighting that DFC may be an effective and safe lymphodepletion regimen before CAR-T therapy. However, due to the small sample size as well as the single-arm phase II trial, the results must be considered preliminary and should be verified by large-scale randomized controlled trials in the future.

It had been reported that DAC can upregulate tumor-specific antigens (7), increase the expansion of cytotoxic immune cells including CAR-T cells (7), prevent T-cell exhaustion (15), induce cell death through DNA damage-mediated G2/M or S phase arrest (16) and inhibit GVHD and enhancement of graft-versus-leukemia/lymphoma (GVL) effects after allo-HSCT (6). In our previous study, we found that additional DAC application may improve the outcome of CAR-T therapy in a high-risk population of R/R acute leukemia patients with TP53 alterations. Moreover, it was reported that DAC enhanced CAR-T therapy in lymphoma cells in vitro and two R/R lymphoma patients who underwent a combination of DAC and CAR-T therapy achieved CR. However, this study only enrolled two single cases with one R/R Burkitt lymphoma and one R/R DLBCL and there was no long-term follow-up data about DAC effects on CAR-T therapy in lymphoma. The effect of DAC on DLBCL patients’ efficacy and long-term survival underwent CAR-T therapy was still not clarified and needed further investigation. Our study filled the gap in this field to some extent.

CRS and ICANS were frequent and more severe in patients with high tumor burden (6) and remained challenges to safe CAR-T therapy (17). Further, it was reported that patients with high tumor burden showed less efficacy and worse survival after CAR-T therapy. In our study, 6 cases showed grade 3 CRS and 3 cases presented ICANS and all these cases showed high tumor burden and were at PD status before CAR-T infusions. Moreover, patients at PD status before CAR-T infusion presented with less CRR and more severe CRS compared to patients at PR/PD status. These were consistent with the previous report. However, there was no significant difference in PFS or OS between the two subgroups of patients. The relatively good survival of patients at PD status may be due to the application of DAC in the lymphodepletion regimen as well as maintenance therapy after CAR-T therapy.

The main barrier to achieving a durable clinical response for CAR-T therapy was the high relapse rate due to antigen loss. To conquer relapse after CAR-T therapy, one strategy was to engineer multi-specific CAR-T cells against different potency targets (18). CD22-targeted CAR-T cells had shown an impressive response rate in DLBCL patients resistant to CD19-targeted CAR-T therapy (19, 20). Moreover, CD19/CD22 dual-target CAR-T cells had been reported to be safe and effective to reduce the rates in different clinical trials (18, 21). In this study, we performed CAR-T therapy using tandem CD19 and CD22 antigen targets and got a good response. One strategy was to bridge new therapy. Allo-HSCT had been considered as a potentially curative therapy for treating R/R DLBCL. Considering the high risk of transplant-related mortality, allo-HSCT was not preemptive until patients relapsed after CAR-T therapy. In our study, 3 cases who relapsed after CAR-T therapy were exposed to HSCT and with 2 achieving CR and alive and 1 achieving PR but died of severe GVHD. Our data supported that allo-HSCT may be a feasible salvage approach for high-risk DLBCL patients who relapsed after CAR-T therapy. One strategy was the application of external pharmacological interventions. In the literature, BTKi (22, 23), lenalidomide (24, 25), PD-1 inhibitor (26), BCL-2i (27), idelalisib (28) and interferon α (29) had been reported to synergize with CAR-T cells in the treatment of various hematologic malignancies, and these compounds may be potential therapy choices for combination therapies with CAR-T therapy. However, most studies were limited to preclinical settings and more clinical evidence was needed to confirm these approaches. In our study, 16 cases without achieving CR within three months received maintenance therapies including 6 cases with lenalidomide, 2 cases with BTKi, 5 cases with lenalidomide and BTKi, and 3 cases with radiotherapy. Finally, 5 out of 6 patients administrated lenalidomide achieved CR and alive, 5 out of 5 patients administrated lenalidomide and BTKi achieved CR with 4 cases alive except one case withdrawal of drugs unauthorized and died of PD. However, 2 cases administrated with BTKi and 3 cases exposed to radiotherapy were irresponsive and died of PD. Our study supported that lenalidomide-containing regimen may be a good maintenance approach to enhancing CAR-T efficacy for patients without achieving CR after CAR-T in DLBCL. Another strategy was to optimize the lymphodepletion regimen. Our group previously reported the data of 32 patients underwent FC lymphodepletion regimen and infused with tandem CD19/CD22 CAR-T cells owing the same design and produced by the same company (8). The ORR and CRR were 79.3% and 34.5% respectively which were lower than that reported in this present study (ORR and CRR were 90.9% and 63.6%, respectively). The 1-year OS and PFS rates were 63.3% and 40.0%, respectively in the previous study, while 2-year OS and PFS rates were 54.3% and 47.2%, respectively in this present study. Compared to patients without addition of DAC, patients with DAC-containing regimen present more superior efficacy and PFS. To access whether DAC addition brought additional hematological toxicities, we analyzed and compared the hematological toxicities of patients underwent lymphodepletion regimens with or without DAC. Among patients underwent DAC-containing lymphodepletion regimen, grade III/IV neutropenia was observed in all 33 cases(100%), severe anemia and thrombocytopenia were observed in 23(69.7%) and 30(90.9%), respectively. While among patients underwent no DAC-containing lymphodepletion regimen, grade III/IV neutropenia was observed in 26(81.3%) cases, severe anemia and thrombocytopenia were observed in 18(56.3%) and 17(53.1%) cases, respectively. It seemed that the hematological toxicities were more frequent after addition of decitabine. However, all hematological toxicities were transient and reversible. Our data suggested that the addition of DAC in a regular FC lymphodepletion regimen before CAR-T therapy may be a feasible and safe approach to overcome relapse after CAR-T therapy in R/R DLBCL. However, due to the small sample size as well as unbalanced patients’ characteristics between two studies, large-scale randomized controlled phase III trial should be guaranteed in the future to figure out benefit of DAC as a part of lymphodepletion regimen before CAR-T infusion.

In summary, this study represented the first successful phase II trial of using DAC containing lymphodepletion regimen DFC in R/R DLBCL. Moreover, this study demonstrated that the addition of DAC in the traditional lymphodepletion FC regimen may be a safe and promising approach to managing R/R DLBCL patients. This study provided a rationale for combining DAC and CAR-T therapy in R/R DLBCL.



Data availability statement

The original contributions presented in the study are included in the article/supplementary material. Further inquiries can be directed to the corresponding authors.



Ethics statement

The studies involving human participants were reviewed and approved by the Ethics Committee of the First Affiliated Hospital of Soochow University. The patients/participants provided their written informed consent to participate in this study. Written informed consent was obtained from the individual(s) for the publication of any potentially identifiable images or data included in this article.



Author contributions

CQ, DW, and ZJ contributed to conception and design of the study. CQ, PW and QZ treated the patients and collected the clinical data. RZ and CQ organized all the data and performed the statistical analysis. LK and LY engineered and performed the quality tests of the CAR-T cells. HL performed all imaging interpretation. CQ wrote the first draft of the manuscript. NP, FX and DK wrote sections of the manuscript. All authors contributed to manuscript revision, read, and approved the submitted version.



Funding

This work was supported by research grants from the National Key R&D Program of China (2016YFC0902800) (to DW), Priority Academic Program Development of Jiangsu Higher Education Institutions (PAPD) (to DW), National Natural Science Foundation of China [(81400155) (to CQ and ZJ), (81600114)(to NP)], Jiangsu Natural Science Foundation of China (BK20140374)(to CQ and ZJ), Top-notch young health talents, 5th Suzhou health professionals program (GSWS2019035)(to CQ), and National Clinical Research Center for hematologic disease[(2021ZKMC01)(to CQ), [(2021ZKMB03)(to NP)].



Acknowledgments

We would like to thank Dr. Robert Gale for reviewing our manuscript. We also thank all members of the study team, the patient and their family.



Conflict of interest

Authors LY and LK are employed by Shanghai Unicar-Therapy Bio-medicine Technology Co., Ltd.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



References

1. Locke, FL, Ghobadi, A, Jacobson, CA, Miklos, DB, Lekakis, LJ, Oluwole, OO, et al. Long-term safety and activity of axicabtagene ciloleucel in refractory large b-cell lymphoma (zuma-1): a single-arm, multicentre, phase 1-2 trial. Lancet Oncol (2019) 20(1):31–42. doi: 10.1016/s1470-2045(18)30864-7

2. Schuster, SJ, Bishop, MR, Tam, CS, Waller, EK, Borchmann, P, McGuirk, JP, et al. Tisagenlecleucel in adult relapsed or refractory diffuse large b-cell lymphoma. N Engl J Med (2019) 380(1):45–56. doi: 10.1056/NEJMoa1804980

3. Wei, G, Zhang, Y, Zhao, H, Wang, Y, Liu, Y, Liang, B, et al. Cd19/Cd22 dual-targeted car t-cell therapy for relapsed/refractory aggressive b-cell lymphoma: a safety and efficacy study. Cancer Immunol Res (2021) 9(9):1061–70. doi: 10.1158/2326-6066.Cir-20-0675

4. Griffiths, EA, Srivastava, P, Matsuzaki, J, Brumberger, Z, Wang, ES, Kocent, J, et al. Ny-Eso-1 vaccination in combination with decitabine induces antigen-specific t-lymphocyte responses in patients with myelodysplastic syndrome. Clin Cancer Res (2018) 24(5):1019–29. doi: 10.1158/1078-0432.Ccr-17-1792

5. Wang, LX, Mei, ZY, Zhou, JH, Yao, YS, Li, YH, Xu, YH, et al. Low dose decitabine treatment induces cd80 expression in cancer cells and stimulates tumor specific cytotoxic t lymphocyte responses. PloS One (2013) 8(5):e62924. doi: 10.1371/journal.pone.0062924

6. Pusic, I, Choi, J, Fiala, MA, Gao, F, Holt, M, Cashen, AF, et al. Maintenance therapy with decitabine after allogeneic stem cell transplantation for acute myelogenous leukemia and myelodysplastic syndrome. Biol Blood Marrow Transplant (2015) 21(10):1761–9. doi: 10.1016/j.bbmt.2015.05.026

7. Li, S, Xue, L, Wang, M, Qiang, P, Xu, H, Zhang, X, et al. Decitabine enhances cytotoxic effect of t cells with an anti-cd19 chimeric antigen receptor in treatment of lymphoma. OncoTargets Ther (2019) 12:5627–38. doi: 10.2147/ott.S198567

8. Zhang, Y, Li, J, Lou, X, Chen, X, Yu, Z, Kang, L, et al. A prospective investigation of bispecific cd19/22 car t cell therapy in patients with relapsed or refractory b cell non-hodgkin lymphoma. Front Oncol (2021) 11:664421. doi: 10.3389/fonc.2021.664421

9. Qu, C, Ping, N, Kang, L, Liu, H, Qin, S, Wu, Q, et al. Radiation priming chimeric antigen receptor t-cell therapy in relapsed/refractory diffuse large b-cell lymphoma with high tumor burden. J Immunother (Hagerstown Md: 1997) (2020) 43(1):32–7. doi: 10.1097/cji.0000000000000284

10. Qu, C, Li, Z, Kang, L, Wang, Y, Dai, H, Yin, J, et al. Successful treatment of two relapsed/refractory t (Acute myeloid leukemia patients by cd19-directed chimeric antigen receptor t cells. Bone Marrow Transplant (2019) 54(7):1138–40. doi: 10.1038/s41409-018-0423-y

11. Qu, C, Song, Y, Yin, J, Ma, Y, Kang, L, Li, Z, et al. Decitabine may improve car-t efficacy in refractory/relapsed acute leukemia patients carrying tp53 alterations. Bone Marrow Transplant (2021) 56(7):1710–3. doi: 10.1038/s41409-021-01230-z

12. Cheson, BD, Pfistner, B, Juweid, ME, Gascoyne, RD, Specht, L, Horning, SJ, et al. Revised response criteria for malignant lymphoma. J Clin Oncol (2007) 25(5):579–86. doi: 10.1200/jco.2006.09.2403

13. Lee, DW, Gardner, R, Porter, DL, Louis, CU, Ahmed, N, Jensen, M, et al. Current concepts in the diagnosis and management of cytokine release syndrome. Blood (2014) 124(2):188–95. doi: 10.1182/blood-2014-05-552729

14. Hans, CP, Weisenburger, DD, Greiner, TC, Gascoyne, RD, Delabie, J, Ott, G, et al. Confirmation of the molecular classification of diffuse large b-cell lymphoma by immunohistochemistry using a tissue microarray. Blood (2004) 103(1):275–82. doi: 10.1182/blood-2003-05-1545

15. Ghoneim, HE, Fan, Y, Moustaki, A, Abdelsamed, HA, Dash, P, Dogra, P, et al. De novo epigenetic programs inhibit pd-1 blockade-mediated t cell rejuvenation. Cell (2017) 170(1):142–57.e19. doi: 10.1016/j.cell.2017.06.007

16. Valdez, BC, Tang, X, Li, Y, Murray, D, Liu, Y, Popat, U, et al. Epigenetic modification enhances the cytotoxicity of busulfan and4-hydroperoxycyclophosphamide in aml cells. Exp Hematol (2018) 67:49–59.e1. doi: 10.1016/j.exphem.2018.08.002

17. Héninger, E, Krueger, TE, and Lang, JM. Augmenting antitumor immune responses with epigenetic modifying agents. Front Immunol (2015) 6:29. doi: 10.3389/fimmu.2015.00029

18. Spiegel, JY, Patel, S, Muffly, L, Hossain, NM, Oak, J, Baird, JH, et al. Car T cells with dual targeting of cd19 and cd22 in adult patients with recurrent or refractory b cell malignancies: a phase 1 trial. Nat Med (2021) 27(8):1419–31. doi: 10.1038/s41591-021-01436-0

19. Baird, JH, Frank, MJ, Craig, J, Patel, S, Spiegel, JY, Sahaf, B, et al. Cd22-directed car t-cell therapy induces complete remissions in cd19-directed car-refractory large b-cell lymphoma. Blood (2021) 137(17):2321–5. doi: 10.1182/blood.2020009432

20. Zhu, H, Deng, H, Mu, J, Lyu, C, Jiang, Y, and Deng, Q. Anti-Cd22 car-t cell therapy as a salvage treatment in b cell malignancies refractory or relapsed after anti-cd19 car-t therapy. OncoTargets Ther (2021) 14:4023–37. doi: 10.2147/ott.S312904

21. Cao, Y, Xiao, Y, Wang, N, Wang, G, Huang, L, Hong, Z, et al. Cd19/Cd22 chimeric antigen receptor t cell cocktail therapy following autologous transplantation in patients with relapsed/refractory aggressive b cell lymphomas. Transplant Cell Ther (2021) 27(11):910.e1–.e11. doi: 10.1016/j.jtct.2021.08.012

22. Gauthier, J, Hirayama, AV, Purushe, J, Hay, KA, Lymp, J, Li, DH, et al. Feasibility and efficacy of cd19-targeted car t cells with concurrent ibrutinib for cll after ibrutinib failure. Blood (2020) 135(19):1650–60. doi: 10.1182/blood.2019002936

23. Qin, JS, Johnstone, TG, Baturevych, A, Hause, RJ, Ragan, SP, Clouser, CR, et al. Antitumor potency of an anti-cd19 chimeric antigen receptor t-cell therapy, lisocabtagene maraleucel in combination with ibrutinib or acalabrutinib. J Immunother (Hagerstown Md: 1997) (2020) 43(4):107–20. doi: 10.1097/cji.0000000000000307

24. Works, M, Soni, N, Hauskins, C, Sierra, C, Baturevych, A, Jones, JC, et al. Anti-b-cell maturation antigen chimeric antigen receptor t cell function against multiple myeloma is enhanced in the presence of lenalidomide. Mol Cancer Ther (2019) 18(12):2246–57. doi: 10.1158/1535-7163.Mct-18-1146

25. Wang, X, Walter, M, Urak, R, Weng, L, Huynh, C, Lim, L, et al. Lenalidomide enhances the function of cs1 chimeric antigen receptor-redirected t cells against multiple myeloma. Clin Cancer Res (2018) 24(1):106–19. doi: 10.1158/1078-0432.Ccr-17-0344

26. Cao, Y, Lu, W, Sun, R, Jin, X, Cheng, L, He, X, et al. Anti-Cd19 chimeric antigen receptor t cells in combination with nivolumab are safe and effective against relapsed/refractory b-cell non-hodgkin lymphoma. Front Oncol (2019) 9:767. doi: 10.3389/fonc.2019.00767

27. Karlsson, H, Lindqvist, AC, Fransson, M, Paul-Wetterberg, G, Nilsson, B, Essand, M, et al. Combining car t cells and the bcl-2 family apoptosis inhibitor abt-737 for treating b-cell malignancy. Cancer Gene Ther (2013) 20(7):386–93. doi: 10.1038/cgt.2013.35

28. Stock, S, Übelhart, R, Schubert, ML, Fan, F, He, B, Hoffmann, JM, et al. Idelalisib for optimized cd19-specific chimeric antigen receptor t cells in chronic lymphocytic leukemia patients. Int J Cancer (2019) 145(5):1312–24. doi: 10.1002/ijc.32201

29. Escobar, G, Barbarossa, L, Barbiera, G, Norelli, M, Genua, M, Ranghetti, A, et al. Interferon gene therapy reprograms the leukemia microenvironment inducing protective immunity to multiple tumor antigens. Nat Commun (2018) 9(1):2896. doi: 10.1038/s41467-018-05315-0



Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Qu, Zou, Wang, Zhu, Kang, Ping, Xia, Liu, Kong, Yu, Wu and Jin. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




MINI REVIEW

published: 18 August 2022

doi: 10.3389/fimmu.2022.907022

[image: image2]


Secretory co-factors in next-generation cellular therapies for cancer


Atsushi Okuma *, Yoshihito Ishida, Taketo Kawara, Shoji Hisada and Shinsuke Araki


Center for Exploratory Research, Research and Development Group, Hitachi Ltd., Kobe, Japan




Edited by: 

Song Zhang, Nankai University, China

Reviewed by: 

Pengfei Yu, University of Pennsylvania, United States

Andreas A. Hombach, University Hospital Cologne, Germany

*Correspondence: 

Atsushi Okuma
 atsushi.okuma.xq@hitachi.com

Specialty section: 
 This article was submitted to Cancer Immunity and Immunotherapy, a section of the journal Frontiers in Immunology


Received: 29 March 2022

Accepted: 01 August 2022

Published: 18 August 2022

Citation:
Okuma A, Ishida Y, Kawara T, Hisada S and Araki S (2022) Secretory co-factors in next-generation cellular therapies for cancer. Front. Immunol. 13:907022. doi: 10.3389/fimmu.2022.907022



Since chimeric antigen receptor (CAR) T-cell therapies for hematologic malignancies were approved by the U.S. Food and Drug Administration, numerous “next-generation” CAR T cells have been developed to improve their safety, efficacy, and applicability. Although some of these novel therapeutic strategies are promising, it remains difficult to apply these therapies to solid tumors and to control adverse effects, such as cytokine release syndrome and neurotoxicity. CAR T cells are generated using highly scalable genetic engineering techniques. One of the major strategies for producing next-generation CAR T cells involves the integration of useful co-factor(s) into the artificial genetic design of the CAR gene, resulting in next-generation CAR T cells that express both CAR and the co-factor(s). Many soluble co-factors have been reported for CAR T cells and their therapeutic effects and toxicity have been tested by systemic injection; therefore, CAR T cells harnessing secretory co-factors could be close to clinical application. Here, we review the various secretory co-factors that have been reported to improve the therapeutic efficacy of CAR T cells and ameliorate adverse events. In addition, we discuss the different co-factor expression systems that have been used to optimize their beneficial effects. Altogether, we demonstrate that combining CAR T cells with secretory co-factors will lead to next-generation CAR T-cell therapies that can be used against broader types of cancers and might provide advanced tools for more complicated synthetic immunotherapies.
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Introduction

Adoptive T-cell therapies with genetic engineering to express chimeric antigen receptors (CARs) have demonstrated remarkable efficacy in patients with some B-cell malignancies and multiple myeloma (1–6). Despite successful outcomes against these specific blood tumors, CAR T-cell therapies have proven much less effective against solid tumors due to tumor heterogeneity, physical barriers preventing T-cell infiltration, and immunosuppressive tumor microenvironments (TMEs) (7). In addition, currently approved CAR T-cell therapies are associated with safety issues such as cytokine release syndrome (CRS) and immune effector cell-associated neurotoxicity syndrome (ICANS) (8). The “on-target/off-tumor” activity of CAR T cells can cause life-threatening events in some cases (9–11); therefore, it is important to develop tumor-specific CAR T-cell therapies that target novel antigens.

To overcome the issues related to current CAR T-cell therapies, numerous co-factor–expressing CAR T cells have been investigated. These co-factors can be categorized into three types based on protein localization: (i) secretory factors released by CAR T cells can affect the CAR T cells themselves as well as surrounding cells expressing a receptor for the factor; (ii) membrane proteins penetrate or associate with the CAR T-cell membrane and affect the CAR T cells and surrounding cells through ligand binding; (iii) intracellular factors such as transcription factors affect the CAR T cell itself by regulating the expression of numerous genes to dramatically change the state of the cell [e.g., Yamanaka factors: from a differentiated cell to an inducible pluripotent cell (12)]. Secretory factors are usually used to recruit other cells and/or affect cells in a wider area in a contact-independent manner, unlike membrane proteins. Moreover, secretory factors can improve the ex vivo expansion of CAR T cells (13), suggesting that they can be used to manufacture advanced CAR T cells. Because secretory factor genes are generally much smaller than those of membrane proteins, they can even be included in viral vectors with strict transgene size limits. In addition, the majority of candidate co-factors (cytokines and antibodies) have already been tested as anticancer agents; therefore, T cells can be genetically designed to express CAR and secretory co-factor(s) based on existing administration protocols, efficacy, and safety data.

In this review, we first discuss the obstacles to conventional CAR T-cell strategies and the functions that are required. Next, we provide an overview of the secretory co-factors that have already been tested in animal models or clinics from biological and clinical perspectives (Figure 1, Tables 1, 2). Finally, we describe current knowledge of constitutive and inducible types of co-factor expression machinery which could overcome some of the issues of current CAR T-cell therapies.




Figure 1 | Categorization of secretory co-factors. (A) The list of previously reported promoters and secretory co-factors of CAR T cells (see also Table 1). ICB, immune checkpoint blockade; IL-1RA, IL-1 receptor antagonist; BiTE, bispecific T-cell engager; CD19-BP, CD19-containing bridging protein. (B) Schematics of how CAR T cell can affect the environment via co-factor secretion. To enhance anti-tumor efficacy, CAR T cell can secrete cytokines or ICBs to activate surrounding cells and CAR T cell itself (left). CAR T cell can secrete antagonists to block inflammatory cytokines from macrophages (Mϕ) that induce CRS (middle). CAR T can secrete bispecific antibodies or zipFvs to redirect bystander T cells or CD19-BPs to redirect CD19 CAR T cell itself (right).




Table 1 | List of reported CAR T cells harnessing secretory co-factors.




Table 2 | Clinical trials of immune checkpoint blockade-expressing CAR T cells.





Challenges of current CAR T-cell therapies


Adverse events: CRS and ICANS

The clinical success of CD19-directed CAR T cells has also been accompanied by various limitations. CRS, the most common adverse event of CAR T-cell therapies, is caused by the overproduction of proinflammatory cytokines and mainly correlates with tumor burden (8). It has recently been suggested that during CRS, CD40L on CAR T cells and factor(s) from dead cells known as “danger signals” stimulate monocytes/macrophages to release interleukin-1 (IL-1) (41, 50). In addition, granulocyte-macrophage colony-stimulating factor (GM-CSF) from CAR T cells stimulates monocytes/macrophages to simultaneously proliferate at the inflammatory site (41, 43, 51). After IL-1 overproduction, the monocytes/macrophages produce IL-6, which plays a pivotal role in CRS (50). Current clinical protocols to treat CRS include glucocorticoids and/or IL-6 blockade (tocilizumab) (1, 52), whereas preemptive or early intervention with tocilizumab has been reported to prevent severe CRS (53, 54). IL-1 blockade (anakinra) is another promising strategy that is currently in clinical trials (55). ICANS is a severe and life-threatening adverse effect of CAR T-cell therapy (56, 57); however, the induction mechanisms remain unclear and few working therapeutic protocols have been verified. Although ICANS is associated with early systemic inflammation and CRS, the rate of which can be decreased through early intervention with tocilizumab, this therapeutic strategy does not affect the frequency of severe ICANS (58, 59). Conversely, prophylactic or early intervention with high-dose anakinra has yielded promising results against ICANS (55, 60). Together, these findings suggest that constitutive IL-6 and IL-1 blockade during CAR T-cell therapy may prevent CRS and ICANS, respectively.



Antigen specificity: “On-target, off-tumor” effects

Another limitation of CAR T-cell therapy is specificity. As of March 2022, four of the six CAR T-cell therapies approved by the U.S. Food and Drug Administration target CD19 as a tumor marker (1–4), whereas the others target B-cell maturation antigen (BCMA) (5, 6). To expand their application, it is necessary to develop CAR T-cell therapies targeting new antigens; however, a lack of specificity can lead to “on-target, off-tumor” effects which cause life-threatening toxicity depending on the non-pathogenic cell type(s) that express the target antigen. For instance, a patient who received CAR T cells targeting the tumor antigen human epidermal growth factor receptor 2 (HER2) experienced rapid respiratory failure, multi-organ dysfunction, and subsequent death due to reactivity against pulmonary epithelia with slight HER2 expression (10). This issue could be solved by CAR T-cell strategies that can clearly discriminate between cancer cells and normal cells based on an antigen density threshold, since tumor-associated antigens are expressed at much higher levels in tumors than in normal tissues (61). In addition, AND logic could be applied to produce (A AND B) CAR T cells that can recognize cells expressing both antigens A and B, but not cells expressing only A or B (46, 62, 63). Even if neither antigen is specific to the tumor, the simultaneous expression of both antigens could be tumor-specific and thus limit “on-target, off-tumor” effects.



Efficacy against solid tumors

The other major limitation of CAR T-cell therapies is their ability to fight solid tumors, which is reduced by intratumor heterogeneity, an immunosuppressive TME, and/or physical barriers (7). Intratumor heterogeneity makes it difficult to identify appropriate tumor-specific antigens. Although non-engineered T cells can be primed to react to neoantigens or tumor-associated antigens, they are usually suppressed by components of the TME, such as regulatory T (Treg) cells and immune checkpoint ligands. Because the TME also interferes with CAR T-cell activity, numerous studies have attempted to modify the interaction between CAR T cells and the TME. For instance, programmed cell death protein 1 (PD-1) knockout CAR T cells can avoid PD-1–PD-L1 (programmed death-ligand 1) immune checkpoint signals (64), whereas dominant-negative transforming growth factor–β (TGF-β) receptor–expressing CAR T cells can attenuate Treg maintenance by blocking TGF-β (65). The TME also has much lower levels of homeostatic T-cell–supportive cytokines than lymphoid tissues, which may explain the limited persistence of tumor-infiltrating CAR T cells and tumor-reacting T cells. Indeed, CAR T cells that produce IL-7 and CCL19 to mimic T-zone function in lymphoid tissues have been reported to exhibit strong efficacy in animal solid tumor models, mastocytoma cell line–derived xenografts (CDXs), hepatocellular carcinoma (HCC) patient-derived xenografts (PDXs), and pancreatic carcinoma CDXs (32, 33). Prior to their activation, intratumor CAR T cells and tumor-reacting T cells must penetrate and survive in tumors; however, the stromal structure of solid tumors acts as a physical barrier to protect against T-cell infiltration. CAR T cells harnessing the extracellular matrix-degrading enzyme heparanase are expected to improve tumor infiltration (66).




Secretory co-factors for enhancing CAR T-cell efficacy


IL-12

IL-12 is a proinflammatory cytokine that has been repeatedly reported as a co-factor for CAR T cells. IL-12 induces the differentiation of CD4+ T cells into a helper T-cell (TH1) subtype that release interferon-γ (IFN-γ) and support the cytotoxic activity of CD8+ T cells. Consequently, IL-12 was expected to improve CAR T-cell cytotoxicity; however, IL-12–expressing CAR T cells have been reported to enhance monocyte (23) and T cell (16) recruitment, macrophage antigen presentation (14), and CAR T-cell persistence (19) rather than their cytotoxicity. Local recombinant IL-12 delivery can reshape the immunosuppressive TME (67, 68) and several clinical trials for tumor therapies with recombinant IL-12 administration have been conducted in recent decades (69). Unfortunately, high-dose systemic IL-12 treatment can cause life-threatening adverse events (70, 71) and milder regimens had no effect on advanced renal cell cancer as they delivered insufficient local concentrations of IL-12 to the TME (71). CAR T cells can carry IL-12 into tumors and IL-12 expression systems with inducible promoters, such as nuclear factor of activated T cell (NFAT) promoter, may safely minimize systemic IL-12 leakage (14, 16, 23). Because IL-12 is the most clinically characterized CAR T-cell co-factor, it could reasonably be used in future CAR T-cell therapies.



IL-15

IL-15 stimulates T cells and NK cells to enhance their proliferation and cytotoxic capacity. The administration of recombinant IL-15 has been reported to accelerate the anti-tumor activity of cytotoxic T cells in mice (72) and recent reports have shown that IL-15 can polarize T cells to central memory and stem cell memory subtypes rather than the effector subtype and thereby prevent the upregulation of inhibitory receptors associated with T-cell exhaustion during ex vivo expansion (73–75). The anti-tumor activity of IL-15–expressing CAR T cells (28–30) is mainly thought to derive from cell-autonomous effects and their effects on locally colonized non-engineered T cells. However, clinical trials have indicated that systemic recombinant IL-15 administration to treat metastatic cancers can result in hypotension, thrombocytopenia, and liver toxicity (76). Consequently, it has been reported that even IL-15–expressing CAR T cells have lethal toxicity in an acute myeloid leukemia CDX model and TNF-α blockade ameliorated the toxicity of IL-15 (28). Thus, inducible IL-15 production system like NFAT–IL-12 would be tried to improve safety to avoid high systemic IL-15 levels.



IL-18

Like IL-12, IL-18 activates TH1 and NK cells to proliferate and release IFN-γ  (20). In addition, IL-18–expressing CAR T cells recruit and activate endogenous anti-tumor immune cells in the TME (22). A previous animal study has suggested that IL-18 expressed by CAR T cells are more effective against advanced pancreatic tumors than IL-12 (21). Although systemic IL-18 administration has been reported to exert moderate adverse effects in clinical trials (77), IL-18 could be a safer and more effective co-factor than IL-12. Combination therapy with CAR T cells and recombinant IL-18 would be more costly than monotherapy with IL-18–producing CAR T cells; however, the additional clinical benefits of IL-18–producing CAR T cells compared to the combination therapy, such as specific efficacy and reduced adverse events, must be explored.



IL-21

IL-21 is a cytokine derived from follicular helper T cells that promotes high-affinity immunoglobulin production by B cells, TH1 and TH17 differentiation, and CD8 T-cell proliferation (78). Recombinant IL-21 supplementation has been reported to maintain an early memory T subtype during ex vivo CAR T-cell expansion (24). Although CAR T cells with activation-dependent IL-21 secretion (NFAT promoter-IL-21) displayed increased tumor infiltration in a chronic lymphocytic leukemia CDX model, no obvious improvement in anti-tumor efficacy has been reported (24). However, CAR T cells with constitutive expression of both IL-15 and IL-21 improved potency in a HCC CDX (25). To proceed to the clinical application, IL-21 needs further study to explore the optimal cytokine combination.



IL-23

IL-23 has recently been reported as a promising secretory co-factor for CAR T cells (26). IL-23 is composed of two subunits; p40 (shared with IL-12) and p19. In activated T cells, the IL-23 receptor and p19 subunit are upregulated, but not the p40 subunit; therefore, Ma et al. engineered CAR T cells to express p40 to compensate for the cell-autonomous IL-23–IL-23R axis (26). These p40-expressing CAR T cells not only had a better safety profile but also displayed better efficacy against neuroblastoma and pancreatic cancer CDXs by promoting antigen-dependent proliferation and CAR T-cell persistence compared to IL-15 or IL-18. The data of this head-to-head study are valuable, and IL-23 should be tested with various types of CAR T cells to prove the concrete superiority of IL-23.



IL-36γ

IL-36 is a member of the IL-1 superfamily, like IL-18, that stimulates the NF-κB/AP-1 signaling pathway. The IL-36 receptor complex, which is composed of IL-36R (also known as IL-1RL2) and IL-1RAP, is expressed on epithelial cells, myeloid cells, and T cells. In terms of tumor immunity, IL-36 can induce anti-tumor immune responses, including the activation of TH1 (79), CD8+ T, γδT, and NK cells (80). In a recent study, IL-36γ–producing CAR T cells exerted superior therapeutic efficacy in leukemia xenograft and allograft mouse models through CAR T-cell self-activation and antigen-presenting cell activation (27); however, their effects against solid tumors have not yet been reported.



IL-7 and CCL19 or CCL21

IL-7 and CCL19 secreted from T-zone fibroblastic reticular cells recruit endogenous immune cells such as T cells and dendritic cells (DCs) from the periphery. To fight heterogeneous tumor cells, it is considered to be important to make the TME “hot” by recruiting endogenous immune cells; therefore, IL-7 and CCL19 have been combined as secretory co-factors for CAR T cells in a mastocytoma model (32). IL-7– and CCL19-expressing (7 × 19) CAR T cells showed a stronger therapeutic effect against mouse mastocytoma with increased endogenous DC and T-cell infiltration (32). A clinical trial of advanced carcinoma with glypican-3 or mesothelin expression found that two of the six patients had a complete or partial response to 7 × 19 CAR T-cell treatment without CRS or ICANS (33). Most recently, IL-7– and CCL21-expressing (7 × 21) CAR T cells were reported to yield better efficacy than 7 × 19 CAR T cells in mouse solid tumor models of pancreatic carcinoma, breast cancer, and HCC without preconditional lymphodepletion (34). Importantly, more DCs and T cells and fewer blood vessels were observed at the tumor sites of mice treated with 7 × 21 CAR T cells. CCL21 shares the same receptor (CCR7) with CCL19; however, the differential ability of CCL19 and CCL21 for desensitizing CCR7 (81) and/or the ability of CCL21 for binding other receptors like CXCR3 might cause the differential anti-tumor potency.



Anti–PD-1/PD-L1

The major immune inhibitory receptor PD-1 and its ligand PD-L1 are molecular targets of immune checkpoint blockade (ICB) therapies for various tumors (82–84); however, the therapeutic efficacy of these therapies depends on the TME immune status and the frequency of somatic mutations/neoantigens in tumor cells (83, 85, 86). CAR T cells could be an ideal booster to expand the applications of PD-1/PD-L1 ICB as they can recognize non-mutated proteins rather than neoantigens and can trigger endogenous immune reactions against tumors. In addition, ICBs could improve the persistence and efficacy of CAR T cells by altering the immunosuppressive TME (86–88). Clinical investigations of therapies combining CAR T cells and systemic ICBs are currently ongoing (89) and CAR T cells that secrete PD-1/PD-L1 blockades are also in development (35–40). Indeed, CAR T cells secreting PD-1 blockades have shown better results in a mouse model of pulmonary mucoepidermoid carcinoma than CAR T cells alone or CAR T cells combined with systemic PD-1 blockade (37). Several PD-1/PD-L1 blockade-secreting CAR T cells have been developed and are currently in clinical trials (Table 2) (90). Other approved ICBs against the inhibitory receptors CTLA-4 (84) and LAG-3 (91) and the upcoming ICB-targeting CD47, which inhibits phagocytosis-mediated cancer cell removal (92–94), may be also good CAR T-cell co-factors. Thus, the optimal co-factors for each cancer could be selected based on existing evidence from ICB monotherapies.



IL-1 and/or IL-6 blockade to protect against CRS and ICANS

Treatment with the anti–IL-6 drug, tocilizumab, can prevent CRS in mouse models but not abolish neurotoxicity (41, 50), whereas the natural IL-1 receptor antagonist (IL-1RA; human IL-1RA also known as anakinra) can prevent severe CRS and fatal neurotoxicity. To maximize the preventative effects of IL-1 blockade, mouse IL-1RA has been utilized as a secretory co-factor for CAR T cells that reduced CRS-related mortality without decreasing anti-tumor activity in a mouse model of CRS (41). Recent early-stage clinical investigations of CAR T cells that autonomously secrete anti–IL-6 and IL-1RA resulted in moderate CRS with neurotoxicity during CRS (Figure 1B middle) (42, 43). Considering the promising clinical effects of preemptive tocilizumab or anakinra administration (53–55, 58–60), CAR T cells incorporating those secretory co-factors may be the closest to practical application.




Engineered antibodies to redirect bystander T cells or CAR T cells

Bispecific T-cell engager (BiTE) is a tool that can be used to redirect T cells to attack tumor cells by acting as a bridge between CD3 and a target antigen (Figure 1B right). To achieve both tumor specificity and overcome tumor heterogeneity, EGFRvIII CAR T cells expressing BiTE against EGFR were developed against glioblastoma (44). EGFRvIII is a glioblastoma-specific tumor antigen and EGFR is highly expressed in glioblastoma and normal tissues, such as skin, but not in normal brains. EGFRvIII CAR acted as an anchor to the tumor, whereas EGFR-targeted BiTE redirected both CAR T cells and bystander T cells to attack the heterogeneous tumor. In addition, bicistronic CAR T cells have demonstrated potent and specific efficacy against heterogeneous tumors in animal models of glioblastoma (44).

This strategy can be applied to strict intercellular circuits by changing the co-factor and its expression machinery. For instance, in SUPRA platform, the CAR stimulus-inducible NFAT promoter was utilized to express an engineered antibody, AXL zipFv, that acts as a bridge between T cells expressing the compatible chimeric receptor zip CAR and the tumor antigen AXL (46). An intercellular AND gate (inputs, HER2 and AXL; output, receiver cell activation) was developed using sender cells harnessing HER2 CAR and the NFAT-AXL zipFv cassette and receiver cells harnessing the compatible zipCAR that were co-cultured with HER2 and AXL double-positive cells (Figure 2A). Beyond conventional CAR T-cell therapies, these synthetic biology techniques can engineer beneficial cell-cell communication via artificial secretory factors.




Figure 2 | Synthetic biology tools to make circuits by secretory co-factors. (A) Schematics of intercellular AND gate with the SUPRA CAR platform. A HER2 CAR-expressing sender cell secretes AXL zipFv in a CAR stimulus–dependent manner using the NFAT promoter. When AXL zipFv bridges a zipCAR-expressing receiver cell and AXL on a target cell, the receiver cell is activated. (B) Schematics of OR gate with a CD19 bridge protein (CD19-BP). This engineered cell expresses both CD19 CAR and the CD19-BP that is composed of recombinant CD19 and anti-HER2 scFv. Secreted CD19-BP engages CD19 CAR and a HER2-expressing target cell. (C) Schematics of how synNotch induces a co-factor. Upon ligand recognition by the synNotch receptor, a transcription factor (TF) integrated in the synNotch cytoplasmic domain is cleaved and released. The released TF induces the expression of a custom co-factor.



Another strategy utilizing recombinant CD19-containing bridging proteins (CD19-BPs) can redirect CD19 CAR T cell itself (Figure 2B) (47, 48). CD19 CAR T cells that secrete CD19-BP–targeting HER2 killed HER2-positive cells and CD19-positive cells (OR gate) and showed the comparable efficacy to HER2 CAR T cells in an ectopic HER2-positive ovarian cancer CDX model (47). In AML CDX models, CD19 CAR T cells that secrete CD19-BP–targeting CLEC12A exhibited the similar anti-tumor activity to CLEC12A-targeting CAR T cells (48). Like the BiTE secretion system, this system might be useful to tackle tumor heterogeneity and relapse due to antigen escape. CD19-BPs might have stronger effect than BiTE in that CAR signal is leveraged, although CAR T-cell exhaustion caused by repeated stimulation would be a concern in this system.



Co-factor expression machineries


Constitutive expression

Utilizing a strong constitutively active promoter can be the best way to maximize the expression of secretory co-factors. Compared to systemic administration, the area of co-factor efficacy can be regulated by CAR T-cell localization, even if they produce the co-factor at very high levels, thereby reducing the side effects of the co-factor. Despite the remarkable anti-tumor efficacy of IL-12 in various animal models, clinical trials of recombinant IL-12 showed severe toxicity, including mortality (70, 95). Therefore, various localized IL-12 delivery strategies that could be more effective and less toxic, including IL-12–expressing CAR T cells (15, 17, 18), are currently in clinical trials (96).

Since retrovirus vectors are generally used for T-cell transduction, the expression of secretory co-factors and CAR is often driven by the retroviral long terminal repeat (LTR) promoter or the CMV (cytomegalovirus), EF1α (elongation factor 1α), PGK (phosphoglycerate kinase), and SFFV (spleen focus-forming virus) promoters (97–100). In many cases, the EF1α and SFFV promoters are stronger, but do not always lead to a better transcriptional activity. In addition, CAR overexpression can lead to tonic signals and premature exhaustion (100, 101). Various gene drivers can be constructed by combining promoters, introns, and enhancers and can be optimized for the application of interest.



NFAT promoters

To avoid the unexpected effects of co-factors, inducible CAR/TCR activation–inducible promoters with low background activity have been used to localize co-factor delivery. NFAT promoters including NFAT response elements (REs) are widely used to monitor TCR activation. For instance, an NFAT promoter driving IL-12 secretion from ex vivo expanded tumor-infiltrating lymphocytes (TIL) was tested for metastatic melanoma clinical therapy (102). Clinical toxicity was still observed after high-dose infusion, possibly due to non-localized TILs with unknown TCR stimulation. Combining NFAT promoters with CARs could allow better control over the input signal to reduce unexpected co-factor expression. IL-12 and IL-18 have been selected as co-factors to be induced by NFAT promoters (14, 16, 23) due to their systemic toxicity, which can cause fever, leukopenia, and on-study death (20, 70, 71). However, there is concern that the NFAT promoter might not be strong enough to express less toxic co-factors, such as PD-1 blockades and anti–IL-6. Increasing the number of NFAT-RE repeats (103) and changing the minimal promoter (23) have been reported to improve the NFAT promoter, resulting in stronger induction of the fluorescent reporter EGFP. Thus, customized NFAT promoters could have various applications.

Inducible constructs, such as the CAR and NFAT co-factor system, tend to involve the loading of a larger fragment that contains two promoter-coding gene cassettes: a constitutively active promoter, CAR, an inducible promoter, and a co-factor. Transposon systems can insert a much larger DNA fragment into the genome than viral vectors with a strict transgene size (104). Indeed, the transposon system piggyBac has been used to engineer CAR T cells harnessing NFAT–IL-21 instead of viral vectors (24). Large gene transfer techniques such as these could therefore be used to improve gene therapies by allowing them to become more complex and contain multiple gene cassettes.



NR4A promoter

The CAR/TCR-inducible NR4A promoter has been reported to have a comparable maximum activity but greater sensitivity than the conventional NFAT promoter (105). CAR T cells with the NR4A promoter showed greater responses when they met cancer cells with low target antigen expression. In addition, the NR4A promoter improved poorly responsive CAR T cells by inducing the higher expression of T-cell–supportive cytokines. Therefore, the NR4A promoter could expand the applications of co-factor–harnessing CAR T cells by improving the co-factor expression in non-ideal situations such as CAR T cell against a weakly immunogenic target and poorly responsive CAR T cells derived from chemotherapy-received patients.



Endogenous promoters

Genome-editing technologies have enabled us to generate CAR T cells in which an endogenous promoter drives CAR expression. Utilizing well-characterized endogenous promoters can not only strictly regulate CAR expression but also that of multiple additional transgenes. CAR is usually inserted in the TRAC locus, which encodes TCRα. This produces uniform and cell type–specific CAR expression (19, 106, 107) that enhances CAR T-cell potency without unexpected differentiation and exhaustion. Sachdeva et al. reported CAR T cells producing IL-12 under the control of CD25 or PDCD1 regulatory elements (19), suggesting that various promoter types can be applied to express co-factors. Therefore, endogenous promoters and highly efficient techniques for gene transfer and transgene genome integration should be validated.



Other synthetic promoters

Hypoxia-inducible promoters are often used for hypoxic TME-specific CAR expression and are composed of hypoxia-responsive elements that allow HIF1α-dependent transcription under low oxygen conditions (108, 109). To recognize the TME through both hypoxia and inflammation, synthetic promoters composed of multiple consensus promoter response element sequences for IFN-γ, TNF-α, and hypoxia were tested in human T cells (110). In vitro experiments confirmed additive gene expression due to IFN-γ, TNF-α, and hypoxia; thus, synthetic promoters could provide CAR T cells with artificial genetic circuits that can allow more complex therapeutic applications.



SynNotch

The SynNotch system is a type of molecular switch for artificial gene circuits that is composed of an extracellular antigen recognition domain (single-chain variable fragment, scFv), a Notch core regulatory region, an engineered transcriptional factor as an intracellular domain, and a gene expression cassette with a promoter that is compatible with the transcription factor (111). Once scFv recognizes the antigen on target cells, the Notch core is cleaved by a metalloprotease and γ-secretase. The transcription factor is released and translocated to the nucleus, triggering the transcriptional activation of the gene of interest (Figure 2C). Roybal et al. developed T cells to express CAR after synNotch receptor activation as a combinatorial antigen-sensing system (AND gate) (63). The synNotch system was subsequently modified so that the engineered cells could secrete diverse therapeutic factors in an antigen-specific manner (45, 112). Because synNotch itself does not induce CAR/TCR activation, the system could be used for the local delivery of biologics rather than amplifying CAR T-cell efficacy. In addition, synNotch allows stronger gene induction and more precise control of signal pathways than other inducible promoters like the NFAT promoter. An artificial transcription factor consisting of a Gal4 DNA binding domain fused to a tetrameric VP64 viral transcriptional activator domain (Gal4-VP64) is often used and has great transcriptional activity. Gal4-VP64 specifically binds to an upstream activation sequence (UAS) and induces downstream gene expression. Artificial transcriptional factors like Gal4-VP64 can minimize the unexpected activation of non-target genes and crosstalk between synNotch signaling and native signaling. One of the disadvantages of the synNotch system is immune rejection due to non-human-derived components; however, this can be avoided using fully humanized synNotch synthetic intramembrane proteolysis receptors (SNIPRs), which are expected to enter clinical use shortly (113).




Discussion

Various secretory co-factor–expressing CAR T cells are under development to improve their anti-tumor efficacy and safety. It is difficult to directly compare the ability of secretory co-factors to enhance the efficacy of CAR T cells against solid tumors because no ideal animal models of human solid tumors have yet been established. However, ICBs, IL-12, IL-15, and IL-18 have the advantage of existing clinical data for their recombinant administration in patients with advanced or metastatic solid tumors (69, 71, 76, 77). Indeed, several clinical trials of PD-1– or PD-L1–secreting CAR T-cell therapies are ongoing in China (Table 2), and we anticipate that at least one of these cytokines will be tested as a co-factor for CAR T cells in the near future. Due to the abundance of different types of solid tumors, multiple CAR T-cell types should be developed to allow clinicians to make the best therapeutic choice for each patient. For instance, IFN-γ enhances ICAM-1–mediated CAR T-cell cytotoxicity against various types of solid tumor but not the leukemia, lymphoma, or myeloma CDX models (114), although this different IFN-γ sensitivities are unclear in clinical level. In addition, multiple cytokines and ICBs can be loaded onto a CAR construct to exert additive or synergistic effects against more tumor types. IL-7 and CCL19/CCL21 combinations, which are intended to recruit and maintain nonengineered immune cells, are leading the race for optimal co-factor combinations for CAR T-cell therapies (32–34); however, various co-factor combinations must be tested after single co-factor CAR T-cell clinical trials.

In terms of genetic engineering, wherein the co-factor gene is added to a CAR-coding construct, “next-generation” CAR T cells are expected to have equivalent or even better efficacy than promising combination therapies involving the same factor without additional administration. To maximize clinical outcomes, the automated regulation of the amount and timing of co-factor expression could be the next development focus. For instance, IL-6 and IL-1 blockades are promising co-factors to prevent CRS; however, their constitutive expression might be problematic due to unexpected immunosuppressive effects. “CAR T-cell activation–dependent” or “tumor site–specific” expression machineries could solve this issue. Although weak NFAT promoter activity is the biggest concern for activation-dependent machinery, the modification of the NFAT promoter and the newly verified NR4A promoter could enhance maximum co-factor production. SynNotch is a synthetic biology solution for antigen-dependent high co-factor expression, whereas hypoxia-inducible promoters can achieve site-specific expression to maximize co-factor efficacy. In addition, genome-editing techniques could produce various types of endogenous promoters that could be used simultaneously to control multiple co-factors.

To regulate the spatial range of effects more strictly, synthetic chimera forms of cytokines have also been reported. Membrane-bound cytokines are chimera forms fused to a transmembrane domain or a cell surface receptor. Expressing the membrane-bound cytokines is intended to enhance the potency of engineered cells themself and minimize the effect on surrounding cells, which is supposed to work as a conditioned culture even in vivo (115–117). Therefore, this strategy could strongly support recently spotlighted fast CAR T-cell manufacturing procedures that expect in vivo expansion of CAR T cells instead of conventional ex vivo expansion (118, 119). Another synthetic chimera form of cytokines is a target-tethered cytokine composed of a cytokine and an antibody fragment or a specific binding domain (68, 120). TME-specific accumulation or immune cell–specific tethering can enhance the anti-tumor efficacy of IL-12 while limiting systemic toxicities. Similar to BiTE, zipFv-zipCAR, and CD19-BP (in Section 4), this approach could be applied to CAR T-cell therapy as a secretory co-factor that plays an immunomodulatory role in synthetic cell-cell communication.

In summary, synthetic biology approaches could expand the T-cell engineering tool kit and enable CAR T cells to be programmed with more complex functionality. Beyond cancer therapy, future secretory co-factors could enable synthetic communication between engineered cells and nonengineered cells or among engineered cells to build a synthetic immune cell consortium. Altogether, combining CAR T cells with secretory co-factors will lead to next-generation CAR T-cell therapies against broader types of cancers and provide advanced tools for more complicated synthetic immunotherapies.
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Encouraging response has been achieved in relapsed/refractory (R/R) B-cell lymphoma treated by chimeric antigen receptor T (CAR-T) cells. The efficacy and safety of CAR-T cells in central nervous system lymphoma (CNSL) are still elusive. Here, we retrospectively analyzed 15 patients with R/R secondary CNSL receiving CD19-specific CAR-T cell-based therapy. The patients were infused with CD19, CD19/CD20 or CD19/CD22 CAR-T cells following a conditioning regimen of cyclophosphamide and fludarabine. The overall response rate was 73.3% (11/15), including 9 (60%) with complete remission (CR) and 2 (13.3%) with partial remission (PR). During a median follow-up of 12 months, the median progression-free survival (PFS) was 4 months, and the median overall survival (OS) was 9 months. Of 12 patients with systemic tumor infiltration, 7 (58.3%) achieved CR in CNS, and 5 (41.7%) achieved CR both systemically and in CNS. Median DOR for CNS and systemic disease were 8 and 4 months, respectively. At the end point of observation, of the 7 patients achieved CNS disease CR, one was still alive with sustained CR of CNS disease and systemic disease. The other 6 died of systemic progression. Of the 15 patients, 11 (73.3%) experienced grades 1-2 CRS, and no patient had grades 3-4 CRS. Immune effector cell-associated neurotoxicity syndrome (ICANS) occurred in 3 (20%) patients, including 1 (6.6%) with grade 4 ICANS. All the CRS or ICANS were manageable. The CD19-specific CAR-T cell-based therapy appeared to be a promising therapeutic approach in secondary CNSL, based on its antitumor effects and an acceptable side effect profile, meanwhile more strategies are needed to maintain the response.




Keywords: secondary central nervous system lymphoma, chimeric antigen receptor t cell, relapsed/refractory, immunotherapy, immune effector cell-associated neurotoxicity syndrome



Introduction

Secondary central nervous system lymphoma (CNSL) refers to secondary involvement of the neuroaxis by systemic disease, which often indicates aggressive disease with unfavorable survival comparing with systemic disease without CNS involvement (1, 2). Median survival was four months after diagnosis of secondary CNSL (3). The lack of effective treatments for these patients represents a critical unmet clinical need. Prospective phase II and III studies have confirmed the efficacy of high-dose antimetabolites and consolidative therapy, including whole-brain radiotherapy (WBRT) or high-dose therapy (HDT) with autologous stem cell transplantation (ASCT), in patients with primary CNSL (4–6). However, there are no such data for patients with secondary CNSL. Only few reports support the use of analogous treatment strategies in secondary CNSL, but the feasibility of HDT/ASCT is limited for these patients due to failure of salvage treatment, toxicity and unsuccessful stem cell harvest (7, 8).

CAR-T cell therapy, as a novel immunotherapy approach, significantly improves the outcome of relapsed/refractory (R/R) B-cell non-Hodgkin lymphoma (9–11). Because of concerns for CAR T-cell-related neurotoxicity (NT), patients with active CNS involvement were not included in most pivotal studies. In 2017, Abramson et al. reported the efficacy of CD19-specific CAR-T cells in secondary CNS diffuse large-B-cell lymphoma (12), indicating that CNSL is not an absolute contraindication for CAR-T cell therapy. Subsequently, some studies reported the efficacy of CAR-T cell therapy in primary and secondary CNSL, and adverse events were controllable (12–16). However, most of these studies were small clinical analyses or case reports. More clinical cases are needed to further confirm the efficacy and safety. Here, we analyzed response, toxicity and feasibility of CD19-specific CAR-T cell-based therapy in R/R secondary CNSL.



Materials and methods


Study design

15 patients with R/R secondary CNSL disease were enrolled between July 1, 2017, and August 1, 2021. Lymphomas were diagnosed according to World Health Organization (WHO) Classification standards (17). This study has been approved by the respective ethics committee and registered with the Chinese Clinical Trial Registration Center (ChiCTR-OIC-16008291, ChiCTR1800015575) and ClinicalTrials.gov (NCT03207178). Informed consent was obtained from all participants, in compliance with the Declaration of Helsinki.



CAR-T cell manufacture

The preparation process of CAR-T cells has been previously described (18–20). The costimulatory molecules are 4-1BB. The lentivirus vector for CD19, CD20 or CD22 CAR was established with co-stimulating molecules, CD8 transmembrane region, CD8 hinge, and CD3 zeta signaling domain. CD3+ T cells isolated from peripheral blood mononuclear cells (PBMCs) were transfected by packaged lentivirus.



Procedures

PBMCs from patients eligible for the clinical trial were collected to prepare CAR-T cells. During CAR-T cell preparation, bridging therapy was allowed if the patient’s primary disease is progressing too rapidly. Patients received three daily doses of fludarabine 30 mg/m² and one dose of cyclophosphamide 750 mg/m² before CAR T cell infusion. Infusion patterns included isolated infusion of anti-CD19 CAR-T cells, sequential infusion of anti-CD19/20, and infusion of anti-CD19/22 dual-targeted CAR-T cells.



Efficacy and toxicity assessment

CNS and systemic responses were assessed according to the International PCNSL Collaborative Group Response Criteria (21) and Lugano Response Criteria of B cell lymphoma (22), respectively. Cytokine release syndrome (CRS) and immune effector cell-associated neurotoxicity syndrome (ICANS) were evaluated and graded according to the ASTCT Consensus Criteria (23). Other adverse events (AEs) were graded using the National Cancer Institute Common Terminology Criteria for Adverse Events, version 4.03 (24). According to the patients’ tolerance and the severity of CRS and NEs, the intervention therapies of corticosteroids and tocilizumab were given (25, 26).



Statistical analysis

PFS was defined as the time from first infusion of CAR-T cells to progression of disease (CNS or Systemic) or death. Duration of remission (DOR) was defined as time from CR/PR to relapse or death without documented relapse. OS was defined as the time from first infusion of CAR-T cells to the date of death. The Clopper-Pearson 95% confidence interval (CI) and Fisher’s Exact test were used to analyze the classification variables. Kaplan-Meier methodology was used to estimate the medians for PFS and OS survival. Log-rank test was used to compared the survival of different groups. Follow-up periods were calculated using the reverse Kaplan-Meier method. SPSS 25 statistical analysis software was used for analysis, and p value less than 0.05 was considered as significant difference.




Results


Patient baseline characteristics

In total, 15 secondary CNSL patients from 4 centers were included in our retrospective study. Patient characteristics are presented in Table 1. The median age at CAR-T cell infusion was 51 years (range, 31- 66 years) with 46.7% of the patients aged over 60 years. These patients comprised 11 males and 4 females. Twelve of the 15 secondary CNSL patients had systemic disease, and 3 patients had only isolated CNSL. Eight patients had primary refractory disease and 7 had relapsed disease. The median of therapy lines was 3 (range, 2–17) before enrolment and 2 (10.5%) patients had received ASCT. The patient’s Karnofsky Performance score (KPS), pathologic subtypes, previous treatment regimens and localization of CNS disease are presented in Table 1. Double - or triple - hit rearrangements was detected in 3 (20%) patients, and P53 gene mutation in 2 (13.3%) patients. All patients underwent an age-adjusted international prognostic index (aa-IPI) score, with 6 patients scoring 0-2 and 9 patients scoring 3-4. Eleven patients (73.3%) were infused with anti-CD19 CAR-T cells, two (13.3%) with CD19/CD20 CAR-T cells, and 2 (13.3%) with CD19/CD22 CAR-T cells (Table 1).


Table 1 | Clinical Characteristics at Baseline.





Response of the CNS disease

At the month 3 assessment, the ORR of CNS disease in the 15 secondary CNSL was 73.3% (11/15), including 9 (60.0%) patients having complete remission (CR), 2 (13.3%) partial remission (PR). Among the patients with CNS disease response, the median time for clinical symptoms of CNS (including headache, blurred vision, tinnitus, facial paralysis, confusion, etc.) to begin to be improved was 7.5 days (range, 3-14 days). The median time to the best response was 30 days (range, 8-116 days) based on cerebrospinal fluid testing and imaging evaluation.

All the baseline characteristics of the patients did not significantly affect the ORR, including age, gender, disease status (systemic + CNS or isolated CNS), disease nature of CNSL (relapsed or refractory), IPI score, CSF infiltration, types of CNS involvement (single lesion or multiple lesion), high-risk genotype (double/triple hit or TP53 mutation), bridging therapy, and infusion cell dose (Supplementary Table 1).

The patients’ previous treatment regimens, including intrathecal injection, HD-MTX, high-dose Ara-C, ibrutinib, lenalidomide, and craniocerebral radiotherapy, had no significant effect on the ORR (Supplementary Table 2).



Survival

Fifteen patients were followed up for a median of 12 months (range, 0.25-22 months). The median PFS and OS was 4 months and 9 months, respectively (Figure 1A). Six-month OS and PFS were 70.5% and 40%, and 12-month OS and PFS were 23.5% and 16%, respectively.




Figure 1 | Progression-free survival (PFS) and overall survival (OS) of patients with secondary central nervous system lymphoma (CNSL) after CD19-specific CAR-T cell-based therapy. (A) PFS and OS of 15 patients with secondary central nervous system lymphoma (CNSL) after CD19-specific CAR-T cell-based therapy. (B) PFS and OS of secondary CNSL patients with or without central nervous system (CNS) disease complete remission (CR) after CD19-specific CAR-T cell-based therapy. (C) PFS and OS of secondary CNSL patients with or without systemic disease CR after CD19-specific CAR-T cell-based therapy. (D) PFS and OS of secondary CNSL patients with systemic involvement or not after CD19-specific CAR-T cell-based therapy. (E) PFS and OS of secondary CNSL patients having primary refractory lymphoma or relapsed lymphoma.



Median PFS and OS in the patients with CNS disease CR were 8 and 9 months, respectively, which were 1.5 and 4 months in the patients without CNS CR (Figure 1B). Median PFS and OS in the patients with systemic and CNS disease CR were 9 and 10 months, respectively, which were 4 and 7 months in the patients without systemic and CNS CR (Figure 1C). Median PFS and OS in patients with systemic involvement were 3 and 9 months, however, which were not reached in patients without systemic involvement (Figure 1D). The patients with primary refractory lymphoma had shorter PFS than those with relapsed lymphoma (1 month vs 9 months, p=0.0229). Shorter OS was observed in the primary refractory lymphoma patients compared to the relapsed lymphoma patients (7 months vs 12 months, p=0.0397) (Figure 1E). Other baseline characteristics including age, gender, IPI score, CSF infiltration, types of CNS involvement (single lesion or multiple lesion), high-risk genotype (double/triple hit or TP53 mutation), prior ASCT, bridging treatment and infusion cell dose had no significant effect on PFS and OS (Supplementary Table 3). The previous treatment to the patients had no significant effect on the PFS and OS, which was similar to the effect to the ORR (Supplementary Table 4).



The therapeutic response of patients with systemic infiltration

Twelve patients had systemic lymphoma infiltration, including lymphadenectasis, liver infiltration, multiple skin and soft tissue infiltration, lung infiltration, bone marrow infiltration. At the time of CAR-T cell infusion, all patients had stage IV disease, and 8 patients had B symptoms. CNS disease CR was observed in 7 (58.3%) patients of the 12 patients, PR in 2/12 (16.7%), and progressive disease (PD) in 3/12 (25%). Systemic disease CR was achieved in 5 (41.7%) of the 12 patients, PR in 2/12 (16.7%), and stable disease (SD) or PD in 5/12 (41.7%) (Figure 2A). All the patients with systemic disease CR achieved CNS disease CR. At the end of observation, of the 7 patients achieving CNS disease CR, one was still alive with sustained CR of CNS disease and systemic disease. The other 6 died of systemic progression, with one suffered from relapse of CNS disease complicated with hemophagocytic syndrome (Figure 2B). The median DOR for CNS and systemic disease were 8 and 4 months, respectively. The disease status and survival of the 12 patients was shown in Figure 2C.




Figure 2 | Disease response and survival of the 12 secondary Central Nervous System Lymphoma (CNSL) patients with systemic involvement. (A) Responses of the CNS and systemic disease after CAR-T cell infusion in the 12 secondary CNSL patients with systemic involvement; (B) Disease status at the data cutoff date for 7 patients with central nervous system disease complete remission (CR). (C) Disease status and survival of the 12 patients with secondary CNSL after CAR-T cell infusion.





Side effects

Eleven of the 15 patients had grade 1-2 CRS (73.3%), and no grade 3-4 CRS was observed. The median peak temperature of the 11 patients is 39°C(range, 37.6-40.2°C). Cytopenia occurred in 12 patients, including 10 patients with grade 3-4 cytopenia. Three patients had grade 1 gastrointestinal reactions, including diarrhea, constipation and vomiting. Four patients had grade 1 liver injury, 2 grade 1 renal injury, and 3 grade 1-2 cardiac injury. Three patients had grade 1 mucositis. Of the 11 patients with CRS, one patient was treated with tocilizumab, and the other received symptomatic and supportive treatment. No patient died of CRS. Three patients had ICANS (20%), including 2 grade 1 ICANS and 1 grade 4 ICANS. ICANS in 3 patients occurred at 12 h, 12 h and 16 h after CRS onset. CRS onset was defined by the time of their first fever after cell infusion which was 2 days, 2 days and 5 days, respectively. Symptoms of ICANS included headache, disorientation, convulsions, decreased computational ability, memory loss, insomnia, drowsiness, and seizures. The patient with grade 4 ICANS was treated with corticosteroid, and the other intervention including cranial pressure lowering, sedation and symptomatic support therapy. All the neurological events disappeared by above treatments and no patients had residual neurological impairment.




Discussion

R/R secondary CNSL treatment is still a dilemma in the B-cell lymphoma therapy, although chemotherapy, cranial irradiation, and ASCT are all modalities that can be incorporated into the management of CNSL (7, 27). In the present study, we reported the efficacy, toxicity, and clinical feasibility of CD19-specific CAR-T cell-based therapy in 15 R/R secondary CNSL, of which, twelve had high systemic tumor burdon.

In our study, CD19-specific CAR-T cell-based therapy for R/R secondary CNSL resulted in a CNS ORR of 73.3%, and a CR rate of 60%, which were similar to the response of Tisagenlecleucel, Axicabtagene cells in the previous reports (13, 28, 29), and the sequential CD19/CD22 CAR-T cell immumotherapy following ASCT (30).

To our knowledge, there is no large-scale prospective study to clarify the PFS and OS of secondary CNSL patients treated with CAR-T cells. Our retrospective study showed that the PFS and OS were not perfect, the shorter remission might warrant consolidative strategies after CAR-T cell therapy, which is similar to the results observed in the previous studies (14, 15). CAR-T cell therapy combined with ASCT for CNSL appears to have encouraging long-term efficacy with relatively manageable side effects in the study by Wu et al; However, the timing and regimen of subsequent consolidation therapy for patients with high systemic tumor burden still need to be explored (30). In this study, the PFS and OS of patients with primary refractory lymphoma was worse than the patients with relapsed lymphoma. This might be related to the difference of biological characteristics of the patients. PFS and OS appeared to be better in patients with isolated CNS involvement than in patients with systemic involvement, probably because systemic disease progression accounted for the majority of deaths in cases with combined CNS involvement. From the limited data in the text, we speculated that without achieving CNS CR after CAR-T cell infusion, the primary refractory disease state, and combined with systemic disease might be potential risk factors for PFS and OS.

Rates of CR with conventional therapy for both systemic and CNS disease among patients with synchronous recurrence are low, ranging from 16-22%, and durable remissions are rare (7, 27). Compared with the conventional therapy, CD19-sepecific CAR-T cell-based therapy seemed to yield better CR rate of CNS disease (58.3%) and systemic disease (41.7%) in the 12 patients with secondary CNSL with systemic involvement. In our study, CNS disease seemed to have a longer DOR compared with the systemic disease (8 m vs 4m). We supposed that the CNS response may be similar or better than that of the systemic disease with the same CAR-T product and the same therapeutic target.

Non-Hodgkin lymphoma with Double-hit or triple-hit usually has a poor prognosis, as well as the mutation or deletion of p53 gene (31, 32). However, our research had not shown the influence of double-hit/triple-hit/P53 on the outcome of patients, which might be related to the small number of patients. While, it is also possible that CAR-T cell therapy could overcome the influence of these factors on the efficacy.

CRS is the most common complication of CAR-T cell therapy, and severe CRS may be life-threatening (25, 26). The incidence of grade 3 or worse CRS in lymphoma patients treated with CAR-T cells has been reported to be about 2-13% (9–11). In this study, no severe CRS was observed, and all the CRS were relieved after symptomatic support treatment, indicating that CD19-specific CAR-T cell-based therapy was relatively safe in treating secondary CNSL.

Neurotoxicity is a common complication following CAR-T cell therapy, and severe neurotoxicity has been associated with decreased survival after CAR-T cell therapy (25). According to previous reports, the median onset of neurologic events occurs on 4-5 days after CAR-T cell infusion. It can be concurrent with CRS, following resolution of CRS or occur alone (23, 25, 33). In B-cell non-Hodgkin’s lymphoma treated with CAR-T cells, the incidence of ICANS is 30-65%. The results of TRANSCEND NHL 001 preliminarily suggest that the incidence of ICANS of CNSL patients was not higher than that of ordinary lymphoma patients (9). In this study, there was no increase in the incidence or severity of ICANS compared with previous CAR-T cell therapy for systemic lymphoma, suggesting that CNS involvement should not be a limitation to CAR-T cell therapy. However, the onset time of ICANS in this study was relatively earlier compared with that in the systemic lymphoma. Due to the small number of cases in this study, the onset time of neurotoxicity needs more research to confirm.

Relapse or progression of CNSL after CAR-T therapy is one of the major challenges to be addressed in the future. The reasons for this restriction include limited CAR-T activity, loss of target antigen, and tumor microenvironment, etc (34). Combination with PD-1 blocking antibody (35) or immunomodulatory drugs (36, 37) could improve the CAR-T cells’ function and survival. Radiotherapy and hematopoietic stem cell transplantation could also be used in combination with CAR-T cells to enhance and consolidate the efficacy of CAR-T cells (30, 38). More exploration is needed to maintain response to CAR-T cell therapy.



Conclusion

In conclusion, our study showed that the CD19-specific CAR-T cell-based therapy appeared as a promising therapeutic approach in secondary CNSL, based on its antitumor effects and acceptable side effects. Meanwhile further means are needed to maintain response to the disease. In secondary CNSL patients complicated with systemic tumor infiltration, the CNS disease might have a better response than systemic diseases.



Limitations

Our findings are limited by the retrospective nature of the analyses, small number of cases and non-uniform CAR-T cells types. In the future, we plan to conduct with a prospective clinical study to further clarify the efficacy and safety of CAR T-cell therapy for secondary CNSL, as well as the selection and application timing of subsequent maintenance therapy. Further studies are warranted.
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Cytokine-induced killer cells (CIK) in combination with dendritic cells (DCs) have shown favorable outcomes in renal cell carcinoma (RCC), yet some patients exhibit recurrence or no response to this therapy. In a broader perspective, enhancing the antitumor response of DC-CIK cells may help to address this issue. Considering this, herein, we investigated the effect of anti-CD40 and anti-CTLA-4 antibodies on the antitumor response of DC-CIK cells against RCC cell lines. Our analysis showed that, a) anti-CD40 antibody (G28.5) increased the CD3+CD56+ effector cells of CIK cells by promoting the maturation and activation of DCs, b) G28.5 also increased CTLA-4 expression in CIK cells via DCs, but the increase could be hindered by the CTLA-4 inhibitor (ipilimumab), c) adding ipilimumab was also able to significantly increase the proportion of CD3+CD56+ cells in DC-CIK cells, d) anti-CD40 antibodies predominated over anti-CTLA-4 antibodies for cytotoxicity, apoptotic effect and IFN-γ secretion of DC-CIK cells against RCC cells, e) after ipilimumab treatment, the population of Tregs in CIK cells remained unaffected, but ipilimumab combined with G28.5 significantly reduced the expression of CD28 in CIK cells. Taken together, we suggest that the agonistic anti-CD40 antibody rather than CTLA-4 inhibitor may improve the antitumor response of DC-CIK cells, particularly in RCC. In addition, we pointed towards the yet to be known contribution of CD28 in the crosstalk between anti-CTLA-4 and CIK cells.
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Introduction

Among immunotherapies, cytokine-induced killer (CIK) cell therapy holds a significant place, as evidenced by several completed or ongoing clinical trials, which also included 15 clinical trials in renal cell carcinoma (RCC) (1). For patients diagnosed with inoperable or metastatic RCC, systemic therapies, including immunotherapy, are typically adopted (2). CIK cell therapy has exhibited promising clinical effects on those patients, but recurrence and non-responsiveness is still a challenging issue. Therefore, several efforts are currently underway to improve the antitumor response of CIK cells (3). Of interest, an International Registry of CIK Cells (IRCC) has been established to summarize the results of clinical trials using CIK cells (4).

CIK cells represent a heterogeneous population of exceptional T lymphocytes with CD3+CD56+ cells as the primary effectors (5, 6). CIK cells possess both non-MHC-bound cytotoxicity and antitumor activity of T lymphocytes (7). Importantly, as dendritic cells (DCs) are the most efficient antigen-presenting cells (APCs), the combination of DCs and CIK cells has shown a significant increase in cytotoxic activity (8). CD40 is a member of the tumor necrosis factor (TNF) receptor superfamily and mainly expressed on B cells, DCs, monocytes, and endothelial cells (9, 10). According to one study, an agonistic anti-CD40 antibody (CP-870,893) stimulated DCs and further promoted the antitumor response of lymph node-derived T cells (11). Among other determinants, CTLA-4 is also known as a negative regulator of T cells (12). CTLA-4 is primarily expressed in the intracellular vesicles of T cells and functions by outcompeting CD28 in binding CD80/CD86 on APCs, or enhancing the activity of regulatory T cells (Tregs) (13, 14). A phase I study reported that the combination of CP-870,893 and a CTLA-4-blocking mAb (tremelimumab) resulted in T-cell resuscitation and caused tolerable toxicity in metastatic melanoma (15).

As aforementioned, CIK cells have shown promising clinical efficacy and safety in RCC (16–18). Besides, DCs pulsed with tumor lysate cocultured with CIK cells or activated simultaneously with pembrolizumab (PD-1 inhibitor) have shown favorable antitumor response in RCC patients (19–21). Considering this, herein, we sought to enhance the antitumor response of DC-CIK cells, presumably as an option for unresponsive patients. To achieve this, we activated DC-CIK cells with anti-CD40 and anti-CTLA-4 antibodies in RCC cell lines. In addition, we investigated the cytotoxicity potential, early/late apoptosis levels, and IFN-γ secretion levels. Moreover, we assessed the population of Tregs in CIK cells and highlighted the yet to be known CTLA-4-CD28 interaction in this spectrum.



Materials and methods


Cell lines and antibodies

We utilized two human renal carcinoma cell lines Caki-2 and ACHN which were purchased from CLS Cell Lines Service GmbH (Eppelheim, Germany). Both were maintained in RPMI-1640 medium (PAN-Biotech, Aidenbach, Germany) supplemented with 10% fetal bovine serum (FBS, Gibco, USA), 100 U/ml penicillin, and 100 μg/ml streptomycin (Gibco, Grand Island, NY, USA) at 37°C, 5% CO2. Prior to experiments, the cell lines were controlled with MycoAlert mycoplasma detection kit (Lonza, Basel, Switzerland).

Concerning antibodies, mouse anti-human CD40 antibody (clone G28.5) was purchased from Bio X Cell (Lebanon, NH, USA). The anti-CTLA-4 antibody ipilimumab was purchased from Selleckchem (Houston, TX, USA). The mouse IgG1 (mIgG1, isotype control of G28.5) and human IgG1 (hIgG1, isotype control of ipilimumab) isotype control were also purchased from Bio X Cell. The following fluorescent monoclonal antibodies and their isotype controls were purchased from BioLegend (San Diego, CA): mouse anti-human CD3-FITC (OKT3), mouse anti-human CD8a-Brilliant Violet 421 (RPA-T8), mouse anti-human CD56-PE (5.1H11), mouse anti-human CD154-APC (22–29), mouse anti-human CD152-APC (L3D10), mouse anti-human CD28-PerCP/Cyanine5.5 (CD28.2), mouse anti-human CD14-FITC (M5E2), mouse anti-human CD16-FITC (3G8), mouse anti-human CD19-FITC (SJ25C1), mouse anti-human CD20-FITC (2H7), mouse anti-human CD56-FITC (HCD56), mouse anti-human HLA-DR-PE (L243), mouse anti-human CD11c-PerCP/Cyanine5.5 (S-HCL-3), mouse anti-human CD40-APC (5C3), mouse anti-human CD80-APC (2D10), mouse anti-human CD83-APC (HB15e), mouse anti-human CD86-APC (BU63), mouse anti-human CD3-PerCP/Cyanine5.5 (OKT3), mouse anti-human CD4-APC (OKT4), mouse anti-human CD25-PE (BC96), mouse anti-human CD127-FITC (A019D5).



Generation of DCs

To generate DCs, peripheral blood mononuclear cells (PBMCs) were isolated from buffy coats of healthy donors (University Hospital Bonn) as previously described (30). As next, PBMCs were set to 5 × 106/ml in complete medium (RPMI-1640 medium supplemented with 10% FBS, 100 U/ml penicillin, 100 μg/ml streptomycin, and 2.5% HEPES Buffer 1M (PAN-Biotech, Aidenbach, Germany) and allowed to adhere to 6-well plates for 3 h, 37°C. Subsequently, we aspirated the medium containing non-adherent cells and washed with warm medium to remove the non-adherent cells. The adherent cells were further cultured with 1000 U/ml GM-CSF and 1000 U/ml IL-4 (ImmunoTools, Friesoythe, Germany) in complete medium to generate DCs. The medium with necessary cytokines was replaced every 2-3 days. To prepare tumor lysate, ACHN and Caki-2 cells were digested with 0.05% Trypsin-EDTA (Gibco, USA) and washed thrice with PBS. Pelleted cells were resuspended in PBS and lysed via five freeze-thaw cycles. The cell lysate was then centrifuged for 10 min, 13500 g at 4°C. The supernatant was collected and sterilized through a 0.22 μm filter membrane. The protein concentration of the water-soluble tumor lysate was determined using Pierce BCA Protein-Assay kit (Thermo Scientific, USA) and stored at −80°C. After six days of culture, the obtained tumor lysate was added to DC culture medium to load DCs at the concentration of 100 μg/ml for 48h. Also,1000 U/ml TNF-α (ImmunoTools, Friesoythe, Germany) was added to promote maturation for another 24 h.



DC-CIK cell coculture and phenotype analysis

CIK cells were generated as previously described (31). The non-adherent cells were collected and stimulated by 1000 U/mL IFN-γ (ImmunoTools, Friesoythe, Germany) for 24 h. On day 1, 50 ng/mL anti-CD3 monoclonal antibody (eBioscience, Thermo Fisher Scientific, San Diego, CA, USA), 600 U/mL IL-2 (ImmunoTools, Friesoythe, Germany), 100 U/ml IL-1β (ImmunoTools, Friesoythe, Germany) were added to continue inducing CIK cells. Cells were then incubated at 37°C in a humidified atmosphere of 5% CO2. Fresh medium with 600 U/mL IL-2 was replenished every 2-3 days. In ipilimumab or isotype control group, ipilimumab or human IgG1 was added in CIK cells only once at a concentration of 10 μg/ml at the initiation of culture. After nine days of culture, DCs were collected and cocultured with CIK cells at a ratio of 1:5 in complete medium supplemented with 600 U/ml IL-2. DC-CIK cells were harvested after 2-3 days for further experiments.

For phenotype analysis, DCs and CIK cells were washed and resuspended in 100 μl FACS buffer at the concentration of 1 × 107 cells/ml. DCs were stained with PE-HLA-DR, PerCP/Cyanine 5.5-CD11c, APC-CD40, APC-CD80, APC-CD83, APC-CD86, FITC-CD3, FITC-CD14, FITC-CD16, FITC-CD19, FITC-CD20, and FITC-CD56 on ice for 20 min in the dark. For phenotyping of CIK cells, FITC-CD3, Brilliant Violet 421-CD8a, PE-CD56, APC-CD40L, APC-CTLA-4, and PerCP/Cyanine5.5-CD28 were used to stain. To detect Tregs, the cells were incubated with PerCP/Cyanine5.5-CD3, APC-CD4, Brilliant Violet 421-CD8a, PE-CD25, and FITC-CD127. After two washings, cells were then stained with Zombie Aqua Fixable Viability Kit (BioLegend, San Diego, CA) to exclude dead cells. Samples were acquired on FACSCanto II (BD Bioscience). Notably, the intracellular expression of CTLA-4 was detected according to manufacturer’s instruction. Briefly, CIK cells were fixed with 100 μl Fixation buffer (Invitrogen, Waltham, MA, USA) for 30 min at room temperature. After two subsequent washings by 2 ml 1 × Permeabilization Buffer (Invitrogen, Waltham, MA, USA), cells were resuspended in 100 μl 1 × Permeabilization Buffer and incubated with APC-CTLA-4 for 40 min in the dark. The cells were subsequently washed by 2 ml 1 × Permeabilization Buffer, 2 ml PBS, and resuspended for analysis.



Generation of activated T cells

Activated T cells were generated as described by Yano et al. (22). Briefly, PBMCs were activated with 20 ng/mL anti-CD3 monoclonal antibody and expanded with 100 U/ml IL-2 in complete medium for 14 days. 10 μg/ml ipilimumab or human IgG1 was added to CIK cells only once at the initiation of culture.



Cell counting kit-8 (CCK-8) assay

CCK-8 was performed to test the direct effect of G28.5 and ipilimumab on tumor cells. ACHN (1 × 104 cells/well) and Caki-2 (0.5 × 104 cells/well) cells were incubated with 1 µg/ml, 10 µg/ml, 20 µg/ml, and 40 µg/ml of G28.5 and ipilimumab in 100 μl total volume in 96-well plates. After 24 h of coculture, 10 μl CCK-8 solution (Dojindo, Japan) was added to each well and incubated with cells for about 3h. The absorbance at 450 nm was measured on Multiskan GO Microplate Spectrophotometer (Thermo Scientific). The viability of tumor cells was calculated using the following formula: Viability = (OD experimental - OD blank)/(OD control − OD blank) × 100%.



Cytotoxicity assay

The cytotoxicity of DC-CIK cells against RCC cells was detected using flow cytometry, as previously described (31). ACHN and Caki-2 cells were labeled by CellTrace™ Violet dye (Invitrogen, Waltham, MA, USA) and distributed in 96-well plates at 3 × 104 cells/well and 1.2 × 104 cells/well, respectively. DC-CIK cells, ipilimumab, or hIgG1 treated DC-CIK cells were then cocultured with tumor cells at an E/T ratio of 10:1. After being incubated with 10 μg/ml G28.5 or mIgG1 control for 24 h, all cells were collected, and 7-aminoactinomycin D (7-AAD) was added for live and dead cell discrimination by flow cytometry. The formula used for cytotoxicity calculation is as follows: Cytotoxicity = ((CL − TL)/CL) × 100%. CL, percentage of live tumor cells in control tubes (tumor cells alone); TL, percentage of live tumor cells in test tubes (treatment groups).



Apoptosis assay

Apoptosis was measured according to the protocol described for FITC Annexin V Apoptosis Detection Kit with 7-AAD (BioLegend). Briefly, the tumor cells were labeled by CellTrace™ Violet dye, and cocultured with DC-CIK cells, ipilimumab, or hIgG1 treated DC-CIK cells at an E/T ratio of 5:1. After incubation with 10 μg/ml G28.5 or mIgG1 control for 10-14 h, all cells were collected and resuspended in 100 μl Annexin V binding buffer. Five microliter FITC Annexin V and 7-AAD were added and incubated at room temperature for 15 min in the dark. Another 200 μl Annexin V binding buffer was added to each tube, and samples were then analyzed by flow cytometry.



ELISA assay

The IL-12 secretion of DCs was detected by the IL-12 p70 Human ELISA Kit (Invitrogen). First, DCs were distributed at 1 × 106 cells/well in 24-well plates in the presence or absence of 10 μg/ml G28.5, ipilimumab, and their isotype controls mIgG1 and hIgG1. After 24h, the supernatant was collected to detect IL-12 secretion by ELISA. The IFN-γ secretion was also detected according to manufacturer’s instruction. DC-CIK cells, ipilimumab, or hIgG1 treated DC-CIK cells were cocultured with tumor cells (5 × 104 cells/well) at a ratio of 10:1. Subsequently, the cells were incubated with 10 μg/ml G28.5 or mIgG1 control for 24 h. The supernatant was collected to determine the concentration of IFN-γ by the IFN gamma Human ELISA Kit (Invitrogen).



Statistical analysis

FACS data sets were analyzed using FlowJo v10.6 software (FlowJo, LLC, Ashland, Oregon, U.S.A.). Statistical analyses were performed using GraphPad Prism v.8.0 (GraphPad Software, Inc., San Diego, CA, U.S.A.). Quantitative data are presented as means ± SD. Differences between groups were investigated using Student’s unpaired and paired t-tests, and one-way ANOVA with a Bonferroni correction for multiple comparisons. Each experiment was performed in triplicates and repeated at least three times. P < 0.05 was considered statistically significant.




Results


Characterizing the phenotype of CIK cells and DCs

We first determined the phenotype of CIK cells and DCs by flow cytometry. CD3+CD56+ and CD3+CD8+ cells, which primarily contribute to the cytotoxicity of CIK cells, were found to be significantly increased by 23.2 ± 2.1% (P = 0.0004) and 58.4 ± 12.2% (P = 0.0088), individually after 14 days of culture (Figures 1A, B). In addition, the level of cells positive for CD40L (the ligand of CD40) was also elevated from 6.0 ± 3.0% to 35.3 ± 5.2% (P = 0.0011). Notably, the CTLA-4 (especially the intracellular CTLA-4) positive cells was significantly decreased from 35.6 ± 2.1% to 4.3 ± 0.8% (P < 0.0001). Of interest, its counterpart CD28+ cells were also significantly reduced from 62.9 ± 5.0% to 26.57 ± 5.8% (P = 0.0012). Similarly, Figure 1B showed that the mean fluorescence intensity (MFI) of CD40L was increased from 671.7 ± 26.5 to 799.3 ± 61.2 (P = 0.0294), whereas the MFI of CD28, intracellular and extracellular CTLA-4 were decreased from 5762.0 ± 249.5, 1449.3 ± 47.7, and 744.0 ± 49.4 to 2270.3 ± 136.6 (P < 0.0001), 419.7 ± 28.1 (P < 0.0001), and 616.0 ± 19.3 (P = 0.0139), respectively. Following nine days of generation, the mature DCs showed significantly increased expression of HLA-DR, CD11c, CD40, CD86, CD80, and CD83 (Figures 1C, D). Gating strategy for CIK cells and DCs was shown in Figure S1.




Figure 1 | Characterizing the phenotype of CIK cells and DCs. (A) The phenotype of CIK cells on day 1 and day 14 was detected by flow cytometry. Each bar represents mean ± SD of three donors. One representative phenotyping analysis of CIK cells and quantification of the mean fluorescence intensity (MFI) are shown in (B). (C) The phenotype of DCs on day 1 and day 9 was detected by flow cytometry. Each bar represents mean ± SD of three donors. One representative phenotyping analysis of DCs and quantification of the MFI are shown in (D). Intra: intracellular; extra: extracellular; SD: standard deviation. (* P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001).





Anti-CD40 antibodies increased CD3+CD56+ population of CIK cells via DCs

Next, we incubated DCs with anti-CD40 antibody (G28.5) for 48 hours and observed upregulation of CD80, CD83, C86, and HLA-DR, hence showing the maturation of DCs (Figures 2A, B). Hunter et al. observed similar results when a different anti-CD40 antibody (CP-870,893) was used (11). G28.5 also significantly stimulated the secretion of IL-12 compared to control by 185.6 ± 79.9 pg/ml (P = 0.046) and 204.1 ± 79.9 pg/ml (P = 0.046) in G28.5 and the combination group, individually, indicating the enhanced activation of DCs following G28.5 treatment (Figure 2C). We further treated DC-CIK and CIK cells with G28.5 to assess any alteration in the primary effector CD3+CD56+ cells. An increased CD3+CD56+ population of CIK cells was observed in DC-CIK cells alone (P = 0.007) (Figures 2D, S2A), indicating that G28.5 could promote the antitumor response of CIK cells by inducing DC maturation and activation.




Figure 2 | G28.5 increases the CD3+CD56+ population of CIK cells by inducing DC maturation and activation. (A) The anti-CD40 antibody G28.5 improved DC mature phenotype. DCs on day 6 were plated at 25 × 104 cells/ml in the presence of G28.5 (10 μg/ml) or its isotype control mIgG1 (10 μg/ml) for 48 h. After treatment, phenotypic markers of DCs were detected by flow cytometry. Each bar represents mean ± SD of four donors. One representative phenotyping analysis and quantification of the MFI are shown in (B). (C) G28.5 promoted the IL-12 secretion of DCs. DCs were distributed at 1 × 106 cells/well in 24-well plates in the presence or absence of 10 μg/ml G28.5, ipilimumab, and their isotype controls mIgG1 and hIgG1. After 24 h, the supernatant was collected to detect IL-12 secretion by ELISA. Each bar represents mean ± SD of four donors. (D) G28.5 increased the CD3+CD56+ population of CIK cells when cocultured with DCs. CIK cells on day 9 were labeled by CellTrace™ Violet dye and cocultured with DCs at a ratio of 5:1. DC-CIK cells and CIK cells were treated with 10 μg/ml G28.5 or mIgG1 for 48 h. The expression of CD3 and CD56 on CIK cells was measured by flow cytometry. One representative donor (left) and the flow cytometry analysis (right) are shown. (* P < 0.05, ** P < 0.01, **** P < 0.0001).





Favorable effects of G28.5 combined with ipilimumab on CTLA-4 and CD3+CD56+ effector cells

We next evaluated the effect of G28.5 in combination with ipilimumab (CTLA-4 inhibitor) on DC-CIK cells, following 48 hours of incubation. We found that G28.5 increased intracellular and extracellular expression of the CTLA-4 by 37.3 ± 0.9% (P < 0.0001) and 0.1 ± 0.1% (P = 0.24), respectively in CIK cells when cocultured with DCs, but not in CIK cells alone (Figures 3A, B, S2B, C). In addition, ipilimumab suppressed the CTLA-4 expression of CIK cells that had been promoted by G28.5 in DC-CIK cells (P = 0.0203). Hence, it suggested that G28.5 combined with ipilimumab might have a favorable effect on the antitumor response. Moreover, G28.5 and ipilimumab both decreased the expression of CD28 (the counterpart of CTLA-4) in DC-CIK cells. The level of cells positive for CD28 were reduced by 13.5 ± 1.3% (P < 0.0001) by G28.5 and 11.4 ± 0.7% (P < 0.0001) by ipilimumab, respectively, and by 24.9 ± 1.2% (P < 0.0001) by the combination in DC-CIK cells (Figure 3C). The MFI of CD28 was also decreased by G28.5 and ipilimumab accordingly (Figure S3). However, G28.5 had no direct effect on CD28 expression of CIK cells alone (Figure S2D). Similar to G28.5, ipilimumab increased the CD3+CD56+ population in CIK cells alone (1.8 ± 0.2%, P = 0.001) or DC-CIK cells (1.8 ± 0.4%, P = 0.006) (Figures 3D, S2E). The combination of G28.5 and ipilimumab also increased the percentage of CD3+CD56+ cells in DC-CIK cells compared with G28.5 (by 3.8 ± 0.3%, P < 0.0001) and ipilimumab (by 0.8 ± 0.3%, P = 0.3742). Overall, it can be assumed that G28.5 in combination with ipilimumab could increase the antitumor efficacy of DC-CIK cells compared to G28 or ipilimumab alone, primarily by reducing inhibitory CTLA-4 and proliferating CD3+CD56+ effector cells.




Figure 3 | G28.5 and ipilimumab have different effects on the CTLA-4 expression of CIK cells. CIK cells treated with 10 μg/ml ipilimumab or hIgG1 for nine days or not were labeled by CellTrace™ Violet dye and cocultured with DCs at a ratio of 5:1. DC-CIK cells and CIK cells were treated with 10 μg/ml G28.5 or mIgG1 for another 48 h. The expression of intracellular and extracellular markers was detected by flow cytometry. Each bar represents mean ± SD of one representative donor. (A) The effect of G28.5 and ipilimumab on intracellular expression of CTLA-4. (B) The effect of G28.5 and ipilimumab on extracellular expression of CTLA-4. (C) The effect of G28.5 and ipilimumab on the expression of CD28. (D) Ipilimumab increased the CD3+CD56+ population of CIK cells. Intra: intracellular; extra: extracellular. (* P < 0.05, ** P < 0.01, **** P < 0.0001).





Assessing the direct effect of anti-CD40, anti-CTLA-4 and DC-CIK cells on RCC cell lines

We next sought to exclude any direct effect of G28.5 and ipilimumab on RCC cell lines (ACHN and Caki-2 cells). Our CCK-8 assay showed no apparent growth inhibition in ACHN cells after incubation with G28.5, ipilimumab, or the combination compared to isotype controls (Figure 4A). The same was observed on Caki-2 cells (Figure 4B). In addition, we tested the cytotoxicity of DC-CIK cells on RCC cells using flow cytometry (Figure 4C). To mention, ACHN and Caki-2 cells were first labeled with CellTrace™ Violet dye so that they could be distinguished from DC-CIK cells. When tumor cells were cocultured with DC-CIK cells at varying E/T ratios (1:1, 5:1, 10:1, 20:1, 40:1), we found that at E/T ratios above 5:1, DC-CIK cells efficiently killed ACHN and Caki-2 cells with cytotoxicity ranging from 20% to 90%. The gating strategy for analysis of cytotoxicity was shown in Figure S4.




Figure 4 | Assessing the direct effect of anti-CD40, anti-CTLA-4 and DC-CIK cells on RCC cell lines. (A) No direct effect was observed on G28.5 and ipilimumab against ACHN. ACHN cells were distributed in 96-well plates at 1 × 104 cells/well. G28.5 (left), ipilimumab (middle), the combination (right) and their isotype controls were added at different concentrations (1μg/ml, 10μg/ml, 20μg/ml, and 40μg/ml) for 24 h. Data are expressed as mean ± SD of one representative experiment. (B) No direct effect was observed on G28.5 and ipilimumab against Caki-2. Caki-2 cells were distributed in 96-well plates at 0.5 × 104 cells/well and treated as (A). (C) DC-CIK cells are cytotoxic against ACHN and Caki-2. ACHN (blue) and Caki-2 (red) cells were labeled by CellTrace™ Violet dye to distinguish them from DC-CIK cells. Tumor cells were distributed in 96-well plates and incubated 24 hours with DC-CIK cells at the E/T ratio of 1:1, 5:1, 10:1, 20:1, and 40:1. Then all cells were collected, and 7-AAD was added to detect dead cells by flow cytometry. Each bar represents mean ± SD of three donors.





Anti-CD40 antibody enhanced cytotoxicity, apoptotic effect and IFN-γ secretion of DC-CIK cells

Considering the above assumption that G28.5 in combination with ipilimumab could promote the antitumor response of DC-CIK cells, we cocultured DC-CIK cells with CellTrace™ Violet-labeled tumor cells at an E/T ratio of 10:1. We found that G28.5 significantly increased the cytotoxicity of DC-CIK cells in ACHN by 13.2 ± 1.8% (P < 0.0001) in the G28.5 group and 17.3 ± 1.8% (P < 0.0001) in the combination group (Figures 5A, B). Similar results were observed in the case of Caki-2, where G28.5 increased the cytotoxicity of DC-CIK cells by 8.7 ± 1.9% (P = 0.007), and in combination by 7.7 ± 1.9% (P = 0.021) (Figures 5C, D). In contrast, the anti-CTLA-4 antibody ipilimumab did not increase the antitumor activity of DC-CIK cells in any cell lines.




Figure 5 | Cytotoxicity of DC-CIK cells treated with G28.5 and ipilimumab against RCC cell lines. (A) Cytotoxicity of DC-CIK cells treated with G28.5 or ipilimumab against ACHN. ACHN cells were labeled by CellTrace™ Violet dye and distributed in 96-well plates at 3 × 104 cells/well. DC-CIK cells, ipilimumab or hIgG1 treated DC-CIK cells were then cocultured with ACHN cells at an E/T ratio of 10:1. After the incubation with 10 μg/ml G28.5 or mIgG1 control for 24 h, all cells were collected, and 7-AAD was added to detect the dead cells by flow cytometry. Each bar represents mean ± SD of one representative donor. One representative flow cytometry analysis is shown in (B). (C) Cytotoxicity of DC-CIK cells treated with G28.5 or ipilimumab against Caki-2 cells. Caki-2 cells were labeled by CellTrace™ Violet dye and distributed in 96-well plates at 1.2 × 104 cells/well. The following procedures were performed as above. One representative flow cytometry analysis is shown in (D). (* P < 0.05, ** P < 0.01, **** P < 0.0001).



Additionally, we investigated whether apoptosis of RCC cells can be increased by DC-CIK cells using G28.5 and ipilimumab. To mention, we detected both early and late apoptosis using Annexin V-FITC/7-AAD. In G28.5 alone group, early apoptosis of ACHN was significantly increased by 12.0 ± 1.9% (P = 0.0004), while by 13.1 ± 1.9% (P = 0.0001) in combination with ipilimumab (Figures 6A, B). The enhanced effect on late apoptosis was also observed for G28.5 (by 11.2 ± 0.9%, P < 0.0001) and in combination (by 8.7 ± 0.9%, P < 0.0001). Similar to ACHN cells, the early apoptosis of Caki-2 was significantly increased in both G28.5 group (by 21.3 ± 1.8%, P < 0.0001) and the combination group (by 19.6 ± 1.8%, P < 0.0001) (Figures 6C, D). Here again, anti-CTLA-4 antibody ipilimumab did not increase the early or late apoptosis in any cell lines.




Figure 6 | Apoptosis of RCC cells treated with DC-CIK cells combined with G28.5 and ipilimumab. (A) Early and late apoptosis of ACHN cells treated with DC-CIK cells in combination with G28.5 and ipilimumab. ACHN cells were labeled by CellTrace™ Violet dye and distributed in 96-well plates at 3 × 104 cells/well. Tumor cells were cocultured with DC-CIK cells, ipilimumab or hIgG1 treated DC-CIK cells at an E/T ratio of 5:1. After incubation with 10 μg/ml G28.5 or mIgG1 control for 10-14 h, Annexin V-FITC/7-AAD was used to detect the early (Annexin V+7-AAD-) and late apoptosis (Annexin V+7-AAD+) by flow cytometry. Each bar represents mean ± SD of one representative donor. One representative flow cytometry analysis is shown in (B). (C) Early and late apoptosis of Caki-2 cells treated with DC-CIK cells in combination with G28.5 and ipilimumab. Caki-2 cells were labeled by CellTrace™ Violet dye and distributed in 96-well plates at 1.2 × 104 cells/well. The following procedures were performed as (A). One representative flow cytometry analysis is shown in (D). (*** P < 0.001, **** P < 0.0001).



We next investigated whether these two antibodies could promote the secretion of IFN-γ, a cytokine required for tumor killing by NK and cytotoxic T cells. We found that G28.5 used alone or in combination with ipilimumab significantly increased the IFN-γ secretion from DC-CIK cells against ACHN (by 228.6 ± 17.06 pg/ml, P < 0.0001 and 139.1 pg/ml ± 17.06, P < 0.0001, respectively), compared to the isotype control (Figure 7A). Similar results were found in case of Caki-2 cells (by 70.3 ± 7.4 pg/ml, P < 0.0001 and 90.1 ± 7.4 pg/ml, P < 0.0001, respectively). The anti-CTLA-4 antibody ipilimumab showed no effect on IFN-γ levels in any cell line. Considering the peculiar function of DC-CIK cells compared to CIK cells, we supplemented G28.5 in CIK cells (instead of DC-CIK cells) and failed to detect any increased IFN-γ level (Figure 7B). This suggested that G28.5 could enhance the antitumor response of CIK cells solely by promoting the maturation and activation of DCs.




Figure 7 | Effect of G28.5 and ipilimumab on IFN-γ secretion of DC-CIK and CIK cells. (A) The IFN-γ secretion of DC-CIK cells against ACHN (left) and Caki-2 (right) cells. DC-CIK cells, ipilimumab or hIgG1 treated DC-CIK cells were cocultured with tumor cells (5 × 104 cells/well) at a ratio of 10:1. Cell were incubated with 10 μg/ml G28.5 or mIgG1 control for 24 h. At the end of incubation, the supernatant was collected to determine the concentration of IFN-γ by ELISA. Each bar represents mean ± SD of one representative donor. (B) The IFN-γ secretion of CIK cells against ACHN (left) and Caki-2 (right) cells. (**** P < 0.0001).





Ipilimumab did not alter the Treg population in CIK cells

As we did not observe an enhancement in antitumor response of DC-CIK cells by ipilimumab, we sought to investigate whether another independent determinant (e.g., Tregs) may be a contributing factor. Since, it has been discussed that tumor regression caused by anti-CTLA-4 antibodies may rely on a selective reduction of Tregs but not checkpoint blockade (23, 24). We therefore compared the population of Tregs in CIK cells after ipilimumab treatment, as described previously (22). Similar to the results of Yano et al., after 14-day incubation of activated T cells with 10 μg/ml ipilimumab, Tregs (CD3+CD4+CD25+CD127low) were found to be significantly reduced by 4.2 ± 2.3% (P = 0.034) in activated T cells compared to the controls (Figure S5). Besides, a decrease in the CD4/CD8 ratio was also observed (P = 0.326). In contrast, when CIK cells were incubated with 10 μg/ml ipilimumab, the proportion of Tregs remained unaffected (P = 0.567) (Figures 8A, B). This may partially explain why the addition of ipilimumab did not enhance the antitumor response of DC-CIK cells. The hypothesized mechanism of anti-CD40 and anti-CTLA-4 antibodies on DC-CIK cells is shown in Figure 8C.




Figure 8 | Ipilimumab is ineffective in decreasing the Treg population in CIK cells. (A) Treg population in CIK cells after treatment with ipilimumab or isotype control. 10 μg/ml ipilimumab or hIgG1 control was added to CIK cells only once at the initiation of culture. Tregs (CD3 + CD4 + CD25 + CD127low) in CIK cells of ten donors were detected by flow cytometry. Each bar represents the mean ± SD of ten donors. (ns not significant) (B) One representative flow cytometry analysis is shown. (C) Schematic of the effect of anti-CD40 and anti-CTLA-4 antibodies on DC-CIK cells. Anti-CD40 antibody activated DCs increased the cytotoxicity of CIK cells against RCC cells, whereas the anti-CTLA-4 antibody had a very restrictive effect on the antitumor response. The anti-CTLA-4 antibody increased the proportion of CD3+CD56+ effector cells but decreased CD28 expression.






Discussion

Immunotherapy has become a feasible treatment option for cancer patients, still a fraction among them remains unresponsive towards the standard treatment regimen. Among cancer therapies, CIK cell therapy has proven to be successful, as evident from the numerous clinical trials. CIK cells have been licensed in various countries, including Germany. But considering the non-responsive patients, several efforts are being performed to make this approach more efficient. One convenient option that is worth considering is to promote the antitumor response of CIK/DC-CIK cells. Recent studies also provided insights into the enhancement of their cytotoxicity (25, 26). In the current manuscript, we sought to investigate whether the combination of anti-CD40 and anti-CTLA-4 antibodies can considerably enhance the antitumor response of DC-CIK cells against RCC cell lines. To achieve this, we first characterize the phenotype of CIK cells and DCs, and observed that the anti-CD40 antibody (G28.5) increased the CD3+CD56+ population of CIK cells via DCs. In addition, we found that the antitumor response of DC-CIK cells was significantly improved by G28.5, while the CTLA-4 inhibitor ipilimumab showed a very restrictive effect.

Since, it is well established that tumor cell escape often occurs through the impaired antigen recognition by the immune system, or the establishment of an immunosuppressive state in tumor microenvironment (e.g., Tregs) (27). We therefore sought to enhance the tumor-killing activity of DC-CIK cells in two distinct ways: First, by promoting maturation and activation of antigen-presenting DCs through CD40 ligation, and second, by suppressing inhibitory signaling in the effector cells or reducing Tregs by CTLA-4 blockade. In this context, it has been previously shown that the combination of anti-CD40 and anti-CTLA-4 antibodies accompanying a liposomal peptide or adenoviral vaccine considerably enhanced the CTL responses against tumor cells (28, 29). And CD40 activation on DC cells has previously been demonstrated to increase Th1 cell proliferation (32). In our analysis, we first found the possibility that G28.5 in combination with ipilimumab might increase the antitumor efficacy of DC-CIK cells compared to G28.5 or ipilimumab alone, primarily by reducing inhibitory CTLA-4 signaling and proliferating CD3+CD56+ effector cells. However, our results showed that anti-CD40 antibody predominated over anti-CTLA-4 antibody for cytotoxicity, apoptotic effect and IFN-γ secretion of DC-CIK cells against RCC cells. To mention, despite some clinical differences in the RCC cell lines (Caki-2: male/69 years, clear cell renal cell carcinoma; ACHN: male/22 years, renal cell adenocarcinoma), our results were consistent in both of them. Therefore, the possibility of heterogeneity between these cancer cell lines (in addition to genetic-epigenetic variations) as a confounding factor can be excluded, as discussed by Sharma et al. (33).

To determine the potential reason for ipilimumab inefficacy, we further investigated whether another independent factor (e.g., Tregs) might play a role. For instance, it has been discussed that tumor regression caused by anti-CTLA-4 antibodies may rely on a selective reduction of Tregs (23, 24). We therefore compared the population of Tregs in CIK cells after ipilimumab treatment, but no changes were found. However, we noticed that both G28.5 and ipilimumab significantly reduced the expression of CD28 in CIK cells. It is well known that CD28 has a similar structure to CTLA-4 but has an opposite effect on T cell immunity. CD28-mediated co-signaling is related to cytokine production and T cell proliferation (12). In context to our data, how this decrease in CD28 accounts for the crosstalk between ipilimumab and CIK cells needs further investigation. Notably, the expression of CTLA-4 decreased sharply after two weeks of culture, suggesting that the inhibitory signaling of CTLA-4 may not play an essential role in the cytotoxicity of CIK cells. It is worth mentioning that, a) whether these observed changes are RCC specific or also occur in other cancers needs to be further investigated; b) translating our results to in vivo models will also provide more information about the contribution of tumor microenvironment.



Conclusion

To summarize, our data suggest that the agonistic anti-CD40 antibody rather than CTLA-4 inhibitor may improve the antitumor response of DC-CIK cells, particularly in RCC. In addition, we pointed towards the yet to be known contribution of CD28 in the crosstalk between anti-CTLA-4 and CIK cells.
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CD19 chimeric antigen receptor-T (CAR-T) cell therapy has achieved remarkable results in patients with relapsed or refractory B-cell acute lymphoblastic leukemia (r/r B-ALL). However, the cytokine release syndrome (CRS) was presented in most patients as common toxicity and severe CRS (sCRS) characterized by the sharp increase in interleukin-6 (IL-6) could be life-threatening. We conducted a phase II clinical trial of ssCAR-T-19 cells, anti-CD19 CAR-T cells with shRNA targeting IL-6, in 61 patients with r/r B-ALL. This trial was registered at www.clinicaltrials.gov as #NCT03275493. Fifty-two patients achieved CR while nine patients were considered NR. The median duration of response (DOR) and overall survival (OS) were not reached (>50 months). CRS developed in 81.97% of patients, including 54.10% with grades 1 to 2 (grade 1, 31.15%; grade 2, 22.95%) and 27.87% with grades 3 to 4 (grade 3, 26.23%; grade 4, 1.64%). sCRS occurs earlier than mild CRS (mCRS). A multivariable analysis of baseline characteristics identified high bone marrow disease burden and poor genetic risk before infusion as independent risk factors for sCRS. After infusion, patients with sCRS exhibited larger expansion of ssCAR-T-19 cells, higher peak levels of IL-6, IL-10, and IFN-γ, and suffered more severe hematological and non-hematological toxicities compared with those with mCRS.




Keywords: relapsed or refractory B-cell acute lymphoblastic leukemia, chimeric antigen receptor T-cell therapy, cytokine release syndrome, IL-6 knocking down, risk factors



Introduction

CD19 chimeric antigen receptor-T (CAR-T) cell therapy has achieved remarkable results in patients with relapsed or refractory B-cell acute lymphoblastic leukemia (r/r B-ALL) as a new treatment with a 54.5%–92.3% complete remission (CR) rate (1–3). Due to their outstanding clinical effectiveness, the Food and Drug Administration (FDA) and European Medicines Agency (EMA) have approved four CD19 CAR-T cell products to treat patients ≤25 years old with r/r B-ALL (Kymriah), adult patients with r/r B-ALL (Tecartus), patients with relapsed or refractory large B-cell lymphoma (r/r LBCL) (Kymriah, Yescarta and Breyanzi), patients with relapsed or refractory mantle-cell lymphoma (r/r MCL) (Tecartus) and patients with relapsed and refractory follicular lymphoma (Kymriah) (4–8).

However, the cytokine release syndrome (CRS) and immune effector cell associated neurotoxicity syndrome (ICANS) were presented in a majority of patients as common toxicities associated with CAR-T-cell therapy. CAR-T cells are “living drugs.” The development of CRS is directly related to in vivo CAR-T-cell expansion. The pharmacokinetics of CAR-T cells in vivo depend on several intrinsic and extrinsic factors, such as different costimulatory domains of CAR structures, tumor burden, and lymphodepletion regimen before CAR-T-cell infusion (9, 10). As CAR-T cells expand when interacting with the target tumor cells, massive cytokines including interleukin-6 (IL-6), interferon-γ (IFN-γ), monocyte chemoattractant protein 1 (MCP-1), and granulocyte-macrophage colony-stimulating factor (GM-CSF) were released by CAR-T cells and other immune cells. These cytokines can be associated with the clinical evidence of CRS (11–14). CRS often occurs within 14 days in patients receiving CAR-T therapy (15), while severe CRS (sCRS) could even occur rapidly within 1-2 days (16). The mild form of CRS (mCRS) often presented with flu-like symptoms such as fever, headache, and myalgia, whereas sCRS often presented with life-threatening symptoms like hypoxia, vasodilatory shock, capillary leak, and end-organ dysfunction, and even led to death (17). Although there is no temporal correlation between ICANS and CRS, neurotoxicity is confirmed to be caused by the mediated release of cytokines by CAR-T cells (18).

To manage CRS, tocilizumab or/and corticosteroids are often administered once CRS develops rapidly to a severe stage (higher than grade 3) in the clinic (19). However, tocilizumab is not effective in treating neurotoxicity caused by the CAR-T therapy because of its inability to pass the blood–brain barrier (BBB) and the influences of corticosteroids on CAR-T cells remain controversial (20). With currently passive treatment to manage sCRS, the incidence of sCRS is 8.3% to 43% (21–23), which is still the main obstacle to promoting CAR-T therapy.

Therefore, it is of great importance not only to choose safe and effective CAR-T products but also to investigate the risk factors to predict CRS early and alert the clinician to intervene timely before CRS deteriorates. Only in this way can we significantly reduce the risk of sCRS and bring more benefits to patients.

Thus, we conducted a phase II clinical trial applying IL-6 knocking down anti-CD19 CAR-T cells to products designed for safety (termed as ssCAR-T-19) for treating 61 patients with r/r B-ALL. The aim of this work was not only to assess the safety and efficacy of ssCAR-T-19 cells but also to explore the risk factors for potentially predicting the severity of CRS in patients accepting ssCAR-T-19 therapy.



Materials and methods


Study design and data collection

A phase II clinical trial (NCT03275493) was conducted to assess the safety and anti-tumor activity of CD19 CAR-T cells with IL-6 knockdown in patients with r/r B-ALL at our center (the First Affiliated Hospital of Soochow University). The data of enrolled 61 patients with r/r B-ALL receiving ssCAR-T-19 cell infusion from January 2017 to August 2020 were analyzed. The data cutoff date for the final analysis was October 26th. The electronic medical records of patients, including their clinical, laboratory, and treatment characteristics, were collected. Genetic risk stratification is shown in Supplementary Table 1. This study was conducted in accordance with the principles of the institutional review boards. Written informed consent was obtained from all patients.



Inclusion and exclusion criteria

All the patients were enrolled according to the inclusion and exclusion criteria of the trial. Eligible patients had relapsed or refractory CD19+ B-ALL with an expected survival of ≥12 weeks but were ineligible for allogeneic hematopoietic stem cell transplantation (HSCT). Other inclusion criteria were (1) left ventricular ejection fractions ≥0.5 by echocardiography (2); ALT ≤3 times of ULN, or bilirubin <2.0 mg/dl (3); creatinine <2 mg/dl and less than 2.5 × normal for age (4); prothrombin time (PT) and activated partial thromboplastin time (APTT) <2 times of ULN (5); arterial oxygen saturation >92% (6); Karnofsky score ≥60; and (7) no history of combined chemotherapy in the recent 1 month and no immunotherapy in the recent 3 months.

Patients were excluded if they had (1) uncontrolled active infections (2); active hepatitis B or hepatitis C infection (3); HIV infection (4); history of myocardial infarction in the past 6 months, or history of severe arrhythmia (5); congenital immunodeficiency (6); pregnant or lactating women (7); history or presence of clinically relevant CNS pathology, such as epilepsy, generalized seizure disorder, paresis, aphasia, stroke, severe brain injuries, dementia, Parkinson’s disease, cerebellar disease, organic brain syndrome, or psychosis; and (8) previous treatment with any gene therapy products.



Manufacturing of ssCAR-T-19 cells

The manufacturing process of ssCAR-T-19 cells is a multi-step process involving leukapheresis, separation, activation, transduction, expansion, and harvesting. Leukapheresis concentrates were obtained from patients at our center. T cells were separated using anti-CD3 magnetic beads (Miltenyi, Biotec, Bergisch-Gladbach, Germany), stimulated with anti-CD3/CD28 monoclonal antibodies (Miltenyi, Biotec, Bergisch-Gladbach, Germany), and transduced with a recombinant lentiviral vector. The structure of the recombinant lentiviral vectors is illustrated in Supplementary Figure 1. Except for an anti-CD19 murine single-chain variable fragment (scFv), a 4-1BB costimulatory moiety was encoded. The feature lies in the CD3zeta activation domain with an IL-6 shRNA element against IL-6. ssCAR-T-19 cells were cultured in AIM-V media (Gibco, NY, USA) supplemented with 10% autologous human serum, 100 IU/ml recombinant human IL-2 (PeproTech, Rocky Hill, USA), 5 ng/ml recombinant human IL-7 (PeproTech), and 5 ng/ml recombinant human IL-15 (PeproTech) for 12–14 days before infusion.



Preparative lymphodepletion chemotherapy

All the patients accepted lymphodepletion chemotherapy before the infusion of ssCAR-T-19 cells to reduce tumor burden and endogenous lymphocytes. Of which, 60 patients were treated with fludarabine (Flu) (30 mg/m2) plus cyclophosphamide (Cy) (0.3 g/m2) based regimen and one patient received a FLAG regimen (5 days), including fludarabine (30 mg/m2), cytosine arabinoside (Ara-c) (1 g/m2), plus granulocyte-colony stimulating factor (G-CSF, 300 μg/d).



SsCAR-T-19 cell infusion

Based on the adverse effects, tolerance and clinical design, all the patients received a dose of 5 × 106/kg ssCAR-T-19 cells within 10–15 min. Two methods for fractionated dose were adopted according to infusion reactions (1): 10% of the total expected dose on day 1, 30% on day 2 and 60% on day 3; and (2) 40% of the total expected dose on day 1 and 60% on day 2, respectively. The vital signs of the patients, such as temperature, blood pressure, heart rate, respiration, and blood oxygen, were monitored closely before, during, and after the infusion until the patients were in stable condition. The infusion was stopped if a serious reaction occurred.



Outcomes and endpoints

The primary endpoints were the overall response rate (ORR) and toxicities, particularly the occurrence of CRS. A response assessment was performed on day 28. CR was defined as <5% bone marrow blasts, no original lymphocytes in peripheral blood, and no recurrence within four weeks, regardless of cell count recovery. Partial remission (PR) was defined as 5%–20% bone marrow blasts. No remission (NR) was defined as >20% bone marrow blasts (NCCN Guideline Version 2021). CRS was graded on the basis of ASTCT CRS consensus grading (24) and the criteria at our center (Supplementary Table 2), and defined as mild CRS (mCRS) if graded 0–2 and severe CRS (sCRS) if graded 3–4. Analyses of complete blood counts, coagulation, hepatic function, renal function, and cardiac function were conducted to evaluate hematologic and non-hematologic side effects. The secondary endpoint was the duration of response (DOR), and overall survival (OS). DOR was defined as the time from the first complete remission after ssCAR-T019 infusion to a relapse or death without documented relapse. The OS was defined as the time from ssCAR-T-19 infusion to the date of death from any cause.



Analysis of clinical laboratory parameters and serum biomarkers after ssCAR-T-19 cell infusion

Peripheral blood of the enrolled patients was collected after a ssCAR-T-19 cell infusion. The peak concentrations of cytokines, including IL-6, interleukin-10 (IL-10), IFN-γ, C-reactive protein (CRP), and ferritin were tested. The expansion and persistence of ssCAR-T-19 cells were detected by qRT–PCR.



Statistical analysis and sample size

The study had approximately 90% power to distinguish between an active therapy with a rate of complete remission or complete remission with incomplete hematological recovery of 65% and a pre-specified, historical control rate of 44% or less with a one-sided α value of 0.025 (25, 26). Based on this hypothesis, the planned sample size was 59 patients. Statistical analysis was performed using SPSS 25.0 (SPSS Inc., Chicago, IL, USA) and Prism 6 (GraphPad Software Inc., San Diego, CA, USA). Numerical variables were described using median and interquartile spacing (IQR 25% and 75%). P-values were calculated using the t-test if data were normally distributed and the Mann–Whitney U test if not. Categorical variables were described by percentages and compared by the Chi-Square test and Fisher Exact test. Logistic regression analysis was used for univariate and multivariate analysis. Tables and graphs were designed using PowerPoint (Microsoft, Redmond, WA, USA), Prism 6 (GraphPad Software Inc.), and R-language. P-values <0.05 were considered as statistically significant. If not otherwise mentioned, results are presented as mean ± standard deviation (SD).




Results


Patients and treatment characteristics

Sixty-one patients with r/r B-ALL were included in the analysis. The median age was 32 years (IQR: 19.5, 45.5 years), and 30 (49.18%) patients were male and 31 (50.82%) were female. Thirty-four (55.74%) patients and their genetic risk were good, while 27 (44.26%) were poor. The median number of prior lines of therapy was 3 (IQR: 2, 4 prior lines) and the median number of relapses was 1 (IQR: 1, 1 relapses). Twelve patients (19.67%) had previously undergone allogeneic HSCT, while one patient (1.64%) had undergone autologous HSCT. The lymphodepletion regimens were given to all 61 patients before the ssCAR-T-19 cell infusion. Most patients (98.36%) received a Cy/Flu based regimen while only one patient (1.64%) received FLAG regimen. The CD19 CAR-T cells were infused at a dose of 5 ∗ 106/kg (Table 1).


Table 1 | Baseline characteristics in r/r B-ALL patients by severity of CRSa.





Response, duration of response, and overall survival

Fifty-two patients (85.25%) achieved CR, while nine patients (14.75%) were considered NR (Table 1). The DOR among the patients who achieved CR at 36 months was 56.26% (32.81%–74.31%) and the median DOR was not reached among these patients with censoring patients at subsequent allogeneic stem-cell transplant. OS among all patients at 36 months was 54.72% (30.90%–73.38%) and the median OS was not reached in all patients without censoring of patients at subsequent allogeneic stem-cell transplant (Figure 1).




Figure 1 | Duration of response and overall survival. (A) Kaplan–Meier estimates of the duration of response (DOR) in patients who achieve CR after ssCAR-T-19 infusion with censoring patients at subsequent allogeneic stem-cell transplant. (B) Kaplan–Meier estimate of overall survival (OS) in all the patients without censoring of patients at subsequent allogeneic stem-cell transplant. Median DOR in patients who achieved CR and median OS in all the patients were not reached. Dashed lines in (A) and (B) denote the 95% confidence interval.





Clinical description of CRS

Most patients (44 of 61, 72.13%) had either no CRS (grade 0), or grade 1 to 2 CRS, which was defined as mCRS, whereas 17 patients (27.87%) developed grade 3 to 4 CRS, which was defined as sCRS. No grade 5 CRS was reported among the enrolled 61 patients (Table 1). The median time of CRS beginning, peak CRS, and CRS remission were 2 days, 4 days, and 8 days after infusion in all r/r B-ALL patients, respectively (Table 2). Further analysis according to the CRS level showed that the median time of CRS beginning in patients with mCRS and sCRS was day 2 (IQR: day 1, 4) and day 1 (IQR: day 1, 2), respectively, and the difference was significant (p = 0.002). The median time of peak CRS in patients with mCRS and sCRS was similar; both were on day 4 but with different IQR (mCRS: day 2, 7 and sCRS: day 3, 9). The median time of CRS remission in patients with mCRS and sCRS was day 8 (IQR: day 6, 11.5) and day 8 (IQR: day 6, 10), respectively. sCRS could be resolved using tocilizumab or/and corticosteroids or/and ruxolitinib. The detailed medication is shown in Supplementary Table 3.


Table 2 | Clinical description of CRS.





Patient baseline characteristics associated with the development and severity of CRS

To identify patients at high risk of developing sCRS before ssCAR-T-19 infusion, we performed univariate analyses of the impact of baseline clinical characteristics, including age, sex, prior treatment, genetic risks, number of relapse, bone marrow disease burden, MRD, and lymphodepletion regimen on CRS. Patients with poor genetic risk (p = 0.02), a higher bone marrow disease burden (p = 0.002), and a higher MRD in the bone marrow (p = 0.014) were at a higher risk of developing sCRS (Table 1). The bone marrow disease burden of patients who developed sCRS was significantly higher than that of patients who developed mCRS (mCRS vs. sCRS, 14.1% ± 21.03% vs. 31.92% ± 25.77%, p <0.01, Figure 2A). The MRD of sCRS patients was significantly higher than that of mCRS patients (mCRS vs. sCRS, 19.77% ± 30.35% vs. 36.03% ± 28.43%, p <0.05, Figure 2B). To further understand the correlation between the bone marrow disease burden or the MRD and CRS, the test for linear trend was performed. The bone marrow disease burden was classified into four grades: grade 1, <1%; grade 2, ≥1% and <5%; grade 3, ≥5% and <50%; and grade 4, ≥50%. Similarly, the MRD was also classified into four grades: grade 1, <0.1%; grade 2, ≥0.1% and <1%; grade 3, ≥1% and <10%; and grade 4, ≥10%. Most cases were located on the diagonal and a moderately positive linear correlation was confirmed between the bone marrow burden or the MRD and CRS (bone marrow disease burden vs. CRS, χ2 = 13.514, p <0.001, r = 0.475, p <0.001, Figure 2C; MRD vs. CRS, χ2 = 13.328, p <0.001, r = 0.471, p <0.001, Figure 2D). However, stepwise multivariable analysis showed that poor genetic risk (p = 0.025) and a higher marrow disease burden (p = 0.026) rather than a higher MRD were independently associated with the development of sCRS when compared to mCRS (Table 1). With the forward-selected logistic regression model, we could predict which patients developed sCRS using bone marrow disease burden and genetic risk with a sensitivity of 70.6%, a specificity of 86.4%, and an AUC of 0.785 (Figure 3).




Figure 2 | Analysis of patient characteristics associated with the severity of CRS. (A, B) Comparison of bone marrow disease burden or MRD between patients with mCRS and sCRS. All the patients were evaluated for bone marrow disease burden and MRD before ssCAR-T-19 cell infusion. Mean values were calculated for each group. P-values were calculated using Mann–Whitney U test. **means p <0.01, *p-values <0.05. (C, D) The test for linear trend between bone marrow disease burden or MRD and the severity of CRS. Bone marrow disease burden and MRD were divided into four groups and the CRS were graded into five levels. The size of the circle represented the number of patients. Mantel–Haenszel chi-square test was used to calculate the linear trend.






Figure 3 | The ROC curve for the two-variable regression model. Sixty-one r/r B-ALL patients receiving ssCAR-T-19 therapy were enrolled in the forward-selected logistic regression model. The model was used to predict which patients would develop sCRS after ssCAR-T-19 cell infusion. The logit(p) function transformed the logistic regression score into the predicted probability of the case model. Logit (p) = ln (p/1 − p). The ROC curve was drawn using the logistic regression score. The severity of CRS was predicted using bone marrow disease burden and genetic risk of patients with r/r B-ALL before ssCAR-T-19 infusion. The sensitivity was 70.6%, the specificity was 86.4%, and AUC was 0.785.





Post-infusion laboratory findings including peak cytokines, CRP, and ferritin

After ssCAR-T-19 cell infusion, patients who developed sCRS exhibited significantly higher peak concentrations of IL-6 (mCRS vs. sCRS, 286.67 ± 896.34 pg/ml vs. 3,054.55 ± 3,698.03 pg/ml, p <0.001, Figure 4A, left), interleukin-10 (IL-10, mCRS vs. sCRS, 27.36 ± 25.69 pg/ml vs. 327.75 ± 461.96 pg/ml, p <0.001, Figure 4A, middle) and interferon-γ (IFN-γ, mCRS vs. sCRS, 73.94 ± 119.51 pg/ml vs. 1,253.65 ± 1,126.65 pg/ml, p <0.0001, Figure 4A, right) compared to the patients who developed mCRS. The peak CRP and ferritin of patients with sCRS were also higher than those of patients with mCRS (mCRS vs. sCRS, CRP: 95.60 ± 98.73 mg/L vs. 194.17 ± 114.29 mg/L, p <0.01, Figure 4B; ferritin, 7,618.04 ± 10,568.61 ng/ml vs. 40,981.33 ± 56,905.05 ng/ml, p <0.001, Figure 4C).




Figure 4 | Peak cytokines, CRP, ferritin after ssCAR-T-19 infusion. (A–C) Levels of peak cytokines, CRP and ferritin of the patients after ssCAR-T-19 infusion. P-values were calculated using t-test. ****means p-values <0.0001, ***p <0.001, and **p <0.01. (A) IL6, IL10, and IFN-γ, (B) CRP and, (C) ferritin are shown in patients with mCRS and sCRS, respectively. The error bars in (A–C) represent mean ± SD.





Hematological and non-hematological side effects according to severity of CRS

The absolute neutrophil count (mCRS vs. sCRS: 0.48 ± 0.55 × 109/L vs. 0.22 ± 0.32 × 109/L, p = 0.08, Figure 5A) between the patients with mCRS and sCRS was similar while the hemoglobin (Hb, mCRS vs. sCRS: 69.30 ± 20.54 g/L vs. 53.41 ± 8.05 g/L, p <0.01, Figure 5B) and platelet (PLT, mCRS vs. sCRS: 77.48 ± 80.53 × 109/L vs. 17.88 ± 20.45 × 109/L, p <0.01, Figure 5B) were lower in patients with sCRS. Next, PT, APTT, and fibrinogen were examined in patients. Those with sCRS developed prolongation of the PT (mCRS vs. sCRS: 14.26 ± 4.16 s vs. 16.92 ± 2.50 s, p <0.05, Figure 5C) and APTT (mCRS vs. sCRS: 41.52 ± 12.91 s vs. 52.98 ± 22.09 s, p <0.01, Figure 5C) and falling fibrinogen concentrations (mCRS vs. sCRS: 2.77 ± 1.02 g/L vs. 1.26 ± 0.76 g/L, p <0.0001, Figure 5D). Moreover, the patients with sCRS exhibited elevated total bilirubin (TB, mCRS vs. sCRS: 13.38 ± 4.55 μmol/L vs. 42.08 ± 32.26 μmol/L, p <0.0001, Figure 5E, left), aspartate aminotransferase (AST, mCRS vs. sCRS: 56.47 ± 53.77 u/L vs. 155.08 ± 131.80 u/L, p <0.001, Figure 5E, middle) gamma-glutamyl transpeptidase (GGT, mCRS vs. sCRS: 206.27 ± 269.00 u/L vs. 463.17 ± 468.97 u/L, p <0.05, Figure 5E, right), creatinine (Cr, mCRS vs. sCRS: 54.18 ± 16.25 μmol/L vs. 102.20 ± 46.13 μmol/L, p <0.0001, Figure 5F), and N-terminal pro-brain natriuretic peptide (NT-proBNP, mCRS vs. sCRS: 880 ± 1,567 pg/ml vs. 6,686 ± 8,254 pg/ml, p <0.001, Figure 5G) when compared to those with mCRS.




Figure 5 | Hematologic and non-hematologic toxicities after ssCAR-T-19 infusion. (A–G) Hematologic and non-hematologic toxicities after ssCAR-T-19 infusion. P-values were calculated using t-test. ****means p-values <0.0001, ***p <0.001, **p <0.01, and *p <0.05. (A) Minimum absolute neutrophil count, (B) hemoglobin (Hb) and platelet count (PLT), (C) maximum PT and APTT, (D) minimum fibrinogen (FIB), (E) maximum total bilirubin (TB), serum aspartate aminotransferase (AST), and gamma-glutamyl transpeptidase (GGT), (F) creatinine (Cr), and (G) N-terminal pro-brain natriuretic peptide (NT-proBNP) is shown in patients with mCRS and sCRS, respectively. The upper and lower boundaries of each box indicate the 25th and 75th percentiles. The middle horizontal lines represent the median values and the whiskers mean the minimum and maximum.





In vivo expansion and persistence of ssCAR-T-19 cell dynamics

After ssCAR-T-19 cell infusion, only one peak expansion could be observed in nine patients, while two or more expansion peaks were found in 39 patients. The maximum expansion occurred on day 8 (IQR: 5, 11.75) among all 48 patients with complete expansion data. The ssCAR-T-19 cell expansion in patients who achieved CR peaked at a median of 8 days (IQR: 5.75 to 12), while those who achieved NR peaked at 5.5 days (IQR: 1.75 to 10.5), and the difference was not significant. The median peak copies of ssCAR-T-19 cells in patients who achieved CR were 1.34 × 105/μg (IQR: 5.37 × 104/μg, 6.78 × 105/μg) while those of non-responders were 1.87 × 105/μg (IQR: 4.62 × 104/μg, 2.02 × 106/μg) without significant differences. In the CR group, CD19 CAR-T cells could be detected in seven of 42 patients beyond 100 days after infusion, among whom one had detectable genomic DNA after up to two years. This suggested the long-term persistence of ssCAR-T-19 cells in the patients after infusion (Figure 6).




Figure 6 | Expansion and persistence of ssCAR-T-19 cell in peripheral blood. The copies of ssCAR-T-19 cells in peripheral blood measured by qRT-PCR after infusion. Forty-eight patients with complete expansion data were included. Patients who achieved CR were shown in black while patients who achieved NR were shown in red.





Disease burden, expansion of ssCAR-T-19 cells, response, and CRS

Next, we evaluated the relationships among disease burden, expansion of ssCAR-T-19 cells, response, and CRS grade. The expansion of ssCAR-19-T cells was much lower in patients with mCRS than that in patients with sCRS (mCRS vs. sCRS, 352,853 ± 563,924 copies/μg vs. 1,206,387 ± 1,058,071 copies/μg, p <0.01, Figure 7A). The bone marrow disease was stratified into four groups as above: <1%, ≥1% and <5%, ≥5% and <50%, and ≥50%. Although the differences were not significant, a trend of increased expansion was seen in patients with high disease burden. All patients with a disease burden of less than 1% achieved CR. No grade 3 CRS was observed in patients with a bone marrow disease burden of less than 5%. The analyses implied an association of more severe CRS in patients with a higher disease burden and larger expansion (Figure 7B).




Figure 7 | Relationship between peak copies of ssCAR-T-19 cell, bone marrow disease burden and CRS grade in r/r B-LL patients. (A) Comparison of ssCAR-T-19 cell expansion between patients with mCRS and sCRS. Mean values were calculated for each group. P-value was calculated using a Mann–Whitney U test. **means p-value <0.01. (B) Relationship between peak copies of ssCAR-T-19 cell, bone marrow disease burden, and CRS grade in r/r B-ALL patients. The bone marrow disease burden was divided into four groups. The y-axis represented the peak copies of the ssCAR-T-19 cells within 14 days after infusion. Mean values were calculated for each group and error bars indicate standard deviation. The different shapes of icons represented the grade of CRS. Red represented patients who achieved CR while blue represented patients who had no remission.






Discussion

The improved results of CD19 CAR-T-cell therapy recently brought hope to patients with relapsed or refractory B-cell malignancies. But as every rose has its thorn, alongside the impressive efficacy come the toxicities, of which the most common and dangerous are CRS and ICANS.

The essence of CAR-T therapy is targeted immunotherapy. The immune response and inflammatory response caused by cytokines released by CAR-T cells and other immune cells are the fundamental conditions for CAR-T cells to kill target cancer cells and achieve immunotherapeutic effects. However, excessive cytokine release, a cytokine storm, could lead to CRS. Previous studies indicated that the incidence of CRS was 55.3% and 95% in two pilot studies among both pediatric and adult patients (27, 28); 75% in 20 children and young adults with r/r B-ALL (29); 85% in 53 adults with relapsed B-ALL (30), and 80% in 25 pediatric/young adult patients with r/r B-ALL (31) in three phase I trials, respectively; 83% in 30 adults with B-ALL (32) in a phase I/II trial; and 77%–79% in pediatric and young adult patients with r/r B-ALL (14, 33) and 89% in 55 adult patients with r/r B-ALL (34) in three phase II multicenter trials, respectively. The incidence of sCRS in above studies was 13.2%–46%, and deaths occurred directly correlated with CRS (1.8%–3.8%) (16, 30, 32, 35).

The development of CRS, from onset to development to severe stage, is a dynamic process. There are three levels of strategies to deal with sCRS:

First of all, because CRS occurs and develops very rapidly in some patients, once sCRS occurs, it is necessary to passively administer drugs to control sCRS as soon as possible. The management of CRS by using tocilizumab proved to be efficient but does not appear to improve neurotoxicity because of its inability to pass the BBB and may even worsen it in some cases (20). Corticosteroids such as dexamethasone and cortisone might inhibit T-cell activation, proliferation, and eventually reduce CAR-T cell effectiveness, leading to the failure of CAR-T-cell therapy (22).

In addition to passively managing sCRS in the clinic, the second strategy is to design and develop new and safe CAR-T cells to reduce the incidence of sCRS, such as GM-CSF-deficient CAR-T cells through CRISPR/Cas9 disruption of GM-CSF during CAR-T-cell manufacture. But by far only preclinical data have been reported (36).

The interplay between CAR-T cells and tumor cells activates host bystander cells, especially monocytes/macrophages, eliciting a distortion of the cytokine network. Among the cytokines released by monocytes/macrophages and CAR-T cells, IL-6 plays a central role. An increasing number of studies indicate that monocyte and macrophage lineages are the key origins of IL-6 (37, 38). Notably, dendritic cells and even CAR-T cells are considered to participate in IL-6 production (38, 39). IL-6 released from CAR-T cells could trigger IL-6 secretion from monocytes (39). In a pre-clinical study, Tan et al. designed a CAR-T cell with a non-signaling membrane-bound IL-6 receptor (mbaIL-6) and found that mbaIL-6 expressed on the surface of T cells could rapidly remove IL-6 from the culture serum and circulation in a mouse model without affecting the anti-tumor potential of CAR-T cells (40). In a clinical trial, the researchers engineered an anti-CD19 or anti-BCMA (B-cell maturation antigen) CAR-T called CART-aIL6/IL1RA. This CAR-T product has been shown to reduce the incidence of IL-6 and IL-1-related CRS and ICANS by secreting anti-IL6 scFv and IL1 receptor antagonist (IL1RA), which could self-neutralize IL-6 and IL-1 in serum (41). Different from neutralizing IL-6 in the serum, we optimized the CD19 CAR-T cells by using a short hairpin RNA (shRNA) targeted at IL-6. We have successfully treated patients with relapsed B-ALL in the skin and testicles (42) and cerebral nervous system (CNS) (43) by applying ssCAR-T-19 cells and only grade 1 CRS was noted in these patients. Afterwards, we initiated this clinical study to explore the efficacy and safety of ssCAR-T-19 cells, which were designed as safer CAR-T products. Differences in study or trial designs, trial phases, CAR structures, patient populations, lymphodepletion regimens, and CAR-T-cell infusion doses present challenges in comparing results across our study and the above studies. In our study, CRS occurred in 81.97% of the enrolled 61 r/r B-ALL patients. Notably, the majority were mCRS in our study. No significant differences in the incidences of both mCRS and sCRS between patients who ≤25 years old and above 25 years old could be observed (Supplementary Table 4). In particular, in our study, grade 4 CRS was quite rare (1.64%) and no grade 5 ever happened (Supplementary Table 5). Thus, the ssCAR-T-19 cell therapy in our study was effective and safe to treat r/r B-ALL with a CR rate of 85.25% and sparse grade 4–5 CRS cases. In addition, both the median DOR and OS were not reached (more than 50 months). The outstanding therapeutic results in our studies may be related to the safe preference of CAR-T products we used, as well as the infusion strategy of the CAR-T cells using split doses, which was consistent with the report of Frey et al. that fractionated dosing of CTL019 improved the safety profiles without compromising efficacy in adults with r/r ALL (44).

The third strategy to deal with sCRS is to identify risk factors before CAR T-cell infusion that are associated with the incidence and severity of subsequent CRS to allow identification of patients who are at high risk of developing sCRS and might be candidates for early intervention studies. Tedesco et al. summarized the predictive biomarkers of CRS in their systematic review (45), including bone marrow blast, platelet, CRP, ferritin, and IFN-γ, and cytokines IL-2, L-6, IL-8, and IL-10. Similarly, our data demonstrated that IL6, IL-10, IFN-γ, CRP, and ferritin were significantly elevated and were higher in patients with sCRS. However, the levels and time-point of these biomarkers are important to differentiate sCRS. In addition, our data implied that sCRS (day 1) occurred earlier than mCRS (day 2). This is in line with the work of Hay KA et al. They performed classification-tree modeling and found that fever ≥38.9°C within 36 h of CAR T-cell infusion, a serum MCP-1 concentration ≥1,343.5 pg/ml enhanced identification of 4–5 CRS with a sensitivity of 100% and specificity of 95% (16). In our study, the patients with sCRS developed more severe hematological toxicity and liver, renal, and cardiac dysfunction compared with the patients with mCRS. Although these complications may be resolved by appropriate intervention, they alert clinicians to the dangers of cytokine release syndrome. Mitigating CRS may be the basis for solving these complications.

Moreover, our data demonstrated that larger ssCAR-T-19 cell expansion correlated with the severity of CRS. However, maximum expansion of ssCAR-T-19 cells was not involved in our predictive model because it was a post-infusion factor and occurred on a median day of day 8 (IQR: day 5, 12) when sCRS (day 1, IQR: day 1, 2) had already happened. In addition, patients with a higher bone marrow disease burden tended to result in greater ssCAR-T-19 expansion, and all the patients with a disease burden of less than 1% developed merely mCRS and achieved CR. The association of higher pretreatment tumor burden and sCRS has been proven in many studies (29, 46, 47). Therefore, the reduction of tumor burden prior to infusion cannot be overemphasized.

Good predictors should offer the clinician foresight before CRS happened rather than hindsight. Therefore, in the real world, the value of the maximum fold change or peak level of these biomarkers alone as an early predictor would be discounted. Except for the above biomarkers, our study assessed the readily available baseline metrics to roughly predict the severity of CRS. Univariate analysis and multivariable analysis identified that poor genetic risk and a higher marrow disease burden were independent factors associated with sCRS employing ssCAR-T-19 therapy. In our logistic regression model, the combination of bone marrow disease burden and genetic risk has 86.4% specificity and 70.6% sensitivity for sCRS with an AUC of 0.785. Previous studies have also demonstrated that a higher bone marrow blast correlated with sCRS (2, 48), and reducing tumor burden could decrease CRS. However, few previous studies have explored the influence of cytogenetic risk on CRS, merely listing the Ph-positive subtype. Our data indicated the importance of differentiating good or poor cytogenetic risk according to NCCN guidelines in order to identify sCRS. Our model was somehow less labor-intensive when applying limited baseline parameters but was low-hanging fruit when compared with the study of Teachey et al. (11). However, currently, the ideal predictor panel remains unclear since no predictive models have been validated universally. More clinical trials are warranted to identify the highly specific, early onset, and cost-effective predictors of sCRS.

In conclusion, ssCAR-T-19 cell therapy in our study induced fewer grade 4–5 CRS and baseline characteristics, namely high bone marrow disease burden and poor genetic risk before infusion, are independent risk factors of sCRS. The data from our study provide the clinicians with important high-risk factors of CRS and give them more time to manage the CRS actively before it deteriorates to sCRS by using these risk factors, fractional infusion, monitoring the cytokine levels of the patient, CAR-T-cell expansion, and clinical symptoms frequently.
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Colorectal cancer (CRC) is the third most common cancer, with a high mortality rate and a serious impact on people’s life and health. In recent years, adoptive chimeric antigen receptor T (CAR-T) cells therapy has shown well efficacy in the treatment of hematological malignancies, but there are still many problems and challenges in solid tumors such as CRC. For example, the tumor immunosuppressive microenvironment, the low targeting of CAR-T cells, the short time of CAR-T cells in vivo, and the limited proliferation capacity of CAR-T cells, CAR-T cells can not effectively infiltrate into the tumor and so on. New approaches have been proposed to address these challenges in CRC, and this review provides a comprehensive overview of the current state of CAR-T cells therapy in CRC.
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Introduction

CRC occurs worldwide, has a high mortality rate and is the third most common cancer (1, 2), which seriously affects human life and health. Due to the rarity of early diagnosis of CRC, existing treatment methods including surgery, chemotherapy and radiotherapy cannot completely inhibit the progression, metastasis and recurrence of CRC when cancer cells infiltrate or metastasize to surrounding tissues (3).

CAR-T cells have shown significant efficacy in immunotargeted therapy of hematologic tumors (4). The United States Food and Drug Administration has approved CAR-T cells for the treatment of hematologic tumors (5). In recent years, basic and clinical studies on CAR-T cells therapy for CRC have been published, and some studies have made encouraging progress (6). However, CAR-T cells face many challenges in the treatment of CRC, limiting their clinical application (7). This article reviews the progress of CAR-T cells therapy for CRC.

Extracellular region, hinge region, transmembrane region and intracellular signal region are the four components of CAR, and each plays an important role (8). The extracellular domain is usually Fab or single chain variable fragment (scFv) of monoclonal antibody, which has flexible splicing function and determines antigen specificity (9). The hinge domain consists of (Cluster of differentiation4)CD4、CD8、CD28 or IgG4, which connects the extracellular domain to the transmembrane domain (10). The transmembrane domain consists of CD8α, CD4, CD3 ζ, CD28 or ICOS, linking the extracellular domain to the intracellular domain and acting as an anchor of the cell membrane (11, 12). Intracellular signaling domains transmit stimuli into the cell (13). First-generation CAR, which consist of scFv and intracellular CD3ζ molecular signaling domain (14–16), have limited antitumor activity due to the lack of co-stimulation and interleukin signaling (17). The costimulatory domain of the second generation CAR consists of 4-1BB (CD137) or CD28, which mimics costimulatory signals during activation (18). The third generation of CAR has two costimulatory domains, further enhancing the function of CAR (19). The fourth generation CAR is based on the second generation CAR and secretes cytokines such as interleukin2(IL-2) and IL-12 (20, 21). A schematic diagram of the different generations of CARs is shown in Figure 1. Recently, researchers designed a combination of focused ultrasound (FUS) and CAR-T cells expressing heat-inducible genes (22). FUS activates heat-inducible genes by controlling local temperature in vivo (22). In animal experiments, CAR-T cells was injected into tumors in mice, and a small ultrasonic transducer was placed on the top of the skin of the tumor area (22). The tumor area was heated through the ultrasonic transducer in the FUS guided by magnetic resonance imaging. Only tumors exposed to ultrasound will be attacked by CAR-T, improving CAR-T targeting (22). This design is expected to be a promising CAR-T.




Figure 1 | The chimeric antigen receptor (CAR) structure of four generations.





Basic experimental of CAR-T cells therapy for CRC

The genetic modification of peripherally derived T lymphocytes with CARs has achieved a remarkable effect in the treatment of hematologic malignancies (23, 24). CAR-T cells therapy for solid tumors still faces many challenges. Recently, there are some advances in CAR-T cells therapy for CRC. The targets of CAR-T cells therapy for CRC include carcino-embryonic antigen(CEA), Mesothelin (MSLN),Guanylyl cyclase C (GUCY2C), epithelial cell adhesion molecule(EpCAM), Human epidermal growth factor receptor-2 (HER2)、Doublecortin-like kinase 1 (DCLK1).

CEA is a glycoprotein formed by cells in the large intestine and a glycoprotein carcinoembryonic antigen, which has been considered as a sensitive marker of CRC (25). At present, there are many basic studies on CAR-T for CEA (26). CAR-T cells have excellent anti-tumor ability when dual targeting CEA and other targets such as CD30 antibody (27).The combination of CEA-CAR-T cells and recombinant human IL‐12(rhIL-12) significantly inhibited the growth of tumor xenografts (28).

MSLN is a cells surface glycoprotein, which is physiologically expressed in peritoneal, pleural and pericardial mesenchymal cells (29). Overexpression of MSLN can be detected in CRC (30). MSLN is an important CAR-T cells target in solid tumors (31, 32). In a recent study, the efficacy of MSLN-CAR-T cells on colon cancer xenografts was investigated. Compared with the control group, the mice in the MSLN-CAR-T cells group had more T lymphocytes in the peripheral blood and more granzyme B infiltrates in the tumor tissue (33). The experimental results showed that the MSLN-CAR-T cells group had a more significant anti-tumor effect (33).

GUCY2C is a binding receptor present in the enterocytes membranes that sustains balance by activating its hormone ligand guanosine or uridine to produce the second messenger cGMP (34). When GUCY2C signaling is blocked, it may lead to the pathogenesis of CRC. However, GUCY2C is expressed in both human primary and metastatic CRC, and GUCY2C is considered to be a tumor marker (35). GUCY2C is highly expressed in 95% of CRC metastasis (36). CAR-T cells targeting hGUCY2C mediated killing of CRC cells expressing hGUCY2C, and were nontoxic to intestinal epithelial cells expressing normal GUCY2C. Such CAR-T cells induce antigen-dependent T-cells activation and cytokine production, thereby enhancing antitumor efficacy (37).

EpCAM is one of the main surface tumor-associated antigens of CRC (38), which can promote the migration, proliferation and tumor growth of colon cancer cells (39). In the experimental treatment of CRC with EpCAM-CAR-T cells, compared with control T cells, EpCAM-CAR-T cells have greater lethality and specificity against cancer cells which express EpCAM (40).

HER2 is overexpressed in CRC (41), and is an important target for CAR-T cells therapy. HER2-CAR-T cells showed strong and particular cytotoxic capacity against colon cancer cells. In mouse models, HER2-CAR-T cells-treated mice showed significant tumor control, significantly improved overall survival, and suppressed distant metastasis of CRC to liver and lung (42).

DCLK1 is an enzyme that regulates epithelial mesenchymal transition (43). Mesenchymal DCLK1 labeling of tumor stem cells in a genetic mouse model of CRC (44). DCLK1-targeted CAR-T cells therapy inhibited xenograft tumor growth in mice without apparent toxicity (45).

Cbl-b is an E3 ubiquitin ligase that mediates ubiquitination, and removal of Cbl-b from CAR-T cells enhances the antitumor activity of CAR-T cells (46). Compared with the control group, Cbl-b -/-CAR-T cells significantly enhanced the killing ability of CAR-T cells against CRC cells, which was manifested by increased secretion of IFN-γ, TNF-α and granzyme B (47).



Challenges

Adoptive T cells therapy is a new option for tumor patients, but its efficacy is affected by various factors, it is imperative to find relevant strategies to solve the problem.


Immunosuppression in the tumor microenvironment

Hypoxia, acidic microenvironment and lack of substances necessary for the survival, proliferation and activation of T lymphocytes in tumor tissues will lead to immunosuppressive microenvironment, thereby weakening the killing effect of CAR-T cells on tumor cells (7). Tumor immunosuppressive microenvironment includes suppressive immune cells such as regulatory T cells (Treg), myeloid-derived suppressor cells (MDSC), immunosuppressive cytokines such as IL-10 and TGF-β, immunosuppressive molecules such as PD-1, and other molecules such as indoleamine dioxygenase 2-3 (IDO1) (7, 48). The immunosuppressive microenvironment promotes tumor immune escape (49). The occurrence and development of tumor are correlated strongly with immune escape (50), in which immune checkpoints play an important role (51). Programmed cell death protein 1 (PD-1) and its ligand PD-L1 are significant immune checkpoint proteins (52). PD-1 is an immune checkpoint receptor expressed in T lymphocytes, and PD-L1 is expressed mainly in the tumor microenvironment (53). When PD-1 encounters antigens, its expression is increased and binds to its ligand PD-L1, thereby inhibiting the immune response function of T cells and mediating immune suppression (54).



CAR-T cells does not effectively chemotaxis to tumor tissue

One of the challenges of CAR-T cells therapy for solid malignancies is the specific recognition of targeted antigens (55). Currently, the majority of tumor target antigens recognized by CAR-T cells are also expressed in normal cells, so when CAR-T cells are used to treat tumors, the therapeutic effect is ineffective (7). Meanwhile, CAR-T cells can also injury normal tissues and cause toxicity in vitro (7).



CAR-T cells can not proliferate and persist in the blood or tumor area

The persistence and proliferation of CAR-T cells in blood or tumor are important factors for the efficacy of CAR-T cells in cancer treatment (56). Firstly, different costimulatory molecules of CAR affect the survival and proliferation of CAR-T cells (57). Secondly, in the tumor microenvironment, there are a series of factors that affect the survival, proliferation and induce the failure of CAR-T cells. For example, when CAR-T cells are in chronic T helper 2 cells(Th2) inflammation state, their expansion ability is weakened and the number of apoptotic cells is increased (58). Thirdly, TGF-β and adenosine significantly inhibit the tumor cytotoxicity of CD8 + T cells by inhibiting the expression of granzyme (59, 60). In addition, the hypoxic acid microenvironment in the local tumor can cause damage to CAR-T cells, in which lactic acid accumulation can inhibit the production of IL-2, thereby affecting the proliferation and function of CAR-T cells (61). Further, the PD-1/PD-L1 axis affects the survival and function of CAR-T cells (62). Transcription factors T-bet and B lymphocyte-induced maturation protein 1 (Blimp1) regulate early CD8+T lymphocytes (63, 64). Forkhead box protein O1 (FoxO1) can regulate memory CD8+ T cell differentiation (65).



The level of CAR-T cells invasion in tumor tissue was low

When a CAR-T cells is used to treat a tumor, the CAR-T cells must reach the site of the tumor to perform their tumor-killing function (7). In solid tumors, CAR-T cells must overcome multiple obstacles to reach the tumor site, such as blood vessels and the tumor’s stroma (66, 67). Primarily, when intravenous infusion of CAR-T cells in the treatment of CRC, CAR-T cells must cross the vascular barrier and interstitial barrier to enter the tumor site to exert its efficacy (66). Intratumoral vascular beds and interstitial abnormalities are the key factors affecting the efficacy (66). Then, the inability of many T cells to reach the cancer cells may depend on the lack of surface-expressed chemokine receptor that match chemokine expressed in the tumor or tumor stroma (68). When the chemokines/chemokine receptors axis is mismatched, tumor cells secrete trace amounts of chemokines, resulting in the inability of T cells to reach the tumor tissues (68). For example, CXCL10 can make a variety of antitumor lymphocytes chemotactic to tumor tissues, such as CD8+ T cells, and is associated with T-lymphocytes infiltration in solid tumors (69).




Strategies


Develop drugs and measures that can improve the tumor microenvironment

In order to improve the tumor microenvironment to improve the anti-tumor efficacy and durability of CAR-T cells, there are currently the following methods.

It is essential that CAR-T cells secrete pro-inflammatory cytokines to protect them from the inhibitory tumor microenvironment. Studies have shown that secreted cytokines such as IL-7 and IL-12 CAR T cells can improve the immunosuppressive microenvironment (70, 71). Mesenchymal Stem Cells (MSCs) are the main components of tumor stroma and have the ability to actively migrate into tumor tissues (72, 73).By making MSCs capable of releasing IL-7 and IL-12 and combining CAR-T cells, researchers found that CAR-T cells could prolong the time of T cells attack on tumors and improve the tumor immunosuppressive microenvironment (74). IDO1 degrades tryptophan, an essential amino acid for T cells, which is required for T cells survival and immune responses (75). The expression of IDO1 is inhibited by miR-153 (76). When miR-153 was overexpressed in tumor cells, the tumor immunosuppressive environment was improved, CAR-T cells targeting epidermal growth factor receptor variant III(EGFRIII) were more effective in killing colon cancer cells overexpressing miR-153 (77). CD30 signaling can promote the differentiation of T cells to Th2, which has immunosuppressive function (78). In CRC, CAR-T cells dual targeting CD30 and CEA can produce a more significant proinflammatory response, manifested by higher granzyme B and perforin levels In T cells, which improves the ability of CAR-T cells to attack the tumor (27). IL-10 binds to its cognate receptor IL-10R to cause a wide range of immunosuppressive functions (79, 80). Recent studies have shown that CAR-T cells combined with IL-10 monoclonal antibody (mAb) can partially alleviate bone marrow cell-mediated immunosuppression by blocking IL-10 signaling, while promoting CAR-T cells expansion and enhancing killing effect, thereby increasing anti-tumor function (81).

Guo and his team demonstrated that intravenous injection of live attenuated Brucella in mice can promote the tumor microenvironment to a proinflammatory state, enhance the anti-tumor immunity of T cells, and reduce the resistance of tumors to CAR-T cells (82). Dopamine treatment can promote the differentiation of CD8+ T lymphocytes into CD103+ tissue-resident memory CD8+ T lymphocytes (TRM), and TRM can trigger stronger anti-tumor immunity. Moreover, dopamine treatment enhanced the anti-tumor function of CAR-T cells (83).

In addition, blockade of immune checkpoints can improve immunosuppression. Adding genes expressing PD-1 negative receptors to CAR-T cells can block intracellular immune checkpoints and enhance the lethality to target cells (84, 85). Investigators also used clustered regularly interspaced short palindromic repeats (CRISPR) and CRISPR-associated protein 9 (Cas9) (CRISPR-Cas9) systems to knock down the expression of PD-1 in CAR-T cells and achieved excellent preclinical efficacy by blocking PD-1/PD-L1 induced suppression of T-cell immune function (86–89).



Improve CAR-T cells targeting of tumors

Targeting multiple antigens and application of novel CAR can improve the targeting of CAR-T cells. Jiang and colleagues constructed a dual CAR system containing two extracellular domains, NKG2D and PD-1, and showed that such CAR-T cells effectively eliminated target cancer cells (90). CAR-T cells that dual target CD30 and CEA have a more specific ability to kill tumor cells, which is manifested by blocking the inhibition of cytotoxic T lymphocyte immune function induced by CD30 (27). In addition, when using the novel inhibitory CAR (iCAR) construct, the iCAR can trigger inhibitory signals when CAR-T cells are present in normal tissues, thereby inhibiting T cell function, avoiding the attack of normal tissues, and enhancing the targeting of tumor tissues (7). Additionally, switchable CAR T cells can increase their targeting, with the “switch” acting as a bridge between tumor cells and T cells, allowing T cells to specifically kill tumor cells (91). Besides, the combination of focused ultrasound (FUS) and CAR-T cells, in which only tumors exposed to ultrasound are attacked by CAR-T cells, also improves CAR-T cells targeting (22).



Amplification and long-term presence of CAR-T cells

How to maintain sustained expansion of CAR-T cells in vivo is a common consideration in the treatment of solid tumors with CAR-T cells. Cytokines such as IL-2, IL-7, IL-12 and IL-15 play an important role in T cells activation, proliferation and immune response (92–94). However, the content of immune stimulatory cytokines in the tumor microenvironment is very low. There are now several therapies for combining cytokines with CAR-T cells to treat tumors. CEA-CAR-T cells combined with rhIL-12 can increase the multiplication, persistence and cytokines release of CEA-CAR-T cells in vivo (28). When MSCs that can release IL-7 and IL-12 are used in combination with CAR-T cells, CAR-T cells survive longer and have better expansion ability in vivo, thereby improving the anti-tumor response (74). Li and his team demonstrated that inhibition of Wnt significantly inhibited TGF-β expression in tumor tissues and improved T cells infiltration (95). Moreover, after the inhibition of Wnt, the contents of T-bet and FoxO1 in the nucleus of CAR-T cells increased, and the expression of BLIMP1 increased, indicating that the inhibition of Wnt can make CAR-T cells early kill tumor function and differentiate into memory T lymphocytes (95). CD133 is expressed in cancer cells of various epithelial cell origins (96). A phase I trial of CAR-T cells targeting CD133 (CAR-T-133) in the treatment of advanced metastatic malignancies has found that CAR-T-133 cells can persist in vivo through multiple infusions and increase the content of immunostimulatory cytokines, which makes valid disease clearance and prevention of relapse possible (97). Previous studies have shown that increasing telomerase activity in CAR-T cells can enhance their proliferation ability and delay senescence (98). Other studies have shown that the costimulatory domain 4-1BB of CAR-T cells can improve the exhaustion of T cells and enhance their persistence in vivo (99).



Increased CAR-T cells invasion in tumors

Targeting tumor blood vessels and stroma and increasing the expression of chemokines are important methods to improve CAR-T cells infiltration into tumor tissues (100). Vascular blocker combretastatin A4 phosphate (CA4P) is a vascular interfering agent with high selectivity for tumor vascular system (101). Targeting CA4P can block the VE-cadherin signaling pathway, affect the stability of microtubule polymerization of tumor cell-related vascular endothelial cells, induce cell apoptosis, destroy the vascular system, reduce the blood supply in the tumor, and lead to tumor cell necrosis in the tumor tissue (101). CA4P combined with HER2-CAR-T cells therapy has a better antitumor effect than CA4P or HER2-CAR-T cell therapy alone, which can destroy tumor blood vessels, thereby promoting the infiltration of T cells into tumor tissues and enhancing the proliferation of CAR T cells (102). Vascular endothelial growth factor (VEGF)/VEGFR axis can promote the generation of vascular endothelial cells, which is a key signaling pathway of angiogenesis (103). VEGFR -targeting CAR T cells can disrupt vascular structures and obviously inhibit xenograft tumor growth, invasion, and metastasis (104). Cancer-associated fibroblasts (CAFs) are important components of tumor stroma (105). Fibroblast activating protein (FAP) is over expression in CAFs and suppresses tumor immune response by promoting the recruitment of immunosuppressive cells (106). At present, FAP-targeted CAR-T cells have achieved certain preclinical and clinical efficacy in solid tumors (107, 108). When the Wnt signaling pathway is blocked, it can up-regulate the expression of chemokine CXCL10, improve T cells tumor infiltration in cancer models, and improve the efficacy of CAR-T cells in CRC treatment (95, 109).




Clinical trials

In the past few years, immune cell therapy has been increasingly used in multicentre clinical trials. Multiple clinical trials targeting tumor antigens have been approved, including CEA, MSLN, EpCAM, HER2 and antigens, as well as NK group 2 member D ligands (NKG2DL), Mucin-1 (MUC1), B7-H3 (CD276), CD133, mesenchymal epithelial transfer factor(c-Met), which is overexpressed in colorectal cancer, can be used as a target for CAR-T cells. In Table 1, we summarized the clinical information available on ClinicalTrials.gov regarding CAR-T-cells therapy for CRC.


Table 1 | Clinical trial of CAR-T cells in CRC(https://clinicaltrials.gov/).



In a phase I trial of CEA + CRC patients treated with CEA-CAR-T cells (NCT02349724), five dose-escalation CAR-T cells were administered to 10 patients with relapsed and refractory CRC metastases. No serious adverse events related to CAR-T cells therapy were observed in the trial (6). Among the 10 patients, 7 were stable after CAR-T cells therapy, of which 2 were stable for more than 30 weeks and 2 showed tumor shrinkage (6).

A phase 1B hepatic Immunotherapy for Metastases-selective internal irradiation therapy (HITM-SIR) trial was conducted in patients with liver metastases from CRC (NCT01373047). Six of them received anti-CEA CAR-T hepatic artery infusions (HAIs) and SIRT. Significant reductions in Granulocyte macrophage colony stimulating factor (GM-CSF), GM-CSF-R, IDO, and Programmed death ligand-1(PD-L1) were observed after HITM CAR-T HAI treatment, suggesting a reversal of immunosuppressed hepatic tumor microenvironment (TME). Subsequent increases in IL-2 and IL-6 in tumor biopsies after infusion further demonstrated pro-inflammatory liver TME. The median survival of patients in the trial was 8 months (110).



Conclusions

There are many approaches to CRC adoptive cell therapy, of which CAR-T cells are one of the most researched and promising, although clinical studies are still in the early stages of clinical trials. Many studies have demonstrated the efficacy and safety of CAR-T cells in the treatment of CRC. However, the therapy faces many challenges that limit its clinical application. In addition, CAR-T cells therapy can cause a number of toxic effects, the most common of which is cytokine release syndrome (CRS), which is a cytokine secretion response after CAR-T cells infusion (111). CRS has a series of non-characteristic manifestations, such as fever, nausea, decreased cardiac function, and hypotension (112). It can also cause other systemic toxicity, such as dyspnea, respiratory failure, arrhythmia, elevated myocardial enzymes, cardiac insufficiency, liver insufficiency, gastrointestinal reaction, coagulation dysfunction, muscle injury, neurotoxic allergy, etc (112). Only when these problems are effectively addressed can the efficacy of CAR-T cells therapy for CRC be improved and more patients receive effective treatment. In conclusion, CAR-T cells are a promising treatment for CRC and further research is needed.
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With the success of chimeric antigen receptor-modified (CAR) T-cell therapy for relapsed/refractory (r/r) B-cell malignancies, severe complications after CAR T-cell infusion have emerged as nonnegligible prognosis-related factors. However, the prognosis of patients with CAR T-cell-related hyperferritinaemia (HFA) is unclear. We report the efficacy and safety of CAR T-cell therapy in 16 r/r B-cell malignancy patients with CAR T-cell-related HFA. The rates of serum ferritin levels above 10,000 ng/ml during CAR T-cell therapy were 6.2% and 14.3% in B-cell non-Hodgkin’s lymphoma (B-NHL) and acute B lymphocyte leukemia (B-ALL), respectively. These patients were characterized by an extremely high tumor burden and a high rate of extranodal involvement. In lymphoma, the complete remission (CR) rate was 37.5% (3/8), which was lower than that in the control group with the lowest value of ferritin (CR was 87.5% (7/8), P=0.0406), and it could also be seen that the OS of the control group (1-year OS rate 100%) had a better trend than HFA group (1-year OS rate 50%). In the B-ALL patients, the OS of the control group (1-year OS rate 100%) was higher than HFA group (1-year OS rate 45%, P=0.0189), although there was no significant difference in CR rate. High-grade CRS (≥3) occurred in 56.25% of the patients, and the mortality rate was 56.25%, which was significantly higher than control group (12.5% and 12.5%, P=0.009). The peak serum ferritin level in the patients who died of CRS was significantly higher than others (P=0.0168). Regardless of whether the CAR T-related MAS diagnostic criteria were met, there was no significant difference in ORR and OS in HFA group, however patients with MAS showed a higher rate of high-grade CRS. Interestingly, in our study, glucocorticoid intervention in HFA group showed little impact on expansion of CAR-T cells, whether compared with control group or compared within HFA group by dividing patients into high and low dosage subgroups based on the median dose of glucocorticoid. High mortality was observed in patients with CAR T-cell-related HFA. Early glucocorticoid intervention might be worth trying to improve the safety of CAR T therapy in these patients.
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Introduction

Immunotherapy using genetically engineered T-cells to express a chimeric antigen receptor (CAR) is rapidly emerging as a promising new treatment for hematological malignancies. Treatment with chimeric antigen receptor-engineered (CAR) T-cells has demonstrated higher complete remission (CR) rates and improved survival compared with chemotherapy for relapsed/refractory B-cell malignancies (1–3). However, CAR T-cell therapy is associated with unique acute toxicities, which can be severe or even fatal, such as cytokine release syndrome (CRS) and immune effector cell-associated neurotoxicity syndrome (ICANS), which occur as a result of T-cell overactivation (1, 4).

During CAR T-cell therapy, macrophage-activation syndrome (MAS), characterized by severe immune activation, lymph histiocytic infiltration, and immune response-mediated multiorgan failure, can occur (5). A total of 32.8% of ALL patients who received CD22-targeted CAR T-cell therapy experienced hemophagocytic lymphohistiocytosis (HLH)/MAS (6). However, in another multicenter retrospective study, the rate of MAS following CAR T-cell therapy was only 3.48% (7/201) (7). Fulminant and refractory HLH/MAS was observed in ~1% of all patients treated with CAR T-cell therapy, and special therapy, anti-IL-6 therapy, and corticosteroid treatment are necessary in addition to supportive care (4). If not treated promptly, refractory HLH/MAS is associated with high mortality (8). However, the diagnosis of MAS is difficult in the context of CRS, and many diagnostic criteria of MAS are not specific, such as fever and pancytopenia.

Monitoring ferritin levels can be helpful in the diagnosis of CAR T-cell-related MAS, and it is an essential condition of diagnosis that patients must have peak ferritin levels of >10,000 ng/ml during the CRS phase (4, 9). CAR T-cell-activated macrophages that contribute to highly elevated ferritin also function as antitumor agents (10, 11). Furthermore, higher serum ferritin levels may be a possible indication of a prolonged ICU hospitalization of patients treated with axi-cel (CAR19) and may be significantly associated with a higher grade of neurotoxicity (12, 13). However, the prognosis of patients with CAR T-cell-related HFA is unclear.

At our center, sequential infusion of CAR19/22 T cells was efficacious and reduced the rate of antigen-escape relapse in B-cell malignancies (14). However, the clinical features and outcomes of patients with CAR T-cell-related HFA (above 10,000 ng/ml) remain unclear. This study focused on the incidence, clinical characteristics, and therapeutic strategy of CAR T-cell-related ferritin levels above 10,000 ng/ml and these patient’s response to CAR T therapy.



Materials and methods


Patient characteristics

From January 17, 2018, to April 30, 2020, 129 patients with refractory/relapsed (r/r) B-cell non-Hodgkin’s lymphoma (B-NHL) and 56 patients with r/r acute B lymphoblastic leukemia (B-ALL) were enrolled in a clinical trial of sequential infusion of CAR19/22 T-cell therapy (Registry number ChiCTR-OPN-16008526 at http://www.chictr.org.cn). Among them, 8 lymphoma patients (8/129, 6.2%) and 8 leukemia patients (8/56, 14.3%), because of CRS, had high levels of ferritin (greater than 10,000 ng/ml [normal range, 30-400 ng/ml]). In this study, ferritin levels greater than 10,000 ng/ml were defined as HFA. Meanwhile, 16 cases with the lowest peak values of ferritin were grouped as controls, including 8 B-NHL and 8 B-ALL patients. This study was approved by Tongji Hospital, Tongji Medical College, Huazhong University of Science and Technology, in compliance with the Declaration of Helsinki. For details of this trial, refer to our previous study (14).

All patients were diagnosed based on the World Health Organization classification for hematological malignancies. Tumor burden was assessed by bone marrow examination, B ultrasound, positron emission tomography/computed tomography (PET/CT) or CT. Bulky disease was defined as a tumor mass 7.5 cm in maximal diameter (15). Ann Arbor stage and the International Prognostic Index (IPI) were evaluated for lymphoma patients. Next-generation sequencing (NGS), karyotype analysis, fusion gene detection, and fluorescence in situ hybridization (FISH) were performed for molecular genetic evaluation. In B-ALL, a complex karyotype was defined as ≥5 chromosome abnormalities (16). The date of the last follow-up was June 20, 2021.



Generation of CAR T-cells and CAR T regimen

T cells were obtained from the patients. The lentiviral vector encoded anti-CD19 or anti-CD22 single-chain variable fragments, CD28, 4-1BB costimulatory domains and CD3-z signaling domains. Transfection, expansion and examination for effectiveness in vitro were implemented before infusion. The details were described in our previous study (14). An FC regimen (fludarabine 25 mg/m2 and cyclophosphamide 20 mg/kg daily for 3 days) was administered for lymphodepletion before CAR T-cell therapy. Anti-CD22 CAR T-cells were intravenously infused, followed by an infusion of anti-CD19 CAR T-cells the next day.



Response assessment and monitoring

The treatment response was assessed after infusion according to the Lugano response criteria (17). The severity of cytokine release syndrome (CRS) and CAR T-cell-related encephalopathy syndrome (ICANS) was graded based on the CAR T-cell-therapy-associated TOXicity (CARTOX) Working Group Consensus (4) and the Common Terminology Criteria for Adverse Events (CTCAE) version 5.0 (18). The diagnostic criteria of CAR T-cell-related MAS are based on the recommendations of the CARTOX Working Group (4) and meet three of the following conditions: 1) The peak time of ferritin occurred during the CRS stage. 2) There was no obvious infection when a fever was present. 3) There was no evidence of primary disease progression during the peak of ferritin.



Detection of CAR copy number in the peripheral blood

CAR gene copies were detected by droplet digital polymerase chain reaction (ddPCR) (19).



Statistical analysis

Statistical analysis was performed with SPSS 18.0 software (IBM, Armonk, NY, USA). Continuous data are described as medians with ranges, while categorical data are described as frequencies (percentages). The independent t-test was used to compare continuous data between two groups. In contrast, the chi-square test or Fisher’s exact test was used to compare categorical data. GraphPad Prism 8.0 software (GraphPad Software Inc., San Diego, CA, USA) was used to plot the diagrams. Survival was analyzed with the log-rank test. P < 0.05 was considered statistically significant.




Results


Clinical characteristics

The clinical baseline characteristics of the B-NHL and B-ALL cohorts (each cohort included 8 patients with HFA and 8 control cases) are shown in Tables 1, 2.


Table 1 | Clinical characteristics of B-cell lymphoma patients.




Table 2 | Clinical characteristics of ccute lymphoblastic leukemia patients.



The median age was 50 years (34-63 years) and 41.5 years (27-66 years) for the HFA and control cohorts of B-NHL patients, respectively, while the sex ratio (male/female) was 1.00 and 3.00. Among the 8 B-NHL patients with HFA, 3 had diffuse large B-cell lymphoma not otherwise specified (DLBCL NOS), 1 had DLBCL transformed from follicular lymphoma (FL), 2 had high-grade B-NHL (HGBL), 1 had FL, and 1 had marginal zone lymphoma (MZL). For the B-NHL control group, there were 5 DLBCL NOS, 1 DLBCL transformed from FL, 1 DLBCL transformed from MZL and 1 HGBL. All HFA patients (8/8, 100%) and 6 control cases (6/8, 75%) were in the advanced stage (Ann Arbor stage IV). All patients in the HFA group had an IPI score of 3 or more, while in the control group, half of the patients had an IPI score of 1-2. Five out of 8 HFA patients (62.5%) had high-risk molecular abnormalities, including double-/triple-hit rearrangements (2/8, 25.0%) and TP53 deletion/mutation (3/8, 37.5%). In the control group, the number was 5 (62.5%) with 1 double-/triple-hit rearrangement (12.5%) and 4 TP53 deletions/mutations (50.0%). Bulky disease was seen in 4 HFA patients (4/8, 50.0%) and in 1 case (12.5%) in the control group. Extranodal lesions, including bone marrow (3/8, 37.5%), central nervous system (CNS) (2/8, 25.0%), liver (2/8, 25.0%), spleen (1/8, 12.5%), lung (1/8, 12.5%) and gastrointestinal tract (2/8, 25.0%), were observed in most HFA patients (7/8, 87.5%), and 5 of the patients had two or more extranodal sites. In the control group, 3 out of 4 extranodal involved cases had 2 sites of extranodal lesions. All 16 B-NHL patients had received a median of 3 lines of prior treatment, and 3 (3/8, 37.5%) and 1 (1/8, 12.5%) in the HFA and control group underwent fourth-line treatment, respectively.

Among the 16 B-ALL patients, the median age was 34 years (22-50 years) and 34 years (15-58 years) for the HFA and control groups, with sex ratios of 0.60 and 0.125, respectively. All HFA B-ALL patients had high-risk molecular abnormalities, including BCR-ABL (3/8, 37.5%; one of the patients had T315I mutation), ph-like (Ikaros 6) (1/8, 12.5%), E2A/PBX1 fusion gene (1/8, 12.5%) and complex karyotypes (4/8, 50.0%). In the control group, 5 patients (62.5%) had high-risk molecular abnormalities with all 5 BCR-ABL (62.5%), and two of them also had T315I mutations and complex karyotypes. The number of bone marrow blasts in the 8 HFA patients and 8 control cases was 64.0% (6.0% to 99.5%) and 17.5% (0% to 93.9%; the patient with 0% bone marrow blast had an orbital mass and CNS involvement), respectively. Four of 8 HFA patients (50.0%) and 1 of 8 control cases (12.5%) developed CNS infiltration. Patients in both groups had a median prior therapy of 2 lines (range, 2 to 5 lines). Two HFA patients (2/8, 25.0%) and 1 control case (1/8, 12.5%) received at least third-line treatments. One patient in the HFA group and control group previously received allogeneic hematopoietic stem-cell transplantation (allo-HSCT).

The small sample size of this study may be a possible limitation of detecting significant differences between the baseline characteristics of the two groups. However, a tendency could still be observed that compared with the control group, B-NHL patients with HFA had a higher proportion of cases with 3-4 IPI scores (P=0.0769), bulky disease (P=0.2821) and extranodal lesions (P=0.2821), while B-ALL patients with HFA had higher bone marrow blasts (P=0.1723) and more CNS-involved cases (P=0.2821).



Outcome

Among the 8 B-NHL patients with HFA, the objective response rate (ORR) was 62.5%, including 3 with CR (3/8, 37.5%), 2 with partial remission (PR) (2/8, 25%), 1 with stable disease (SD) (1/8, 12.5%) and 2 with progressive disease (PD) (2/8, 25%). In contrast, among the 8 B-NHL patients without HFA, the ORR was 100%, including 7 with CR (7/8, 87.5%) and 1 with partial remission (PR) (1/8, 12.5%) (Figure 1A). The CR rate of patients with HFA was significantly lower than that of patients in the control group (P=0.0406). Among the 8 B-NHL patients with HFA, 3 CR patients achieved a sustained remission. One PR patient received HSCT therapy followed by CAR T therapy and achieved a CR, and the other PR patient’s disease progressed again. In contrast, most patients in the control group (7/8, 87.5%) were still alive, and only one patient died of disease progression (Supplementary Figure 1A).




Figure 1 | Outcomes of r/r B-NHL and r/r B-ALL cases according to hyperferritinaemia status after the CAR19/22 T-cell therapy. The percentage of patients with CR, PR, SD, PD or CR, NR as the best response in 16 patients with r/r B-NHL (8 in HFA group and 8 in control group) (A) and 14 evaluable patients with r/r B-ALL (6 in HFA group and 8 in control group) (B). Overall survival in the B-NHL (C) and B-ALL (D) cohorts on the basis of hyperferritinaemia status (each cohort included 8 patients with HFA and 8 control cases).



Among the 8 B-ALL patients with HFA, 2 patients died of severe CRS after CAR T-cell infusion before evaluation, 5 of 6 evaluable patients achieved a CR (5/6 83.3%), and only 1 patient had no response. In the control group, all of the patients achieved a CR (Figure 1B). Among the 5 B-ALL patients with HFA who achieved a CR, one was lost to follow-up in the second month after CAR T-cell infusion, and the other 4 underwent three- to thirty-seven-months of follow-up. Three of them received allo-HSCT, one achieved a sustained CR, one relapsed and the last one died of severe infection during transplantation. Conversely, in the control group, only one patient died of severe infection after transplantation, and the others were all alive (Supplementary Figure 1B).

In the B-ALL patients, the OS of the patients without HFA was significantly higher than that of the patients with HFA (P=0.0189). In patients with B-NHL, although there was no significant difference in OS between the patients with and without HFA (P=0.0876), it could also be seen that the OS of the patients without HFA had a better trend than that of the patients with HFA (Figures 1C, D). Meanwhile, B-NHL patients with HFA and bulky disease had a significantly worse OS than those without bulky disease (P=0.0069) (Supplementary Figure 1C). There was no difference in OS between the B-NHL patients with or without high-risk molecular abnormalities (P=0.0511) (Supplementary Figure 1D). However, the proportion of patients with high-risk molecular abnormalities among those with bulky disease was higher than in those with non-bulky disease (P=0.0240) (Supplementary Figure 1E).



Safety

All 16 HFA cases developed CRS within 14 days after CAR T-cell infusion; among them, 7 cases (7/16, 43.8%) were grade 1~2, 5 cases (5/16, 31.3%) were grade 3~4 and 4 cases (4/16, 25.0%) were grade 5. Two patients with lymphoma developed ICANS of grade 3~4. Compared with the control group, patients with HFA had a significantly higher high-grade CRS (≥3) rate in B-NHL (P=0.0256) (Figure 2A). However, no significant difference was found for B-ALL patients or in the distribution of ICANS grades between patients with and without HFA for both lymphoma and leukemia (Figures 2B-D). Nine of 16 patients with HFA (56.25%) died (4 died of CAR T-related MAS, 4 died of tumor progression and 1 died of an infection after allo-HSCT) (Figure 2E). Only two of 16 patients without HFA (12.5%) died (1 died of tumor progression, and 1 died of an infection after allo-HSCT) (Figure 2F).




Figure 2 | Safety assessments of the 32 patients in B-NHL and B-ALL cohorts. The percentage of patients with high-grade (≥3) and low-grade (≤2) CRS in the B-NHL (A) and B-ALL (B) cohorts on the basis of hyperferritinaemia status. (C, D) ICANS developed in 3 patients (including 2 B-NHL patients in HFA group and 1 B-ALL patient in control group) and all were of grade 3. Causes of death for 9 cases of HFA group (E) and 2 cases of control group (F). (G) The medians of the peak values of serum ferritin in HFA group (n=16) and control group (n=16) were 25257 (range, 15650-50000) ng/ml and 593.1 (range, 77.6-1384) ng/ml, respectively. (H) In the 16 HFA patients, the medians of the peak values of serum ferritin in patients who died of CRS (n=4) and other patients (n=12) were 50000 (range, 27370-50000) ng/ml and 21049.5 (range, 15650-50000) ng/ml, respectively. The horizontal lines in each box represent the median values, and the lower and upper boundaries of each box represent the 25th and the 75th percentiles, respectively, and the whiskers represent the minimum and maximum range. The detection upper limit of serum ferritin was 50000 ng/ml.



The levels of serum ferritin in both HFA group and control group were significantly increased during CRS (Supplementary Figures 2A, B). The levels of serum ferritin and IL-6 in the 16 patients with HFA peaked at a median of 8 days (range 5 to 13 days) and 7 days (range, 3-15 days) after infusion, with median values of 25256.5 ng/ml (normal value 30-400 ng/ml) and 2158.5 pg/ml (normal value < 7 pg/ml), respectively (Supplementary Figures 2C, D). The peak serum ferritin levels in patients with HFA were significantly higher than those in the patients without HFA (P<0.0001), furthermore, among the 16 patients with HFA, the peak serum ferritin levels in the patients who died of CRS were significantly higher than those in the other patients (P=0.0168)(Figures 2G, H).

The MAS-related clinical characteristics of the 16 patients with HFA are shown in Table 3. Among them, 6 lymphoma patients (6/8, 75.0%) and 3 leukemia patients (3/8, 37.5%) met the MAS diagnostic criteria. Thus, the rates of CAR T-cell-related MAS in our center from January 17, 2018, to April 30, 2020, were 4.7% (6/129) in patients with lymphoma and 5.4% (3/56) in patients with leukemia. Seven lymphoma cases (7/8, 87.5%) and 4 leukemia cases (4/8, 50.0%) had ≥ 3-grade liver toxicities. Six lymphoma cases (6/8, 75.0%) and 3 leukemia cases (3/8, 37.5%) had ≥ 3-grade pulmonary edema. In the control group, lymphoma patients, but not leukemia patients, had significantly fewer and less severe lung and liver symptoms than the HFA group (Figures 2E-H). None of the 32 patients had ≥ 3-grade kidney toxicity. Triglycerides were detected in 5 of the 16 patients with HFA; among them, 3 of 4 lymphoma patients had a high serum triglyceride level (> 3 mmol/L), and 1 leukemia patient who had serum triglyceride tests was normal. All of them had high peak values of soluble IL-2 receptor, which were all higher than the upper detection limit (7500 u/ml, normal range 223-710 u/ml). Hypofibrinogenemia (< 1.5 g/L) was found in 87.5% (7/8) of lymphoma patients and 62.5% (5/8) of leukemia patients, and the minimums of fibrinogen after the CAR-T cells infusion of the HFA patients were significantly lower than those in the control group (P=0.0021 for B-NHL cohort and P=0.0162 for B-ALL cohort) (Supplementary Figures 2I, J). For the bone marrow tests, these 16 patients with HFA were critically ill during the CRS phase, and considering that the results could hardly affect the treatment strategy, bone marrow biopsy was not performed.


Table 3 | Manifestations of hyperferritinaemia, treatment approach and outcome.



Among the 16 patients with HFA, there was no difference in OS, ORR, levels of serum ferritin or peaks of CAR transgene copies between patients with and without CAR T-cell-related MAS. However, patients with MAS had a more serious CRS than those without MAS (P=0.0087) (Figures 3A-F).




Figure 3 | Comparison between patients of the HFA group with MAS (n=9) and without MAS (n=7) in ORR (A), OS (B, C), levels of serum ferritin (D), CRS grade (E) and the peaks of CAR transgene copies (F). (D) The medians of the peak values of serum ferritin in patients with or without MAS were 26328 (range, 16479-50000) ng/ml and 21750 (range, 15650-50000) ng/ml, respectively. (E) Patients with MAS had a significantly higher high-grade CRS (≥3) rate than patients without MAS (P=0.0087). (F) The peak values for CAR19 and CAR22 transgene copies in the MAS group (median 46393, range 5441-129375 copies/µg for CAR19 and median 25688, range 464-112033 copies/µg for CAR22) were not significantly different from those in the non-MAS group (median 31909, range 13473-102707 copies/µg for CAR19 and median 18924, range 6970-159171 copies/µg for CAR22).





Treatment and CAR T-cell kinetics

Methylprednisolone (MP) was administered for CRS in all 16 patients with HFA, and the median of the initial application time was 6 days (range, 3-12 days) after infusion. The median MP dosages were 1276.5 mg (range, 213-4447 mg) for 4 patients who died of serious CRS, 307 mg (range, 146 to 916 mg) for 5 patients who died of other reasons, and 167 mg (range, 40 to 733 mg) for 7 survivors. Notably, the MP dosages in 4 patients with HFA who died of serious CRS were higher than those in the other 12 HFA cases (median 237 mg, range 40-916 mg) (P=0.0173). Only 3 of 16 patients in the control group received MP for CRS (median 53.33 mg, range 16-80 mg). Unsurprisingly, the patients with HFA had significantly higher dosages of MP than those without HFA (P<0.0001) (Figure 4A). Moreover, most HFA patients also received plasmapheresis and hemofiltration, and some of them underwent tocilizumab therapy. Advanced life support, including vasopressor drug pumps, bipaps, invasive mechanical ventilation and oxygen therapy, was performed as needed (Table 3).




Figure 4 | Cellular kinetics of CAR transgenes in peripheral blood. (A) Comparison between HFA group (n=16) and control group (n=16) in dosages of MP (median 320 mg, range 40-4447 mg, and median 0 mg, range 0-80 mg, respectively), only 3 patients in the control group received MP after the CAR-T cell infusion. (B) In B-NHL cohort, the peak values for CAR19 and CAR22 transgene copies in the HFA group (median 33222, range 7458-129375 copies/µg for CAR19 and median 23284, range 464-159171 copies/µg for CAR22) were all significantly higher than those in the control group (median 6864, range 187-55774 copies/µg for CAR19 and median 2588, range 36-28740 copies/µg for CAR22). (C) In B-ALL cohort, the peak values for CAR19 (median 52291, range 5441-102707 copies/µg), but not for CAR22 (median 14433, range 1033-112033 copies/µg) transgene copies in the HFA group were significantly higher than those in the control group (median 15519, range 1615-45078 copies/µg for CAR19 and median 16170, range 3703-35729 copies/µg for CAR22). (D) According to the median dose of MP (320 mg), 16 patients with HFA were divided into a low-dose MP group and a high-dose MP group. The peaks of CAR19 and CAR22 transgene copies in the high-dose MP group (median 31679, range 5441-129375 copies/µg for CAR19 and median 11949, range 464-112033 copies/µg for CAR22) were not significantly different from those in the low-dose MP group (median 42697, range 4770-102707 copies/µg for CAR19 and median 26669, range 6970-159171 copies/µg for CAR22).



Both CAR19 and CAR22 T cells expanded well in all patients with HFA. During the 14 days after CAR T-cell infusion, the peaks for CAR19 and CAR22 in the peripheral blood were 36767 copies/µg (range, 4770-129375) and 23283.5 copies/µg (range, 464-159171), respectively. In the control group, the peaks for CAR19 and CAR22 in the peripheral blood were 11393 copies/µg (range, 1255-55774) and 12141 copies/µg (range, 275-159171), respectively (Supplementary Figures 3A, B). The peaks for CAR19 in all HFA patients and the peaks for CAR22 in HFA patients with B-NHL were significantly higher than those in the control group (Figures 4B, C). All patients with HFA were divided into two groups—a high dose and a low dose of methylprednisolone—based on its median dose of 320 mg. There was no significant difference in the peaks of CAR19 and CAR22 between the two groups (Figure 4D). The peaks of CAR19 (P=0.0905) and CAR22 (P=0.3349) in CR and PR patients were not higher than those in the nonresponding patients (Supplementary Figure 3C). The patients who died of CRS had similar CAR transgene copies to the other patients for CAR19 and CAR22 (Supplementary Figure 3D).




Discussion

In our study, 16 out of 185 patients (129 with lymphoma and 56 with leukemia) had high serum ferritin levels (above 10,000 ng/ml) after CAR T-cell infusion. The incidence of CAR T-related MAS in 185 cases was 4.86% (9/185), and in 16 cases, the incidence of CAR T-related MAS was 56.25% (9/16). Although CAR T-cell-related HFA and MAS are rare adverse events, these adverse events often have very poor outcomes.

For 16 cases with HFA, the CR rates were 37.5% in lymphoma and 83.3% in leukemia, which were lower than those in our previous report (50% and 96%) (14). Poor CR rates may be related to an extremely high tumor burden. For the 8 lymphoma cases, 4 cases had bulky disease, bone marrow (62% BM blast) was involved in one case, one case had primary cutaneous DLBCL-leg type and the other 2 cases had CNS or spine involvement. Three lymphoma patients who had no response to CAR T-cell therapy all had bulky disease, which is similar to previous research, suggesting that a high tumor burden, especially bulky disease, was associated with an inadequate therapeutic response (20–22). Four out of 8 leukemia cases had extramedullary infiltration. The leukemia patient with an extramedullary mass was a nonresponding patient. Some previous reports also implied that leukemia with an extramedullary mass had a poor response to CAR T-cell therapy (23, 24). In terms of the efficacy in our study, patients with high-risk genetic abnormalities were more likely to have a high tumor burden. It was probably that high-risk genetic abnormalities are closely related to chemoresistance (25–27). Compared with the control group, HFA patients also had a higher proportion of IPI scores, large masses, and extranodal involvement; a lower CR rate; and a more serious CRS. Therefore, early delivery of CAR T-cells, especially before chemoresistant clones dominate in the tumor tissue and become bulky disease, may induce a better response in these high-risk cases.

Meanwhile, high tumor burden might bring high CAR T-cell therapy risk. In our study, a higher rate of high-grade CRS was observed in patients with CAR T-related MAS than in patients with CAR T-related HFA only and our previous report (14). 4 patients died of severe CRS, and they all had CAR T-related MAS. The mortality (44.4%, 4/9) in patients with CAR T-related MAS was very high. Both a poor response to CAR T-cell therapy and severe CRS caused a shorter median OS (3 months and not reached in leukemia and lymphoma, respectively) compared with patients without HFA, as in our previous report (31 months for leukemia and 18 months for lymphoma) and other trials (12.9-13.3 months for leukemia and 12-21.1 months for lymphoma) (3, 23, 28, 29). Notably, higher the peaks for CAR19 in all HFA patients than those in the control group indicate a high tumor burden could lead to a rapid expansion of CAR T-cells, which led to severe side effects. Meanwhile, previous studies have also shown that a high tumor burden was positively correlated with CAR T-cell expansion, and these CAR T-cells induced the activation of macrophages. There was more macrophage infiltration in tumor tissue when the patient had a higher tumor burden (30, 31). The severity of CRS after CAR T-cell therapy was closely associated with the expansion and overactivation of CAR T-cells and CAR T-related macrophages (32–34).

Although the HFA patients received a higher dose of glucocorticoids than the control group, the peaks for CAR19 in all HFA patients and the peaks for CAR22 in HFA patients with B-NHL were significantly higher than those in the control group, which might indicate that glucocorticoid intervention had little impact on the expansion of CAR T-cells. However, there are many factors, in addition to glucocorticoids, affect the expansion of CAR T-cells, including the general condition of the patients, tumor burden, and the quality of the CAR T-cells (35–37). Notably, the patients with HFA had similar baseline characteristics and received a high dose of glucocorticoids after CAR T-cell infusion. Glucocorticoids also showed little impact on the expansion of CAR T-cells which was no significant difference between a high dose and a low dose of methylprednisolone. The median time of glucocorticoid use was 6 days after CAR T-cell infusion when the grade of CRS reached 2. The ZUMA 1 cohorts 4 and 6 showed that the occurrence of high-grade CRS was decreased when glucocorticoids were administered early, during CRS grade 1 or preventively before CRS (38). Based on the safety and above data, early glucocorticoid intervention might be useful to improve the safety of CAR T-cell therapy.

In our study, high serum ferritin (≥ 10,000 ng/ml) after CAR T infusion, which was observed in patients with heavy/mass disease burden or high-risk genetic abnormalities, may indicate a poor response and high risk of severe CRS. Early delivery of CAR T-cells and early glucocorticoid intervention during CAR T-cell therapy might improve the outcome of these patients.
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Although chimeric antigen receptor T (CAR-T) cell therapy has been indicated to be effective in treating relapsed or refractory multiple myeloma (R/R MM), severe hematological toxicity (HT) remains an intractable issue. This study enrolled 54 patients with R/R MM following combined infusion of anti-CD19 and anti-BCMA CAR-T cells. The results showed that the rates of severe cytopenia were high, including severe neutropenia (28/54, 52%), severe anemia (15/54, 28%), and severe thrombocytopenia (18/54, 33%). Moreover, the incidence of prolonged HT (PHT) on Day 28 post-infusion was 52% (28/54), including 46% for severe neutropenia, 30% for severe anemia, and 31% for severe thrombocytopenia. Patients with PHT had a poorer median progression-free survival (PFS) and overall survival (OS) than patients without PHT (P=0.011; P=0.007). Furthermore, Cox regression analyses showed that PHT was an independent risk factor for PFS and OS. Univariate analyses showed that IFNγ (OR: 1.046; 95% CI: 1.002-1.093, P=0.042) and severe HT after lymphodepletion chemotherapy (OR: 0.082; 95% CI: 0.017-0.404; P=0.002) were independent risk factors for PHT. In conclusion, these results indicated that PHT was associated with poor outcomes following CAR-T-cell therapy in MM patients. Early detection and management of PHT would be beneficial for the prevention of life-threatening complications and improvement in the survival of patients after CAR-T-cell therapy.


Clinical trial registration

This trial was registered on 1 May 2017 at http://www.chictr.org.cn as ChiCTR-OIC-17011272.
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1. Introduction

Multiple myeloma (MM) is a hematological malignancy caused by the malignant proliferation of plasma cells in the bone marrow (1). It is now clinically treated with chemotherapy, autologous hematopoietic stem cell transplantation (Auto-HSCT), proteasome inhibitors, immunomodulatory drugs, and monoclonal antibodies, but it will eventually relapse. The treatment of relapsed and refractory (R/R) MM remains a challenge (2–5). In recent years, with the development of CAR-T-cell technology, targeted BCMA CAR-T-cell therapy as a new method for the treatment of R/R MM has achieved high response rates and has shown curative effects in clinical trials (6–8). In R/R MM patients, the complete response (CR) rate of BCMA-targeted CAR-T-cell therapy is as high as 70-95% (9–11). However, various adverse effects (AEs) remain unresolved, limiting the wide application of CAR-T-cell therapy (12).

To date, cytokine release syndrome (CRS) and neurotoxicity are the two most common toxicities after CAR-T-cell infusion (13). With supportive approaches, including tocilizumab, corticosteroids and anakinra, symptoms are resolved in most patients. Hematological toxicity (HT) is another common AE with an incidence of higher than 90% and is associated with dismal outcomes (14–16). For instance, Sarah and Wang et al. reported that prolonged HT (PHT) is associated with a shorter 1-year OS in patients with R/R diffuse large B-cell lymphoma and acute lymphoblastic leukemia (17, 18). However, there are relatively few large-sample studies on post-CAR-T-cell therapy PHT among patients with R/R MM, and studies on the correlation between PHT and prognosis are lacking.

Our previous studies confirmed that the combined infusion of humanized anti-CD19 and anti-BCMA CAR-T cells is feasible and that the majority of patients with R/R MM achieved high response rates (19, 20). Here, we systematically analyzed the correlation between PHT and prognosis among patients with R/R MM participating in a phase 1/2 clinical trial of CAR-T-cell therapy. Moreover, the risk factors affecting PHT were evaluated.



2. Methods


2.1 Patient selection

A total of 54 patients with R/R MM who underwent CAR-T-cell therapy between July 2017 and August 2020 were retrospectively reviewed. All patients were enrolled in phase 1/2 open-label single-center clinical trials of CAR-T-cell therapy targeting BCMA and CD19 (Chictr.org.cn ChiCTR-OIC-17011272). This study was conducted in full compliance with the ethical principles of the Declaration of Helsinki and was approved by the Ethics Committee of the Affiliated Hospital of Xuzhou University. Eligible patients had histologically or cytologically confirmed MM and met the International Myeloma Working Group (IMWG) diagnostic criteria for R/R MM (21). Patients were aged 18-69 years, with a life expectancy of 12 weeks or more and adequate organ function. Patients with uncontrollable infections, mental or psychological illnesses, severe allergies, or a history of severe allergies were excluded.



2.2 CAR-T-cell manufacturing and clinical protocol

Peripheral blood mononuclear cells of the enrolled patients were collected for CAR-T-cell production. The protocol for CAR-T-cell manufacturing in our center has been described previously (19, 20). Each individual was administered a single cycle of fludarabine (30 mg/m2 on Day -5 to -3)- and cyclophosphamide (750 mg/m2 on Day -5)-based conditioning treatment, followed by CAR-T-cell infusion. The established hospitalization observation time was 1 month, but it could change depending on the severity and the recovery of toxicity. The patients’ vital signs were monitored daily. Routine blood tests were conducted, and the levels of serum cytokines were determined by cytometric bead array (CBA) at least three times a week. Detailed information is provided in the Supplementary material.



2.3 Definitions of HT and hematologic recovery

The criteria for cytopenia and recovery were defined as per the Center for International Blood and Marrow Transplant Research (CIBMTR) (22) reporting guidelines. Neutropenia and severe neutropenia were defined as absolute neutrophil counts (ANC) lower than 1.5×109/L and 0.5×109/L, respectively. Anemia was defined as a hemoglobin concentration lower than 120 g/L in men and 110 g/L in women; levels lower than 60 g/L were considered severe anemia. Thrombocytopenia and severe thrombocytopenia were defined as platelet counts < 100×109/L and < 20×109/L, respectively. Neutrophil recovery was defined as an ANC > 0.5 ×109/L for three consecutive days, irrespective of growth factor administration. Hemoglobin recovery was defined as a hemoglobin concentration > 60 g/L without the support of erythrocyte transfusion. Platelet recovery was defined as platelet counts > 20×109/L for three consecutive days in the absence of platelet transfusion. PHT was defined as the presence of severe neutropenia, severe anemia, or severe thrombocytopenia on Day 28 post-infusion.



2.4 CRS and neurotoxicity

CRS effects were graded and managed according to the recommendations of Lee et al. (23). Grade 1-2 CRS was classified as “mild,” while grade 3-4 CRS was classified as “severe.” The assessment of neurotoxicity was based on the Common Terminology Criteria for Adverse Events 5.0 (CTCAE 5.0) (24). CRS and neurotoxicity, along with other factors, including clinical symptoms, vital signs, and levels of serum cytokines, were assessed by three experienced clinicians. Inconsistencies were further discussed.



2.5 Response to CAR T-cell therapy

The entire cohort was evaluated to assess the response to CAR-T-cell therapy. The response to treatment was evaluated on Day +90 using the International Myeloma Working Group criteria (21), including a stringent complete response (sCR), a complete response (CR), a very good partial response (VGPR), a partial response (PR), a minimal response (MR), stable disease (SD) and progressive disease (PD). The overall response rate (ORR) was defined as patients who achieved a PR or better. Overall survival (OS) was defined as the time from CAR-T-cell infusion censored on the date of the last follow-up or death from any cause. Progression-free survival (PFS) was calculated from the date of CAR-T-cell infusion to the date of disease progression (imaging or biopsy) or death from any cause.



2.6 Statistical analysis

Descriptive statistics were used to describe the patients’ baseline characteristics and the temporal profiles of severe cytopenia. Univariate and multivariate logistic regression models were applied to assess whether several variables were contributing factors to PHT. Categorical variables were analyzed using the chi-square test and Fisher’s exact test. Descriptive and survival analyses were performed using the Kaplan−Meier methodology. A log-rank test was utilized to compare OS and PFS between patient groups. Multivariate Cox regression models were used for the analysis of factors related to survival. A p value <0.05 was considered significant. Analysis was performed using GraphPad Prism software version 8.0.




3. Results


3.1 Patient characteristics

A total of 54 R/R MM patients treated with CAR-T-cell therapy between July 2017 and August 2020 at the Affiliated Hospital of Xuzhou Medical University were followed. Patients were divided into a PHT group (28 patients, 52%) and a non-PHT group (26 patients, 48%) based on the occurrence of PHT at 28 days after CAR-T-cell infusion. In the PHT group, the median age was 58 years (range, 30 to 67), the median time since diagnosis was 39 months (range, 8 to 167), and 9 patients (32%) with the high tumor burden at CAR T-cell infusion. Thirteen patients (46%) had International Staging System stage III disease, and 8 patients (29%) had extramedullary disease. High-risk cytogenetic abnormalities were detected in 8 patients (29%). Before the lymphodepletion regimen, the patients received a median of 4 (range, 2 to 17) previous therapy lines, and 10 patients (36%) had received autologous hematopoietic stem cell transplantation (ASCT). In the non-PHT group, the median age was 57 (range, 43 to 67), the median time of diagnosis was 40 months (range, 8 to 113) and 4 patients (15%) with the high tumor burden. Eleven patients (42%) had International Staging System stage III disease, and 7 patients (31%) had extramedullary lesions. Seven patients (27%) had high-risk cytogenetic abnormalities. The patients received a median of four chemotherapy cycles (range, 2 to 7), and 5 patients (19%) received ASCT before CAR T-cell infusion (Table 1).


Table 1 | Demographic and clinical characteristics of the enrolled patients.





3.2 Patient outcomes


3.2.1 Response rates

In the PHT group, the ORR to CAR-T-cell therapy was 93% (26/28) 3 months after infusion. The best response to therapy was as follows: 6 patients achieved an sCR, 5 achieved a CR, 7 achieved a VGPR, 8 achieved a PR and 2 achieved SD (Figure 1A). In the non-PHT group, the ORR to CAR-T-cell therapy was 96% (25/26). The best response to therapy was as follows: 11 patients achieved an sCR, 7 achieved a CR, 5 achieved a VGPR, 2 achieved a PR and 1 achieved SD (Figure 1B). We found no significant difference in the ORR between the two groups.




Figure 1 | Response to the combination of anti-BCMA and anti-CD19 chimeric antigen receptor (CAR) T cells. Panel (A) shows the rates of overall response and no response in the PHT group. Panel (B) shows the rates of overall response and no response in the non-PHT group. All responses were confirmed and assessed on the basis of the International Myeloma Working Group Uniform (IMWG) Response Criteria for Multiple Myeloma.





3.2.2 PFS and OS

The deadline of follow-up was April 30, 2022, with a median follow-up of 24.3 months (range, 0.5 to 58.6) after CAR-T-cell infusion. Based on Kaplan−Meier estimates, the median PFS and OS for 54 patients were 16.4 months (95% CI, 7.8 to 25.0) and 42.8 months (95% CI, 25.2 to 60.4), respectively (Figures 2A, B).




Figure 2 | Progression-free survival (PFS) and overall survival (OS). Panels (A, B) show the Kaplan−Meier curves for PFS and OS in the 54 patients, respectively. Panels (C, D) show the Kaplan−Meier curves of PFS and OS, respectively, according to PHT. Two-sided P values were calculated based on the log-rank test. PHT, prolonged hematological toxicity.





3.2.3 Risk factors for PFS and OS

Subgroup analyses showed that patients’ baseline characteristics, including disease stage, extramedullary disease, time since diagnosis and previous therapy lines, were not associated with PFS or OS. Patients with a high baseline tumor burden (HR: 5.117; 95% CI: 2.340-11.451; P=0.001) and high-risk cytogenetic (HR: 2.278; 95% CI: 1.155-4.496; P=0.014) had a lower PFS than those with a low baseline tumor burden and no high-risk cytogenetic. Moreover, the severity of CRS (HR: 3.027; 95% CI: 1.115-8.214; P=0.022) was significantly associated with OS (Figure S1).



3.2.4 Prognosis

In the PHT group, 21 patients (75%) relapsed, and 15 (54%) died during follow-up. Among these patients, 10 patients (36%) died from disease progression or associated complications. Two patients (7%) died from intracranial hemorrhage, 2 (7%) died from severe infection, and 1 (4%) died from severe CRS within 2 months. In the non-PHT group, 15 patients (58%) relapsed, and 8 (31%) died, all of whom died from disease progression or associated complications (Table 2).


Table 2 | PHT with other adverse events and interventions after CAR-T-cell infusion.






3.3 Adverse events and interventions


3.3.1 CRS and neurotoxicity

In the PHT group, 23 patients (82%) developed mild CRS, and 5 patients (18%) developed severe CRS. The median time to CRS onset was 6 days (range 0-13), with a median duration of 5 days (range 1-12). Twelve patients (43%) received tocilizumab, and 17 patients (61%) received glucocorticoids. Moreover, 2 patients (7%) developed grade 3 and grade 4 neurotoxicity. In the non-PHT group, 24 patients (92%) sustained mild CRS, and 2 patients (8%) sustained severe CRS. The median time to CRS onset was 7 days (range 0-13), with a median duration of 4 days (range 1-8). Four patients (15%) received tocilizumab, and 6 patients (23%) received glucocorticoids. None of the patients developed neurotoxicity (Table 2).



3.3.2 Incidence and temporal characteristics of HT

Before lymphodepleting chemotherapy, in the PHT group, the median ANC was 1.82 (range, 0.37-6.87) ×109/L, the median hemoglobin serum concentration was 91 (range, 47-149) g/L, and the median platelet count was 81 (range, 13-230) ×109/L. After lymphodepletion chemotherapy, the incidence of severe neutropenia significantly increased from 11% to 46% (P<0.05), while no significant changes were detected with respect to severe anemia (11% vs. 21%) or severe thrombocytopenia (18% vs. 21%). After CAR-T-cell infusion, the total incidence of HT increased remarkably (82% for severe neutropenia, 46% for severe anemia, and 61% for severe thrombocytopenia, P<0.05) (Figure 3). Moreover, 27 (96%) patients received granulocyte colony-stimulating factor (G-CSF), 17 (61%) received packed red blood cell (PRBC) transfusions, and 16 (57%) received platelet transfusions (Table 2). In the non-PHT group, the median ANC was 2.42 (range, 0.97-3.98) ×109/L, the median hemoglobin serum concentration was 108 (range, 59-158) g/L, and the median platelet count was 153 (range, 79-329) ×109/L. After lymphodepletion chemotherapy, no significant changes were detected with respect to severe neutropenia (0% vs. 15%), severe anemia (4% vs. 4%) or severe thrombocytopenia (0% vs. 0%). After CAR-T-cell infusion, the total incidence of HT did not increase remarkably (19% for SN, 4% for severe anemia, and 0% for severe thrombocytopenia). Among these patients, 18 (69%) received G-CSF, 2 (8%) received PRBC transfusions and 2 (8%) received platelet transfusions. Of note, compared with PHT patients, patients without PHT showed a lower requirement for blood transfusion or G-CSF support (P<0.005) (Table 2). In the PHT group and non-PHT group, the median time from infusion to recovery from neutropenia, anemia and thrombocytopenia was 42 vs. 15 days (range 10-159 vs. 6-71), 53 vs. 34 days (range 9-213 vs. 10-90) and 53 vs. 21 days (range 7-210 vs. 6-45), respectively.




Figure 3 | Incidence of severe cytopenia before and after CAR-T-cell infusion. (A) shows the percentage of severe cytopenia changes after lymphodepletion chemotherapy and CAR-T-cell infusion in the 54 patients. (B) shows the percentage of severe cytopenia changes after lymphodepletion chemotherapy and CAR-T-cell infusion in the 28 patients with PHT. A two-sided P value was determined via the Pearson chi-square test.





3.3.3 Infection

In the PHT group, 18 of the 28 patients (64%) experienced infections, mainly including 10 (36%) with lung infections, 2 (7%) with upper respiratory tract infections, 2 (7%) with bacteremia, 1 (4%) with a urinary tract infection and 3 (11%) with skin soft-tissue infections after CAR-T-cell infusion. Moreover, 9 patients (32%) had bacterial infections, 2 (7%) had fungal infections, 2 (7%) had herpes zoster virus infections, 1 (4%) had a hepatitis B virus infection, 1 (4%) had hepatitis B virus activation, and 6 (21%) had unspecified pathogen infections. In the non-PHT group, 8 patients (31%) were infected with 4 (15%) lung infections, 1 (4%) bacteremia infection and 2 (8%) urinary tract infections. Among these patients, 4 patients (15%) had bacterial infections, 1 (4%) had a fungal infection, 1 (4%) had a herpes zoster virus infection, 1 (4%) had a hepatitis B virus infection, 1 (4%) had a cytomegalovirus infection and 1 (4%) had an unspecified pathogen infection (Table 2).




3.4 PHT with PFS and OS

Patients with PHT had significantly poorer PFS (median of 5.0 months [95% CI, 2.1 to 7.9] vs. 45.9 months [95% CI, 13.4 to 38.4], P=0.011) and OS (median of 24.5 months [95% CI, 4.1 to 44.9] vs. not reached, P=0.007) than patients without PHT (Figures 2C, D).

Further analysis demonstrated that the patients with severe neutropenia, severe anemia and severe thrombocytopenia had an inferior PFS (severe neutropenia: median of 5.0 months [95% CI, 1.7 to 8.3] vs. 25.9 months [95% CI, 13.0 to 38.8], P=0.010; severe anemia: median of 2.2 months [95% CI, 0.0 to 5.5] vs. 18.2 months [95% CI, 11.9 to 24.5], P=0.018; severe thrombocytopenia: median of 3.8 months [95% CI, 1.4 to 6.2] vs. 25.9 months [95% CI, 14.3 to 37.5], P<0.001) and OS (severe neutropenia: median of 24.5 months [95% CI, 16.2 to 32.0] vs. not reached, P=0.018; severe anemia: median of 4.9 months [95% CI, 0.0 to 9.8] vs. 42.8 months [95% CI, 27.0 to 58.6], P=0.009; severe thrombocytopenia: median of 6.4 months [95% CI, 3.0 to 9.8] vs. not reached, P<0.001) than patients without severe neutropenia, severe anemia and severe thrombocytopenia at 28 days after CAR-T-cell infusion (Figure S2).

Furthermore, Cox regression analyses showed that PHT (HR: 2.762; 95% CI: 1.355-5.631; P=0.005), baseline tumor burden (HR: 3.635; 95% CI: 1.498-8.821; P=0.004) and having high-risk cytogenetic (HR: 2.945; 95% CI: 1.387-6.255; P=0.005) were independent risk factors for PFS. Moreover, PHT (HR: 3.347; 95% CI: 1.318-8.503; P=0.011) and the severity of CRS (HR: 3.084; 95% CI: 1.004-9.474; P=0.049) were also independent risk factors for OS (Tables S1, 2).



3.5 Factors associated with the incidence of PHT

Next, we analyzed the patients’ characteristics, prior therapies, serum cytokine levels and CAR-T-cell therapy-associated factors to identify the risk factors correlated with PHT.

Univariate analyses revealed that the severe HT after lymphodepletion chemotherapy (OR: 8.500; 95% CI: 2.299-31.431; P=0.001), grade of CRS (OR: 2.697; 95% CI: 1.152-6.312; P=0.022) and the levels of several serum biomarkers (including peak levels of IL-6 (OR: 1.008; 95% CI: 1.001-1.015; P=0.025), IL-8 (OR: 1.011; 95% CI: 1.002-1.020; P=0.019), IFNγ (OR: 1.036; 95% CI: 1.002-1.072; P=0.040), and MIP1α (OR: 1.066; 95% CI: 1.000-1.137; P=0.049) were significantly associated with the incidence of PHT. Multivariate analysis revealed that IFNγ (OR: 1.046; 95% CI: 1.002-1.093, P=0.042) and severe HT after lymphodepletion chemotherapy (OR: 0.054; 95% CI: 0.008-0.357; P=0.002) were independent risk factors for PHT (Table 3).


Table 3 | Factors related to PHT.






4. Discussion

In our previous study, 21 patients with R/R MM received an infusion of anti-BCMA and humanized anti-CD19 CAR-T cells. At a median follow-up of 179 days, 20 (95%) of the 21 patients had an overall response. In this retrospective study, we further expanded the sample size and demonstrated that 51 (95%) of 54 patients achieved a PR or better. Moreover, the occurrence of severe CRS and neurotoxicity was relatively low. These results indicated that the combined infusion of anti-BCMA and anti-CD19 CAR-T cells is feasible for patients with R/R MM.

During the management of patients with R/R MM who are receiving CAR-T-cell therapy, HT, in addition to CRS and neurotoxicity, is a major issue for clinicians and has a higher incidence. In the phase 2 study, for the 128 patients with R/R MM following idecabtagene vicleucel infusion (25), the incidences of HT were 89% for severe neutropenia, 60% for severe anemia and 52% for severe thrombocytopenia. Among all patients, 41% (52 patients) had persistent severe neutropenia, and 48% (62 patients) had persistent severe thrombocytopenia 1 month after infusion. In the phase 1 study, for the 33 patients with R/R MM following bb2121 infusion (6), the incidences of HT were 85% for severe neutropenia, 45% for severe anemia and 45% for severe thrombocytopenia, and PHT, with incidences of 3% for severe neutropenia and 35% for severe thrombocytopenia, was not resolved by Day +28 after cell therapy. In the phase 1 dose-climbing and expansion study following a bispecific CAR-T-cell therapy targeting BCMA and CD38 (BM38) in 23 patients with R/R MM (26), HT was the most common adverse event; severe neutropenia occurred in 83% of the patients, severe anemia occurred in 13% and severe thrombocytopenia occurred in 48%, with 40% of the patients with severe neutropenia and 55% with severe thrombocytopenia not having recovered within 1 month. In our studies, the incidences of HT were 52% for severe neutropenia, 28% for severe anemia and 33% for severe thrombocytopenia. Moreover, 46% of the patients with severe neutropenia, 30% with severe anemia and 31% with severe thrombocytopenia were not recovered by Day +28, which is consistent with the above reported study.

Previous studies have shown that patients with PHT have a poor prognosis after CAR-T-cell infusion. Sarah et al. (17) reported that the 1-year PFS and 1-year OS in patients with PHT were 24% and 36%, respectively, in 31 patients with R/R diffuse large B-cell lymphoma (DLBCL) who received tisagenlecleucel or axicabtagene ciloleucel. Moreover, patients without PHT had a longer 1-year OS of 81%. In a phase 1/2 study of 86 patients with R/R ALL who underwent CD19 CAR-T-cell therapy, the results demonstrated that persistent severe cytopenia was highly associated with a poor 1-year OS. However, in R/R MM patients, the correlation between PHT and prognosis is rarely reported. Notably, our results showed that patients with PHT had significantly poorer median PFS and OS than those without PHT. Moreover, patients with severe neutropenia, severe anemia, or severe thrombocytopenia at 28 days also had a shorter PFS and OS. Multivariate analysis revealed that PHT was an independent risk factor for poor PFS and OS. Therefore, additional measures are required to reduce PHT incidence after CAR-T-cell infusion to improve survival.

Prolonged cytopenias after CAR-T therapy have increasingly been reported at varying rates, and the pathogenesis of this complication is not yet well-understood but is likely contributed to by multiple factors. Sarah et al. (17). showed that the development of CRS, the administration of tocilizumab or steroids, and the levels of ferritin and CRP were positively associated with the occurrence of PHT in R/R DLBCL. Wang et al. (18). found that the baseline bone marrow tumor burden, CRS severity, and serum biomarker levels (including max lg CRP, IL-10, IFNγ, ferritin, and D-dimer levels) were associated with the incidence of PHT in R/R ALL. We also further analyzed the risk factors for PHT and found that severe HT after lymphodepletion chemotherapy, levels of serum cytokines, grade of CRS and infection were involved in the occurrence of PHT. However, the severity of CRS, time to CRS onset and duration of CRS were not related to PHT, which is inconsistent with previous studies. This may be related to the lower incidence of severe CRS in our trial. Therefore, some possible measures to reduce severe HT after lymphodepletion chemotherapy should be considered, such as the optimization of the lymphodepletion chemotherapy and early application of promoting blood cell growth, including the usage of G-CSF, blood transfusions, antibiotics and so on. In this trial, patients with severe hematological toxicity received G-CSF, blood transfusions, and other treatments that improved the degree of cytopenia. However, whether the application of these supportive treatments can affect the long-term prognosis of patients will be an issue to be investigated after we expand the sample size.

Our study is limited because it was a retrospective single-center study based on a relatively large sample size and longer follow-up time. We demonstrated that the combined infusion of humanized anti-CD19 and anti-BCMA CAR-T-cells was feasible, safe and significantly effective in treating patients with R/R MM. Moreover, HT remains one of the most common AEs after CAR-T-cell infusion, and the occurrence of PHT is associated with a poor prognosis in patients with R/R MM. Accordingly, enhancing bridging therapy to reduce the baseline tumor burden, monitoring serum biomarker levels, optimizing lymphodepletion chemotherapy and providing appropriate supportive treatment may be essential to reduce the incidence of PHT and improve the outcome of CAR-T-cell therapy in R/R MM patients. The preliminary results need to be confirmed in future prospective and multicenter clinical trials, and the mechanism of PHT after CAR-T-cell infusion requires further exploration.
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Lymphocytes in tumor tissue are called tumor-infiltrating lymphocytes (TILs), and they play a key role in the control and treatment of tumor diseases. Since the discovery in 1987 that cultured TILs can kill tumor cells more than 100 times more effectively than T-cells cultured from peripheral blood in melanoma, it has been confirmed that cultured TILs can successfully cure clinical patients with melanoma. Since 1989, after we investigated TIL isolation performance from solid tumors, we modified some procedures to increase efficacy, and thus successfully established new TIL isolation and culture methods in 1994. Moreover, our laboratory and clinicians using our cultured TILs have published more than 30 papers. To improve the efficacy of TILs, we have been carrying out studies of TIL efficacy to treat solid tumor diseases for approximately 30 years. The three main questions of TIL study have been “How do TILs remain silent in solid tumor tissue?”, “How do TILs attack homologous and heterologous antigens from tumor cells of solid tumors?”, and “How do TILs infiltrate solid tumor tissue from a distance into tumor sites to kill tumor cells?”. Research on these three issues has increasingly answered these questions. In this review I summarize the main issues surrounding TILs in treating solid tumors. This review aims to study the killing function of TILs from solid tumor tissues, thereby ultimately introducing the optimal strategy for patients suffering from solid tumors through personalized immunotherapy in the near future.




Keywords: TILs (tumor infiltrating lymphocytes), solid tumor, TIL quiescence, TIL attacking heterogeneous antigen, TIL infiltration, personalized immunotherapy



Introduction

Tumor-infiltrating lymphocyte (TIL) therapy, one of the best adoptive immunotherapies (AITs) or adoptive cell therapies (ACTs), was discovered about 35 years ago, when Dr Steven Rosenberg used TILs to treat melanoma in 1988 (1–3). At a similar time, we were studying TIL cytotoxicity and the killing of tumor cells from solid tumors (4–10). After studying TIL cytotoxicity primarily related to T-cell isolation from solid tumors, we modified procedures and successfully used TIL isolation from solid tumors to treat several hundred patients suffering from solid tumors. We have produced more than 30 related publications since 1994 (11–18).

Although TIL immunotherapy has been broadly accepted to treat melanoma, variable responses mean that the efficacy of TILS in treating solid tumor diseases is still questioned (19, 20). Despite the fact that TILs are increasingly seen to have benefits that make them applicable for cancer treatment in some clinical laboratories, two conflicting opinions on efficacy still remain with regard to TIL immunotherapy to treat solid tumors. The first is that, even if TIL responses are powerful, undergoing a 1,000-fold expansion after activation (1), some reports show that TIL immunotherapy could not reliably produce effective responses in treating solid tumors in other clinical laboratories, especially in some early research reports (21, 22). The second issue is variable results to assay the cytotoxicity of tumor-specific lymphocytes to tumor cells for different tumor diseases (23). According to several laboratories’ reports, the anti-tumor cytotoxic activity of TILs can be identified in tumor samples of more than 80% of patients with melanoma, whereas the results from solid tumor diseases fluctuate (24, 25). However, two reports suggest that TILs have promising prospects; for example, they report TILs specifically traveling into the site of a solid tumor mass to kill tumor cells and TILs maintaining their therapeutic efficacy for many years after initial treatment (26, 27).

Because TILs actively killing human tumor cells from solid tumors remains controversial, and to address the auguring, this review presents three issues regarding the efficacy of TILs from solid tumors. Finally, I briefly present the future of adoptive TIL immunotherapy as strategies of personalized immunotherapy (28).



Why do TILs have variable efficacy in the treatmeant of solid tumors?

After Dr Rosenberg discovered that TILs can be cultured with the aid of the cytokine interleukin (IL)-2 and induced TIL-exhibited cytotoxic activity against melanoma cells in vitro, TILs isolated from tumor samples were studied in the earliest trials of ACT conducted at the surgical branch of the National Cancer Institute (NCI) in 1988 (29, 30). At that time, objective responses were observed in 11 out of 20 patients with metastatic melanoma. Five out of the 29 (17%) responses were complete responses (CRs), with a median duration of response of 4 months in these early studies (31). After more than 30 years of research and development (R&D), TILs have shown promising overall response rates (38%) for the treatment of recurrent/refractory melanoma according to clinical trial results presented at the 2021 American Society of Clinical Oncology (ASCO) Annual Meeting (32). Now, patients are first treated with cyclophosphamide (or fludarabine) (lymph depletion) for 1 week, followed by TIL infusion and then six doses of adjuvant IL-2. The TIL manufacturing process takes about 22 days (33).

Through studying TIL cytotoxicity mechanisms to autologous tumor cells from solid tumors during that early period, we discovered that TILs had variable efficacy in the treatment of patients with solid tumors (6, 34). To address how to increase TIL efficacy in the treatment of solid tumors, we began to study all procedures regarding TIL purification and culture from solid tumors. After spending approximately 30 years studying this, here I summarize the three issues discovered through the investigations as Silencing TILs in the tumor location, Heterogeneous immune response from heterogeneous tumor antigens, and Infiltrating TIL into solid tumors. I refer to these three issues as the “SHI” phenomenon (“SHI” in Chinese translates as “STONE”, whereas in English it is the same as the traditional Chinese medicine term for “tumor disease”).


Silencing TILs

In 1995, after analyzing TIL proliferation, cytotoxicity, and phenotype from 83 solid tumor cases, we reported that TILs have quiescent status if the TIL is located in solid tumor tissues (35). Although we discovered freshly isolated TIL-containing activated T-cell surface markers such as  Human Leukocyte Antigen – DR isotype (HLA DR) and IL-2 receptors, the cells did not have strong cytotoxicity against tumor cells. In this early study, results regarding silencing TILs showed that the supernatants of TIL culture media contained inhibiting factors, including some things from autologous tumor cells. To overcome the inhibiting factors, we studied them and modified our methods, such as eliminating autologous tumor cells during TIL culture procedures, so that in this early period we achieved good responses to increasing cytotoxicity to autologous tumor cells from solid tumors (36). After a long period of study, now clinical scientists and clinical immunologists understand that there are two major factors in TIL quiescence influencing efficacy: internal factors and external factors.


Internal mechanism

Silencing T-lymphocytes (quiescent lymphocytes) are a group of T-cells that display no spontaneous proliferation and a low metabolic rate (37). In silencing lymphocytes, quiescence reduces consumption of resources to maintain the vast repertoire of lymphocytes. Only a small fraction of native lymphocytes will be clonally selected by antigens during the lifetime of the host. From observation of lymphocyte quiescence, six mechanisms have been proposed to produce quiescence of lymphocytes (38–42): (1) thymus negative selection, (2) peripheral clonal deletion, (3) peripheral-induced anergy, (4) T-cell ignorance/indifference, (5) T-cell suppression, and (6) T-cell senescence (exhaustion). Lymphocyte quiescence obtained from solid tumors is caused by one or more factors of the six mechanisms, and, therefore, TIL quiescence may or may not produce immune cytotoxicity to tumor cells. To elucidate TIL quiescence from solid tumors, we screened and harvested quiescent TILs from those of hepatic cell cancers (HCCs). Before the genomic era (1996–2004), we used a single-cell messenger ribonucleic acid (mRNA) display system to find a profile from the quiescent cluster of differentiation 8 (CD8) TILs (43–45). After that, because microarray and ribonucleic acid sequencing (RNA-seq) began to be applied for single-cell genomic analyses, we carried out further studies of the set of quiescent genes by single-cell RNA-seq, as mentioned below. Now, most of the TIL quiescent genes have been confirmed by using single-cell quantitative reverse transcription polymerase chain reaction (RT-PCR) from both single-cell mRNA displays and single-cell RNA-seqs. The genes comprised at least seven genes, including Tob, LKLF (lung Krüppel-like factor), transforming growth factor (TGF)-beta, Sno, Ski, RE1 silencing transcriptor (REST) and ETS2 repressor factor (ERF). Nowadays, several laboratories have increasingly supported the results; as shown in Table 1, more genes, such as BTB Domain and CNC Homolog 2 (BACH2), Forkhead Box O1 (FOXO1) and Signal Transducer and Activator Of Transcription 3 (STAT3), have been found to be involved in quiescent lymphocytes. This finding comes after more than two decades of studying.


Table 1 | Higher expression genes from quiescent T-cells.



As shown in Table 1, the data for which come from different research laboratories, TOB (transducer of ERBB2) is a negative regulator of IL-2 transcription and T-cell for T-cell proliferation, which inhibits the Ag-MHCII pathway (46). LKLF (or KLF2) is a zinc finger-containing transcription factor that plays a negative regulatory role in cytotoxic T-lymphocyte (CTL), killing tumor cells by blocking the mimicry of IL2, tumor necrosis factor (TNF)-α, and interferon (IFN)-γ (47). Ski, Sno and TGF-β are involved in the TGF-β pathway to maintain T-cell quiescence (48, 49). ERF negatively regulates TIL infiltration, migration, and migration to tumor sites (50). The REST gene, like PD-1 and CTLA-4, is involved in blocking the PI3K pathway (51). There are increasing reports of The transcription factor T cell factor 1 (TCF-1), Bach-2, FOXO1 and STAT3 as Krüppel-like Factor 2 (KLF2), which can inhibit T-cells blocking the Cytotoxic T lymphocytes (CTL) pathway (52).



External factors

As mentioned above, in 1994 we reported that TIL proliferation and cytotoxicity during TIL culture were inhibited by autologous tumor cells from solid tumors (35). To increase the expansion and cytotoxicity of TILs, we performed clean procedures during the isolation and culture of TILs, such as the adhesion process that clears autologous tumor cells from HCC and lung cancer (36). After two decades of effort, it was discovered that the so-called tumor microenvironment (TME) suppression phenomenon can maintain TIL quiescence and affect TIL cytotoxicity during TIL culture (53). The TME consists of three components (54–60): (1) a tissue called the extracellular matrix (ECM) with epithelium, basal and endothelium; (2) regulatory cells including tumor-associated macrophages (TAMs), neutrophils (tumor-related neutrophils-2, TAN-2), cancer-associated fibroblasts (CAFs), and myeloid-derived suppressor cells (MDSCs); and (3) signaling molecules by releasing extracellular signals, promoting tumor angiogenesis, promoting tumor cell growth and affecting tumor growth. Lymphocyte quiescence of the TME has been extensively reported in vivo, in vitro, and ex vivo. All ECMs have been shown to produce TGF-β, which blocks TIL function, including the inhibition of TIL growth and cytotoxicity (61). In addition, some signaling molecules can affect the growth of TILs by releasing extracellular signal pathway, such as adenosine (ADO) signaling molecules and indole 2,3-dioxygenase (IDO) regulatory molecules (62, 63). Adenosine triphosphate (ATP) is a popular molecule that plays a vital role as a universal energy currency within cells. ATP induces immunogenic cell death (ICD) of tumor cells at the tumor site and promotes immune surveillance in the TME, whereas ADO increases the lead to ADO immune dysfunction in T-cells, NK cells, and B cells at the tumor site. A secondary regulatory pathway that impedes T-cell proliferation in the TME is the IDO pathway. Dendritic cells (DCs,) myeloid-derived suppressor cells (MDSCs) and tumor cells can produce IDO, which breaks down tryptophan and produces kynurenine, resulting in tryptophan deprivation and production of its metabolites to inhibit the expansion of clonal T-cells.




Heterogeneous immune response from heterogeneous tumor antigens

To learn more about the immune response of TILs to autologous tumor cells, we have spent about 15 years studying the different TIL responses with their genes from solid tumors through single-cell gene expressions and individual immune responses in networks. After these studies from our experiments or from other data, we learned that TILs will produce responses to autologous tumor cells, including self-tolerance to homologous antigens, heterogeneous responses, and heterogeneous networks from TILs to autologous tumor cells.


Self-tolerance against homologous antigens

Heterogeneous immune responses and homologous immune responses are some of the key issues in addressing the efficacy of TILs on autologous tumor cells (64). Effective TIL CD8 cytotoxicity against autologous tumor cells results in TIL efficacy (65). Human tumor antigens are divided into two main types: shared tumor-associated antigens (TAAs) and tumor-specific antigens (TSAs). TAAs include (1) cancer-testis (CT) antigens, (2) differentiation antigens (DAs) and (3) onco-fetal antigens (OFAs). TSAs include neo-antigens and tumor viral antigens such as hepatitis B (HBV), Epstein-Barr Virus (EBV), cytomegalovirus (CMV), and human papillomavirus (HPV) E6/E7 proteins.

CT antigens (such as MAGE-1) are present for some time during the spermatogenesis and placental stages, and they are also more highly expressed in different types of neoplastic diseases (66). Normally they are silent in adult tissues, and, therefore, the transcriptional machinery is stimulated in certain tumor types. Although many types of tumors express CT antigens at high levels and corresponding normal tissues at low levels, they are sometimes expressed at high levels in normal tissues. Differentiation antigens (such as gp100) are encoded by genes that are expressed in a tissue-specific manner (67). These proteins are usually produced in very low amounts, but their production is dramatically increased in tumor cells to activate immune responses. An example of such a protein is tyrosine, which is required for melanin production. They also share antigens between tumor cells and corresponding normal cells. Most of these antigens, such as gp100 glycoprotein and MART-1, are mainly present in metastatic melanoma in solid tissues (68, 69). Carcinoembryonic antigens are the third important TAA tumor antigens, such as alpha fetoprotein (AFP) and carcinoembryonic antigen (CEA) (70, 71). AFP is highly expressed in hepatocellular carcinoma (HCC) the most common type of primary liver cancer , and CEA is often highly expressed in colon cancer and other tumors such as NSCLC (non-small cell lung cancer). CT antigen, differentiation antigen, and onco-fetal antigen are produced early in the embryonic development stage and disappear when the adult immune system is fully developed, so self-tolerance may result in quiescent TILs against these antigens (72).



Heterogeneity from T-cell neo-antigens

Neo-antigens caused by genetic instability during carcinogenesis appear in non-coding and coding regions, whereas amino acid sequence changes caused by mutations in coding regions can generate antigens that do not exist in normal cells (73). Neo-antigens can also be induced by viral infection, such as alternative splicing and gene rearrangements (74). These variant antigens can be recognized by immune cells, such as TILs, and are, theoretically, specific immune responses to tumor cells, without autoimmunity to autologous normal cells.

There are two types of neo-antigens: shared neo-antigens and personalized neo-antigens (75, 76). Shared neo-antigens refer to mutated antigens that are common in different cancer patients and not present in the normal genome, have a high immunogenic potential for screening, and are now used as broad-spectrum therapeutic cancer vaccines or adoptive immunotherapy for cancer patients, as shown in Table 2. Personalized neo-antigens refer to mutated antigens that differ from patient to patient (77, 78). Therefore, personalized neo-antigens can be targeted specifically for each patient, which can be used to design personalized immunotherapy.


Table 2 | Neo-antigen of common solid tumors (TCGA).



Different types of neo-antigens (TSAs) and different amounts of TAAs can exist in the same tumor in different individuals, resulting in individual immune responses, so TIL administration should be developed into an individualized design for immunotherapy. Based on personalized information such as individual genomic data, personalized TIL therapy can increase the intensity and durability of antitumor effects, improve survival and quality of life, and ultimately improve cancer treatment outcomes for patients. For most patients with solid tumors, personalized TIL therapy is expected to be more feasible and safe.



Heterogeneous network response

To investigate individualized immune responses in different patients, we have studied TIL responses with distinct networks, even if their TILs were derived from patients with nearly similar clinical and pathological outcomes. Under analysis of their pathways and networks, through achieving gene expression patterns by single-cell gene expressions and analyzing molecular expressions from the heterogeneous responses of TIL CD8 cells, we found that small gene expression changes between two TILs can reveal individual immune responses in the network. A network study (79) of two TIL CD8 cells from two patients showed that Tob-1 gained some similar higher expressions, suggesting a common immune response in its quiescent network. Once one or more proteins are added to the network, changes in the network can occur. For example, TGFB1 and ERF underwent a greater increase in sample 1, whereas Sno-A and REST underwent a greater expression in sample 2, so, eventually, the granzyme B and perforin in CTL expressed were completely different. The results demonstrate that TILs can reveal individual immune responses in the network, and thus, artificial intelligence network analysis can be used in TIL personalized immunotherapy.




Infiltrating TILs into tumor tissue to attack tumor cells

The infiltration of TILs into tumor tissue to kill tumor cells has been studied in two areas (1): TIL CD8 cells should have intact signaling molecules after harvesting TILs from tumor tissue (4–6, 80), and (2) how ex vivo-cultured TILs specifically enter tumor tissue from circulating blood after reinfusion (81). The first question has been studied by our colleagues for more than 30 years.


CTL signal intactness

Earlier, we found changeable results based on Dr Rosenberg’s tumor disaggregation (with triple enzymes by collagenase type-IV, hyaluronidase, and DNase) to harvest and culture TILs for clinical treatment if we used the disaggregation procedures from solid tumors. Considering the TIL results in experimental and clinical work to treat solid tumors, we studied the TIL functions such as TIL proliferation, cytotoxicity, and phenotype with three enzymes under their conditions (37°C) (5). Finally, after modifying the enzymes’ condition, once collagenase IV under very moderate digestion condition the TILs’ function can be kept with an optimal proliferation, activity, and cytotoxicity to kill autogenous tumor cells. As stated in earlier publications (5, 6, 82), we had isolated and cultured TILs from solid tumors using the mild enzymatic digestion (cold enzymatic digestion with collagenase IV only), and the results showed that 65% of TILs proliferated more than 1,000 fold. The (3)TdR incorporation rate peaked at 45–75 days. Cytotoxicity to tumor cells was maintained for 56 days. The phenotypes of TILs after IL-2 induction were CD3 80 ± 21%, CD4 37 ± 21%, CD8 44 ± 18%, and HLA DR 69 ± 24%. CD3 and CD8 were significantly higher than in other clinical laboratories. Our clinical trials to treat solid tumors had shown better treatment outcomes than data from other clinical laboratories (7). Since then, most clinical laboratories chose collagenase IV only to disaggregate tumor tissues to harvest TILs. After 30 years’ study, we discovered that current collagenase IV products still contain other trace protease functions, such as trypsin-like activity. Collagenase IV products influence intact molecules on CD8 cells because abundant molecules are kept on the surface of TIL CD8 cells. Now, we are going to study the collagenase structure to influence TIL functions on CD8 cells. Hopefully, the functionally or genetically modified collagenase IV will delete trypsin-like activity. All in all, even if the trypsin activity of collagenase products is very low, abundant molecules on the surface of TIL CD8 cells, which are influenced by collagenase, are important for the adoptive TIL immunotherapy to solid tumors (4, 83).


TIL moving, migration, and infiltrating

Regardless of whether TILs can enter tumor tissue after isolation, culture, and infusion of TILs for immunotherapy, in early events, TILs cannot be fully characterized as tumor-specific T-cells in vivo. The mobilization of TILs into tumor tissue has become increasingly accepted after two experiments: Dr Torcellan’s in vivo TIL light-labeling technique in 2017 and Bai’s use of on-site antigen presentation for clonal expansion in 2001 (84, 85).

Despite the fact that T-cells play an important role at the tumor site, the specific transport capacity of TILs is dependent on dynamic processes such as rolling, adhesion, extravasation, and chemotaxis, as shown in Table 3 (86, 87). Because successfully killing tumor cells in solid tumors relies on a high frequency of TILs, TILs that target tumor cells may also include TIL homing processes influenced by immunosuppression and abnormal vasculature (88, 89).


Table 3 | TIL infiltrating genes.



Now, CXCR2 (the receptor for CXCL1 secreted by tumor cells), CCR4 (CCL17, the ligand for CCR4), and others have been modified to enhance T-cell trafficking to the tumor site (90–92). These studies suggest that future combination therapy may enhance the efficacy and homing ability of adoptively transferred T-cells in patients.






How can TILs have stable efficacy in the treatment of solid tumors?

As mentioned above, we discovered in our early research that TILs have variable efficacy in the treatment of solid tumors: we used some strategies to resolve some questions, as shown in Figure 1, in a clinical laboratory, and, as shown in Figure 2, in clinical TIL application (93–100).




Figure 1 | Early strategies for TIL efficacy from experimental level to solid tumor. (A) A cleaning inhibiting factor such as removing tumor cells during TIL cultures. (B) Increasing TIL immune response to tumor cells, including transducing TNA-α gene into TIL for heterogeneous tumor antigens. (C) Mild collagenase IV digestion to disaggregate tumor tissues to harvest TIL to keep the lymphocyte surface intact.






Figure 2 | Clinical strategies for TIL efficacy. (A) A lympho-depleting regimen adding TIL treatment to increase TIL efficacy. (B) A clinical procedure combining TILs with sensitive chemotherapeutic agents, which were screened using chemo-sensitivity assay (CSA) from TIL cytotoxicity experiment of patients’ autogenous tumor cell to increase treatment response.




Cleaning inhibiting factors

As mentioned above, the results of silencing TILs showed that the supernatant of TILs’ medium and mixed autologous tumor cells contained inhibitory factors. To overcome these inhibitory factors, we investigated some cleaning methods, such as removing autologous tumor cells during TIL culture to obtain a good response to increasing cytotoxicity against autologous tumor cells derived from solid tumors (36). After a long period of research, now clinical scientists and clinical immunologists understand that there are at least two broad categories to keep TIL quiescence – internal factors and external factors, as described above – which are required to block, such as the PD-1 antibody blocker (101–105).



Increasing immune response to tumor cells

In our early research, to increase immune responses to kill tumor cells, we studied transduced retroviral vectors with TNF-α genes in TILs to increase TIL cytotoxicity function (93–96). To increase immune responses to tumor heterogeneous antigens, some clinical experiments remodeled tumor neo-antigens to T-cells, whereas we studied TIL responses with tumor antigen response with distinct networks (79). For example, after profiling gene expressions by establishing single-cell gene expressions and analyzing molecular expressions of heterogeneous responses of TIL CD8 cells, we found silent gene expressions by TIL CD8 cells such as Tob-1, KLF2, TGFB1, and ERF in solid tumors, which will be discussed below.



Increasing TIL contact tumor cells

Although adoptive cell therapy using ex vivo-activated autologous TIL intravenous infusion is considered one of the promising approaches, early adoptive T-cell immunization is considered to be effective only in some clinical patients with solid tumors. To increase TIL for efficient contact with tumor cells, two studies were performed on TIL-contacted tumor cells. As mentioned above, we have found that early triple enzymes (collagenase IV, hyaluronidase V, and Dnase I) disaggregating solid tumors will influence TIL function; we then modified formulations such as collagenase IV only under mild digestion conditions to keep T-cell intactness from solid tumors (4–7, 106–108). Moreover, my colleagues also used cultured TILs by directly injecting them into a patient’s tumor site to increase TIL-contact tumor cells (14–18). In the analysis of 68 patients with ovarian cancer and other female malignant tumors, intravenous injection of TILs could induce immunity by activating cellular immunity, thereby improving 1-year survival; the anticancer effect of the local injecting group was higher than that of the intravenous group compared with the intravenous and local injection groups of TILs (109, 110).



Increasing TIL efficacy to tumor cells in clinical application

As mentioned above, TIL treatment of melanoma achieved only a 17% complete remission in an early NCI study, whereas the addition of lymphatic depletion can greatly increase the response ratio (31, 32, 111). Clinically, physicians used a lympho-depleting chemotherapy regimen resulting in a 48% response rate in a melanoma clinical trial from NCI (Figure 2A) (33, 112).

To increase TIL efficacy, we have also developed a clinical procedure to combine TILs with sensitive chemotherapeutic agents, which were screened by chemo-sensitivity testing (CST) or chemo-sensitivity assay (CSA) from a patient’s autogenous tumor cell (7, 113), as shown in Figure 2B.




New generation of TIL therapy-personalized immunotherapy

As noted above, there are at least three main reasons for the variable efficacy of TILs in the treatment of solid tumor diseases. Now, more and more methods and issues of T-lymphocyte treatment will be discovered for the treatment of solid tumors, as shown in Figure 3. Moreover, after the development of genomics and proteomics to clinical immunotherapy, more and more targeted drugs with their mechanisms have been discovered for the treatment of tumor diseases. Now is a good time to develop personalized TIL therapies for solid tumor diseases (113). In particular, three achievements, as described above, will lead to personalized TIL R&D. First, single-cell technology has matured, as reported by most clinical laboratories. In addition, we have developed the single-cell techniques for over 15 years from single tumor cells and single TILs from solid tumors, and have identified some genes associated with TIL silencing (114, 115). Second, Dr Rosenberg has identified different SNPs in certain genes in clinical trials from different clinical responses (116). Third, we also used the TIL pathway and artificial intelligence analysis to address the clinical administration of solid cancer (117–119). All in all, following clinical genomics with single-cell technology and artificial intelligence networks, personalized T-cell therapy can be seen in Figure 4.




Figure 3 | Strategies for personalized TIL therapy to increase TIL efficacy. (A) Depleting immune-depression regimen including clean immune depression in experiments and add PD1 or CTLA4 blocker. (B) Improving TIL immune response in experiments such as discover quiescent genes for TIL and neo-antigens from tumor cells, and rebuilding immune responses for TILs or setting up Car-T or TCT-T cells. (C) Maintaining T-cell intactness and improving T-cell homing into tumor sites.






Figure 4 | Personalized TIL therapy or personalized T-cell therapy. (A) Harvesting tumor cells from solid tumor tissues to run RNA-seq to discover neo-antigen or other related genes. (B) Harvesting TILs from solid tumor tissues to run RNA-seq to discover quiescent genes, heterogamous response genes, and infiltrating and homing genes. A pink arrow represents primary tumor cell procedures for performing personalized immunotherapy and a dark arrow represents TIL procedures for performing personalized TIL immunotherapy. Red represents running RNA-seq for both TIL and primary tumor cells.



A good immunotherapy should have the characteristics of high efficacy, few side effects and low economic cost for every tumor patient. Based on those considerations, these developments in future immunotherapy require the development of affordable treatments, tolerable side effects and responsible effects for each patient in optimal cell culture and correct clinical treatment. To be sure, individualized T-cells are required for optimal culture in the laboratory and the correct treatment conditions in the clinic. Finally, all efforts in adoptive T-cell immunotherapy focus on establishing optimal T-cell cultures in the laboratory, choosing the correct mode of administration in the clinic, considering affordability, and improving availability to each patient (120, 121).
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Tumor-infiltrating lymphocytes (TILs), frontline soldiers of the adaptive immune system, are recruited into the tumor site to fight against tumors. However, their small number and reduced activity limit their ability to overcome the tumor. Enhancement of TILs number and activity against tumors has been of interest for a long time. A lack of knowledge about the tumor microenvironment (TME) has limited success in primary TIL therapies. Although the advent of engineered T cells has revolutionized the immunotherapy methods of hematologic cancers, the heterogeneity of solid tumors warrants the application of TILs with a wide range of specificity. Recent advances in understanding TME, immune exhaustion, and immune checkpoints have paved the way for TIL therapy regimens. Nowadays, TIL therapy has regained attention as a safe personalized immunotherapy, and currently, several clinical trials are evaluating the efficacy of TIL therapy in patients who have failed conventional immunotherapies. Gaining favorable outcomes following TIL therapy of patients with metastatic melanoma, cervical cancer, ovarian cancer, and breast cancer has raised hope in patients with refractory solid tumors, too. Nevertheless, TIL therapy procedures face several challenges, such as high cost, timely expansion, and technical challenges in selecting and activating the cells. Herein, we reviewed the recent advances in the TIL therapy of solid tumors and discussed the challenges and perspectives.
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1 Introduction

Tumor-infiltrating lymphocytes (TILs) are naturally-occurring mononuclear cells infiltrating the solid tumor microenvironment (TME), which might be referred all immune cells at the tumor site, too (1, 2). TILs history goes back to more than two centuries. In 1863, Virchow observed that neoplastic tissues contained leukocytes (3). In 1982, Steven Rosenberg, the father of adoptive cell therapy (ACT), isolated TILs from mouse models of tumors for the first time (4). He showed that combining cyclophosphamide, TILs, and interleukin (IL)-2 can improve 50-100% of colon adenocarcinoma-bearing mice with hepatic or pulmonary metastasis (5). This report has underpinned TIL therapy in treating advanced cancers. The first TIL therapy in humans was also conducted by his group in 1988, resulting in a 60% regression in metastatic melanoma (6).

Despite hematologic malignancies with lineage-specific markers, solid tumors are highly heterogeneous and do not possess an ideal tumor marker (7, 8). Targeting a tumor-associated antigen (TAA) leads to the predominance of tumor cells that do not express any special tumor marker (9). TILs are polyclonal cells with diverse receptors capable of detecting a wide range of TAAs, making them superior to genetically-modified immune cells in treating solid tumors. TILs can overcome tumors’ heterogeneity and immune escape and provide better clinical outcomes than chimeric antigen receptor (CAR)-T cells in treating solid tumors with high mutation rates, such as melanoma (10). TILs are mostly tumor-specific and can target even unknown tumor neoantigens within the TME, resolving the necessity of prior knowledge about TAAs or MHC restriction (11).

TILs are generally divided into intratumoral and stromal TILs (iTILs and sTILs). The iTILs are rare lymphocytes within tumor cell clusters, so their detection is complicated, while sTILs are frequently found in the tumor stroma and are easily detectable (2). Most TILs are effector memory T cells with high efficiency in proliferation and antitumor functions, are activated by TAAs in vivo, and can proliferate in vitro up to 105 times (12). TILs are TME-infiltrated cells; therefore, they possess chemokine receptors necessary for migration toward the TME after injection (11). Another advantage of TILs to CAR-T cells is lower off-target toxicity, which probably returns to the negative selection of T cell receptors (TCRs) during T cell maturation (7).

Thus far, TIL therapy has shown significant clinical results in metastatic melanoma (13), cervical squamous cell carcinoma (CSCC) (14, 15), and cholangiocarcinoma (16), and its initial results in non-small cell lung cancer, colorectal cancer (CRC), and breast cancer (BC) have been promising (17–19). Besides, the prognostic role of TILs in multiple tumors has been confirmed and entered into clinical guidelines (20). Herein, we reviewed the latest prognostic and therapeutic advances of TILs in solid tumors and discussed the prospects of TIL therapy in cancer immunotherapy.



2 Comparison of TIL therapy with other adoptive T cell therapies

The advantages and disadvantages of different types of ACT and their brief protocols have been described in Table 1. TIL therapy depends on some procedures, including nonmyeloablative lymphodepletion and infusion of TILs, which are collected from a tumor mass and expanded ex vivo (Figure 1) (31). Although TILs separated from a resected solid tumor mass can recognize TAAs from their endogenous receptors, the inadequate number of obtained TILs is a limiting factor in cancer immunotherapy. In vitro administration of IL-2 as a T cell growth factor is a well-established protocol for expanding the isolated TILs (6). High-dose IL-2 exposure leads to a rapid proliferation of the lymphocytes, providing enough immune cells for ACT (13). TIL therapy is considered an effective therapeutic strategy in refractory metastatic melanoma, especially with the combination of nonmyeloablative lymphodepletion (13). TIL therapy relies on the infiltration of polyclonal T cells, capable of recognizing multiple TAA or unknown antigens. Recent studies on the TAA-specificity of TILs through peptide-loaded HLA multimers revealed low reactivity of TILs to the specific differentiation antigens.


Table 1 | Clinical trials of TIL therapy.






Figure 1 | TIL therapy process. The most common TIL production method is TIL isolation from resected tumor tissue and expansion in vitro using rapid expansion protocol (REP). The tumor is excised by surgery and mechanically cut into small pieces. Then, tumor pieces can be further digested by adding enzymes, such as collagenases, DNAse, hyaluronidase, etc. TILs are isolated via Ficoll density gradient centrifugation or specific cell sorting methods, such as magnetic- or fluorescence-activated cell sorting (MACS/FACS). In the pre-REP phase, TILs undergo primary expansion in the presence of high-dose interleukin-2 (IL-2). In some methods, following pre-REP, the tumor-specific TILs are selected and further expanded (selected TIL method). However, to reduce in vitro culture period and to maintain TILs efficacy, some studies skip the TIL selection process and expand the bulk TILs (young TIL method). In REP, high dose IL-2, anti-CD3, and irradiated allogeneic peripheral blood mononuclear cells (PBMCs) as feeder cells are added to the TIL culture. The expanded cell products that passed the quality controls (sterility, negativity for blood-borne diseases, and phenotype checking) are ready to administer to the patient. Before TIL administration, patients undergo lymphodepletion, and 10-150 billion TILs are infused into patients along with high dose IL-2.



In contrast, the majority of TILs respond to unknown mutated epitopes that would not be a target for central tolerance during T cell differentiation, which is an advantage of TIL therapy compared to other ACT types (32). Following any upcoming therapeutic agent, toxicity is often a critical concern. TIL therapy has shown a favorable safety profile based on early-phase clinical trial studies. However, this form of ACT has significant side effects associated with co-administration protocols, including high-dose IL-2 and different types of chemotherapy regimens (13, 33). Toxicity manifestations might be observed immediately or take time to appear in some patients; however, the application of standard clinical practices can limit these side effects (34).

Altogether, the apparent advantages of TIL therapy are the stable and reproducible clinical outcomes for pre-treated patients with severe tumor progression who have been excluded from other ACT strategies (35). Nevertheless, TIL therapy encounters challenges; for example, it is the most individualized treatment, so a particular infusion product must be prepared for each patient. Good manufacturing practice (GMP) procedures and well-trained personnel are mandatory in this regard. In addition to the costly manufacturing procedure, sometimes the production procedure takes more than one month, which is undesirable for patients with rapid tumor progression (13).

In contrast to TIL therapy, tumor-specific T cell therapy mechanisms are based on developing genetically engineered T cells with accelerated antitumor activity. This is conducted by transferring genetic elements encoding a modified TCR or a synthetic CAR capable of recognizing specific tumor antigens. While different methods are available for developing genetically engineered T cells, the typical approach is based on collecting particular immune cells by leukapheresis before their genetic modification and eventual reinfusion. Similar to TIL therapy, a preconditioning regimen is often used prior to TCR-modified T cell therapy (31).

In TCR-modified T cell therapy, the specificity of T cells depends on modified TCR alpha and beta chains, leading to specific recognition of the tumor antigens (21). The generation of transduced T cells with TAA-specific TCR genes represents many advantages over TIL therapy. In this regard, TME-infiltrated T cells are not always available and would not expand to an adequate number necessary for cancer immunotherapy. On the other hand, the transduction of retrovirus-encoding modified TCR into the isolated peripheral blood lymphocytes can promote rapid access to produce massive TAA-specific T cells (32). Moreover, TCR-modified T cell therapy leads to a greater yield of activated neoantigen-specific T cells and has better proliferative potential than TIL therapy, which may display an exhausted phenotype of lymphocytes because of the frequent stimulation (36). The promising outcomes of the TCR-modified approach with differentiated melanoma/melanocyte antigen in patients with melanoma have been addressed in previous studies (37). Although TCR engineering is a desirable method for cancer immunotherapy, it has more limitations than TIL-based ACT. In this regard, recognizing only one specific tumor antigen allows the tumor cells to escape from TCR-modified T cells through the down-regulation of MHC class I or the tumor antigen, leading to antigen loss. In addition, autoimmune manifestation due to aberrant TCR recognition is a crucial concern. However, normal cells express these antigens at the lower level, but the high-affinity TCRs can represent significant binding to these restricted epitopes (38). Finally, unknown TCR specificity should be considered due to the modified TCR chains mispairing with endogenous TCR alpha and beta chains, leading to the high reactivity against self-antigens (38).

CAR-T cells combine antibody-based recognition with T cell functionality and cytotoxicity. The CAR-T cell structure depends on TCR signaling and the appropriate fragment of an antibody, targeting the molecules of interest expressed on the tumor cell surface. In contrast to TIL therapy and TCR modification strategy, CAR recognition is independent of peptide processing and antigen presentation on MHC molecules. Therefore, many cell surface antigens can be considered a potential CAR-triggering target which is the main advantage of CAR-T cell therapy over the other forms of ACT (39). Similar to transgenic TCR therapy, the source of T cells is not very important for CAR-T cell therapy, and T cells can be isolated from peripheral blood cells (40).

In contrast to the TIL therapy as a safe approach for the ACT, there are several safety risks associated with the CAR-T cell strategy, including I. on-target, off-tumor reactivity due to recognition of the same targeted antigen expressed on normal tissues, II. off-target reactivity due to the cross-reaction of CAR-T cells with non-specific peptides, and III. cytokine-release syndrome and immune effector cell-associated neurotoxicity syndrome, which is characterized by the significant secretion of inflammatory cytokines from non-specific immune cells (41).



3 TIL therapy procedure

The number and functionality of TILs are two critical factors determining the success of TIL therapy. The most common TIL production method is TIL isolation from resected tumor tissue and expansion ex vivo using rapid expansion protocol (REP) (Figure 1) (7). The tumor is excised by surgery and mechanically cut into small pieces. Then, tumor pieces can be further digested by adding enzymes, such as collagenases, DNAse, hyaluronidase, etc. TILs are isolated via Ficoll density gradient centrifugation or specific cell sorting methods, such as magnetic- or fluorescence-activated cell sorting (MACS/FACS). In this step, CD8+ T cells could be enriched, or Tregs could be depleted to enhance the antitumor effects of TIL therapy. Although mechanical and enzymatic digestions rapidly isolate TILs from the tumor tissue, they might damage TILs. Some studies suggest cutting tumor mass into 1 mm3 pieces and putting them into cell-culture media containing high-dose interleukin-2 (IL-2) for two weeks. It lets TILs gradually egress from tissue to the medium. However, this method requires a considerable amount of IL-2 because it should be replenished every 2-3 days.

In the pre-REP phase, TILs undergo primary expansion in the presence of IL-2. In some methods, following pre-REP, the tumor-specific TILs are selected and further expanded (selected TIL method) (11). However, to reduce in vitro culture period and to maintain TILs efficacy, some studies skip the TIL selection process and expand the bulk TILs (young TIL method) (42). In REP, high-dose IL-2, anti-CD3, and irradiated allogeneic peripheral blood mononuclear cells (PBMCs) as feeder cells are added to the TIL culture. Although TIL expansion occurs mainly via treatment with high doses of IL-2, various other in vitro expanding and stimulation methods such as cytokines (such as IL-15 and IL-21), costimulatory molecules, immune-checkpoint inhibitors (ICIs), as well as their co-culture with antigen-presenting cells (APCs) or feeder cells are available (1, 7).

Several methods have been used to detect and remove the residual tumor cells throughout TIL production following isolation from resected tumor tissue. In Rapid Expansion Protocol (REP), residual tumor cells die out after the culture of cells since the culture conditions only support lymphocytes (43). Moreover, obtained TILs by mechanical disaggregation and Ficoll-Hypaque density gradient centrifugation can be filtrated through nylon monofilament mesh to eliminate residual tumor cells (44). According to another study, residual tumor cells may be removed using mononuclear cells stimulated with IL-2 or cultivated in a serum-free environment (45). Besides, residual tumor cells can be removed from TIL products using FACS/MACS.

Generally, several techniques, such as allelic-specific oligonucleotide real-time quantitative polymerase chain reaction, immunohistochemistry, flow cytometry, and fluorescence in situ hybridization, can be employed to determine residual tumor cells (46, 47). Using immunohistochemical staining for S100, gp-100, and tumor markers melanoma-associated antigen recognized by T cells (MART-1), it is possible to detect the presence or absence of residual tumor cells (48). However, evaluating tumor markers by flow cytometry is more common in TIL manufacturing.

The expanded cell products that passed the quality controls (sterility, negativity for blood-borne diseases, and phenotype checking) are ready to administer to the patient. Before TIL administration, patients undergo lymphodepletion via chemotherapy and radiotherapy. Then, 10-150 billion TILs are intravenously infused into patients along with multiple high doses of IL-2. In most clinical trials, TIL therapy has been administered via the intravenous route, although few studies have reported other routes, such as intrapleural, intraperitoneal, intrathoracic, or intratumoral, based on the tumor location (49, 50).



4 TIL therapy for treatment of human solid tumors


4.1 Melanoma

Melanoma, the fifth leading cancer in the USA (51), develops from the malignant transformation of melanocytes, the pigment-producing cells found in the basal epidermis of the skin, the choroidal layer of the eye, inner ear, and leptomeninges (52). Invasive melanoma is one of the most lethal cancers and, despite comprising only 1% of skin cancers, accounts for over 80% of skin cancer deaths. Thanks to recent therapeutic approaches such as combinational ICIs with ipilimumab (anti-CTLA-4) and nivolumab (anti-PD-1), the overall melanoma mortality rate has declined, resulting in an improved 1-year relative survival rate for metastatic melanomas in most patients (53). Although FDA has not approved TIL therapy, it might be an appropriate regimen for ICI-resistant patients.

As mentioned earlier, the clinical development of TIL-based therapy began in 1988 on 20 patients with metastatic melanoma, leading to tumor regression in 40-60% of patients lasting 2-13 months (6). Then, the same group examined the efficacy of TILs in conjunction with high-dose IL-2, with or without cyclophosphamide, in 86 patients with metastatic melanoma (31). With an objective response rate (ORR) of 34%, no significant differences were seen between patients receiving or not receiving cyclophosphamide (35% versus 31%). The frequency of response to treatment has been associated with shorter culture duration, shorter doubling time, and higher lysis activity to autologous tumor targets.

In 2002, Dudley et al. showed that lymphodepletion with cyclophosphamide and fludarabine before TIL re-infusion led to in vivo clonal expansion of TILs and their prolonged response, as well as autoimmune melanocyte destruction in vitiligo and uveitis patients with IL-2 refractory metastatic melanoma. Six out of thirteen patients (47%) in this study had an objective partial response (54). After that, in three sequential clinical trials, they assessed the efficacy of TIL therapy in combination with IL-2 following a non-myeloablative lymphodepleting chemotherapy conducted by the administration of 60 mg/kg cyclophosphamide and 25 mg/m2 fludarabine with or without either 2 or 12 Gy of total-body irradiation, in 93 patients with measurable metastatic melanoma who followed-up for 62 months (55). Data indicated the superiority of total-body irradiation in conferring clinical benefits over chemotherapy alone, such that by adding 2 and 12 Gy of total-body irradiation, the ORR increased from 49% in the chemotherapy alone group to 52% and 72%, respectively. Twenty of the 93 patients (22%) had complete tumor regression lasting beyond three years, with 100% and 93% of 3- and 5-year survival rates, respectively. The high telomere length of the transferred TILs reflects their higher replicative capacity, which is strongly correlated with clinical response.

As previously mentioned, the higher telomere length of the infused TILs and higher expression levels of CD27 and CD28 are associated with survival and clinical efficacy (56, 57). Some studies have tried simplifying and shortening TIL preparation to generate young TILs with higher antitumor activity. In this regard, in a trial, administration of CD8+ enriched young TILs produced by a simplified method, omitting the personalized tumor-reactivity screening step, resulted in an ORR of 48%-58% in melanoma patients (58).

Besser et al. demonstrated that TIL therapy leads to persistent and complete responses in eighty patients with stage IV melanoma who were refractory to IL-2 or ipilimumab (59). Patients received unselected young TILs after a non-myeloablative lymphodepleting standard chemotherapy, followed by bolus high-dose IL-2. Thirty-two patients had been treated with ipilimumab before or after TIL transfer. The ORRs of 40% with five cytokine-release syndromes were seen among 57 evaluated patients. The 3-year survival rate was 78% in responding patients. Despite the lack of association between response to previous immunotherapy and the overall response to TIL therapy, the total count of transferred CD8+ cells, as well as the TIL culture duration independently predicted clinical outcomes.

More recently, Sarnaik et al. reported the safety and efficacy of lifileucel (LN-144), an autologous TIL product, in a phase II study sponsored by Iovance Biotherapeutics, Inc. in 66 patients with advanced melanoma who were refractory to prior treatment with ICI(s) and BRAF ± MEK inhibitors (60). After a non-myeloablative lymphodepletion regimen, patients were administered a single infusion of lifileucel followed by high-dose IL-2. The ORR was 36%, and the overall disease control rate was 80%. The ORR of 41% and the disease control rate of 81% were seen in the subgroup refractory to antibodies against programmed cell death protein 1 (PD-1) or PD-ligand 1 (PD-L1). In a multicenter phase III clinical trial on 186 patients with unresectable stage IIIC-IV melanoma who mainly were (86%) refractory to anti-PD1, the efficacy of 4 doses (3mg/kg) ipilimumab versus one dose (5×109) TIL therapy was evaluated (61). The median PFS for ipilimumab was 3.1 months versus 7.2 months in TIL therapy group. The ORR was 21% and 49% in ipilimumab and TIL therapy groups, respectively. CR was 7% in the ipilimumab group, while in TIL group, it was 20%. Finally, the median OS was 18.9 months in ipilimumab versus 25.8 months in TIL group (61). Noteworthy, the grade ≥ 3 adverse effects were seen in 57% and 100% of ipilimumab and TIL groups, respectively. It suggests that TIL therapy might be a promising option for those unresponsive to ICIs (61).



4.2 Non-small cell lung cancer

Lung cancer, the first leading cause of cancer death globally, is divided into two major types, including small cell lung cancer (SCLC) and non-small cell lung cancer (NSCLC), which the latter accounts for ~90% of all cases (62). Although ICIs have revolutionized the treatment of NSCLC, evidence indicates that only a small proportion of patients experience objective responses to ICIs, and most of them show disease progression or grade 3–4 immune-related adverse events on immunotherapy (62). Several studies have demonstrated an association between higher TIL levels, improved recurrence-free survival, and reduced chance of systemic recurrence in NSCLC (17, 63). Also, NSCLC carries a high mutation load (64), leading to a high neoantigen level; furthermore, NSCLC is more likely to respond to ACT, including TIL therapy (17).

The first cancer TIL therapy trial was reported by Kradin et al. in 1987 on NSCLC patients (65). Although five of seven patients experienced cancer reduction, none of them achieved an objective response. The next trial by Kradin et al. on eight NSCLC patients did not result in measurable responses (28). In 2018, Ben-Avi et al. assessed the feasibility of TIL generation according to the well-established melanoma TIL protocol in five patients with advanced-stage NSCLC undergoing thoracic surgery. Despite the small size of the tumors, they reported a successful TIL establishment in all of them (63).

More recently, in a phase I study, Creelan et al. evaluated the safety and efficacy of autologous TILs in combination with nivolumab in twenty patients with advanced NSCLC following disease progression on nivolumab monotherapy (17). Patients received a single TIL infusion preceded by standard lymphodepleting chemotherapy, followed by IL-2, and then nivolumab maintenance. Eleven out of thirteen patients showed tumor regressions with a median best change of 35%, and three had confirmed responses, including two complete responses lasting for 1.5 years. However, none of the patients achieved median OS. Despite these controversial results from very few small studies on NSCLC patients, TIL therapy might still be a promising candidate for the management of lung cancer. It will be clarified upon releasing the results of several ongoing clinical trials exploring the clinical efficacy of TIL therapy alone or in combination with ICIs in lung cancer (NCT04614103, NCT03215810, NCT03903887, NCT04919616, NCT03645928, NCT00019084, NCT03407040, and NCT04677361).



4.3 Ovarian cancer

Ovarian cancer is the eighth major cause of cancer-related mortality in women globally. Among different histological subtypes, epithelial ovarian cancer (EOC) accounts for ~90% of ovarian cancers (66). Despite significant advances in therapeutic strategies, the prognosis for EOC remains poor, and disease recurrence occurs in a considerable portion of patients within 2–3 years (67). Indeed, despite the great hope placed on ICIs in cancer therapy, their use in most EOC patients has not yielded clinically meaningful results so far (68). The association of the iTILs with good clinical outcomes has triggered TIL therapy ideas in EOC; nevertheless, the available trial results have not shown any significant clinical efficacy. In 1991, Aoki et al. published the first results of TIL therapy with or without chemotherapy in 17 patients with advanced or recurrent EOC (22). In TIL only group (7 patients), the ORR was 75%, and one patient had a complete response. In TIL plus chemotherapy (10 patients), 90% ORR and seven complete responses were obtained. Two trials on intraperitoneal TIL therapy by Freedman et al. did not result in detectable responses, except for some reduction of CA125 level in ascites and blood of a few patients (69). In a phase I trial (70), Fujita et al. compared the clinical efficacy of TIL therapy in the first-line setting in EOC with standard first-line treatment. Thirteen patients received TIL infusion following primary debulking surgery, then platinum-based adjuvant therapy. As a control group, eleven patients were treated with only standard first-line treatment. The 3-year disease-free survival (DFS) rates of 82.1% against 54.5% were seen in the TIL group and controls, respectively.

In a pilot study at National Center for Cancer Immune Therapy (71), Pedersen et al. treated six platinum-resistant patients with a single TIL infusion after standard lymphodepleting chemotherapy followed by high doses of IL-2. Clinical responses were limited and primarily short-lived, and infused TILs expressed exhaustion markers, including lymphocyte-activation gene-3 (LAG3) and PD-1. More recently, the same group assessed the combination of TIL therapy with ICI sequentially (72). Six patients with late-stage EOC received an infusion of TILs preceded by ipilimumab followed by low-dose IL-2 and nivolumab. Partial response was seen in one patient, which prolonged for 12 months; the other five patients experienced short-lived stable disease. Similar to the previous study, 90-100% of infused TILs expressed LAG3. The engagement of LAG3 on T cells with MHC-II on cancer cells usually results in limited clinical outcomes. Hence, they conducted a phase I/II study on 18 patients with advanced ovarian cancer, in which they added relatlimab (anti-LAG3 antibody) to the TIL therapy regimen (72) to unleash T cell antitumor activity by inhibiting the LAG3-MHC-II interaction (NCT04611126). Preliminary results of phase I/II ongoing clinical trial testing the feasibility and safety of TIL therapy during carboplatin-paclitaxel chemotherapy with or without interferon (IFN)α in 12 patients with recurrent platinum-sensitive EOC showed that ten patients (83%) achieved ORR of 83% and two experienced stable disease (73).

There are several ongoing clinical trials of TIL therapy alone or in combination with other therapeutic strategies in patients with EOC (NCT03412526, NCT03610490, NCT03318900).

In conclusion, despite feasibility and tolerability, TIL therapy in EOC had limited success. Some possible explanations for this low clinical efficacy could be inefficient ex vivo expansion, expression of exhaustion markers, such as PD-1, LAG3, and suboptimal lymphodepleting chemotherapy, or IL-2 support (71, 72).



4.4 Head and neck squamous cell carcinoma

Head and neck squamous cell carcinoma (HNSCC) is a heterogenic group of cancers developing from the mucosal epithelium in the oral cavity, pharynx, and larynx (74). According to causative factors, HNSCC is classified into two categories: human papillomavirus (HPV)-positive and HPV-negative cancers. Also, the Epstein-Barr virus (EBV) has been associated with a subtype of HNSCC, so-called nasopharyngeal cancer (NPC) (74). Since viral oncoproteins are expressed in HPV and EBV-associated cancers, they are ideal targets for ACT (74).

Despite the great hope placed on ICIs in HNSCC, its response rates remain less than 20% (75). Increasing evidence indicates the feasibility of patient selection in HNSCC for TIL therapy and gives the green light to its clinical testing, confirming a higher TIL number as a significant prognostic factor in the OS of both HPV-positive and HPV-negative patients (76). In addition, HPV-associated oropharyngeal cancers harboring viral oncoproteins such as E6 and E7 as a target for TIL therapy (77). Recently, in a clinical trial study (phase II) by the National Cancer Institute, the clinical efficacy of TIL therapy was evaluated in metastatic HPV-related cancers (25). Patients received a single TIL infusion, preceded by standard lymphodepleting chemotherapy, followed by high-dose IL-2. The ORRs of 28% and 18% have been observed in cervical cancer and non-cervical HPV-related cancer groups, respectively; one of whom has been a patient with HNSCC with lung metastases who experienced a response lasting five months (25).

More recently, in a clinical phase I/II trial, Kverneland et al. evaluated the efficacy of TIL therapy supported by ICIs in 25 patients with different progressive metastatic cancers, one of whom was an HPV-positive HNSCC patient (51). Patients received a single TIL infusion preceded by ipilimumab and nivolumab, as well as chemotherapy, followed by nivolumab and low-dose IL-2. They reported sizeable tumor regressions of 30%-63% in 5 patients, including confirmed partial response (16%) in two patients with HNSCC (51).

Based on these results, a phase II multicenter clinical trial is ongoing to evaluate the efficacy of a single autologous TIL infusion (LN-145/LN-145-S1) followed by IL-2 after a standard lymphodepleting regimen in patients with recurrent and metastatic HNSCC (NCT03083873). Another phase II trial is ongoing to explore the efficacy of combination TIL therapy with pembrolizumab in PD-1-naïve patients with advanced, recurrent, or metastatic HNSCC (NCT03645928), and preliminary results from 12 patients have shown an ORR of 42.9% (78).

Also, there is an ongoing phase I clinical trial of tumor growth factor (TGF)-β resistant, EBV-specific T cells for treating EBV-positive NPC (NCT02065362). The obtained results motivated researchers to evaluate the clinical efficacy of TIL-based ACT in the treatment of NPC. In a phase I study, Jiang et al. assessed TIL therapy’s safety and antitumor activity following concurrent chemoradiotherapy in patients with EBV-induced locoregionally advanced NPC and reported sustained antitumor activity and anti-EBV immune responses following TIL therapy (79). Twenty patients received a single dose of TIL infusion following concurrent chemoradiotherapy. Nineteen patients experienced an ORR and DFS longer than 12 months after TIL infusion (79). The results of these clinical trials will shed light on the potential TIL therapy in HNSCC and might change the landscape of its management, especially in HPV and EBV-positive subgroups.



4.5 Breast cancer

The first evidence of TILs and their association with better clinical outcomes in BC was reported in 1992 (80). TILs frequency is approximately 10% in luminal BCs, 15% in HER2+ BCs, and 20% in TNBC (2). Moreover, in 20-28% of TNBCs, called lymphocyte-predominant BC (LPBC), TILs constitute >50-60% of the tumor stroma (2). Broadly speaking, lymphocyte infiltration is associated with a better prognosis in all BC types, especially in TNBC and HER2+ BC (81). Studies show that for every 10% increase in breast TILs, there is a 15-20% reduction in recurrence and mortality rate (2). Breast TILs approximately comprise of 70-80% T cells (2/3 are CD4+ and 1/3 are CD8+), 20% B cells, <5% macrophages, <5% NK cells, and 1% DCs (2). Tissue-resident memory T cells (TRMs) are CD8+ CD69+ CD103+ cells with a greater cytotoxic potential than effector CD8+ cells (82). TRMs comprise ≈40% of CD8+ TILs in BCs. TRMs <20% of the CD8+ T cells are associated with poor prognosis, while increasing TRMs to >60% of the CD8+ T population improves the recurrence-free survival (RFS), OS, and treatment responses in TNBC (82). Hence, TRMs have the potential as a predictive marker and a therapeutic target in TNBC (83).

Regulatory T cells (Tregs) are principal immunosuppressive cells in the TME (1). They infiltrated tumors following the PITPNM3 receptor response to CCL18 secreted by tumor-associated macrophages (TAMs) (84). Increased CCL18 levels, along with increased Tregs and follicular regulatory T cells, are strongly associated with increased relapse risk and lower RFS and OS (85, 86). Regarding the fact that the Tregs depend on IL-2, the use of IL-2 superkine (fusion of IL-2 and Fc of IgG2) and PEGylated IL-2 can decrease Tregs and stimulate CD8+ T cells and NK cells (87, 88). In vivo anti-CD25 can also deplete CD25+ Tregs for a long time (89). We have also reported that using pentoxifylline (a methyl xanthine derivative) can reduce the Treg proportion and enhance antitumor responses in an IL-2-mediated expansion of TILs (1). Interestingly, chemotherapy regimens have a more destructive effect on Tregs than CD8+ T cells (90). In contrast, Tregs are radio-resistant and prevail after radiotherapy (91). Cytotoxic T-lymphocyte-associated protein 4 (CTLA4) is a major inhibitory molecule of Tregs. Administration of anti-CTLA4 as monotherapy or combined with anti-PD1 resulted in ORR=12% and 12-month OS in 36% of chemotherapy-resistant patients (92).

Tumor-infiltrated CD57- NK cells, along with the high expression of CD155, can predict the complete pathological response (pCR) after treatment and improve OS in all BC patients (93, 94). Generally, BCs that respond better to trastuzumab (anti-HER2 antibody) have more NK cells and potent antibody-dependent cellular cytotoxicity (ADCC) (95). Activation of NK cells in vivo or ex vivo with IL-2, IL-15, and IL-12, as well as using CAR-NK cells, are NK-based therapeutic methods in BC (96, 97). The safety and efficacy of a CAR-NK cell produced by binding trastuzumab to NK cells are currently under investigation in HER2+ patients (NCT04319757) (98).

B cells are highly infiltrated in 20% of BCs, accounting for about 40% of total TILs (2). Tumor-infiltrating B cells (TIBs) can undergo affinity maturation at the tumor site to secrete high-affinity apoptosis-inducing IgG against tumor antigens (99). B cells also act as APC to stimulate T cells. However, B cells affected by CD40, Toll-like receptor (TLR) ligands, and inflammatory cytokines may become regulatory B cells (Bregs) (100), which are able to suppress immune responses and induce Treg differentiation (100). PD-L1+ TIBs were significantly associated with improved survival and pCR after treatment (101). Contrarily, the increase in CD19+ CD24hi CD38hi Bregs in BC is associated with higher Tregs and lower Progression-free survival (PFS) (102). Using CXCR5-targeted CpG ODN (103), signal transducer and activator of transcription 3 (STAT3)-inactivating resveratrol (104), and IL-10 depletion (100) can reduce Bregs and Tregs. More preclinical and clinical studies are needed to determine the prognostic and therapeutic potentials of TIBs.

Various methods are being studied to improve the amount, composition, and function of TILs. Radiotherapy and chemotherapy improve the infiltration and function of TILs by inducing immunological death (105). Cancer vaccines are also a promising way to strengthen TILs that have been shown to improve the three-year PFS from 31% to 76.9% in phase II/IIIA clinical trial on progesterone receptor (PR-)/estrogen receptor (ER-) patients (106). PD-L1 is expressed in about 60% of BCs and is positively associated with higher TIL levels (107). PD-L1 expression level could be >60% in TNBCs, highlighting the success of ICIs in TNBC (108). Accordingly, anti-PD-L1 with ORR=28% showed better results than anti-PD-1 with ORR=16% and anti-CTLA4 with no significant response (109). Atezolizumab (anti-PD-L1) and pembrolizumab (anti-PD-1) are currently the only FDA-approved ICIs for treating TNBC (110, 111). In the field of CAR-T cells, the use of MUC1-specific CAR-T cells (a protein upregulated in 95% of BCs) exhibited promising results and is currently in phase I clinical trials for treating metastatic BCs (NCT04020575) (112). It has been observed that increased RAS/MAPK signaling is associated with decreased lymphocyte infiltration in TNBC. Accordingly, MEK inhibitors increased lymphocyte infiltration, MHC-I and MHC-II, and PD-L1 expression in the TME (86). This finding suggests that combining MEK inhibitors with ICIs could be an interesting option for synergistic antitumor effects. Additionally, targeting other ICs such as T cell immunoglobulin and mucin-domain containing 3 (TIM3), indoleamine 2,3-dioxygenase (IDO), and the adenosinergic pathway has shown promising results in improving the function of TILs in TNBC, which should be the subject of future investigations (113–115).



4.6 Colorectal cancer

CRC is the third most common cancer worldwide. The type and density of TILs are important histopathological features of CRC and strongly affect the tumor progression and OS rate (116). Several studies showed that high levels of TILs are associated with a better prognosis in CRC. On the other hand, reduced TIL infiltration is associated with metastasis and the spreading of the tumor cells into the blood, lymphatic vessels, and the perineural space (117, 118).

TILs in CRC are a mixture of T cells, B cells, NK cells, macrophages, and other immune cells that impact the prognosis of CRC. Thus, their population can serve as a prognostic biomarker, and CRC could be an attractive target for immunotherapy (119).

High frequency of T cells (CD4+ or CD8+) in CRC tissue TILs is associated with a lower risk of metastasis, significantly improved prognosis, reduced relapse rate, and longer DFS and OS (120). CD8+cytotoxic T cells in the tumor epithelium can destroy tumor cells by recognizing the tumor antigens and directly suppressing metastasis. The existing studies showed a correlation between the prognosis of CRC and the number of CD8+ T cells. Therefore, a lower CD8+ cell number is associated with lower DFS and relapse rates (121). CD8+ T cell frequency predicts an effective response to chemotherapy, and also, there is a positive correlation between high pretreatment CD8+ T cell density and response to neoadjuvant chemoradiotherapy (122). In patients with high microsatellite instability CRCs, the high numbers of CD8+ TILs due to their specific neoantigen load were accompanied by an improved response to anti-PD-1 antibodies (123).

Effector memory T cells are responsible for long-lasting protection against tumors and are defined by the presence of CD3, CD8, CCR7, CD45RO, CD27, and CD28 markers. Infiltration of memory T cells is related to the absence of metastatic invasion and improved clinical outcomes (124). Intriguingly, the accumulation of Tregs in the CRC is associated with a favorable prognosis, while a higher ratio of CD8+ cells to FOXP3 seems to improve the prognosis (125).

The presence of TIBs is accompanied by infiltration of CD8+ T lymphocytes and has a positive prognostic role in CRC (126). CD20+ TIBs play different roles in antitumor immune response, such as the production of anti-TAA antibodies, cooperation with cytotoxic T lymphocytes by producing cytokines that can support T cell responses, and antigen-presentation to T cells to induce a cellular immune response (127). The favorable prognostic value of CD20+ TIBs in CRC synergizes with the prognostic effects of CD8+ T lymphocytes (128). Contrastingly, there is a negative correlation between tumor-associated neutrophils (TANs) and TAMs density and CRC patient prognosis (129).

These findings suggest that an active immune response correlates with favorable survival and provides a rationale for TIL therapy in CRC. Previous reports demonstrated the possibility of isolating and expanding sufficient numbers of TILs from CRC patients, which provides a rationale for advancing personalized immunotherapy in CRC (130). In a clinical trial (NCT01373047) of 16 patients with CRC, infusion of expanded sentinel lymph node (SLN)-derived CD4+ T helper 1 (Th1) cells induced an antitumor response, and complete tumor regression occurred in four of nine stage IV patients with distant metastases (131).

In another clinical trial conducted by Gardini et al. in the 1990s, 14 CRC patients with positive carcinoembryonic antigen (CEA) and liver metastases were treated with IL-2-expanded TILs. Findings showed no significant difference in DFS between the conventional chemotherapy and TILs group (132). A phase I/II study of SLN T cell-based therapy in patients with stage IV CRC showed that the survival rate of patients who received SLN T cell transfusion was significantly higher than the controls (19).

Recently, the successful application of TILs in CRC patients was reported in 2016 by Rosenberg’s team. In this study, KRAS G12D-specific CD8+ T cells were expanded from metastatic lung lesions of a CRC patient, and following TIL therapy, results showed eradication of 6 of 7 lung metastases. One tumor-progressing patient expressed the mutated KRAS G12D and did not genetically encode the HLA-C*08:02 allele. Harvesting sufficient TILs from CRC samples is challenging because relatively few effector cells infiltrate CRC tumors (133). Currently, CD8+ T cell therapy with pembrolizumab is an active clinical trial to treat CRC.



4.7 Liver cancer

The most common type of liver cancer (90%) is hepatocellular carcinoma (HCC). TILs play a major role in the prognosis and immunotherapy of HCC. Some TIL subsets show significant prognostic values on treatment and survival outcomes so that they can serve as prognostic biomarkers. Foxp3+, CD8+, and CD4+ T cells are the most widely analyzed subgroups of TILs in HCC (134). The high frequency of TILs in the invasive margin, intratumoral, and perivascular areas is associated with improved OS and RFS in HCC patients. In addition, TILs within the tumor or perivascular area are positively associated with the outcome of HCC patients, and deleting the exhausted effector T cells expressing PD-1 reduces the incidence of HCC so that the density of CD8+ cells can be a prognostic marker and can predict the treatment outcome in HCC (135).

Increased density of CD4+ TILs is also associated with better outcomes and acts as a protective factor in HCC. Disruption of CD4+ cells impairs CTL activation and correlates with poor prognosis and high recurrence of HCC (136). Contrarily, the frequency of Foxp3+ Tregs in peripheral blood and tumor tissue is associated with poor prognosis and invasiveness of HCC (137). The decreased frequency of PD-1+ Foxp3+ Tregs after administration of sorafenib, a multikinase inhibitor, enhances the antitumor immune responses. In addition, ICIs targeting CCR4, PD-1, LAG3, TIM3, and glucocorticoid-induced TNFR-related protein (GITR) on the Treg surface enhance the TILs’ antitumor function in HCC (138).

B lymphocyte subtypes, including naive B cells, CD20+ B cells, CD27- isotype-switched memory B cells, IgM+ memory B cells, and plasma cells, are present in HCC, defined as TIBs, all of which show reduced count and functionality compared to normal tissue (139). A reduced number of naive B cells and CD27- isotype-switched memory B cells are predictive factors for the progression of HCC. TIBs secrete IL-12 and IFN-γ and increase the infiltration of CD8+ T cells and NK cells to eliminate tumor cells (140).

The density of NK cells and macrophages is also associated with the prognosis of HCC. A low intratumoral CD56+ NK cell subset correlates with shorter DFS and OS outcomes (141). Peritumor-activated hepatic stellate cells predict poor clinical outcomes in HCC after therapeutic resection (142).

HCC patients with prominent lymphocytic infiltration who were surgically resected had a 38.6% lower recurrence rate and a 34.9% higher five-year OS than patients with weak lymphocytic infiltration. Considering the significant correlation between TILs and HCC prognosis, using TILs expanded from HCC can be a promising treatment (143). The feasibility of TIL therapy was demonstrated in phase I clinical trials in HCC patients. In a randomized clinical trial, TIL infusion improved RFS after liver resection in 150 HCC patients (144). Jiang et al. conducted the only phase I clinical trial of TIL therapy as a new treatment strategy for HCC patients. In this study, 15 HCC patients received autologous TILs after tumor resection. After a median follow-up of 14 months, 15 patients (100%) were alive, 12 patients (80%) showed no evidence of disease, and three patients had tumor recurrence. Despite this report of relatively high antitumor efficacy and low toxicity of TILs, there are no other clinical studies involving TIL therapy in HCC (145).



4.8 Other solid tumors

The critical application of TIL therapy was also reported in other types of solid tumors, including gastric carcinomas, gynecologic, and urological cancers. High infiltration of CXCR3+ immune cells in EBV-associated gastric carcinomas is associated with improved prognosis and is considered a discrete prognostic factor for RFS but not OS (146, 147). In contrast, the expression of CCR7 and the presence of PD-L1+ exhausted T cells are associated with a poor prognosis of gastric carcinomas (148).

Few studies report the presence of tertiary lymphoid structures in pancreatic ductal adenocarcinoma (PDAC) and their correlation with OS and PFS (149). In these patients, the immunosuppressive features of Th2 cells contribute to the rapid progression of tumors and reduction in OS (150). Some immunohistochemical studies reported that high recruitment of TAMs, TANs, and FOXP3+ Tregs was associated with a worse prognosis in PDAC patients (151, 152). However, similar to gastric carcinoma, infiltration of CD8+ T cells and CD20+ B cells is correlated with improved PFS in PDAC (152, 153).

There is not enough knowledge about the prognostic value of TILs in gynecologic cancers. Intra-epithelial CD8+ T cells and stromal CD3+ T cells may have prognostic significance (154). Workel and colleagues reported that intra-epithelial PD-1+ CD8+ T cells were associated with a favorable prognosis in vulnerable patients to endometrial carcinoma (155). A comprehensive systematic review of the ACT in gynecologic cancers has reported 41.4% ORR, 57.6% of disease control rate, 31.4% of disease stability rate, and 46.0% toxicity rate for TIL therapy in 238 patients with grade III/IV gynecologic cancers (156).

The prognostic significance of TILs in three urological tumors, including renal cell carcinoma (RCC), prostate cancer, and urothelial bladder carcinoma (the most common type of bladder cancer), is still unclear. Early reports in RCC indicated that TILs mainly included functional CD4+ T cells, effector memory CD8+ T cells, and NK cells with a limited population of B cells (157). Several studies have shown that increased T cell numbers are associated with tumor recurrence and a worse prognosis of RCC (158, 159). Moreover, Tregs’ presence can dampen T cells’ antitumor function (160). The studies documented before 2009 about TIL therapy in RCC seems disappointing because of the lack of reactivity of TILs against RCC (161). However, in recent years, several published studies demonstrated that manipulation of TILs can result in the generation of TILs with high tumor reactivity in recognizing or killing autologous tumors (162–164). Nevertheless, additional clinical studies are warranted.

The constituent of TILs in prostate cancer is still questioned and sometimes conflicting. Usually, TILs are scarce in the prostate TME. Although several studies have reported that CD8+ T cells are the predominant TIL population in prostate cancer, some studies reported a high proportion of CD4+ T cells and Tregs in prostate cancer (165, 166). Despite reports showing that high TIL infiltration is associated with recurrence, metastasis, and poor OS (167, 168) in prostate cancer, Yang et al. reported an improved 5-year OS in patients with a high number of TILs compared to patients with low TILs (169). The prognostic value of TILs on urothelial bladder cancer depends on the status of the disease and the region where they were measured (170). The increase in T cell frequency is correlated with worse prognosis and poor OS in non-muscle-invasive bladder cancer (171).

In contrast, a high proportion of T cells in muscle-invasive bladder cancer is associated with better clinical outcomes (172). Moreover, Wahlin et al. reported that CD8+ T cells and Tregs are associated with improved outcomes (173). The inconsistent findings of such studies indicate the necessity of further investigations.




5 Challenges & limitations of TIL therapy

ACT faces obstacles, including immunosuppressive TME, tumor heterogeneity, antigen escape, and ineffective trafficking to the tumor site; nonetheless, TILs have overcome some of these challenges because they are isolated from the tumor site (174). Despite TIL therapy’s benefits in treating solid cancers, this therapeutic method is associated with challenges and limitations (175) (Figure 2). The first step in TIL therapy is isolating TILs, which requires surgery to resect tumor tissue, and this invasive method can be distressing and even risky for patients with cancer (21). Furthermore, the tumor is not always accessible for resection, such as a subcutaneous nodule or deposit (176). Determining the exact location of lesions for tumor resection sometimes requires radiological interventions, the equipment for which is not available everywhere. On the other hand, following tumor resection, only a part of the TILs can be isolated and expanded. In the case of melanoma, about one-third of the isolated TILs fail to expand (177). In addition, preparing an exclusive TIL culture with antitumor activity for each patient and the necessity to access special and well-equipped centers, as well as technical expertise for TIL culture and expansion, are other obstacles in TIL therapy (58, 178). Another limitation of TIL therapy is the 6–8-week period for expanding and preparing these cells, which regarding the rapid progress of the tumor in the patient’s body, is considered a long time.




Figure 2 | Challenges and limitations of TIL therapy. Immunosuppressive TME, tumor heterogeneity and immune system escape mechanisms are considered the main challenges to immunotherapy and cell therapy of human malignancies. Resection of the tumor mass may be difficult due to the inaccessibility of the tumor tissue. Surgery is considered an invasive method for the patient. Moreover, expanding TILs requires appropriate equipment and technical experience after separating them from the tumor tissue. Despite these cases, in vitro expanding TILs sometimes fail, and high doses of IL-2 for expansion may also be associated with toxicity. On the other hand, the preparation time of TILs is about 6 to 8 weeks, which affects the effectiveness of treatment in highly progressive tumors. Additionally, the low affinity of TILs isolated from tumor tissue, low persistence, and defects in co-stimulator molecules are other problems with TIL therapy.



For this reason, many patients miss the optimal treatment window, or their treatment is not completed (55). Therefore, designing protocols to reduce TILs production time is also imperative. In this regard, “CD8+ enriched young TILs” were employed to overcome this problem and give a comparable response rate to conventional TIL therapy. In this method, TILs are briefly grown and reinfused into the patient, ignoring the personalized tumor-reactivity assessment phase, which requires the co-culture of TILs with their autologous tumor cells. Furthermore, these tumor cells must be freshly cryopreserved following tumor resection (58). Additionally, genetic engineering approaches can help to produce tumor-reactive T cells and compensate for the lack of TIL availability in solid tumors (174).

Rapid expansion protocol, which uses IL-2, OKT-3, and irradiated feeder cells isolated from the autologous patient or multiple donors, is another way of expanding TILs (Figure 1). Nonetheless, this method can achieve TILs with different potency due to variations in the expression of co-stimulatory molecules on the surface of personalized T cells in different donors (178). Genetically-enhanced artificial APCs were also fabricated to develop a standardized “off-the-shelf” platform for the fast expansion of tumor-reactive TILs from patients with limited TIL numbers (179). Evidence revealed that the low persistence and reduced function of reinfused TILs are also considered other factors of the failure of TIL therapy because most of the TCRs isolated from patients with cancer have a relatively low affinity for tumor antigens (37). In this context, researchers have used high-avidity engineered T cells to enhance antitumor responses, which can be associated with undesirable adverse effects (180). Therefore, finding a way to enhance the function of low-affinity T cells without TCR genetic manipulation is still a necessity.

Co-stimulatory signals are often defective in TILs, and their persistence and degranulation capability are affected in the TME (181). Using co-stimulators could be beneficial for strengthening and sustaining the cytotoxic effects of TILs (182). However, studies show that co-stimulation is challenging because not all effector T cells express CD28 and will be regarded as CD28- TIL subsets (183). On the other hand, tumor cells also reduce the expression of CD80 and CD86 and increase the expression of inhibitory molecules such as PDL-1, which neutralizes TIL-dependent antitumor responses (184, 185). The importance of using molecules such as tumor necrosis factor receptor superfamily-9 (TNFRSF-9, 4-1-BB) as a co-stimulator in CAR-T cells is determined here (186). A look at the protocols of TIL therapy showed that administrating IL-2 to expand TILs is a common regimen. However, administering high doses of this cytokine in TIL therapy is associated with several side effects. In this context, studies have claimed that with low doses of IL-2 or other cytokines, patients under TIL therapy experienced fewer side effects and preserved effective partial or complete responses (13, 33). Another challenge of TIL therapy is the speed of the emergence of novel immunotherapeutic methods, such as ICIs, which can lead to the reprogramming of the TME by inhibiting immunosuppressive signals. As a result, infiltrated T cells can have constant and improved antitumor activity, along with less exhaustion (187).

Collectively, it can be argued that despite the advantages of TIL therapy, finding solutions to optimize protocols related to the expansion of tumor-reactive TILs and reduced production time can improve the capabilities of this therapeutic method. Correspondingly, combining therapies can undoubtedly increase cancer therapy’s effectiveness in a synergistic fashion.



6 Combination of TILs with other anti-cancer therapies

Despite promising clinical findings following TIL therapy in solid tumors, many patients do not respond to the treatment (188). Therefore, researchers are looking for alternative therapeutic options using combination therapies, the most important of which are mentioned in this section (Table 2).


Table 2 | The most important combination therapies with TILs.



Different forms of therapies, including conventional chemo/radiotherapy, cytokine therapy (IL-2, IL-15, IL-12, GM-CSF, TNF-α, IFN-α, IFN-γ), ICIs (antibodies against PD-1, PD-L1, TIM-3, OX40, CTLA-4, LAG3), vaccines (DC-based vaccines, neoadjuvant) and chemokines (CXCR2, CXCR4) in combination with TILs could be effective strategies to improve TIL infiltration and function in solid tumors (200). Furthermore, by infecting tumor cells with the virus, oncolytic virotherapy causes the emergence of new tumor antigens and creates local signals for optimal activation of T cells and polarization of M2 macrophages in the TME (193). These combination therapies enhance TIL therapy’s effectiveness and require more clinical trials.


6.1 TILs and chemo/radiotherapy

Chemotherapy has been accepted as a standard conventional method for treating all cancers. However, various adverse effects, poor bioavailability, high-dose requirements, low therapeutic indexes, multiple drug resistance, and non-specific targeting have limited the effectiveness of chemotherapy (201). Additionally, several experimental studies have demonstrated that the immunogenicity of resistant tumor cells and the host’s immune response are crucial factors in chemotherapy’s efficacy (202). Therefore, combining chemotherapeutics with immunotherapy is a promising approach for improving the clinical outcomes of cancer patients.

Study on patients with epithelial ovarian cancer, scientists compared the effects of the adoptive transfer of TILs alone with those of TILS therapy and a cisplatin-containing chemotherapeutic regimen. They found that patients’ complete response rate (CRR) was 30% and 70%, respectively. Interestingly, the second group showed no relapse after 15 months of monitoring (22). In another clinical study of osteosarcoma, patients with poor responses to chemotherapy were treated via chemotherapy plus TILs therapy (189). This study showed that the rate of DFS and overall survival (OS) were significantly increased in those who received TILs plus chemotherapy. Moreover, no significant TIL-related adverse effects were seen in the group treated with TIL plus chemotherapy. Therefore, combining TIL and chemotherapy may increase the survival of patients and reduce the defects of chemotherapy.

Although the clinical outcomes of combining radiotherapy and TIL therapy have not yet been reported, there is evidence that radiotherapy enhances the number of TILs recruited into the TME, boosting the anti-tumor response and prolonging patient survival. For instance, a study on head and neck cancer observed that the frequency of infiltrated TILs into the tumor site increased following radiotherapy and chemo/radiotherapy. Furthermore, this investigation reported that the expression of HIF-α as a hypoxia indicator decreased following the combination therapy (203).

Another clinical trial investigated the relationship between TILs and the effects of radiotherapy. The findings showed that radiotherapy causes an increase in the TILs frequency in patients with relapsed breast cancer (204). Another study compared the combination of chemo and radiotherapy with drug therapy in non-small cell lung cancer. The researchers observed that following chemo/radiotherapy, the expression of PD-L1 molecules in tumor cells and the frequency of CD8+ TILs were significantly increased (105). This study suggested that using PD-L1 monoclonal antibody can improve the effects of this treatment.

Collectively, it can be concluded that radiotherapy alone or in combination with chemotherapy or immune checkpoints causes an increase in the number of TILs. As a result, it changes the immunosuppressive space to the antitumoral space and, consequently, increases the survival of patients.



6.2 TILs and immune checkpoint inhibitors

The immunosuppressive nature of the TME caused by its components, including Tregs, M2 macrophages, and MDSCs, leads to the inactivation of TILs in vivo (205). Additionally, co-inhibitory molecules and signals in the TME promote angiogenesis and suppress antitumor T cell responses (113). Activated T cells express multiple co-inhibitory receptors, including LAG3, B and T lymphocyte attenuator (BTLA), CTLA-4, and PD- 1 (113). On the other hand, MDSCs and Tregs, through producing molecules such as TGF-β, IL-10, IL-35, and IDO, can promote the expression of co-inhibitory molecules on TILs (1, 113). Therefore, the blockade of co-inhibitory immune checkpoints could be an effective strategy to improve TIL infiltration and function.

Anti-PD1 is a frequent ICI combined with TIL therapy. Patients with metastatic cervical cancer with low microsatellite instability and negative PD-L1 were examined for anti-PD1 plus TIL therapy (14). Their findings demonstrated that the prognosis for metastatic cervical cancer is greatly improved by combining TILs and anti-PD1. It has already been shown that increased expression of PD-L1 on tumor and immune cells. The high microsatellite instability is associated with favorable responses to immunotherapy (206). In another study, researchers investigated whether TILs plus anti-PD1 improve the prognosis of patients with chemotherapy-resistant metastatic osteosarcoma. They reported that combined therapy was safe and improved the efficacy of TIL therapy. Besides, all treatment-related adverse events were reversible or manageable (190).

A study showed that combining TILs with ipilimumab in metastatic melanoma improved antitumor responses and increased survival time (191). In a phase I/II clinical trial, the co-administration of ipilimumab and nivolumab in combination with TIL therapy in different solid tumors was studied. Ipilimumab was administered before tumor resection, and nivolumab was used along with TIL infusion. Preconditioning chemotherapy was given before TIL infusion, followed by a low-dose stimulation with IL-2. They showed that adding ICIs before and during TIL infusion with low-dose IL-2 resulted in manageable toxicity and sizeable tumor regressions (51).

Taken together, TIL therapy combined with ICIs is more beneficial than monotherapy, leading to lower toxicity, improved prognosis, increased survival rate, and enhanced antitumor responses.



6.3 TILs and oncolytic virotherapy

Oncolytic viruses induce immunogenic cell death and indirectly increase T cells’ effectiveness through manipulating the immunosuppressive condition of the TME, releasing TAAs, inflammatory cytokines, and chemokine. In addition, oncolytic viruses directly lysis and destroy tumor cells (207, 208). In a unique design, Haminki et al. investigated the dual administration of TIL and virus in immunocompromised animals to induce virus-mediated tumor lysis along with enhanced TIL infiltration. They showed increased infiltration of TILs coupled with tumor regression and enhanced antitumor activity following combination therapy compared to the controls (192).

In another study, herpes simplex virus 1 (HSV-1), an oncolytic virus, was engineered to express OX40L and IL-12 (OV-OX40L/IL12). Infection of tumor cells with the engineered virus provided activation signals for T cells. Co-culture of the virus-infected cells with TILs, upregulation of MHC I, MHC II, and costimulatory receptors, such as CD80 and CD86 on tumor cells and increased the IFN-γ-secreting cells, leading to delayed tumor growth and improved survival time (193). In another approach, local administration of oncolytic poxvirus enhanced the activity of tumor-specific TILs by altering the immunosuppressive TME to an immunogenic milieu, leading to a significant reduction in tumor size and enhanced survival in mice harboring MC38 tumors (194). Determining the ideal oncolytic virus in each tumor type is necessary, and efforts to achieve this goal are ongoing. Studies on mouse models of tumors suggest that adenovirus might be the most effective virus for enhancing TIL therapy. Adenovirus, vaccinia virus, HSV, and reovirus are four oncolytic viruses currently being evaluated in clinical trials. Focus on virus engineering by arming with transgenes can provide potent antitumor effects, especially in combinational therapies (195).



6.4 TILs and cancer vaccines


6.4.1 Neoantigen-based therapeutic cancer vaccines

Cancer neoantigens, the product of chromosomal changes, have unique amino acid sequences capable of inducing a potent and long-lasting immunological response. A high mutational and neoantigen burden in melanoma patients receiving TIL is substantially linked to increased PFS and OS (196). For patients with advanced solid tumors, therapeutic targeting of neoantigens using either ACT or vaccines has shown some early promise (209). At the National Cancer Institute, scientists have developed an approach to identify applicable immunogenic mutations by directly presentation of the tumor’s mutation profile to the patient’s APC, creating a renewable target for testing TILs’ reactivity. They showed immune recognition of the mutated intracellular proteins by patients’ TILs in metastatic melanoma (197). Taken together, the combination of genomics and cellular immunotherapy permits the identification of somatic alterations and the prediction of potential neoantigens that could be utilized as targets in cancer vaccines and ACT with TILs or engineered T cells (210).



6.4.2 Dendritic cell-based therapeutic cancer vaccines

DCs are professional APCs that can be employed as powerful inducers of tumor-specific immune responses in cancer vaccines. Monocytes can be used to generate DCs in vitro, which can then be transfected with RNA encoding tumor-specific epitopes or pulsed with proteins, peptides, or whole-tumor lysates (211). There is a justification for mixing ACT and DC vaccines. Poschke et al. showed the viability and safety of this treatment strategy in a pilot phase I clinical study combining whole-tumor lysate DC vaccination with TILs in eight recruited metastatic melanoma patients (212).

An improved protocol for producing DC vaccines could induce more robust IL-12 production and T cell activation (198). Five patients received TIL therapy alone in an initial cohort to evaluate vaccine safety and optimize TIL expansion protocol. Five other patients received TILs combined with autologous tumor lysate-loaded DC vaccine in the second cohort. All patients received cyclophosphamide/fludarabine preconditioning and intravenous IL-2 after TIL transfer. In the safety/optimization cohort, all patients had a mixed response or stable disease, but none were durable. In the combination cohort, some patients experienced complete responses while others had partial responses.

In summary, they reported clinical responses by TIL therapy combined with DC vaccination in all treated metastatic melanoma patients who previously failed with ICIs (199). Using a modified DC vaccine, the authors investigated the efficacy of combined DC vaccination with CD40 agonistic antibodies in immune-competent mice with PDAC (213). Mice were vaccinated with syngeneic bone marrow-derived DCs loaded with either pancreatic cancer (in KPC mice) or mesothelioma (in AE17 mice) lysate and consequently treated with FGK45 as a CD40 agonist. Mesothelioma-lysate-loaded DCs combined with CD40 agonist-induced tumor growth reduction and improved survival time rather than anti-CD40 alone.

Together, combination therapies with TIL are more successful than TIL monotherapy in decreasing tumor development, improving patients’ clinical conditions and survival, and lowering adverse effects.





7 Next-generation TIL therapy

Although clinical trials have shown that polyclonal tumor-reactive T cells can mediate antitumor responses and are effective in patients with metastatic tumors, most patients did not experience a successful outcome (214).

Several key factors influence treatment efficacy with polyclonal TILs. TIL phenotype profoundly affects the efficacy of the anticancer response. Pre-selection of CD39- CD69- T cells exhibiting a stem-like phenotype with self-renewal and proliferation capacities, resulting in effective antitumor responses compared to terminally differentiated T cells (215). Therefore, a potential approach that promotes the stemness phenotype could enhance the antitumor potency. Also, inhibition of metabolism/anabolism, such as glycolysis and amino acid synthesis and acquisition, and blocking the signaling cascades that promote cell differentiation and growth, such as the PI3K/AKT/mTOR and MAPK pathways, may enhance T cell stemness and antitumor potency (216, 217). Another approach that enhances the survival and performance of traditional TIL therapy in cancer patients, when T cells are already highly differentiated with lacking stemness potential, is next-generation strategies (214). Such strategies include gene-editing technologies such as CRISPR and transcription-activator-like effector nuclease (TALEN) to genetically transfer and permanently modify the polyclonal TILs, to overexpress an interesting gene by viral transduction or knockout of the target gene (164). PDCD1 gene knockout of the TILs using CRISPR-Cas9 gene editing and TALEN technology prevents its binding to PD-L1 in the TME and increases TILs functionality (163). PD-1 knockout in TILs is also an alternative to combining TIL-based therapy with systemic ICIs, significantly reducing the unwanted side effects and toxicity associated with systemic ICIs (218). Another CRISPR approach that can be exploited to enhance T cell effector function is using CRISPR/Cas9 gene editing to abolish the expression of GATA3 transcription factors. GATA3 is highly expressed in CD8+ TIM3+ TILs and is involved in T cell dysfunction and inhibition of IFN-γ and IL-2 production upon stimulation (219). Also, CRISPR-mediated deletion of TILs cytokine-induced SH2 (CISH) gene leads to favorable outcomes and actively inhibits TCR signaling in CD8+ T cells (220).

In the clinic, the main focus of next-generation TIL is on engineering TIL to overexpress cytokines such as IL-2 and IL-12. T cell genetic modifications to secrete cytokines or express tethered cytokines can increase the antitumor activity and the lifespan of TILs by maintaining high cytokine levels preferentially at the tumor site. In addition, avoiding the systemic side effects of IL-2 administration during TIL treatment is necessary for T cells’ survival. TILs transduced with the gene encoding recombinant IL-2 showed promising results in vitro. Six of eight transduced patient samples produced IL-2 upon autologous tumor stimulation and survived longer than non-transduced TILs. Unfortunately, in clinical trials, poor in vivo responses were inconsistent with in vitro findings (221). IL-12 is a vital cytokine in perpetuating Th1 antitumor responses. TIL transduced with IL-12 under the regulation of nuclear factor of activated T cells (NFAT)-inducible promoter revealed favorable clinical effects in a phase I trial (222). Another manipulation that improves TIL therapy and is currently in clinical trials at MD Anderson Cancer Center (NCT01740557) is CXCR2 retrovirally transduced TILs. This TIL chemotactically localizes the tumor and ensures that the infused cells are localized to the tumor sites (223).



8 Concluding remarks and future directions

The high diversity of TCR, excellent ability to infiltrate into the tumor site, and low toxicity of TILs are the advantages of TIL therapy over other ACTs. TIL therapy is generally performed as a second-line treatment. The number of clinical trials on TIL therapy is increasing. Melanoma is still at the top of the number of TIL therapy clinical trials, followed by NSCLC, ovarian, and head and neck cancers. The success of two TIL products, LN144 and LN145, by Iovance in 2018 has paved the way for commercializing TIL therapy. However, TIL therapy still faces serious challenges. The most widespread method of TIL production is to isolate it from tumor tissue and then expand it in vitro. The process of selected TIL production usually takes 6-8 weeks. This long period causes TIL exhaustion. Besides, patients might be unable to wait for such a long time. Preparing young TILs without selection with antitumor reactivity is much faster than selecting the TILs. However, their tumor reactivity is questionable.

Additionally, the immunosuppressive mechanisms in the TME limit the TIL function. Also, injection of high-dose IL-2 as a standard method to support the growth and activity of injected TILs has several adverse effects. Combining TIL therapy with ICIs, modified cytokines (superkine), cancer vaccines, and next-generation TILs could minimize the limitations and maximize the efficacy of TIL therapy. Finally, developing multi-omics and sequencing techniques could help us set up a standard platform for rapidly expanding and selecting tumor-reactive TILs for each patient as personalized immunotherapy.



Author contributions

MK. Conceived and designed the study, drafted the manuscript; MS. Contributed in manuscript drafting and critically evaluate the article; AN. Prepared Table 2 and contributed in manuscript drafting; AR. Participated in the manuscript drafting and revision; ZB. Prepared Table 1 and contributed in manuscript drafting; HK. Contributed in study design and manuscript drafting, prepared figures, revised the manuscript; RF. Designed and supervised the project, revised and finalized the manuscript; All authors contributed to the article and approved the submitted version.



Funding

Iran University of Medical Sciences supported this study.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



References

1. Kazemi, MH, Barough, MS, Ghanavatinejad, A, Momeni-Varposhti, Z, Khorrami, S, Sadeghi, B, et al. Decrease of tumor-infiltrating regulatory T cells using pentoxifylline: An ex vivo analysis in triple-negative breast cancer mouse model. Iranian J Allergy Asthma Immunol (2022) 21:1–11. doi: 10.18502/ijaai.v21i2.9224

2. Savas, P, Salgado, R, Denkert, C, Sotiriou, C, Darcy, PK, Smyth, MJ, et al. Clinical relevance of host immunity in breast cancer: From tils to the clinic. Nat Rev Clin Oncol (2016) 13(4):228–41. doi: 10.1038/nrclinonc.2015.215

3. Virchow, R. Cellular pathology as based upon physiological and pathological histology. Nutr Rev (1863) 47:23–5. doi: 10.5962/bhl.title.32770

4. Eberlein, TJ, Rosenstein, M, and Rosenberg, SA. Regression of a disseminated syngeneic solid tumor by systemic transfer of lymphoid cells expanded in interleukin 2. J Exp Med (1982) 156(2):385–97. doi: 10.1084/jem.156.2.385

5. Rosenberg, SA, Spiess, P, and Lafreniere, R. A new approach to the adoptive immunotherapy of cancer with tumor-infiltrating lymphocytes. Science (1986) 233(4770):1318–21. doi: 10.1126/science.3489291

6. Rosenberg, SA, Packard, BS, Aebersold, PM, Solomon, D, Topalian, SL, Toy, ST, et al. Use of tumor-infiltrating lymphocytes and interleukin-2 in the immunotherapy of patients with metastatic melanoma. New Engl J Med (1988) 319(25):1676–80. doi: 10.1056/NEJM198812223192527

7. Wang, S, Sun, J, Chen, K, Ma, P, Lei, Q, Xing, S, et al. Perspectives of tumor-infiltrating lymphocyte treatment in solid tumors. BMC Med (2021) 19(1):1–7. doi: 10.1186/s12916-021-02006-4

8. Roshandel, E, Noorazar, L, Farhadihosseinabadi, B, Mehdizadeh, M, Kazemi, MH, and Parkhideh, S. Pi3 kinase signaling pathway in hematopoietic cancers: A glance in mirna’s role. J Clin Lab Anal (2021) 35(4):e23725. doi: 10.1002/jcla.23725

9. Majzner, RG, and Mackall, CL. Clinical lessons learned from the first leg of the car T cell journey. Nat Med (2019) 25(9):1341–55. doi: 10.1038/s41591-019-0564-6

10. Titov, A, Zmievskaya, E, Ganeeva, I, Valiullina, A, Petukhov, A, Rakhmatullina, A, et al. Adoptive immunotherapy beyond car T-cells. Cancers (2021) 13:743. doi: 10.3390/cancers13040743

11. Fernandez-Poma, SM, Salas-Benito, D, Lozano, T, Casares, N, Riezu-Boj, J-I, Mancheño, U, et al. Expansion of tumor-infiltrating Cd8+ T cells expressing pd-1 improves the efficacy of adoptive T-cell Therapypd-1–selected tils improve the efficacy of act. Cancer Res (2017) 77(13):3672–84. doi: 10.1158/0008-5472.CAN-17-0236

12. Sun, X, Zhai, J, Sun, B, Parra, ER, Jiang, M, Ma, W, et al. Effector memory cytotoxic Cd3+/Cd8+/Cd45ro+ T cells are predictive of good survival and a lower risk of recurrence in triple-negative breast cancer. Modern Pathol (2022) 35(5):601–8. doi: 10.1038/s41379-021-00973-w

13. Dafni, U, Michielin, O, Lluesma, SM, Tsourti, Z, Polydoropoulou, V, Karlis, D, et al. Efficacy of adoptive therapy with tumor-infiltrating lymphocytes and recombinant interleukin-2 in advanced cutaneous melanoma: A systematic review and meta-analysis. Ann Oncol (2019) 30(12):1902–13. doi: 10.1093/annonc/mdz398

14. Yin, H, Guo, W, Sun, X, Li, R, Feng, C, and Tan, Y. Tils and anti-Pd1 therapy: An alternative combination therapy for Pdl1 negative metastatic cervical cancer. J Immunol Res (2020) 2020:1–11. doi: 10.1155/2020/8345235

15. Jazaeri, AA, Zsiros, E, Amaria, RN, Artz, AS, Edwards, RP, Wenham, RM, et al. Safety and efficacy of adoptive cell transfer using autologous tumor infiltrating lymphocytes (Ln-145) for treatment of recurrent, metastatic, or persistent cervical carcinoma. Am Soc Clin Oncol (2019) 15:2538–2538. doi: 10.1016/j.ygyno.2018.04.274

16. Liu, D, Heij, LR, Czigany, Z, Dahl, E, Lang, SA, Ulmer, TF, et al. The role of tumor-infiltrating lymphocytes in cholangiocarcinoma. J Exp Clin Cancer Res (2022) 41(1):1–18. doi: 10.1186/s13046-022-02340-2

17. Creelan, BC, Wang, C, Teer, JK, Toloza, EM, Yao, J, Kim, S, et al. Tumor-infiltrating lymphocyte treatment for anti-Pd-1-Resistant metastatic lung cancer: A phase 1 trial. Nat Med (2021) 27(8):1410–8. doi: 10.1038/s41591-021-01462-y

18. Zacharakis, N, Huq, LM, Seitter, SJ, Kim, SP, Gartner, JJ, Sindiri, S, et al. Breast cancers are immunogenic: Immunologic analyses and a phase ii pilot clinical trial using mutation-reactive autologous lymphocytes. J Clin Oncol (2022) 40(16):1741–54. doi: 10.1200/JCO.21.02170

19. Zhen, Y-H, Liu, X-H, Yang, Y, Li, B, Tang, J-L, Zeng, Q-X, et al. Phase I/Ii study of adjuvant immunotherapy with sentinel lymph node T lymphocytes in patients with colorectal cancer. Cancer Immunol Immunother (2015) 64(9):1083–93. doi: 10.1007/s00262-015-1715-3

20. Borsetto, D, Tomasoni, M, Payne, K, Polesel, J, Deganello, A, Bossi, P, et al. Prognostic significance of Cd4+ and Cd8+ tumor-infiltrating lymphocytes in head and neck squamous cell carcinoma: A meta-analysis. Cancers (2021) 13(4):781. doi: 10.3390/cancers13040781

21. Park, TS, Rosenberg, SA, and Morgan, RA. Treating cancer with genetically engineered T cells. Trends Biotechnol (2011) 29(11):550–7. doi: 10.1016/j.tibtech.2011.04.009

22. Aoki, Y, Takakuwa, K, Kodama, S, Tanaka, K, Takahashi, M, Tokunaga, A, et al. Use of adoptive transfer of tumor-infiltrating lymphocytes alone or in combination with cisplatin-containing chemotherapy in patients with epithelial ovarian cancer. Cancer Res (1991) 51(7):1934–9.

23. Amaria, RN, Vining, DJ, Kopetz, S, Overman, MJ, Javle, MM, Antonoff, M, et al. Efficacy and safety of autologous expanded tumor infiltrating lymphocytes (Tils) in multiple solid tumors. Am Soc Clin Oncol (2022) 40:2536–2536. doi: 10.1200/JCO.2022.40.16_suppl.2536

24. Johnson, CB, and Win, SY. Combination therapy with pd-1/Pd-L1 blockade: An overview of ongoing clinical trials. Oncoimmunology (2018) 7(4):e1408744. doi: 10.1080/2162402X.2017.1408744

25. Stevanović, S, Helman, SR, Wunderlich, JR, Langhan, MM, Doran, SL, Kwong, MLM, et al. A phase ii study of tumor-infiltrating lymphocyte therapy for human papillomavirus–associated epithelial cancerstil therapy for hpv-associated cancers. Clin Cancer Res (2019) 25(5):1486–93. doi: 10.1158/1078-0432.CCR-18-2722

26. Figlin, RA, Thompson, JA, Bukowski, RM, Vogelzang, NJ, Novick, AC, Lange, P, et al. Multicenter, randomized, phase iii trial of Cd8+ tumor-infiltrating lymphocytes in combination with recombinant interleukin-2 in metastatic renal cell carcinoma. J Clin Oncol (1999) 17(8):2521–. doi: 10.1200/JCO.1999.17.8.2521

27. Topalian, SL, Solomon, D, Avis, FP, Chang, AE, Freerksen, DL, Linehan, WM, et al. Immunotherapy of patients with advanced cancer using tumor-infiltrating lymphocytes and recombinant interleukin-2: A pilot study. J Clin Oncol (1988) 6(5):839–53. doi: 10.1200/JCO.1988.6.5.839

28. Kradin, R, Lazarus, D, Dubinett, S, Gifford, J, Grove, B, Kurnick, J, et al. Tumour-infiltrating lymphocytes and interleukin-2 in treatment of advanced cancer. Lancet (1989) 333(8638):577–80. doi: 10.1016/S0140-6736(89)91609-7

29. Figlin, RA, Pierce, WC, Kaboo, R, Tso, CL, Moldawer, N, Gitlitz, B, et al. Treatment of metastatic renal cell carcinoma with nephrectomy, interleukin-2 and cytokine-primed or Cd8 (+) selected tumor infiltrating lymphocytes from primary tumor. J Urol (1997) 158(3):740–5. doi: 10.1016/S0022-5347(01)64304-0

30. Thiounn, N, Mathiot, C, Flam, T, Tartour, E, Peyret, C, Joyeux, I, et al. Cd4 til (Tumor infiltrating lymphocytes) induce complete response in patients treated with il-2 (Interleukin-2). Prelim Study J D’urol (1994) 100(4):185–8.

31. Rosenberg, SA, Yannelli, JR, Yang, JC, Topalian, SL, Schwartzentruber, DJ, Weber, JS, et al. Treatment of patients with metastatic melanoma with autologous tumor-infiltrating lymphocytes and interleukin 2. JNCI: J Natl Cancer Inst (1994) 86(15):1159–66. doi: 10.1093/jnci/86.15.1159

32. Wu, R, Forget, M-A, Chacon, J, Bernatchez, C, Haymaker, C, Chen, JQ, et al. Adoptive T-cell therapy using autologous tumor-infiltrating lymphocytes for metastatic melanoma: Current status and future outlook. Cancer J (Sudbury Mass) (2012) 18(2):160. doi: 10.1097/PPO.0b013e31824d4465

33. Ellebaek, E, Iversen, TZ, Junker, N, Donia, M, Engell-Noerregaard, L, Met, Ö, et al. Adoptive cell therapy with autologous tumor infiltrating lymphocytes and low-dose interleukin-2 in metastatic melanoma patients. J Trans Med (2012) 10(1):1–12. doi: 10.1186/1479-5876-10-169

34. Haanen, J, Carbonnel, F, Robert, C, Kerr, K, Peters, S, Larkin, J, et al. Management of toxicities from immunotherapy: Esmo clinical practice guidelines for diagnosis, treatment and follow-up. Ann Oncol (2017) 28:iv119–iv42. doi: 10.1093/annonc/mdx225

35. Kumar, A, Watkins, R, and Vilgelm, AE. Cell therapy with tils: Training and taming T cells to fight cancer. Front Immunol (2021) 12:690499. doi: 10.3389/fimmu.2021.690499

36. Presotto, D, Erdes, E, Duong, MN, Allard, M, Regamey, P-O, Quadroni, M, et al. Fine-tuning of optimal tcr signaling in tumor-redirected Cd8 T cells by distinct tcr affinity-mediated mechanisms. Front Immunol (2017) 8:1564. doi: 10.3389/fimmu.2017.01564

37. Johnson, LA, Morgan, RA, Dudley, ME, Cassard, L, Yang, JC, Hughes, MS, et al. Gene therapy with human and mouse T-cell receptors mediates cancer regression and targets normal tissues expressing cognate antigen. Blood J Am Soc Hematol (2009) 114(3):535–46. doi: 10.1182/blood-2009-03-211714

38. Bendle, GM, Linnemann, C, Hooijkaas, AI, Bies, L, de Witte, MA, Jorritsma, A, et al. Lethal graft-Versus-Host disease in mouse models of T cell receptor gene therapy. Nat Med (2010) 16(5):565–70. doi: 10.1038/nm.2128

39. Zhang, C, Liu, J, Zhong, JF, and Zhang, X. Engineering car-T cells. biomark Res (2017) 5(1):1–6. doi: 10.1186/s40364-017-0102-y

40. Magalhaes, I, Carvalho-Queiroz, C, Hartana, CA, Kaiser, A, Lukic, A, Mints, M, et al. Facing the future: Challenges and opportunities in adoptive T cell therapy in cancer. Expert Opin Biol Ther (2019) 19(8):811–27. doi: 10.1080/14712598.2019.1608179

41. Mehrabadi, AZ, Ranjbar, R, Farzanehpour, M, Shahriary, A, Dorostkar, R, Hamidinejad, MA, et al. Therapeutic potential of car T cell in malignancies: A scoping review. Biomed Pharmacother (2022) 146:112512. doi: 10.1016/j.biopha.2021.112512

42. Tran, KQ, Zhou, J, Durflinger, KH, Langhan, MM, Shelton, TE, Wunderlich, JR, et al. Minimally cultured tumor-infiltrating lymphocytes display optimal characteristics for adoptive cell therapy. J Immunother (Hagerstown Md: 1997) (2008) 31(8):742. doi: 10.1097/CJI.0b013e31818403d5

43. Hopewell, EL, Cox, C, Pilon-Thomas, S, and Kelley, LL. Tumor-infiltrating lymphocytes: Streamlining a complex manufacturing process. Cytotherapy (2019) 21(3):307–14. doi: 10.1016/j.jcyt.2018.11.004

44. Niitsuma, M, Golub, SH, Edelstein, R, and Holmes, EC. Lymphoid cells infiltrating human pulmonary tumors: Effect of intralesional bcg injection. J Natl Cancer Inst (1981) 67(5):997–1003. doi: 10.1093/jnci/67.5.997

45. Malone, CC, Schiltz, PM, MacKintosh, AD, Beutel, LD, Heinemann, FS, and Dillman, RO. Characterization of human tumor-infiltrating lymphocytes expanded in hollow-fiber bioreactors for immunotherapy of cancer. Cancer Biother Radiopharmaceut (2001) 16(5):381–90. doi: 10.1089/108497801753354285

46. Okcu, MF, Wang, RY, Bueso-Ramos, C, Schober, W, Weidner, D, Andrassy, R, et al. Flow cytometry and fluorescence in situ hybridization to detect residual neuroblastoma cells in bone marrow. Pediatr Blood Cancer (2005) 45(6):787–95. doi: 10.1002/pbc.20428

47. Sarasquete, ME, García-Sanz, R, González, D, Martínez, J, Mateo, G, Martínez, P, et al. Minimal residual disease monitoring in multiple myeloma: A comparison between allelic-specific oligonucleotide real-time quantitative polymerase chain reaction and flow cytometry. haematologica (2005) 90(10):1365–72. doi: 10.3324/%25x

48. van den Berg, JH, Heemskerk, B, van Rooij, N, Gomez-Eerland, R, Michels, S, van Zon, M, et al. Tumor infiltrating lymphocytes (Til) therapy in metastatic melanoma: Boosting of neoantigen-specific T cell reactivity and long-term follow-up. J Immunother Cancer (2020) 8(2):1–11. doi: 10.1136/jitc-2020-000848

49. Chu, H, Du, F, Gong, Z, Lian, P, Wang, Z, Li, P, et al. Better clinical efficiency of tils for malignant pleural effusion and ascites than cisplatin through intrapleural and intraperitoneal infusion. Anticancer Res (2017) 37(8):4587–91. doi: 10.21873/anticanres.11857

50. Quattrocchi, KB, Miller, CH, Cush, S, Bernard, SA, Dull, ST, Smith, M, et al. Pilot study of local autologous tumor infiltrating lymphocytes for the treatment of recurrent malignant gliomas. J Neuro-oncol (1999) 45(2):141–57. doi: 10.1023/A:1006293606710

51. Kverneland, AH, Chamberlain, CA, Borch, TH, Nielsen, M, Mørk, SK, Kjeldsen, JW, et al. Adoptive cell therapy with tumor-infiltrating lymphocytes supported by checkpoint inhibition across multiple solid cancer types. J Immunother Cancer (2021) 9(10):1–11. doi: 10.1136/jitc-2021-003499

52. Duc, GHT. Melanoma: From early detection to treatment: BoD–books on demand. Florida, USA: Florida Medical Association, (2013).

53. Carlino, MS, Larkin, J, and Long, GV. Immune checkpoint inhibitors in melanoma. Lancet (2021) 398(10304):1002–14. doi: 10.1016/S0140-6736(21)01206-X

54. Dudley, ME, Wunderlich, JR, Robbins, PF, Yang, JC, Hwu, P, Schwartzentruber, DJ, et al. Cancer regression and autoimmunity in patients after clonal repopulation with antitumor lymphocytes. Science (2002) 298(5594):850–4. doi: 10.1126/science.1076514

55. Rosenberg, SA, Yang, JC, Sherry, RM, Kammula, US, Hughes, MS, Phan, GQ, et al. Durable complete responses in heavily pretreated patients with metastatic melanoma using T-cell transfer immunotherapycomplete regressions in melanoma. Clin Cancer Res (2011) 17(13):4550–7. doi: 10.1158/1078-0432.CCR-11-0116

56. Powell, DJ Jr., Dudley, ME, Robbins, PF, and Rosenberg, SA. Transition of late-stage effector T cells to Cd27+ Cd28+ tumor-reactive effector memory T cells in humans after adoptive cell transfer therapy. Blood (2005) 105(1):241–50. doi: 10.1182/blood-2004-06-2482

57. Shen, X, Zhou, J, Hathcock, KS, Robbins, P, Powell, DJ Jr., Rosenberg, SA, et al. Persistence of tumor infiltrating lymphocytes in adoptive immunotherapy correlates with telomere length. J Immunother (Hagerstown Md: 1997) (2007) 30(1):123. doi: 10.1097/01.cji.0000211321.07654.b8

58. Dudley, ME, Gross, CA, Langhan, MM, Garcia, MR, Sherry, RM, Yang, JC, et al. Cd8+ enriched “Young” tumor infiltrating lymphocytes can mediate regression of metastatic Melanomacd8+ enriched young til. Clin Cancer Res (2010) 16(24):6122–31. doi: 10.1158/1078-0432.CCR-10-1297

59. Besser, MJ, Shapira-Frommer, R, Itzhaki, O, Treves, AJ, Zippel, DB, Levy, D, et al. Adoptive transfer of tumor-infiltrating lymphocytes in patients with metastatic melanoma: Intent-to-Treat analysis and efficacy after failure to prior immunotherapiesintent-to-Treat analysis of til act and impact of ipilimumab. Clin Cancer Res (2013) 19(17):4792–800. doi: 10.1158/1078-0432.CCR-13-0380

60. Sarnaik, AA, Hamid, O, Khushalani, NI, Lewis, KD, Medina, T, Kluger, HM, et al. Lifileucel, a tumor-infiltrating lymphocyte therapy, in metastatic melanoma. J Clin Oncol (2021) 39(24):2656–66. doi: 10.1200/JCO.21.00612

61. Haanen, J, Rohaan, M, Borch, TH, van den Berg, JH, Met, Ö, Geukes Foppen, M, et al. LBA3 Treatment with tumor-infiltrating lymphocytes (TIL) versus ipilimumab for advanced melanoma: Results from a multicenter, randomized phase III trial. Annals of Oncology (2022) 33:1406. doi: 10.1016/j.annonc.2022.08.036

62. Wills, B, Brahmer, JR, and Naidoo, J. Treatment of complications from immune checkpoint inhibition in patients with lung cancer. Curr Treat Options Oncol (2018) 19(9):1–21. doi: 10.1007/s11864-018-0562-9

63. Ben-Avi, R, Farhi, R, Ben-Nun, A, Gorodner, M, Greenberg, E, Markel, G, et al. Establishment of adoptive cell therapy with tumor infiltrating lymphocytes for non-small cell lung cancer patients. Cancer Immunol Immunother (2018) 67(8):1221–30. doi: 10.1007/s00262-018-2174-4

64. Lawrence, MS, Stojanov, P, Polak, P, Kryukov, GV, Cibulskis, K, Sivachenko, A, et al. Mutational heterogeneity in cancer and the search for new cancer-associated genes. Nature (2013) 499(7457):214–8. doi: 10.1038/nature12213

65. Kradin, RL, Boyle, LA, Preffer, FI, Callahan, RJ, Barlai-Kovach, M, Strauss, HW, et al. Tumor-derived interleukin-2-Dependent lymphocytes in adoptive immunotherapy of lung cancer. Cancer Immunol Immunother (1987) 24(1):76–85. doi: 10.1007/BF00199837

66. Quirk, JT, and Natarajan, N. Ovarian cancer incidence in the united states, 1992–1999. Gynecol Oncol (2005) 97(2):519–23. doi: 10.1016/j.ygyno.2005.02.007

67. Lheureux, S, Gourley, C, Vergote, I, and Oza, AM. Epithelial ovarian cancer. Lancet (2019) 393(10177):1240–53. doi: 10.1016/S0140-6736(18)32552-2

68. Borella, F, Ghisoni, E, Giannone, G, Cosma, S, Benedetto, C, Valabrega, G, et al. Immune checkpoint inhibitors in epithelial ovarian cancer: An overview on efficacy and future perspectives. Diagnostics (2020) 10(3):146. doi: 10.3390/diagnostics10030146

69. Freedman, RS, Kudelka, AP, Kavanagh, JJ, Verschraegen, C, Edwards, CL, Nash, M, et al. Clinical and biological effects of intraperitoneal injections of recombinant interferon-Γ and recombinant interleukin 2 with or without tumor-infiltrating lymphocytes in patients with ovarian or peritoneal carcinoma. Clin Cancer Res (2000) 6(6):2268–78.

70. Fujita, K, Ikarashi, H, Takakuwa, K, Kodama, S, Tokunaga, A, Takahashi, T, et al. Prolonged disease-free period in patients with advanced epithelial ovarian cancer after adoptive transfer of tumor-infiltrating lymphocytes. Clin Cancer Res (1995) 1(5):501–7.

71. Pedersen, M, Westergaard, MCW, Milne, K, Nielsen, M, Borch, TH, Poulsen, LG, et al. Adoptive cell therapy with tumor-infiltrating lymphocytes in patients with metastatic ovarian cancer: A pilot study. Oncoimmunology (2018) 7(12):e1502905. doi: 10.1080/2162402X.2018.1502905

72. Kverneland, AH, Pedersen, M, Westergaard, MCW, Nielsen, M, Borch, TH, Olsen, LR, et al. Adoptive cell therapy in combination with checkpoint inhibitors in ovarian cancer. Oncotarget (2020) 11(22):2092. doi: 10.18632/oncotarget.27604

73. Kroep, J, Visser, M, van der Minne, L, de Bruin, L, Roozen, I, Meij, P, et al. 729p adoptive T-cell therapy during chemotherapy with or without peginterferon-A (Ifnα) in patients with platinum sensitive recurrent epithelial ovarian cancer (Eoc). Ann Oncol (2021) 32:S732–S3. doi: 10.1016/j.annonc.2021.08.1172

74. Hinrichs, CS, and Restifo, NP. Reassessing target antigens for adoptive T-cell therapy. Nat Biotechnol (2013) 31(11):999–1008. doi: 10.1038/nbt.2725

75. Ferris, RL, Blumenschein, G, Fayette, J, Guigay, J, Colevas, AD, Licitra, L, et al. Nivolumab for recurrent squamous-cell carcinoma of the head and neck. N Engl J Med (2016) 375:1856–67. doi: 10.1056/NEJMoa1602252

76. Kong, CS, Narasimhan, B, Cao, H, Kwok, S, Erickson, JP, Koong, A, et al. The relationship between human papillomavirus status and other molecular prognostic markers in head and neck squamous cell carcinomas. Int J Radiat Oncol Biol Phys (2009) 74(2):553–61. doi: 10.1016/j.ijrobp.2009.02.015

77. Berman, TA, and Schiller, JT. Human papillomavirus in cervical cancer and oropharyngeal cancer: One cause, two diseases. Cancer (2017) 123(12):2219–29. doi: 10.1002/cncr.30588

78. O’Malley, D, Lee, S, Psyrri, A, Sukari, A, Thomas, S, Wenham, R, et al. 492 phase 2 efficacy and safety of autologous tumor-infiltrating lymphocyte (Til) cell therapy in combination with pembrolizumab in immune checkpoint inhibitor-naïve patients with advanced cancers. BMJ Specialist J (2021) 9:523–24. doi: 10.1136/jitc-2021-SITC2021.492

79. Li, J, Chen, Q-Y, He, J, Li, Z-L, Tang, X-F, Chen, S-P, et al. Phase I trial of adoptively transferred tumor-infiltrating lymphocyte immunotherapy following concurrent chemoradiotherapy in patients with locoregionally advanced nasopharyngeal carcinoma. Oncoimmunology (2015) 4(2):e976507. doi: 10.4161/23723556.2014.976507

80. Sistrunk, WE, and MacCarty, WC. Life expectancy following radical amputation for carcinoma of the breast: A clinical and pathologic study of 218 cases. Ann Surg (1922) 75(1):61.

81. Barzaman, K, Moradi-Kalbolandi, S, Hosseinzadeh, A, Kazemi, MH, Khorramdelazad, H, Safari, E, et al. Breast cancer immunotherapy: Current and novel approaches. Int Immunopharmacol (2021) 98:107886. doi: 10.1016/j.intimp.2021.107886

82. Savas, P, Virassamy, B, Ye, C, Salim, A, Mintoff, CP, Caramia, F, et al. Single-cell profiling of breast cancer T cells reveals a tissue-resident memory subset associated with improved prognosis. Nat Med (2018) 24(7):986–93. doi: 10.1038/s41591-018-0078-7

83. Park, SL, Buzzai, A, Rautela, J, Hor, JL, Hochheiser, K, Effern, M, et al. Tissue-resident memory Cd8+ T cells promote melanoma–immune equilibrium in skin. Nature (2019) 565(7739):366–71. doi: 10.1038/s41586-018-0812-9

84. Su, S, Liao, J, Liu, J, Huang, D, He, C, Chen, F, et al. Blocking the recruitment of naive Cd4+ T cells reverses immunosuppression in breast cancer. Cell Res (2017) 27(4):461–82. doi: 10.1038/cr.2017.34

85. Song, H, Liu, A, Liu, G, Wu, F, and Li, Z. T Follicular regulatory cells suppress tfh-mediated b cell help and synergistically increase il-10-Producing b cells in breast carcinoma. Immunol Res (2019) 67(4):416–23. doi: 10.1007/s12026-019-09090-y

86. Sun, J, Fan, N, and Zhang, Y. Correlation between serum level of chemokine (Cc motif) ligand 18 and poor prognosis in breast cancer. Genet Mol Res (2016) 15(3):1–6. doi: 10.4238/gmr.15038632

87. Charych, DH, Hoch, U, Langowski, JL, Lee, SR, Addepalli, MK, Kirk, PB, et al. Nktr-214, an engineered cytokine with biased Il2 receptor binding, increased tumor exposure, and marked efficacy in mouse tumor models. Clin Cancer Res (2016) 22(3):680–90. doi: 10.1158/1078-0432.CCR-15-1631

88. Levin, AM, Bates, DL, Ring, AM, Krieg, C, Lin, JT, Su, L, et al. Exploiting a natural conformational switch to engineer an interleukin-2 ‘Superkine’. Nature (2012) 484(7395):529–33. doi: 10.1038/nature10975

89. Rech, AJ, Mick, R, Martin, S, Recio, A, Aqui, NA, Powell, DJ Jr., et al. Cd25 blockade depletes and selectively reprograms regulatory T cells in concert with immunotherapy in cancer patients. Sci Trans Med (2012) 4(134):134ra62–ra62. doi: 10.1126/scitranslmed.3003330

90. Maj, T, Wang, W, Crespo, J, Zhang, H, Wang, W, Wei, S, et al. Oxidative stress controls regulatory T cell apoptosis and suppressor activity and pd-L1-Blockade resistance in tumor. Nat Immunol (2017) 18(12):1332–41. doi: 10.1038/ni.3868

91. Qu, Y, Zhang, B, Liu, S, Zhang, A, Wu, T, and Zhao, Y. 2-gy whole-body irradiation significantly alters the balance of Cd4+ Cd25– T effector cells and Cd4+ Cd25+ Foxp3+ T regulatory cells in mice. Cell Mol Immunol (2010) 7(6):419–27. doi: 10.1038/cmi.2010.45

92. Adams, S, Othus, M, Patel, SP, Chae, YK, Miller, K, Chugh, R, et al. Dual anti-Ctla-4 and anti-Pd-1 blockade in metaplastic carcinoma of the breast: Dart (Swog S1609, cohort 36). Am Soc Clin Oncol (2020) 38:1073–1073. doi: 10.1200/JCO.2020.38.15_suppl.1073

93. Björkström, NK, Riese, P, Heuts, F, Andersson, S, Fauriat, C, Ivarsson, MA, et al. Expression patterns of Nkg2a, kir, and Cd57 define a process of Cd56dim nk-cell differentiation uncoupled from nk-cell education. Blood J Am Soc Hematol (2010) 116(19):3853–64. doi: 10.1182/blood-2010-04-281675

94. Triki, H, Charfi, S, Bouzidi, L, Kridis, WB, Daoud, J, Chaabane, K, et al. Cd155 expression in human breast cancer: Clinical significance and relevance to natural killer cell infiltration. Life Sci (2019) 231:116543. doi: 10.1016/j.lfs.2019.116543

95. Beano, A, Signorino, E, Evangelista, A, Brusa, D, Mistrangelo, M, Polimeni, MA, et al. Correlation between nk function and response to trastuzumab in metastatic breast cancer patients. J Trans Med (2008) 6(1):1–10. doi: 10.1186/1479-5876-6-25

96. Knudson, KM, Hicks, KC, Alter, S, Schlom, J, and Gameiro, SR. Mechanisms involved in il-15 superagonist enhancement of anti-Pd-L1 therapy. J Immunother Cancer (2019) 7(1):1–16. doi: 10.1186/s40425-019-0551-y

97. Gillgrass, AE, Chew, MV, Krneta, T, and Ashkar, AA. Overexpression of il-15 promotes tumor destruction Via Nk1. 1+ cells in a spontaneous breast cancer model. BMC Cancer (2015) 15(1):1–15. doi: 10.1186/s12885-015-1264-3

98. Li, H-KH, Wu, T-SE, Hsiao, C-WS, Yang, S-HS, Lee, C-YS, Lin, Y-LJ, et al. Ace1702: A potent and off-the-Shelf onk cell therapy product. Cancer Res (2020) 80(16_Supplement):2169–. doi: 10.1158/1538-7445.AM2020-2169

99. Coronella, JA, Spier, C, Welch, M, Trevor, KT, Stopeck, AT, Villar, H, et al. Antigen-driven oligoclonal expansion of tumor-infiltrating b cells in infiltrating ductal carcinoma of the breast. J Immunol (2002) 169(4):1829–36. doi: 10.4049/jimmunol.169.4.1829

100. Tao, H, Lu, L, Xia, Y, Dai, F, Wang, Y, Bao, Y, et al. Antitumor effector b cells directly kill tumor cells Via the Fas/Fasl pathway and are regulated by il-10. Eur J Immunol (2015) 45(4):999–1009. doi: 10.1002/eji.201444625

101. Arias-Pulido, H, Cimino-Mathews, A, Chaher, N, Qualls, C, Joste, N, Colpaert, C, et al. The combined presence of Cd20+ b cells and pd-L1+ tumor-infiltrating lymphocytes in inflammatory breast cancer is prognostic of improved patient outcome. Breast Cancer Res Treat (2018) 171(2):273–82. doi: 10.1007/s10549-018-4834-7

102. Gheybi, MK, Farrokhi, S, Ravanbod, MR, Ostovar, A, Mehrzad, V, and Nematollahi, P. The correlation of Cd19+ Cd24+ Cd38+ b cells and other clinicopathological variables with the proportion of circulating tregs in breast cancer patients. Breast Cancer (2017) 24(6):756–64. doi: 10.1007/s12282-017-0775-y

103. Bodogai, M, Lee Chang, C, Wejksza, K, Lai, J, Merino, M, Wersto, RP, et al. Anti-Cd20 antibody promotes cancer escape Via enrichment of tumor-evoked regulatory b cells expressing low levels of Cd20 and Cd137l. Cancer Res (2013) 73(7):2127–38. doi: 10.1158/0008-5472.CAN-12-4184

104. Lee-Chang, C, Bodogai, M, Martin-Montalvo, A, Wejksza, K, Sanghvi, M, Moaddel, R, et al. Inhibition of breast cancer metastasis by resveratrol-mediated inactivation of tumor-evoked regulatory b cells. J Immunol (2013) 191(8):4141–51. doi: 10.4049/jimmunol.1300606

105. Yoneda, K, Kuwata, T, Kanayama, M, Mori, M, Kawanami, T, Yatera, K, et al. Alteration in tumoural pd-L1 expression and stromal Cd8-positive tumour-infiltrating lymphocytes after concurrent chemo-radiotherapy for non-small cell lung cancer. Br J Cancer (2019) 121(6):490–6. doi: 10.1038/s41416-019-0541-3

106. Lowenfeld, L, Zaheer, S, Oechsle, C, Fracol, M, Datta, J, Xu, S, et al. Addition of anti-estrogen therapy to anti-Her2 dendritic cell vaccination improves regional nodal immune response and pathologic complete response rate in patients with Erpos/Her2pos early breast cancer. Oncoimmunology (2017) 6(9):e1207032. doi: 10.1080/2162402X.2016.1207032

107. Wimberly, H, Brown, JR, Schalper, K, Haack, H, Silver, MR, Nixon, C, et al. Pd-L1 expression correlates with tumor-infiltrating lymphocytes and response to neoadjuvant chemotherapy in breast cancerpd-L1 and response to neoadjuvant therapy in breast cancer. Cancer Immunol Res (2015) 3(4):326–32. doi: 10.1158/2326-6066.CIR-14-0133

108. Cortés, J, Lipatov, O, Im, S-A, Gonçalves, A, Lee, K, Schmid, P, et al. Keynote-119: Phase iii study of pembrolizumab (Pembro) versus single-agent chemotherapy (Chemo) for metastatic triple negative breast cancer (Mtnbc). Ann Oncol (2019) 30:v859–v60. doi: 10.1093/annonc/mdz394.010

109. Zou, Y, Zou, X, Zheng, S, Tang, H, Zhang, L, Liu, P, et al. Efficacy and predictive factors of immune checkpoint inhibitors in metastatic breast cancer: A systematic review and meta-analysis. Ther Adv Med Oncol (2020) 12:1758835920940928. doi: 10.1177/1758835920940928

110. Heeke, AL, and Tan, AR. Checkpoint inhibitor therapy for metastatic triple-negative breast cancer. Cancer Metastasis Rev (2021) 40(2):537–47. doi: 10.1007/s10555-021-09972-4

111. Narayan, P, Wahby, S, Gao, JJ, Amiri-Kordestani, L, Ibrahim, A, Bloomquist, E, et al. Fda approval summary: Atezolizumab plus paclitaxel protein-bound for the treatment of patients with advanced or metastatic tnbc whose tumors express pd-L1fda approval: Atezolizumab plus paclitaxel protein-bound. Clin Cancer Res (2020) 26(10):2284–9. doi: 10.1158/1078-0432.CCR-19-3545

112. Bamdad, CC, Stewart, AK, Huang, P, Smagghe, BJ, Moe, ST, Swanson, TE, et al. Abstract P3-11-11: First-in-Human car T for solid tumors targets the Muc1 transmembrane cleavage product. Cancer Res (2020) 80(4_Supplement):P3-11–P3–. doi: 10.1158/1538-7445.SABCS19-P3-11-11

113. Kazemi, MH, Najafi, A, Karami, J, Ghazizadeh, F, Yousefi, H, Falak, R, et al. Immune and metabolic checkpoints blockade: Dual wielding against tumors. Int Immunopharmacol (2021) 94:107461. doi: 10.1016/j.intimp.2021.107461

114. Barzaman, K, Karami, J, Zarei, Z, Hosseinzadeh, A, Kazemi, MH, Moradi-Kalbolandi, S, et al. Breast cancer: Biology, biomarkers, and treatments. Int Immunopharmacol (2020) 84:106535. doi: 10.1016/j.intimp.2020.106535

115. Kazemi, MH, Raoofi Mohseni, S, Hojjat-Farsangi, M, Anvari, E, Ghalamfarsa, G, Mohammadi, H, et al. Adenosine and adenosine receptors in the immunopathogenesis and treatment of cancer. J Cell Physiol (2018) 233(3):2032–57. doi: 10.1002/jcp.25873

116. Mlecnik, B, Tosolini, M, Kirilovsky, A, Berger, A, Bindea, G, Meatchi, T, et al. Histopathologic-based prognostic factors of colorectal cancers are associated with the state of the local immune reaction. J Clin Oncol (2011) 29(6):610–8. doi: 10.1200/JCO.2010.30.5425

117. Zhao, Y, Ge, X, He, J, Cheng, Y, Wang, Z, Wang, J, et al. The prognostic value of tumor-infiltrating lymphocytes in colorectal cancer differs by anatomical subsite: A systematic review and meta-analysis. World J Surg Oncol (2019) 17(1):1–11. doi: 10.1186/s12957-019-1621-9

118. Barzaman, K, Vafaei, R, Samadi, M, Kazemi, MH, Hosseinzadeh, A, Merikhian, P, et al. Anti-cancer therapeutic strategies based on Hgf/Met, epcam, and tumor-stromal cross talk. Cancer Cell Int (2022) 22(1):1–20. doi: 10.1186/s12935-022-02658-z

119. Ko, YS, and Pyo, J-S. Clinicopathological significance and prognostic role of tumor-infiltrating lymphocytes in colorectal cancer. Int J Biol Markers (2019) 34(2):132–8. doi: 10.1177/1724600818817320

120. Väyrynen, J, Tuomisto, A, Klintrup, K, Mäkelä, J, Karttunen, T, and Mäkinen, MJ. Detailed analysis of inflammatory cell infiltration in colorectal cancer. Br J Cancer (2013) 109(7):1839–47. doi: 10.1038/bjc.2013.508

121. Zou, Q, Hu, B, Yu, H, and Ren, D. Characteristics of Cd8+ T cell infiltration in colorectal cancer and their correlation with prognosis. Chin J Dig Dis (2021) 24(12):1086–92. doi: 10.3760/cma.j.cn441530-20210402-00144

122. Akiyoshi, T, Gotoh, O, Tanaka, N, Kiyotani, K, Yamamoto, N, Ueno, M, et al. -cell complexity and density are associated with sensitivity to neoadjuvant chemoradiotherapy in patients with rectal cancer. T (2021) 70(2):509–18. doi: 10.1007/s00262-020-02705-6

123. Yao, W, He, J-c, Yang, Y, Wang, J-m, Qian, Y-w, Yang, T, et al. The prognostic value of tumor-infiltrating lymphocytes in hepatocellular carcinoma: A systematic review and meta-analysis. Sci Reps (2017) 7(1):1–11. doi: 10.1038/s41598-017-08128-1

124. Lee, WS, Park, S, Lee, WY, Yun, SH, and Chun, HK. Clinical impact of tumor-infiltrating lymphocytes for survival in stage ii colon cancer. Cancer (2010) 116(22):5188–99. doi: 10.1002/cncr.25293

125. Nosho, K, Baba, Y, Tanaka, N, Shima, K, Hayashi, M, Meyerhardt, JA, et al. Tumour-infiltrating T-cell subsets, molecular changes in colorectal cancer, and prognosis: Cohort study and literature review. J Pathol (2010) 222(4):350–66. doi: 10.1002/path.2774

126. Berntsson, J, Nodin, B, Eberhard, J, Micke, P, and Jirström, K. Prognostic impact of tumour-infiltrating b cells and plasma cells in colorectal cancer. Int J Cancer (2016) 139(5):1129–39. doi: 10.1002/ijc.30138

127. Maletzki, C, Jahnke, A, Ostwald, C, Klar, E, Prall, F, and Linnebacher, M. Ex-vivo clonally expanded b lymphocytes infiltrating colorectal carcinoma are of mature immunophenotype and produce functional igg. PLOS ONE (2012) 7(2):. doi: 10.1371/journal.pone.0032639

128. Edin, S, Kaprio, T, Hagström, J, Larsson, P, Mustonen, H, Böckelman, C, et al. The prognostic importance of Cd20+ b lymphocytes in colorectal cancer and the relation to other immune cell subsets. Sci Refs (2019) 9(1):1–9. doi: 10.1038/s41598-019-56441-8

129. Wang, H, Tian, T, and Zhang, J. Tumor-associated macrophages (Tams) in colorectal cancer (Crc): From mechanism to therapy and prognosis. Int J Mol Sci (2021) 22(16):8470. doi: 10.3390/ijms22168470

130. Rodrigo, BN, Viganò, S, Gannon, P, Baumgartner, P, Maisonneuve, C, Sempoux, C, et al. Comprehensive assessment of the feasibility of adoptive cell therapy in colorectal carcinoma. Ann Oncol (2016) 27:vi372. doi: 10.1093/annonc/mdw378.42

131. Karlsson, M, Marits, P, Dahl, K, Dagöö, T, Enerbäck, S, Thörn, M, et al. Pilot study of sentinel-Node-Based adoptive immunotherapy in advanced colorectal cancer. Ann Surg Oncol (2010) 17(7):1747–57. doi: 10.1245/s10434-010-0920-8

132. Gardini, A, Ercolani, G, Riccobon, A, Ravaioli, M, Ridolfi, L, Flamini, E, et al. Adjuvant, adoptive immunotherapy with tumor infiltrating lymphocytes plus interleukin-2 after radical hepatic resection for colorectal liver metastases: 5-year analysis. J Surg Oncol (2004) 87(1):46–52. doi: 10.1002/jso.20066

133. Tran, E, Robbins, PF, Lu, Y-C, Prickett, TD, Gartner, JJ, Jia, L, et al. T-Cell transfer therapy targeting mutant kras in cancer. N England J Med (2016) 375(23):2255–62. doi: 10.1056/NEJMoa1609279

134. Hiraoka, N. Tumor-infiltrating lymphocytes and hepatocellular carcinoma: Molecular biology. Int J Clin Oncol (2010) 15(6):544–51. doi: 10.1007/s10147-010-0130-1

135. O’Leary, K. T Cell drivers in Nash-hcc. Nature Reviews Cancer (2021) 21(6):341–. doi: 10.1038/s41568-021-00362-0

136. Fu, J, Zhang, Z, Zhou, L, Qi, Z, Xing, S, Lv, J, et al. Impairment of Cd4+ cytotoxic T cells predicts poor survival and high recurrence rates in patients with hepatocellular carcinoma. Hepatology (2013) 58(1):139–49. doi: 10.1002/hep.26054

137. Katz, SC, Bamboat, ZM, Maker, AV, Shia, J, Pillarisetty, VG, Yopp, AC, et al. Regulatory T cell infiltration predicts outcome following resection of colorectal cancer liver metastases. Ann Surg Oncol (2013) 20(3):946–55. doi: 10.1245/s10434-012-2668-9

138. Kalathil, SG, Lugade, AA, Miller, A, Iyer, R, and Thanavala, Y. Pd-1+ and Foxp3+ T cell reduction correlates with survival of hcc patients after sorafenib therapy. JCI insight (2016) 1(11):1–12. doi: 10.1172/jci.insight.86182

139. Zhang, Z, Ma, L, Goswami, S, Ma, J, Zheng, B, Duan, M, et al. Landscape of infiltrating b cells and their clinical significance in human hepatocellular carcinoma. Oncoimmunology (2019) 8(4):e1571388. doi: 10.1080/2162402X.2019.1571388

140. Shi, J-Y, Gao, Q, Wang, Z-C, Zhou, J, Wang, X-Y, Min, Z-H, et al. Margin-infiltrating Cd20+ b cells display an atypical memory phenotype and correlate with favorable prognosis in hepatocellular carcinomamargin-infiltrating b cells in hepatocellular carcinoma. Clin Cancer Res (2013) 19(21):5994–6005. doi: 10.1158/1078-0432.CCR-12-3497

141. Zhu, L-Y, Zhou, J, Liu, Y-Z, and Pan, W-D. Prognostic significance of natural killer cell infiltration in hepatocellular carcinoma. Chin J Cancer (2009) 28(11):1198–202. doi: 10.5732/cjc.009.10284

142. Ju, M-J, Qiu, S-J, Fan, J, Xiao, Y-S, Gao, Q, Zhou, J, et al. Peritumoral activated hepatic stellate cells predict poor clinical outcome in hepatocellular carcinoma after curative resection. Am J Clin Pathol (2009) 131(4):498–510. doi: 10.1309/AJCP86PPBNGOHNNL

143. Liu, Z, Liu, X, Liang, J, Liu, Y, Hou, X, Zhang, M, et al. Immunotherapy for hepatocellular carcinoma: Current status and future prospects. Front Immunol (2021) 12:4165. doi: 10.3389/fimmu.2021.765101

144. Takayama, T, Sekine, T, Makuuchi, M, Yamasaki, S, Kosuge, T, Yamamoto, J, et al. Adoptive immunotherapy to lower postsurgical recurrence rates of hepatocellular carcinoma: A randomised trial. Lancet (2000) 356(9232):802–7. doi: 10.1016/S0140-6736(00)02654-4

145. Jiang, S-S, Tang, Y, Zhang, Y-J, Weng, D-S, Zhou, Z-G, Pan, K, et al. A phase I clinical trial utilizing autologous tumor-infiltrating lymphocytes in patients with primary hepatocellular carcinoma. Oncotarget (2015) 6(38):41339. doi: 10.18632/oncotarget.5463

146. Kang, B, Seo, A, Yoon, S, Bae, H, Jeon, S, Kwon, O, et al. Prognostic value of tumor-infiltrating lymphocytes in Epstein–Barr virus-associated gastric cancer. Ann Oncol (2016) 27(3):494–501. doi: 10.1093/annonc/mdv610

147. Hennequin, A, Derangere, V, Boidot, R, Apetoh, L, Vincent, J, Orry, D, et al. Tumor infiltration by tbet+ effector T cells and Cd20+ b cells is associated with survival in gastric cancer patients. Oncoimmunology (2016) 5(2):e1054598. doi: 10.1080/2162402X.2015.1054598

148. Solinas, C, Pusole, G, Demurtas, L, Puzzoni, M, Mascia, R, Morgan, G, et al. Tumor infiltrating lymphocytes in gastrointestinal tumors: Controversies and future clinical implications. Crit Rev Oncology/hematol (2017) 110:106–16. doi: 10.1016/j.critrevonc.2016.11.016

149. Hendry, S, Salgado, R, Gevaert, T, Russell, PA, John, T, Thapa, B, et al. Assessing tumor infiltrating lymphocytes in solid tumors: A practical review for pathologists and proposal for a standardized method from the international immuno-oncology biomarkers working group: Part 2: Tils in melanoma, gastrointestinal tract carcinomas, non-small cell lung carcinoma and mesothelioma, endometrial and ovarian carcinomas, squamous cell carcinoma of the head and neck, genitourinary carcinomas, and primary brain tumors. Adv Anatomic Pathol (2017) 24(6):311. doi: 10.1097/PAP.0000000000000161

150. Protti, MP, and De Monte, L. Immune infiltrates as predictive markers of survival in pancreatic cancer patients. Front Physiol (2013) 4:210. doi: 10.3389/fphys.2013.00210

151. Hiraoka, N, Ino, Y, Yamazaki-Itoh, R, Kanai, Y, Kosuge, T, and Shimada, K. Intratumoral tertiary lymphoid organ is a favourable prognosticator in patients with pancreatic cancer. Br J Cancer (2015) 112(11):1782–90. doi: 10.1038/bjc.2015.145

152. Miksch, RC, Schoenberg, MB, Weniger, M, Bösch, F, Ormanns, S, Mayer, B, et al. Prognostic impact of tumor-infiltrating lymphocytes and neutrophils on survival of patients with upfront resection of pancreatic cancer. Cancers (2019) 11(1):39. doi: 10.3390/cancers11010039

153. Shamohammadi, FN, Yazdanifar, M, Oraei, M, Kazemi, MH, Roohi, A, Rezaei, F, et al. Controversial role of Γδ T cells in pancreatic cancer. Int Immunopharmacol (2022) 108:108895. doi: 10.1016/j.intimp.2022.108895

154. De Jong, R, Leffers, N, Boezen, H, Ten Hoor, K, van der Zee, A, Hollema, H, et al. Presence of tumor-infiltrating lymphocytes is an independent prognostic factor in type I and ii endometrial cancer. Gynecol Oncol (2009) 114(1):105–10. doi: 10.1016/j.ygyno.2009.03.022

155. Workel, HH, Komdeur, FL, Wouters, MC, Plat, A, Klip, HG, Eggink, FA, et al. Cd103 defines intraepithelial Cd8+ Pd1+ tumour-infiltrating lymphocytes of prognostic significance in endometrial adenocarcinoma. Eur J Cancer (2016) 60:1–11. doi: 10.1016/j.ejca.2016.02.026

156. Son, J, George, GC, Nardo, M, Krause, KJ, Jazaeri, AA, Biter, AB, et al. Adoptive cell therapy in gynecologic cancers: A systematic review and meta-analysis. Gynecol Oncol (2022) 165:664–70. doi: 10.1016/j.ygyno.2022.03.013

157. Attig, S, Hennenlotter, J, Pawelec, G, Klein, G, Koch, SD, Pircher, H, et al. Simultaneous infiltration of polyfunctional effector and suppressor T cells into renal cell carcinomast lymphocytes in renal cell carcinoma. Cancer Res (2009) 69(21):8412–9. doi: 10.1158/0008-5472.CAN-09-0852

158. Bromwich, E, McArdle, P, Canna, K, McMillan, D, McNicol, A, Brown, M, et al. The relationship between T-lymphocyte infiltration, stage, tumour grade and survival in patients undergoing curative surgery for renal cell cancer. Br J Cancer (2003) 89(10):1906–8. doi: 10.1038/sj.bjc.6601400

159. Remark, R, Alifano, M, Cremer, I, Lupo, A, Dieu-Nosjean, M-C, Riquet, M, et al. Characteristics and clinical impacts of the immune environments in colorectal and renal cell carcinoma lung metastases: Influence of tumor origin in situ immune reaction in lung metastases. Clin Cancer Res (2013) 19(15):4079–91. doi: 10.1158/1078-0432.CCR-12-3847

160. Siddiqui, SA, Frigola, X, Bonne-Annee, S, Mercader, M, Kuntz, SM, Krambeck, AE, et al. Tumor-infiltrating Foxp3– Cd4+ Cd25+ T cells predict poor survival in renal cell carcinoma. Clin Cancer Res (2007) 13(7):2075–81. doi: 10.1158/1078-0432.CCR-06-2139

161. Shablak, A, Hawkins, RE, Rothwell, DG, and Elkord, E. T Cell–based immunotherapy of metastatic renal cell carcinoma: Modest success and future perspectivet–cell immunotherapy of mrcc. Clin Cancer Res (2009) 15(21):6503–10. doi: 10.1158/1078-0432.CCR-09-1605

162. Baldan, V, Griffiths, R, Hawkins, RE, and Gilham, DE. Efficient and reproducible generation of tumour-infiltrating lymphocytes for renal cell carcinoma. Br J Cancer (2015) 112(9):1510–8. doi: 10.1038/bjc.2015.96

163. Chamberlain, CA, Bennett, EP, Kverneland, AH, Svane, IM, Donia, M, and Met, ÖJMT-O. Highly efficient pd-1-Targeted crispr-Cas9 for tumor-infiltrating lymphocyte-based adoptive T cell therapy. Mol Ther Oncolytics (2022) 24:417–28. doi: 10.1016/j.omto.2022.01.004

164. Singh, N, Shi, J, June, CH, and Ruella, M. Genome-editing technologies in adoptive T cell immunotherapy for cancer. Curr Hematol Malig Rep (2017) 12(6):522–9. doi: 10.1007/s11899-017-0417-7

165. Ebelt, K, Babaryka, G, Figel, AM, Pohla, H, Buchner, A, Stief, CG, et al. Dominance of Cd4+ lymphocytic infiltrates with disturbed effector cell characteristics in the tumor microenvironment of prostate carcinoma. Prostate (2008) 68(1):1–10. doi: 10.1002/pros.20661

166. Yang, Y, Attwood, K, Bshara, W, Mohler, JL, Guru, K, Xu, B, et al. High intratumoral Cd8+ T-cell infiltration is associated with improved survival in prostate cancer patients undergoing radical prostatectomy. Prostate (2021) 81(1):20–8. doi: 10.1002/pros.24068

167. Zeigler-Johnson, C, Morales, KH, Lal, P, and Feldman, M. The relationship between obesity, prostate tumor infiltrating lymphocytes and macrophages, and biochemical failure. PloS One (2016) 11(8):e0159109. doi: 10.1371/journal.pone.0159109

168. McArdle, P, Canna, K, McMillan, D, McNicol, A, Campbell, R, and Underwood, M. The relationship between T-lymphocyte subset infiltration and survival in patients with prostate cancer. Br J Cancer (2004) 91(3):541–3. doi: 10.1038/sj.bjc.6601943

169. Yang, Y, Attwood, K, Versaggi, C, Omilian, A, Bshara, W, Xu, B, et al. Association of high Cd8+ tumor infiltrating lymphocytes at prostatectomy with improved survival of prostate cancer patients. Am Soc Clin Oncol (2018) 36:5068–5068. doi: 10.1200/JCO.2018.36.15_suppl.5068

170. Krpina, K, Babarović, E, and Jonjić, N. Correlation of tumor-infiltrating lymphocytes with bladder cancer recurrence in patients with solitary low-grade urothelial carcinoma. Virchows Archiv (2015) 467(4):443–8. doi: 10.1007/s00428-015-1808-6

171. Zhang, Q, Hao, C, Cheng, G, Wang, L, Wang, X, Li, C, et al. High Cd4+ T cell density is associated with poor prognosis in patients with non-Muscle-Invasive bladder cancer. Int J Clin Exp Pathol (2015) 8(9):11510.

172. Horn, T, Laus, J, Seitz, A, Maurer, T, Schmid, S, Wolf, P, et al. The prognostic effect of tumour-infiltrating lymphocytic subpopulations in bladder cancer. World J Urol (2016) 34(2):181–7. doi: 10.1007/s00345-015-1615-3

173. Wahlin, S, Nodin, B, Leandersson, K, Boman, K, and Jirström, K. Clinical impact of T cells, b cells and the pd-1/Pd-L1 pathway in muscle invasive bladder cancer: A comparative study of transurethral resection and cystectomy specimens. Oncoimmunology (2019) 8(11):e1644108. doi: 10.1080/2162402X.2019.1644108

174. Kirtane, K, Elmariah, H, Chung, CH, and Abate-Daga, D. Adoptive cellular therapy in solid tumor malignancies: Review of the literature and challenges ahead. J Immunother Cancer (2021) 9(7):1–11. doi: 10.1136/jitc-2021-002723

175. Hershkovitz, L, Schachter, J, Treves, AJ, and Besser, MJ. Focus on adoptive T cell transfer trials in melanoma. Clin Dev Immunol (2010) 2010:1–12. doi: 10.1155/2010/260267

176. Mills, J, Darcy, P, and Gyorki, DE. Adoptive cell therapy for melanoma. Melanoma Springer (2018) . p:549–65. doi: 10.1007/978-3-319-78310-9_34

177. Goff, SL, Smith, FO, Klapper, JA, Sherry, R, Wunderlich, JR, Steinberg, SM, et al. Tumor infiltrating lymphocyte therapy for metastatic melanoma: Analysis of tumors resected for til. J Immunother (Hagerstown Md: 1997) (2010) 33(8):840. doi: 10.1097/CJI.0b013e3181f05b91

178. Sim, GC, Chacon, J, Haymaker, C, Ritthipichai, K, Singh, M, Hwu, P, et al. Tumor-infiltrating lymphocyte therapy for melanoma: Rationale and issues for further clinical development. BioDrugs (2014) 28(5):421–37. doi: 10.1007/s40259-014-0097-y

179. Ye, Q, Loisiou, M, Levine, BL, Suhoski, MM, Riley, JL, June, CH, et al. Engineered artificial antigen presenting cells facilitate direct and efficient expansion of tumor infiltrating lymphocytes. J Trans Med (2011) 9(1):1–13. doi: 10.1186/1479-5876-9-131

180. Morgan, RA, Chinnasamy, N, Abate-Daga, DD, Gros, A, Robbins, PF, Zheng, Z, et al. Cancer regression and neurologic toxicity following anti-Mage-A3 tcr gene therapy. J Immunother (Hagerstown Md: 1997) (2013) 36(2):133. doi: 10.1007/s13181-021-00835-6

181. Prinz, PU, Mendler, AN, Masouris, I, Durner, L, Oberneder, R, and Noessner, E. High dgk-A and disabled mapk pathways cause dysfunction of human tumor-infiltrating Cd8+ T cells that is reversible by pharmacologic intervention. J Immunol (2012) 188(12):5990–6000. doi: 10.4049/jimmunol.1103028

182. Krummel, MF, Heath, WR, and Allison, J. Differential coupling of second signals for cytotoxicity and proliferation in Cd8+ T cell effectors: Amplification of the lytic potential by B7. J Immunol (1999) 163(6):2999–3006.

183. Weng, N-p, Akbar, AN, and Goronzy, J. Cd28– T cells: Their role in the age-associated decline of immune function. Trends Immunol (2009) 30(7):306–12. doi: 10.1016/j.it.2009.03.013

184. Tirapu, I, Huarte, E, Guiducci, C, Arina, A, Zaratiegui, M, Murillo, O, et al. Low surface expression of B7-1 (Cd80) is an immunoescape mechanism of colon carcinoma. Cancer Res (2006) 66(4):2442–50. doi: 10.1158/0008-5472.CAN-05-1681

185. Afreen, S, and Dermime, S. The immunoinhibitory B7-H1 molecule as a potential target in cancer: Killing many birds with one stone. Hematology/oncol Stem Cell Ther (2014) 7(1):1–17. doi: 10.1016/j.hemonc.2013.09.005

186. Guedan, S, Posey, AD Jr., Shaw, C, Wing, A, Da, T, Patel, PR, et al. Enhancing car T cell persistence through icos and 4-1bb costimulation. JCI Insight (2018) 3(1):1–17. doi: 10.1172/jci.insight.96976

187. Radvanyi, LG. Tumor-infiltrating lymphocyte therapy: Addressing prevailing questions. Cancer J (2015) 21(6):450–64. doi: 10.1097/PPO.0000000000000162

188. Granhøj, JS, Witness Præst Jensen, A, Presti, M, Met, Ö, Svane, IM, and Donia, M. Tumor-infiltrating lymphocytes for adoptive cell therapy: Recent advances, challenges, and future directions. Expert Opin Biol Ther (2022) 22(5):627–41. doi: 10.1080/14712598.2022.2064711

189. Shi, J, Li, M, and Yang, R. Tumor-infiltrating lymphocytes as a feasible adjuvant immunotherapy for osteosarcoma with a poor response to neoadjuvant chemotherapy. Immunotherapy (2020) 12(9):641–52. doi: 10.2217/imt-2020-0107

190. Zhou, X, Wu, J, Duan, C, and Liu, Y. Retrospective analysis of adoptive til therapy plus anti-Pd1 therapy in patients with chemotherapy-resistant metastatic osteosarcoma. J Immunol Res (2020) 2020:1–12. doi: 10.1155/2020/7890985

191. Mullinax, JE, Hall, M, Prabhakaran, S, Weber, J, Khushalani, N, Eroglu, Z, et al. Combination of ipilimumab and adoptive cell therapy with tumor-infiltrating lymphocytes for patients with metastatic melanoma. Front Oncol (2018) 8:44. doi: 10.3389/fonc.2018.00044

192. Santos, J, Heiniö, C, Quixabeira, D, Zafar, S, Clubb, J, Pakola, S, et al. Systemic delivery of oncolytic adenovirus to tumors using tumor-infiltrating lymphocytes as carriers. Cells (2021) 10(5):978. doi: 10.3390/cells10050978

193. Ye, K, Li, F, Wang, R, Cen, T, Liu, S, Zhao, Z, et al. An armed oncolytic virus enhances the efficacy of tumor-infiltrating lymphocyte therapy by converting tumors to artificial antigen presenting cells in situ. Mol Ther (2022) 30:1–19. doi: 10.1016/j.ymthe.2022.06.010

194. Feist, M, Zhu, Z, Dai, E, Ma, C, Liu, Z, Giehl, E, et al. Oncolytic virus promotes tumor-reactive infiltrating lymphocytes for adoptive cell therapy. Cancer Gene Ther (2021) 28(1):98–111. doi: 10.1038/s41417-020-0189-4

195. Cervera-Carrascon, V, Quixabeira, DC, Havunen, R, Santos, JM, Kutvonen, E, Clubb, JH, et al. Comparison of clinically relevant oncolytic virus platforms for enhancing T cell therapy of solid tumors. Mol Therapy-Oncol (2020) 17:47–60. doi: 10.1016/j.omto.2020.03.003

196. Lauss, M, Donia, M, Harbst, K, Andersen, R, Mitra, S, Rosengren, F, et al. Mutational and putative neoantigen load predict clinical benefit of adoptive T cell therapy in melanoma. Nat Commun (2017) 8(1):1–11. doi: 10.1038/s41467-017-01460-0

197. Lu, Y-C, Yao, X, Crystal, JS, Li, YF, El-Gamil, M, Gross, C, et al. Efficient identification of mutated cancer antigens recognized by T cells associated with durable tumor regressions. Clin Cancer Res (2014) 20(13):3401–10. doi: 10.1158/1078-0432.CCR-14-0433

198. Lövgren, T, Sarhan, D, Truxová, I, Choudhary, B, Maas, R, Melief, J, et al. Enhanced stimulation of human tumor-specific T cells by dendritic cells matured in the presence of interferon-Γ and multiple toll-like receptor agonists. Cancer Immunol Immunother (2017) 66(10):1333–44. doi: 10.1007/s00262-017-2029-4

199. Lövgren, T, Wolodarski, M, Wickström, S, Edbäck, U, Wallin, M, Martell, E, et al. Complete and long-lasting clinical responses in immune checkpoint inhibitor-resistant, metastasized melanoma treated with adoptive T cell transfer combined with dc vaccination. Oncoimmunology (2020) 9(1):1792058. doi: 10.1080/2162402X.2020.1792058

200. Foley, KC, Nishimura, MI, and Moore, TV. Combination immunotherapies implementing adoptive T cell transfer for advanced-stage melanoma. Melanoma Res (2018) 28(3):171. doi: 10.1097/CMR.0000000000000436

201. Senapati, S, Mahanta, AK, Kumar, S, and Maiti, P. Controlled drug delivery vehicles for cancer treatment and their performance. Signal Transduct Targeted Ther (2018) 3(1):1–19. doi: 10.1038/s41392-017-0004-3

202. Aoto, K, Mimura, K, Okayama, H, Saito, M, Chida, S, Noda, M, et al. Immunogenic tumor cell death induced by chemotherapy in patients with breast cancer and esophageal squamous cell carcinoma. Oncol Rep (2018) 39(1):151–9. doi: 10.3892/or.2017.6097

203. Koukourakis, IM, Gkegka, AG, Xanthopoulou, E, Nanos, C, Giatromanolaki, A, and Koukourakis, MI. Prognostic and predictive relevance of tumor-infiltrating lymphocytes in squamous cell head–neck cancer patients treated with radical Radiotherapy/Chemo-radiotherapy. Curr Oncol (2022) 29(6):4274–84. doi: 10.3390/curroncol29060342

204. Kovács, A, Stenmark Tullberg, A, Werner Rönnerman, E, Holmberg, E, Hartman, L, Sjöström, M, et al. Effect of radiotherapy after breast-conserving surgery depending on the presence of tumor-infiltrating lymphocytes: A long-term follow-up of the Swebcg91rt randomized trial. J Clin Oncol (2019) 37(14):1179–87. doi: 10.1200/JCO.18.02157

205. Kodumudi, KN, Siegel, J, Weber, AM, Scott, E, Sarnaik, AA, and Pilon-Thomas, S. Immune checkpoint blockade to improve tumor infiltrating lymphocytes for adoptive cell therapy. PloS One (2016) 11(4):e0153053. doi: 10.1371/journal.pone.0153053

206. Goodman, AM, Kato, S, Bazhenova, L, Patel, SP, Frampton, GM, Miller, V, et al. Tumor mutational burden as an independent predictor of response to immunotherapy in diverse cancerstmb predicts response to immunotherapy in diverse cancers. Mol Cancer Ther (2017) 16(11):2598–608. doi: 10.1158/1535-7163.MCT-17-0386

207. Cervera-Carrascon, V, Quixabeira, DC, Santos, JM, Havunen, R, Zafar, S, Hemminki, O, et al. Tumor microenvironment remodeling by an engineered oncolytic adenovirus results in improved outcome from pd-L1 inhibition. Oncoimmunology (2020) 9(1):1761229. doi: 10.1080/2162402X.2020.1761229

208. Kazemi, MH, Dehaghi, BK, Roshandel, E, Parkhideh, S, Mehdizadeh, M, Salimi, M, et al. Oncolytic virotherapy in hematopoietic stem cell transplantation. Hum Immunol (2021) 82(9):640–8. doi: 10.1016/j.humimm.2021.05.007

209. Ott, PA, Dotti, G, Yee, C, and Goff, SL. An update on adoptive T-cell therapy and neoantigen vaccines. Am Soc Clin Oncol Educ Book (2019) 39:e70–e8. doi: 10.1200/EDBK_238001

210. Tran, E, Robbins, PF, and Rosenberg, SA. ‘Final common pathway’of human cancer immunotherapy: Targeting random somatic mutations. Nat Immunol (2017) 18(3):255–62. doi: 10.1038/ni.3682

211. Garg, AD, Coulie, PG, Van den Eynde, BJ, and Agostinis, P. Integrating next-generation dendritic cell vaccines into the current cancer immunotherapy landscape. Trends Immunol (2017) 38(8):577–93. doi: 10.1016/j.it.2017.05.006

212. Poschke, I, Lövgren, T, Adamson, L, Nyström, M, Andersson, E, Hansson, J, et al. A phase I clinical trial combining dendritic cell vaccination with adoptive T cell transfer in patients with stage iv melanoma. Cancer Immunol Immunother (2014) 63(10):1061–71. doi: 10.1007/s00262-014-1575-2

213. Anderson, EM, Thomassian, S, Gong, J, Hendifar, A, and Osipov, A. Advances in pancreatic ductal adenocarcinoma treatment. Cancers (2021) 13(21):5510. doi: 10.3390/cancers13215510

214. Yamamoto, TN, Kishton, RJ, and Restifo, NP. Developing neoantigen-targeted T cell–based treatments for solid tumors. Nature Med (2019) 25(10):1488–99. doi: 10.1038/s41591-019-0596-y

215. Krishna, S, Lowery, FJ, Copeland, AR, Bahadiroglu, E, Mukherjee, R, Jia, L, et al. Stem-like Cd8 T cells mediate response of adoptive cell immunotherapy against human cancer. Science (2020) 370(6522):1328–34. doi: 10.1126/science.abb9847

216. Sukumar, M, Liu, J, Ji, Y, Subramanian, M, Crompton, JG, Yu, Z, et al. Inhibiting glycolytic metabolism enhances Cd8+ T cell memory and antitumor function. J Clin Investig (2013) 123(10):4479–88. doi: 10.1172/JCI69589

217. Johnson, MO, Wolf, MM, Madden, MZ, Andrejeva, G, Sugiura, A, Contreras, DC, et al. Distinct regulation of Th17 and Th1 cell differentiation by glutaminase-dependent metabolism. Cell (2018) 175(7):1780–95. e19. doi: 10.1016/j.cell.2018.10.001

218. Martins, F, Sofiya, L, Sykiotis, GP, Lamine, F, Maillard, M, Fraga, M, et al. Adverse effects of immune-checkpoint inhibitors: Epidemiology, management and surveillance. Nat Rev Clin Oncol (2019) 16(9):563–80. doi: 10.1038/s41571-019-0218-0

219. Singer, M, Wang, C, Cong, L, Marjanovic, ND, Kowalczyk, MS, Zhang, H, et al. A distinct gene module for dysfunction uncoupled from activation in tumor-infiltrating T cells. Cell (2016) 166(6):1500–11. e9. doi: 10.1016/j.cell.2016.08.052

220. Palmer, DC, Webber, BR, Patel, Y, Johnson, MJ, Kariya, CM, Lahr, WS, et al. Internal checkpoint regulates T cell neoantigen reactivity and susceptibility to Pd1 blockade. Med (2020) 3:682–704. doi: 10.1016/j.medj.2022.07.008

221. Heemskerk, B, Liu, K, Dudley, ME, Johnson, LA, Kaiser, A, Downey, S, et al. Adoptive cell therapy for patients with melanoma, using tumor-infiltrating lymphocytes genetically engineered to secrete interleukin-2. Hum Gene Ther (2008) 19(5):496–510. doi: 10.1089/hum.2007.0171

222. Zhang, L, Morgan, RA, Beane, JD, Zheng, Z, Dudley, ME, Kassim, SH, et al. Tumor-infiltrating lymphocytes genetically engineered with an inducible gene encoding interleukin-12 for the immunotherapy of metastatic melanomanfat–Il12 in til trial. Clin Cancer Res (2015) 21(10):2278–88. doi: 10.1158/1078-0432.CCR-14-2085

223. Forget, M-A, Tavera, RJ, Haymaker, C, Ramachandran, R, Malu, S, Zhang, M, et al. A novel method to generate and expand clinical-grade, genetically modified, tumor-infiltrating lymphocytes. Front Immunol (2017) 8:908. doi: 10.3389/fimmu.2017.00908



Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Kazemi, Sadri, Najafi, Rahimi, Baghernejadan, Khorramdelazad and Falak. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 01 November 2022

doi: 10.3389/fimmu.2022.899468

[image: image2]


Bispecific antibody-targeted T-cell therapy for acute myeloid leukemia


Ewa Kubicka †, Lawrence G. Lum †, Manley Huang and Archana Thakur *


Cellular Immunotherapy and Bone Marrow Transplant Program, Department of Medicine, Division of Hematology/Oncology, University of Virginia, Charlottesville, VA, United States




Edited by: 

Nirali Shah, National Institutes of Health (NIH), United States

Reviewed by: 

Federico Simonetta, Hôpitaux universitaires de Genève (HUG), Switzerland

Lu Zhou, Affiliated Hospital of Nantong University, China

*Correspondence: 

Archana Thakur
 at2fx@virginia.edu








†These authors share first authorship


Specialty section: 
 This article was submitted to Cancer Immunity and Immunotherapy, a section of the journal Frontiers in Immunology


Received: 18 March 2022

Accepted: 03 October 2022

Published: 01 November 2022

Citation:
Kubicka E, Lum LG, Huang M and Thakur A (2022) Bispecific antibody-targeted T-cell therapy for acute myeloid leukemia. Front. Immunol. 13:899468. doi: 10.3389/fimmu.2022.899468



The management of relapsed or refractory acute myeloid leukemia (AML) continues to be therapeutically challenging. Non-toxic immunotherapy approaches are needed to provide long-term anti-leukemic effects. The goal of this study was to determine whether activated T cells (ATCs) armed with bispecific antibodies (BiAbs) could target and lyse leukemic and leukemic stem cells (LSCs). Anti-CD3 × anti-CD123 BiAb (CD123Bi) and anti-CD3 × anti-CD33GO (gemtuzumab ozogamicin [GO]) BiAb (CD33GOBi) were used to arm ATCs to produce bispecific antibody armed activated T cells (designated CD123 BATs or CD33GO BATs) to target AML cell lines, peripheral blood mononuclear cells from AML patients, and in vivo treatment of AML in xenogeneic NSG mice engrafted with leukemic cells. BATs exhibited high levels of specific cytotoxicity directed at AML cell lines at low 1:1 or 1:2 effector-to-target (E:T) ratios and secrete Th1 cytokines upon target engagement. In vivo study in AML-engrafted NSG mice showed significantly prolonged survival in mice treated with CD33GO BATs (p < 0.0001) or CD123 BATs (p < 0.0089) compared to ATC-treated control mice. Patient samples containing leukemic blasts and LSCs when treated with CD33GO BATs or CD123 BATs for 18 h showed a significant reduction (50%–100%; p < 0.005) in blasts and 75%–100% reduction in LSCs (p < 0.005) in most cases compared to unarmed ATCs. This approach may provide a potent and non-toxic strategy to target AML blasts and LSCs and enhance chemo-responsiveness in older patients who are likely to develop recurrent diseases.
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Introduction

Acute myeloid leukemia (AML) is a heterogeneous disease characterized by the accumulation of malignant cells in the myeloid lineage that poses a significant therapeutic challenge (1). Although allogeneic stem cell transplant (AlloSCT) provides a long-term cure for high-risk patients who have an AlloSCT donor, there are significant regimen-related toxicities and a high risk of relapse (2–8). Recurrent disease is attributed to leukemic stem cells (LSCs), which are thought to be resistant to chemotherapy and capable of reinitiating the disease. Leukemic antigens CD33 and CD123 are highly expressed on blasts and LSCs, making them attractive AML targets (9, 10). Although a humanized anti-CD33 IgG4 antibody conjugated to the cytotoxic agent calicheamicin (gemtuzumab ozogamicin [GO]) was reapproved for treating newly diagnosed AML in relapsed/refractory (R/R) AML in adults and pediatric patients, treatment with GO continues to be associated with serious adverse effects (11, 12). Several bispecific antibodies, trispecific antibodies, drug conjugates, and CAR T cell-based studies to target CD33 or CD123 are ongoing but have not reproduced the efficacy seen in acute lymphocytic leukemia (ALL) (13–16). Thus, novel non-hematotoxic therapeutic strategies that target and eradicate LSCs and AML blasts are urgently needed. Our bispecific antibody armed activated T-cell (BAT) approach using anti-CD3 × anti-CD33 BiAb (CD33GOBi) redirected T cells (CD33GO BATs) or anti-CD3 × anti-CD123 BiAb (CD123Bi) redirected T cells (CD123 BATs) may improve outcomes for patients with AML without cytokine release syndrome (CRS) and may enhance chemo-responsiveness of chemo-resistant cells in a non-MHC restricted manner.

In our preclinical studies, we have shown that engagement between target and effector cells created by the anti-CD3 × anti-tumor associated antigen (TAA) BiAb triggers the non-MHC restricted release of perforin/granzyme B that kills tumor targets, increasing T-cell trafficking and secretion of Th1 cytokines (17, 18). In BAT-based therapeutic strategy in phase I/II clinical trials, we have demonstrated the lack of CRS in solid tumors (19–23), non-Hodgkin’s lymphoma (NHL) (24), and multiple myeloma (MM) (25), combined with controlled potency by adjusting the arming dose of the bispecific antibody, the cell dose (BATs) per infusion, and the number and frequency of infusions. In addition, multiple non-toxic infusions of BATs can induce the recruitment of endogenous adaptive and innate immune cells through the non-toxic release of cytokines and chemokines to provide an improved anti-leukemia effect. BAT approach can be a versatile and promising alternative to target AML.

Our clinical studies using the same strategy as mentioned above show that HER2 BATs against breast and prostate cancers (19–22, 26), EGFR BATs against pancreatic cancer (23), and CD20 BATs against lymphoma (24) and multiple myeloma precursor cells (25) showed clinical and immunological responses without CRS. In this study, we show that ATCs armed with CD123Bi (CD123 BATs) or CD33GOBi (CD33GO BATs) exhibit high levels of specific cytotoxicity directed at CD123- and CD33-expressing cells, release Th1 cytokines/chemokines, and sensitize drug-resistant AML cells for chemo-responsiveness.



Materials and methods


Cell lines

TF1, NoMo1, EOL1, KG1, HL60, and vincristine-resistant (VCR) HL60/VCR cell lines were from Dr. Thomas P. Loughran, Jr., University of Virginia Cancer Center. The cell lines were grown in RPMI-1640 (or IMDM for KG1) supplemented with either 10% (TF1, NoMo1, HL60, and HL60/VCR) or 20% (KG1 and EOL1) fetal calf serum (FCS), 1% l-glutamine, and 2% penicillin-streptomycin except for TF1 culture media that were supplemented with additional 2 ng/ml of granulocyte-macrophage colony-stimulating factor (GM-CSF). HL60/VCR line was maintained in 1 μg/ml of vincristine.



Activation and expansion of T cells

Research protocols for blood collection from healthy donors were approved by the University of Virginia Institutional Review Board (IRB Approved Protocol #18904). Informed consent was obtained from all normal donors. Peripheral blood mononuclear cells (PBMCs) were isolated from heparinized whole blood of normal healthy donors by Ficoll-Hypaque density gradient centrifugation and re-suspended in RPMI-1640 supplemented with 10% FCS, 1% l-glutamine (Lonza, Singapore), and 2% penicillin-streptomycin; T cells were activated with 20 ng of OKT3/ml and expanded in 100 IU of IL-2/million cells.



Production of anti-CD3 × anti-CD123 and anti-CD3 × anti-CD33GO bispecific antibodies

OKT3, a murine anti-CD3 epsilon IgG2a monoclonal antibody (mAb), was purchased from Miltenyi Biotech (Auburn, CA, USA) and Bio X Cell (Lebanon, NH, USA). Anti-CD123 (Clone 7G3) was purchased from BD Biosciences (Franklin Lakes, NJ, USA). GO (Mylotarg™), a recombinant humanized anti-CD33 monoclonal antibody (IgG4 κ antibody hP67.6) covalently linked to the calicheamicin (anti-CD33GO), was purchased from the UVA Pharmacy (Charlottesville, VA, USA). OKT3 was chemically heteroconjugated with anti-CD123 mAb and anti-CD33GO as described (27). In brief, OKT3 was crosslinked using a 10-fold molar excess of Traut’s reagent, and anti-CD123 mAb or gemtuzumab was crosslinked using a fourfold molar excess of sulfo-SMCC. The BiAb was produced by combining crosslinked mAbs at a 1:1 ratio by overnight heteroconjugation at 4°C to produce anti-CD3 × anti-CD123 BiAb (CD123Bi) and anti-CD3 × anti-CD33GO BiAb (CD33GOBi).



Arming of activated T cells with bispecific antibodies

CD123Bi and CD33GOBi were titrated for the optimal dose to arm activated T cells (ATCs). ATCs were armed with increasing doses of CD123Bi or CD33GOBi (0.5 to 500 ng/106 ATCs) for 30 min at room temperature and were washed thrice to eliminate any unbound BiAb.



Primary patient acute myeloid leukemia cells

AML cells from pretreatment diagnostic peripheral blood or bone marrow specimens were obtained from the Orien Biorepository at the University of Virginia Cancer Research Center (UVA Orien IRB HSR 18445) from adult patients with AML. Patients provided written informed consent for the collection and use of their biospecimens for research purposes under a protocol approved by the UVA Institutional Review Board. Clinical data were de-identified for all patients.



Immunostaining for acute myeloid leukemia blasts and acute myeloid leukemia leukemic stem cells

PBMCs from patients diagnosed with AML were stained with anti-CD34, anti-CD 38, anti-CD90, anti-CD33, anti-CD123, and anti-TIM3 monoclonal antibodies to quantitate the expression of CD33 and CD123 on AML blasts (CD45dim/CD34+/−/CD38+/−), LSCs (CD34+/CD38−/CD90−/TIM3+), and hematopoietic stem cells (HSCs) (CD34+CD38−/CD90+/TIM3−) and the proportion of these cells in the PBMCs by flow cytometry. The phenotypes of these cells are also listed in Table S1.



Flow cytometry-based cytotoxicity assay

We recently developed a quantitative flow cytometry-based cytotoxicity assay that is highly sensitive at low effector-to-target (E:T) ratios in which the concentration of both effector T cells (BATs) and target cells (AML cell lines) is measured in fixed-volume aliquots at the time of initiation and after 18 h (or more) of culture using an ACEA Biosciences (San Diego, CA, USA) NovoCyte flow cytometer (28). Briefly, the target cells are fluorescently labeled with eFluor 450 dye (Invitrogen, Carlsbad, CA, USA) and added to 24- or 96-well culture plates. ATCs were added to target cells at the designated E:T ratios and gently mixed. At designated time points, fixed volumes of co-cultured cells were acquired to determine the number of live BATs and target cells as previously described (28). Briefly, the tracking dye eFluor 450-positive and 7AAD-negative PBMCs represent the live AML populations after the targeted overnight killing by BATs. A forward/side scatter gate was drawn to capture the lymphocyte population followed by an enumeration of live BATs (7AAD−/eFluor 450−) and live target cells (7AAD−/eFluor 450+). The percent killing was calculated using the following formula: [1 − (number of targets cultured with effectors/number of targets cultured without effectors)] × 100.



Flow-based cytotoxicity assay to target patient-derived leukemic stem cells

We used a quantitative flow cytometry-based cytotoxicity assay as described above. Briefly, PBMCs collected from patients at the time of diagnosis were stained with eFluor 450 dye and co-cultured with CD123 BATs, CD33GO BATs, or unarmed ATCs. Fixed volume from the co-culture at 0 h and after 18 h was stained for HSCs, AML blasts, AML LSCs, and myeloid cells followed by adding 7-AAD for quantitative measurement of cytotoxicity in the percentage of target lyse as well as the absolute reduction in the numbers of blasts or LSCs eliminated in the assays.



Acute myeloid leukemia engraftment and treatment of mice

All animal protocols were reviewed and approved by the Institute of Animal Care and Use Committee of the University of Virginia. We used an equal ratio of male and female, 6–8-week-old NOD scid gamma ([NSG] NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ) mice from Jackson Laboratory; these mice have a deficiency in innate immunity and deficiency in IL-2 receptor gamma chain that disables cytokine signaling and lack mature T cells, B cells, and functional NK cells. Briefly, NSG mice were irradiated with 250 rad; after 24 h of irradiation, mice were intravenously injected with 10 × 106 KG1 cells to establish human AML engraftment and were given sulfamethoxazole:trimethoprim for 1 week post irradiation. The AML engraftment was monitored by staining for human CD45+ cells in the flushed bone marrow (BM) on days 7, 14, and 21. Treatment was begun once engraftment reached ~15% (Figure S4). Mice were treated with 20 × 106 cells/injection, 3×/week for 4 weeks (n = 10 mice/group). Control and treatment groups (G) include unarmed ATCs (G1), CD33GO BATs (G2), CD123 BATs (G3), and 0.06 mg/kg of Mylotarg (GO) alone (G4). Following 4 weeks of treatment, mice were monitored for survival.

We repeated the in vivo experiment again in the NSG mouse model using AML engraftment with KG1a cells. Treatment was started on day 21 when engraftment of CD45+ KG1a cells reached 30% in the bone marrow. Mice were treated with control ATCs or CD123 BATs (20 × 106 cells/injection) 3×/week for 4 weeks. The end point was survival following 4 weeks of treatment.

The methods for the dose–response curve of GO to determine IC50 dose for AML cell lines, flow cytometry-based drug efflux assay, and cytokine/chemokine profiling are provided in the Supplementary Material.



Statistical considerations

Descriptive statistics were used to analyze the data using GraphPad Prism Software Inc. (San Diego, CA, USA). The mean and standard deviation are reported. All p-values are two-tailed. All comparisons were performed using the Mann–Whitney or Wilcoxon signed-rank test.




Results


Production of anti-CD3 × anti-CD123 and anti-CD3 × anti-CD33 bispecific antibodies

Anti-CD33GO and anti-CD123 monoclonal antibodies were heteroconjugated with OKT3 (anti-CD3) to produce CD33GOBi and CD123Bi as described (27). The BiAbs were separated on a native gel to quantitate the proportions of dimers, multimers, and unconjugated monomers. CD33GOBi showed ~6%, 19%, and 75% and CD123Bi showed ~10%, 20%, and 70% of multimers, dimers, and monomers, respectively (Figure 1A, left panel). Any unbound monomers and multimers are rinsed from the BAT product before performing any in vivo and in vitro experiments.




Figure 1 | (A) Left panel showing SDS-PAGE images of heteroconjugated products of CD33GOBi and CD123Bi. Lane 1 in both gels: molecular weight markers (MW); Lane 2 in both gels: OKT3; Lane 3: CD33 in gel #1or CD123 in gel #2; Lane 4: CD33GOBi in gel #1 or CD123Bi in gel #2 containing unconjugated monomers, dimers (arrow), and multimers forms. Right panel shows the relative expression of CD33 and CD123 on AML cell lines. (B) Left panel shows surface expression of CD33 in TF1, NoMo1, EOL1, KG1, HL60 and vincristine resistant HL60 (HL60/VCR) AML cell lines. Right peak on each plot shows binding of anti-CD33 relative to isotype control mouse IgG1 (left peak). Right panel shows staining of anti-CD123 (right peak) relative to isotype control mouse IgG1 (left peak) in all six AML cell lines.





CD33 and CD123 expression and proportion of blasts in acute myeloid leukemia cell lines

All AML cell lines (TF1, NoMo1, EOL1, KG1, HL60, and HL60/VCR) were stained for CD123 or CD33 expression using the fluorochrome-conjugated anti-CD123 and anti-CD33 antibodies. The relative expression of CD33 and CD123 is shown in the right panel of Figure 1A. Variable mean fluorescence intensity (MFI) of CD33 and CD123 expression on AML cell lines is shown in Figure 1B (left and right panels) and in Table 1. Co-expression of CD33 and CD123 and proportions of blasts in cell lines were detected by phenotyping for CD123, CD33, CD34, and CD38 markers. Co-expression of CD33+/CD123+ ranged from 0.58% to 78.9% (TF1, 27.8%; NoMo1, 65.7%; EOL1, 78.9%; KG1, 58.8%; HL60, 1.16%; and HL60/VCR, 0.58%). The proportions of CD33+/CD123+/−, CD34+/−/CD38+/−, and CD34−/CD38+ populations are shown in Figures S1A, B.


Table 1 | Expression of CD33+/CD123+ in cell line and cytotoxicity mediated by CD33GO or CD123 BATs.





CD33-expressing acute myeloid leukemia cell lines show resistance to gemtuzumab ozogamicin

AML cell lines EOL1, HL60, and NoMo1 showed 50% cytotoxicity at 1.8, 4.0, and 150 ng/ml doses of GO at 72-h cytotoxicity assay, respectively. Interestingly, the IC50 dose of GO for KG1, TF1, and HL60/VCR could not be reached even up to 10,000 ng/ml (10 μg/ml) concentration of GO in spite of the high expression of CD33 on these cell lines (Figure 2A).



Arming dose titrations of CD33GOBi and CD123Bi

Arming dose titrations were performed at 0 (unarmed ATCs [UAs]), 3, 6, 12, 25, 50, and 100 ng of CD33GOBi or CD123Bi/106 ATCs (Figure 2B). Mean specific cytotoxicity against EOL1 and KG1 cells plateaued respectively at 80% and 57% for CD123 BATs and 78% and 50% for CD33GO BATs at an E:T of 1:1 (Figure 2B, top and bottom panels). The plateau was achieved between arming doses of 25 and 100 ng/106 ATCs at an E:T of 1:1; based on these data, an arming dose of 25 ng/106 ATCs was used in all subsequent experiments.




Figure 2 | (A) Mylotarg Dose-Response Curve. Shows the 50% inhibitory concentration (IC50) of GO (mylotarg) in TF1, NoMo1, EOL1, KG1, HL60 and HL60/VCR cell lines. (B) BiAb Arming Dose-Response Curve. Normal donor ATC (n=3) were either left unarmed (UA, 0 ng/106 ATC) or armed at 3, 6, 12, 25, 50 and 100 ng/106 ATC with CD123Bi (upper panel) and CD33GOBi (lower panel) and tested against EOL1 and KG1 at E:T 1:1 in an 18 hr cytotoxicity assay. The difference was highly significant (*** = p<0.0001) at all 3, 6, 12, 25, 50 and 100 ng/106 arming doses for armed ATC compared to unarmed ATC for both cell lines using Wilcoxon signed-rank test. (C) Titration of E:T Ratio at BiAb Arming Dose of 25 ng/106 ATC. Cytotoxicity of CD33GO- or CD123 BATs against TF1, NoMo1, EOL1, KG1, HL60 and HL60/VCR cell lines was measured at fixed arming dose of 25 ng/106 ATC at 0.5:1, 1:1, 2:1 and 4:1 E/T ratios (n=3 normal donor ATC). Unarmed ATC (UA) or ATC armed at 25 ng/106 cells with CD123Bi, CD33GOBi or combining both BATs CD123-/CD33GO BATs at 1:1 ratio were incubated for 18 hr with AML cell lines listed above showed increasing cytotoxicity from 0.5:1 to 2:1 ratio plateauing at E:T of 4:1 for EOL1, KG1, HL60 and HL60/VCR cell lines with the exception of TF1 which showed gradual increase at E:Ts from  0.5:1 to 4:1, NoMo1 showed slightly increased cytotoxicity at 4:1 E:T ratio. Statistical analysis is presented for the lowest E/T of 0.5:1 (1 effector cell:2 target cells) in section D below. (D) Targeted Cytotoxicity by BATs at 0.5:1 (1:2) E/T Ratio. Unarmed ATC or ATC were armed with CD123Bi, CD33GOBi or both BATs (CD123-/CD33GO BATs) combined were tested for cytotoxicity against all six AML cell lines at 1:2 E/T ratio (n=3). Cytotoxicity was significantly higher by CD123-, CD33GO- or combined CD123-/CD33GO BATs against EOL1 (P<0.0003), KG1 (P<0.0002), HL60 (P<0.0001) and HL60/VCR (P<0.0003) compared to unarmed ATC. No significant difference in cytotoxicity of NoMo1 cells was observed when targeted with CD123- or CD33GO-, but combining CD123-/CD33GO BATs showed significantly higher cytotoxicity (P<0.008) against NoMo1 compared to ATC, CD123-, CD33GO  BATs using Wilcoxon signed-rank test (** = p<0.005; *** = p<0.0005). (E) Upper panel shows the specificity of CD123- and CD33GO BATs, there is very low killing of CD20+/CD123-/CD33- cell line DAUDI (highest killing was ~20% at highest E/T 4:1). Statistical analysis using Wilcoxon signed-rank test between unarmed (UA) and armed cells showed no significant difference. Lower panel shows killing by PBMC alone, GO alone, CD33GOBi alone, CD123Bi alone or PBMC+GO, PBMC+CD33GOBi, PBMC+CD123GOBi. Cytotoxicity was significantly high (n=3; P<0.00001) by PBMC+CD33GOBi and PBMC+CD123Bi compared to PBMC alone, GO alone, CD33GOBi alone, CD123Bi alone or PBMC+GO at E/T 2:1 against EOL1 cell line using Wilcoxon signed-rank test (**** = p<0.00005).





CD33GO and CD123 bispecific antibody armed activated T cells exhibit specific cytotoxicity against acute myeloid leukemia targets

Both CD33GO and CD123 BATs mediated effective and specific cytotoxicity for all AML cell lines with variable CD33 and CD123 expression at E:T ratios ranging from 0.5:1 to 4:1 except NoMo1. There was no correlation found between the proportion of CD33- or CD123-positive cells, MFI levels, and the levels of specific cytotoxicity of the different cell lines (Table 1).



CD123 bispecific antibody armed activated T cells

ATCs from three normal donors armed with CD123Bi at 25 ng/106 cells exhibited specific cytotoxicity at E:T ratios ranging from 0.5:1 to 4:1. The specific cytotoxicity mediated by CD123 BATs against TF1 ranged from 24% to 50%, NoMo1 from 29% to 53%, EOL1 from 56% to 83%, KG1 from 34% to 68%, HL60 from 50% to 72%, and HL60/VCR from 48% to 67% (Figure 2C). There was no difference in the cytotoxic activity against TF1 or NoMo1 by CD123 BATs compared to UAs, but cytotoxicity was significantly higher against EOL1 (p < 0.0003), KG1 (p < 0.0002), HL60 (p < 0.0001), and HL60/VCR (p < 0.0003) by CD123 BATs compared to UAs (Figure 2D).



CD33GO bispecific antibody armed activated T cells

The specific cytotoxicity by CD33GO BATs against TF1 ranged from 25% to 49%, NoMo1 from 34% to 56%, EOL1 from 61% to 82%, KG1 from 41% to 70%; HL60 from 57% to 75%, and HL60/VCR from 51% to 73% compared to UAs which at the same E:T ratios exhibited 5%–55% cytotoxicity (Figure 2C). The statistical analysis at 0.5:1 E/T ratio showed a significant difference in specific cytotoxicity only for EOL1 (p < 0.0003), KG1 (p < 0.0002), HL60 (p < 0.0001), and HL60/VCR (p < 0.0003) compared to UAs at the same E:T ratio (Figure 2D).



CD33GO/CD123 bispecific antibody armed activated T cells

Next, we asked whether mixing CD33GO BATs and CD123 BATs in equal amounts would exhibit enhanced specific cytotoxicity compared to the CD33GO BATs or CD123 BATs alone. Combined targeting with CD33GO BATs or CD123 BATs shows significantly enhanced cytotoxicity against NoMo1 only at a low E:T of 0.5:1 (p < 0.008), while there was no added cytotoxic effect of combined targeting against TF1, KG1, EOL1, HL60, and HL60/VCR cell lines (Figure 2D). At higher E:T ratios of 4:1, specific cytotoxicity against all cell lines tested showed a similar pattern as with single antigen targeting by CD33GO BATs or CD123 BATs (Figure 2C, six panels).

To confirm the specificity of CD123 BATs or CD33GO BATs killing AML cells, we used DAUDI cells, which do not express CD33 or CD123, at different E:T ratios of 0.5:1, 1:1, 2:1, and 4:1. Both CD33GO BATs and CD123 BATs show low levels of lymphokine-activated killer (LAK) cell-like cytotoxicity as seen by UAs against DAUDI cells (Figure 2E, top panel), confirming the specificity of CD33GO or CD123 BATs for AML cells. No statistically significant difference in cytotoxicity was observed between CD33GO BATs and UAs or between CD123 BATs and UAs against the DAUDI cell line.



Low levels of cytotoxicity mediated by gemtuzumab ozogamicin alone, CD33GOBi, or CD123Bi alone

Since the IC50 dose of GO is 1.8 ng/ml for the EOL1 cell line, we used the same concentration for the overnight (18-h) cytotoxicity assay. Similarly, an effective dose of 5 ng BiAb/well of CD33GOBi or CD123Bi against the EOL1 cell line was used. Since the mechanism of action of GO is by internalization and cleavage to release calicheamicin independent of antibody-dependent cellular cytotoxicity (ADCC), we carried out cytotoxicity assays for 18 h to allow internalization of GO. Cytotoxicity with GO alone, CD33GOBi, or CD123Bi alone was 8.7%, 19.5%, and 2.9%, respectively, in the absence of PBMCs. In the presence of PBMCs (E:T ratio, 2:1), both CD33GOBi and CD123Bi showed significantly higher cytotoxicity of 80% (p < 0.00001) and 70% (p < 0.00001) respectively, compared to PBMCs alone, GO alone, and BiAbs alone (Figure 2E, bottom panel).



Cytokine release profile in targeting killing of acute myeloid leukemia cells by bispecific antibody armed activated T cells

To examine the effector activity of CD33GO BATs or CD123 BATs, 45 panels of cytokines and chemokines were measured after the in vitro 18-h cytotoxicity assay against TF1, NoMo1, EOL1, KG1, HL60, HL60/VCR, and an irrelevant cell line DAUDI. A large number of cytokines and chemokines were produced by CD33GO BATs or CD123 BATs when co-cultured with AML targets. Th1 effector cytokines interferon-γ (IFN-γ), tumor necrosis factor-α (TNF-α), and T-cell recruiting and activating chemokines macrophage inflammatory protein-1β (MIP-1β) and RANTES were the dominant cytokines and chemokines released by CD33GO BATs or CD123 BATs in response to AML cells in the culture supernatant (Figures 3A, B). All values were subtracted from the baseline control effector cells alone and target cells alone. The levels of IFN-γ and TNF-α were significantly higher in the culture supernatants of CD33GO BATs and NoMo1 (p < 0.0001; p < 0.0001), EOL1 (p < 0.02; p < 0.01), KG1 (p = 0.0002; p = 0.0003), HL60 (p = 0.0004; p = 0.003), and HL60/VCR (p < 0.005; p < 0.02) cells compared to the culture supernatant of unarmed ATCs and AML targets. Similarly, significantly higher levels of IFN-γ and TNF-α were present in the supernatants of CD123 BATs and TF1 (p < 0.01; p < 0.04), NoMo1 (p < 0.00001; p < 0.00001), EOL1 (p = 0.0001; p = 0.0002), KG1 (p < 0.0001; p < 0.0001), HL60 (p = 0.0004; p = 0.009), and HL60/VCR (p < 0.005; p < 0.03) cells compared to unarmed ATCs and AML targets (Figure 3A).




Figure 3 | Cytokines/Chemokines Production upon BATs Engagement of AML cells.  Cell-free supernatants were collected after 18 hr co-cultures of TF1, NoMo1, EOL1, KG1, HL60 and HL60/VCR cell lines with unarmed ATC, CD33GO- or CD123 BATs at E:T of 10:1 (n=3) for cytokine/chemokine profiling using 3 normal donor ATC or BATs. (A) Mean ± SD for IFN-γ and TNF-α are shown for all six cell lines, background levels were subtracted using non-AML DAUDI cell line. Wilcoxon signed-rank test showed statistically significant difference in cytokines and chemokines produced in the culture supernatants of CD123 BATs plus AML cells or CD33GO BAT plus AML cells compared to the culture supernatants of unarmed ATC (UA) plus AML cells for IFN-γ and TNF-α for most cell lines (p value ranged from p<0.05 - p<0.00005).  (B) Shows the chemokines MIP1-b and RANTES (pg/ml), background levels were subtracted using non-AML DAUDI cell line. Statistical analysis was performed using Wilcoxon signed-rank test. Chemokine MIP1-b was significantly higher (p value ranged from p<0.05 - p<0.0005) in the culture supernatants of CD123 BATs+AML cells and CD33GO BATs+AML cells compared to unarmed ATC (UA)+AML cells for NoMo1, EOL1 and KG1; RANTES showed significantly higher levels only in the culture supernatants of CD123 BATs+KG1 cells and CD33GO BATs+KG1 cells. (C) Shows the levels of immune suppressive sPD-L1 and IL-10 in the culture supernatants of CD123 BATs+AML cells, CD33GO BATs+AML cells and unarmed ATC (UA)+AML cells for all 6 cell lines. (* = p<0.05; ** = p<0.005; *** = p<0.0005; **** = p<0.00005)



The levels of chemokine MIP-1β were significantly higher in co-cultures with CD33GO BATs and AML targets KG1 and NoMo1 or CD123 BATs and AML targets EOL1, KG1, and NoMo1 (p-value ranging from p < 0.05 to p < 0.0005) compared to unarmed ATCs and AML targets (Figure 3B). Co-culture of CD33GO BATs and DAUDI or CD123 BATs and DAUDI did not induce any cytokines or chemokines higher than the unarmed ATCs (data not shown).

In addition to Th1 cytokines and chemokines, the levels of Th2 cytokine IL-10 and checkpoint inhibitor soluble PD-L1 (sPD-L1) are shown in Figure 3C. The highest levels of both immune suppressive mediators were present in the culture supernatant of CD33GO BATs or CD123 BATs with NoMo1 cells. Culture supernatants from co-cultures of UAs with all cell lines also showed high levels of IL-10 and sPD-L1 (Figure 3C).



Expression of CD33 and CD123 in primary acute myeloid leukemia samples

AML samples containing leukemic blasts and LSCs showed highly variable expression of CD33 and CD123. Expression of CD33+CD123− and CD123+CD33− cells ranged from 0.25% to 18.9% and 0.26% to 14.9%, respectively, and co-expression of CD33 and CD123 ranged from 3.6% to 58.2%. CD33- and CD123-expressing leukemic and non-leukemic populations ranged from 0.6% to 61.5% for blasts, 0.3% to 35% for LSCs, and 0.04% to 15.6% for HSC in the PBMCs from all 13 patients (Figure 4A).




Figure 4 | Cytotoxicity of AML patient derived PBMC. Cryopreserved PBMC from 13 AML patients from UVA were used as targets and CD33GO- or CD123 BATs as effectors at 1:1 E:T ratio for flow-based cytotoxicity assay. (A) Proportions of Blast and LSC in patient derived samples. Data show the proportions of CD33 and CD123, CD34+/CD38-, CD34+/CD33+ (Blasts), LSC and HSC in the primary AMLs samples.  (B) Shows the targeted killing of AML blasts, AML leukemic stem cells and hematopoietic stem cells by CD33GO- and CD123 BATs compared to untreated PBMC from a patient. (C) Shows an examples of flow cytometry analysis of untreated (left panel), CD123 BATs (middle panel) and CD33GO BATs treated (right Panel) peripheral blood mononuclear cells (PBMC) sample (unique ID# 8500). Lower two plots of each panel show percentage of blasts, CD33+/CD123+ cells, HSC and LSC populations in untreated and BATs treated PBMC.





Expression and targeting of CD33- and CD123-positive blasts and leukemic stem cells

Examples of flow cytometry-based targeted killing of leukemic blasts and LSCs by CD123 BATs (middle panel) or CD33GO BATs (right panel) compared to untreated PBMCs (left panel) from one patient are shown in Figure 4C, S2. In each panel, four plots show gates for CD33+/CD123+ cells, blasts (CD45dim/CD33+/CD123+/CD34+/CD38+/−), LSCs (CD34+/CD38−/CD90−/TIM3+), and HSC (CD34+/CD38−/CD90+/TIM3−) populations. Targeted killing by CD123 BATs (middle panel) or CD33GO BATs (right panel) showed a drastic reduction in leukemic blasts and LSC populations compared to untreated control PBMCs (left panel) from the same patient; however, the HSC population for this patient was almost nil (Figure 4C). In Figure 4B, flow cytometry data of targeted killing of leukemic blasts, LSCs, and HSC of one patient by CD123 BATs or CD33GO BATs (Figure 4C) are displayed as a bar plot.



Elimination of acute myeloid leukemia patients’ blasts and leukemic stem cells by CD33GO and CD123 bispecific antibody armed activated T cells

In a cohort of 13 AML patients, there were variable levels of CD33 and CD123 expression (Figure 4A). PBMCs from AML patients were labeled with eFluor 450 tracking dye before overnight co-culture with BAT followed by staining for the remaining CD33+/CD123+ target cells expressing, leukemic blast, LSCs, and HSC populations in the co-culture compared to untreated PBMCs. The results are expressed as absolute numbers (Figure 5, top panel) and percent cytotoxicity of blasts, LSCs, and HSC (Figure 5, bottom panel) that are eliminated by BATs in a fixed volume of PBMCs using the flow cytometry-based cytotoxicity assay. Both CD33GO BATS and CD123 BATs showed significantly high cytotoxicity against CD33/CD123-expressing cells by CD33GO (p = 0.0007) and CD123 BATs (p = 0.0002) than unarmed ATCs. Likewise, significantly high cytotoxicity was observed against the blast population by CD33GO (p < 0.005) and CD123 BATs (p < 0.002) and against LSCs by CD33GO (p < 0.006) and CD123 BATs (p < 0.004) compared to unarmed ATCs in the in vitro killing assay of primary AML PBMCs specimens. However, it is important to mention that high cytotoxicity of AML cells was also exhibited by unarmed ATCs, suggesting that AML cells are sensitive to killing by LAK T cells. Since HSC population also expresses CD33 and CD123, targeting with CD33GO BATs showed significantly high cytotoxicity (p < 0.05) against HSC compared to unarmed ATCs; however, there was no significant difference in cytotoxicity observed between CD123 BATs and unarmed ATCs (Figure 5, bottom panel).




Figure 5 | Cytotoxicity against Blasts and LSC by CD33GO and CD123 BATs. Upper panel shows the absolute numbers of remaining CD33+/CD123+ cells, leukemia precursors CD34+/CD38-, CD33+/CD34+/CD38- leukemic blast population, CD33+/CD123+/ CD34+/CD38-/CD90-/TIM3+ LSC and CD33+/CD123+/CD34+/ CD38-/CD90+/TIM3- HSC populations after targeted killing by ATC, CD33GO BATs or CD123 BATs compared to untreated PBMC. Lower panel shows the cytotoxicity against CD33/CD123 expressing cells by CD33GO- (p=0.0007) and CD123 BATs (p=0.0002); cytotoxicity against blast population by CD33GO- (p<0.005) and CD123 BATs (p<0.002); cytotoxicity against LSC by CD33GO- (p<0.006) and CD123 BATs (p<0.002) and cytotoxicity against HSC by CD33GO BATs (p<0.05) compared to unarmed ATC in the in vitro killing assay using Wilcoxon signed-rank test (* = p<0.05; ** = p<0.005; *** = p<0.0005).





HL60/VCR cells primed with bispecific antibody armed activated T cells retain drug

Next, we determined whether priming the HL60/VCR cells with CD33GO BATs or CD123 BATs can reduce the transporter pump activity to retain the fluorescent dye. Intriguingly, BAT-primed drug-resistant HL60/VCR cells showed increased fluorescence judged by MFI compared to untreated HL60/VCR cells (red bars; Figure S3). These data suggest that priming of drug-resistant cells with BATs can sensitize resistant AML cells for enhanced chemo-responsiveness. In addition, regardless of the high expression of drug efflux transporters, these drug-resistant cells can be efficiently targeted and killed by BATs.



In vivo targeting of acute myeloid leukemia in NSG mice

The experimental schema using NSG mice is shown in Figure 6 (top panel) with the end point of the study to monitor the survival proportions in treated and control groups (n = 10 mice/group). Before starting the treatment with BATs, AML engraftment in mice was monitored by staining for human CD45+/CD33+/CD123+/CD34+/CD38+ cells in the flushed BM on days 7, 14, and 21 (Figures 6, S4). Engraftment of human CD45+ KG1 cells on days 7, 14 and 21 was <2%, 3.7%, and 14.2%, respectively. Treatment with 20 × 106 cells/injection, 3×/week for 4 weeks, was started once engraftment of human CD45+ KG1 cells reached ~14%–15% (Figure 6, middle left panel). Control and treatment groups (G) include (G1) control, (G2) CD123 BATs, (G3) CD33GO BATs, and (G4) 0.06 mg/kg of Mylotarg (GO) alone. Following 4 weeks of treatment, mice were monitored for survival. All mice in control groups and ATC- and GO-treated mice died by day 40, while mice treated with CD123 BATs or CD33GO BATs survived up to 55+ and 80+ days, respectively, after treatment started on day 21 (Figure 6, middle right panel). Comparison of survival curve using a log-rank (Mantel–Cox) test showed a highly significant difference between mice treated with control ATCs and mice treated with CD33GO BATs (p < 0.0001), control ATCs vs. CD123 BATs (p < 0.0089), GO alone vs. CD33GO BATs (p < 0.0006), and GO alone vs. CD123 BATs (p < 0.01).




Figure 6 | In vivo Efficacy of CD33GO and CD123 BATs against AML in NSG Mice. (A) Upper panel shows treatment schema. (B) NOD scid gamma ([NSG] NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ) mice 6-8-week-old were irradiated with 250 Rads, after 24h of irradiation mice were intravenously injected with 10x106 KG1 cells to establish human AML graft (left panel). Right panel shows the percentage of overall survival of all four groups (n=10 mice/group). Mice treated with ATC or BATs received 20x106 cells/injection, 3x/week for 4 weeks and mice treated with GO (Mylotarg) received 0.06 mg/kg GO alone 3x/week for 4 weeks. Comparison of survival curve using Log-rank (Mantel-Cox) test show significantly prolonged survival of mice treated with CD33GO BATs (p<0.0001) compared to control ATC; CD123 BATs (p<0.0089) vs control ATC; CD33GO BATs (p<0.0006) vs. GO alone and CD123 BATs (p<0.01) vs. GO alone. (C) The results of in vivo experiment were confirmed using AML engraftment with KG1a cells in NSG mice (n=5). Mice were treated with control ATC or CD123 BATs on day 21 when almost 30% of CD45+ KG1a cells were engrafted in the bone marrow (left panel). Mice treated with ATC or BATs received 20x106 cells/injection, 3x/week for 4 weeks. Comparison of survival curve using Log-rank (Mantel-Cox) test show significantly prolonged survival of mice treated with CD123 BATs (p<0.003) compared to control ATC (right panel).



We confirmed the results of in vivo experiment again in the NSG mouse model using AML engraftment with KG1a cells instead of KG1 used in the above experiment. KG1a cell line is a well-characterized cell line for AML engraftment in xenograft mouse models (29). Because this cell line has a high expression of CD123, treatment was done with CD123 BATs and control ATCs. Mice were treated with control ATCs or CD123 BATs on day 21 when engraftment of CD45+ KG1a cells reached 30% (Figure 6, lower left panel) in the bone marrow. Data show significantly prolonged survival of mice treated with CD123 BATs (p < 0.003) compared to control ATCs (Figure 6, lower right panel).




Discussion

There is an urgent need to develop new therapeutic agents to treat patients with AML. Despite over four decades of clinical research efforts, therapeutic options for AML remain limited. Chemotherapy for AML has not significantly improved outcomes (30–33), and the options for long-term cure in those who relapse after primary therapy are myeloablative chemotherapy and/or total body irradiation followed by AlloSCT in those who have an AlloSCT donor (2–5). Relapse arises out of minimal residual disease that is resistant to chemotherapy. However, for those who do not have an HLA-matched sibling or matched unrelated donors or who have significant organ dysfunction or are elderly, there are a few therapeutic options for this population (6, 8).

CD33 and CD123 are targets that are highly expressed in AML cells, and more than 80% of patients have AML cells that express both antigens (9–11). The addition of CD33GO or CD123 BATs after standard induction chemotherapy or after high dose chemotherapy followed by an autologous or allogeneic stem cell transplant may provide the additional anti-leukemic effect to eliminate minimal residual disease. Arming ATCs with CD33GOBi (CD33GO BATs) or CD123Bi (CD123 BATs) creates non-MHC restricted AML-specific cytotoxic T lymphocyte (CTL). In AML patient samples, CD33GO and CD123 BATs exhibit high levels of cytotoxicity directed at leukemic blasts and LSCs. Elimination of AML blasts and LSCs by CD33GO BATs and CD123 BATs was significantly higher compared to UAs.

CD33GO BATs and CD123 BATs mediated cytotoxicity was also evaluated against six AML cell lines; all six cell lines showed high levels of cytotoxicity except the TF1 cell line. Two of the cell lines HL60 and HL60/VCR showed very low expression of CD123 but showed high levels of effective specific cytotoxicity (Table 1). These results are consistent with our previous studies using HER2 BATs in HER2 (3+)-positive and HER2 (0–2+)-negative breast cancer patients in phase I clinical trial (21). In our preclinical study, EGFR BATs showed high levels of cytotoxicity against MCF-7 cells, which have a very low expression of EGFR and very low binding of cetuximab and rEGFR bispecific antibody (rEGFRBi). In spite of very low EGFR expression on MCF-7 cells, EGFR BATs showed high levels of specific cytotoxicity compared to non-specific cytotoxicity by unarmed activated T cells (Huang et al., 2022). Another study by Zitron et al. also showed high specific cytotoxicity by ATCs armed with HER2Bi and EGFRBi against primary glioblastoma cells in culture with low expression of both HER2 and EGFR (34). These studies support our data that show high levels of specific cytotoxicity by CD123 BATs against very low CD123-expressing cell lines (HL60 and HL60/VCR). It is clear that only a few molecules of target antigens are sufficient to trigger specific cytotoxicity, which may not be detectable by flow cytometry or immunohistochemistry.

In vivo study in NSG mice xenografted with AML showed significantly prolonged survival after multiple infusions of CD123 or CD33GO BATs. These in vivo data together with the in vitro data provide a strong rationale for testing BAT therapy in high-risk or refractory AML patients in combination with induction chemotherapy with autologous or allogeneic stem cell transplant rescue or treatment of patients who relapse after allogeneic stem cell transplant. Since allogeneic ATCs have been shown to suppress mixed lymphocyte culture responses, the use of allogeneic ATCs may provide an anti-leukemia effect and enhance hematopoietic and lymphopoietic recovery without causing graft-versus-host disease (GVHD) in the context of allogeneic stem cell transplant. This is supported by our earlier studies (35) that ATCs and armed ATCs were able to suppress allogeneic responses in mixed lymphocyte reaction (MLR) in six unrelated responder and stimulation combinations tested to determine whether random or non-HLA-matched normal donor samples could respond to host allogeneic (allo) antigens in patients undergoing allo-stem cell transplant. A possible explanation for the lack of response in our systems is that the precursor frequency of non-specifically expanded alloreactive T-cell clones is being suppressed by regulatory cells generated in the ATC culture (35).

We have shown previously that “priming” of the tumor cells with BATs lowers the threshold for effective cytotoxic doses (36). Standard induction chemotherapy, consisting of anthracycline and cytarabine, induces complete remissions in the majority of AML patients, but multidrug resistance (both intrinsic and acquired) in many patients limits the benefit of AML therapies in relapsed and refractory disease (37). Multidrug resistance (MDR) is mediated by various mechanisms involving numerous proteins belonging to a larger family of the ATP-binding cassette (ABC) transporter superfamily that plays a key role in drug efflux and multidrug resistance (38). Since the expression levels of MDR1 (ABCB1) and MRP1 (ABCC1) (39–41) transporter pumps regulate the anti-leukemic effects of GO by influencing the intracellular accumulation of calicheamicin, these transporter pumps play a critical role in drug resistance of AML. ABCB1 expression on blast cells varies from 19% to 75% and is expressed in more than 50% of AML patients (42, 43), which strongly correlates with response to GO. Here, we show that priming of GO and vincristine resistant cell line HL60/VCR with CD33GO BATs or CD123 BATs sensitizes GO resistant cells for enhanced chemo-responsiveness, suggesting that immunosensitization with BATs can result in a chemo-potentiation effect in drug refractory AML (Figure S3).

In our phase I trial, high risk/refractory NHL patients who received multiple infusions of ATCs armed with anti-CD3 × anti-CD20 bispecific antibody (CD20 BATs) given early after autologous SCT showed an anti-lymphoma effect (24). In a proof-of-concept phase Ib study, CD20 BATs infused twice prior to autologous stem cell transplant (auto-SCT) for high-risk MM patients showed that targeting of CD20+ clonogenic MM stem-like cells decreased the absolute number of clonogenic CD138−CD20+ cells in the bone marrow after two infusions and induced anti-MM immunity that could be transferred in the marrow graft and could be detected early and late after auto-SCT (25). Our phase I clinical trial in women with stage IV metastatic breast cancer (MBC) showed that multiple infusions of ATCs targeted with anti-CD3 × anti-HER2 BiAb induced the development of endogenous anti-tumor T-cell responses and induced a Th1 cytokine pattern (21, 26). In a subsequent proof-of-concept study involving five phase I MBC patients, “immune T cells” were obtained by the second apheresis after HER2 BAT infusions and expanded to produce immune ATCs that were infused after auto-SCT (22). Immune testing after SCT showed accelerated and enhanced reconstitution of specific anti-breast cancer cellular and humoral responses to different epitopes of cancer antigens. Together, preclinical and clinical data show that specific immunity was induced by multiple infusions of HER2 BATs and that the specific cellular immunity could be transferred by immune ATC infusions and B cells in the stem cell graft.

Anti-CD33- or anti-CD123-targeted biologics in AML using bispecific antibodies and CAR T cells show feasibility and safety but are yet to show efficacy (13–16). CRS and loss of graft function have been challenging dose-limiting factors for biologics. A recent phase I/II study using flotetuzumab (anti-CD3ϵ × anti-CD123) in 88 adults with relapsed/refractory AML with primary induction failure and relapse after <6 months showed an acceptable safety profile and encouraging evidence of clinical activity (15).

This proof-of-principle study shows that BAT-based therapeutic strategy, consisting of multiple non-toxic infusions, serial cytotoxicity limited by arming dose, and recruitment of the endogenous adaptive and innate immune cells to provide an anti-leukemia effect, may provide simple, inexpensive, and potent biologics for the treatment of AML. CD33GO or CD123 BATs could be used not only in combination with chemotherapy but also as immune consolidation after high-dose chemotherapy followed by allogeneic SCT to improve remission intervals and overall survival. More importantly, BAT therapy may sensitize cancer cells for enhanced chemo-responsiveness and may induce long-term anti-AML immunity. Figure 7 shows the anti-AML effects of our approach.




Figure 7 | Schematic representation of BATs mediated antitumor effects. Middle panel shows an overview of immunotherapy approach to re-direct T cells using bispecific antibody. Arming of polyclonally activated T cells (ATC) with bispecific antibody combines the targeting specificity of mAbs and non-MHC-restricted cytotoxicity of T cells. BATs engagement to tumor cells kills target cells releasing tumor antigens as well as cytokines/chemokines in the TME. Chemokines recruits endogenous immune cells in the TME. Cytokines GM-CSF and TNF-a stimulates monocytes for activation and maturation into antigen presenting cells (APC) with eventual antigen presentation by APC to naïve T cells, which leads to the clonal expansion of tumor-specific effectors and central memory cells differentiation, and development of long-term anti-tumor immunity. Left panel showing that Th1 cytokine enriched microenvironment inhibits immune suppressor cells such as T regulatory cells (Tregs) and myeloid derived suppressor cells (MDSC) thus enhancing anti-tumor activity by BATs. Right Panel shows that priming of the vincristine resistant AML cells (HL-60/VCR) with BATs can “sensitize” drug resistant cells for effective killing by chemotherapy drug by downregulating expression of MDR related proteins responsible for chemo drug efflux.
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Emerging data have suggested that single short peptides have limited success as a cancer vaccine; however, extending the short peptides into longer multi-epitope peptides overcame the immune tolerance and induced an immune response. Moreover, the combination of adjuvants such as lenalidomide and anti-programmed cell death protein 1 (PD1) with a peptide vaccine showed potential vaccine effects in previous studies. Therefore, the effects of a long multi-epitope peptide vaccine in combination with lenalidomide and anti-PD1 were analyzed in this study. Long multi-epitope peptides from two MHCI peptides (BIRC597-104 and EphA2682-689) and the pan-human leukocyte antigen-DR isotype (HLA-DR) binding epitope (PADRE) were synthesized. The therapeutic effects of long multi-epitope peptides in combination with lenalidomide and anti-PD1 were confirmed in the murine GL261 intracranial glioma model. Immune cells’ distribution and responses to the long multi-epitope peptides in combination with these adjuvants were also estimated in the spleens, lymph nodes, and tumor tissues. The difference between long multi-epitope peptides and a cocktail of multi-epitope peptides combined with lenalidomide and anti-PD1 was also clarified. As a result, long multi-epitope peptides combined with lenalidomide and anti-PD1 prolonged the survival of mice according to the suppression of tumor growth in an intracranial mouse model. While long multi-epitope peptides combined with these adjuvants enhanced the percentages of activated and memory effector CD8+ T cells, the increase in percentages of regulatory T cells (Tregs) was observed in a cocktail of multi-epitope peptides combined with lenalidomide and anti-PD1 group in the tumors. Long multi-epitope peptides combined with these adjuvants also enhanced the function of immune cells according to the enhanced pro-inflammatory cytokines and cytotoxicity against GL261 cells in ex vivo. In conclusion, long multi-epitope peptides composed of MHCI peptides, BIRC5 and EphA2, and the MHCII peptide, PADRE, in combination with lenalidomide and anti-PD1 has the potential to improve the therapeutic effects of a vaccine against GBM.




Keywords: long multi-epitope peptide, BIRC5, EphA2, lenalidomide, anti-PD1



Introduction

The immune system has shown a role in controlling tumors, and immunotherapy has revolutionized cancer treatment; however, the efficacy remains limited in most clinical settings, especially in glioblastoma (GBM) (1, 2). While numerous peptides from tumor-associated antigens (TAAs) or neoantigens (TSAs) were identified to augment tumor-specific T cell responses in GBM, the therapeutic effects were insufficient in impacting the survival of GBM patients. Targeting multiple antigens in the development of peptide vaccines were investigated and resulted in improved effective cytotoxic T lymphocyte (CTL) response and managed to avoid tumor immune escape due to the heterogeneity characteristics (3, 4). Vaccination strategies utilizing individual CD8+ T cell epitopes alone do not routinely produce significant clinical responses. It is critical to stimulate CD4+ helper T cells to enhance CD8+ CTL responses through direct and indirect mechanisms (5). Using the universal pan-human leukocyte antigen-DR isotype (HLA-DR) binding epitope (PADRE) can improve therapeutic responses to major histocompatibility complex (MHC) I-restricted epitopes by enhancing the production of interferon (IFN)-γ (6, 7).

Short peptides have displayed low MHC-binding affinity and fail to elicit a robust CTL response. However, extending the short peptides into longer peptides can overcome immune tolerance and induce T cell responses. After vaccination, short peptides directly bind to MHCI molecules expressed by all nucleated cells, most of which are not specialized for antigen presentation; thus, there is suboptimal T-cell priming and tolerance. However, long peptides must be taken up and processed by professional antigen-presenting cells (APCs) for presentation and T cell activation, thus alleviating the potential immune tolerance and enhancing the vaccine potency (7, 8). Therefore, a long multi-epitope peptide vaccine was designed using two common TAA antigen peptides in GBM (BIRC5 and EphA2), and the universal PADRE with the purpose of stimulating CD4+ and CD8+ T cells was investigated in this study.

Although lenalidomide has been shown to improve progression-free survival (PFS) and overall survival (OS) in multiple myeloma (MM) (9), the effects of lenalidomide alone have not been shown in GBM. Lenalidomide had little effect on the induction of apoptosis in GBM cells; however, it regulated the functions of CAR T cells and improved patient outcomes in combination with peptide vaccines in previous studies (10–12). The combination of the peptide vaccine and an anti-programmed cell death protein 1 (PD1) antibody therapy worked synergistically against GBM in a previous study (13). Therefore, this study aims to investigate the therapeutic potential of a vaccine using long multi-epitope peptides composed of MHCI (BIRC5 and EphA2) and MHCII peptides (PADRE) in combination with lenalidomide and anti-PD1 to enhance CTLs function against GBM in a mouse model.



Materials and methods


Animals and cell lines

Six- to eight-week-old female C57BL/6 mice (H-2b, I-Ab) were purchased from Orient Bio (Iksan, Republic of Korea). Mice were raised under specific pathogen-free (SPF) conditions. The mice were anesthetized by intraperitoneal injection (i.p) of a 2:1 mixture of Zoletil® (Virbac Laboratories, Corros, France)/Rompun® (Bayer Korea, Anshan, Korea) at a dose of 1.5 mL/kg.

Animal research was carried out in compliance with the Animal Research: Reporting of In Vivo Experiments (ARRIVE) guidelines (14). Mice that did not develop tumors or died during the experiments were excluded from this study. Cells from mice that were not in good conditions, such as having too many dead cells or a lot of cell debris, due to experimental techniques or samples that did not have enough cell numbers to perform the experiments were excluded. Moreover, cells from mice missed during the sample loading in ELISA, ELISPOT, and LDH assay due to experimental techniques were also excluded. All animal care, experiments, and euthanasia were performed under the approval of the Chonnam National University Animal Research Committee.

The murine glioblastoma cell line, GL261: H-2b and I-Ab (provided by Dr. Maciej S. Lesniak, Northwestern University) and the murine lymphoma cell line, YAC-1 (American Type Culture Collection [ATCC], Rockville, MD, USA) were used for cell culture. GL261 cells were maintained in Dulbecco’s Modified Eagle Medium (DMEM), and YAC-1 cells were grown in Roswell Park Memorial Institute (RPMI) 1640 medium supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin (P/S) at 37°C in 5% CO2.



Peptide synthesis and antibodies

All single peptides composed of the murine BIRC5 peptide (H-2b-restricted BIRC597-104: TVSEFLKL), the murine EphA2 peptide (H-2b-restricted EphA2682–689: VVSKYKPM), and the PADRE peptide (I-Ab-restricted PADRE, ak-Cha-VAAWTLKAAa-Z-C) were commercially synthesized by the Peptron Company (Daejeon, Korea) with a purity greater than 95% by reverse-phase high-performance liquid chromatography (HPLC). The long multi-epitope peptides were synthesized in the laboratory of Prof. Chul Won Lee at the Chemistry Department (Chonnam National University). The long multi-epitope peptides were generally made by incorporating two single peptides (BIRC597-104 and EphA2682–689) with a PADRE. The binding scores of BIRC5 and EphA2 peptides were predicted using SYFPEITHI: http://www.syfpeithi.de. All peptides were dissolved in dimethyl sulfoxide (DMSO) and diluted with phosphate-buffered saline (PBS). Mouse anti-PD1 (clone RMP1-14) used for the in vivo blockade was purchased from BioXcell (West Lebanon, NH, USA).



The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) cell viability assay

The effects of lenalidomide on the proliferation of the GL261 cell line were estimated by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) cell viability assay. Briefly, GL261 cells (5 x 103 cells/well) were treated with lenalidomide according to different doses (2.5, 5, 10, 20 µg/mL) and seeded in 96-well plates cultured with DMEM supplemented with 10% FBS and 1% P/S at 37°C, 5% CO2. After that, the cells were stained every 24 hours until day five with MTT (Sigma, USA). For staining, the plates were washed with PBS, and MTT (0.5 mg/mL) was added to each well. The MTT solution was removed from each well after four hours of incubation. MTT formazan was solubilized in Isopropanol (Merck, Germany), and the optical density was read at 570 nm.



Intracranial glioma mouse model and treatment schedule

To establish the mouse intracranial model, 1 × 105 GL261 cells in 5 µL of PBS were stereotactically injected into the right striatum at a rate of 1 µL/min. Injection sites were estimated by the following coordinates: 1 mm posterior, 2 mm lateral from bregma, and 4 mm deep from the cortical surface (15). Mice were randomly allocated into the treatment arm. Mice were divided into the following six treatment groups: 1) no treatment; 2) long multi-epitope peptide vaccine; 3) long multi-epitope peptide vaccine plus lenalidomide; 4) lenalidomide plus anti-PD1; 5) long multi-epitope peptide vaccine plus lenalidomide and anti-PD1; 6) a cocktail of multi-epitope peptide vaccine plus lenalidomide and anti-PD1. On day one and day six post-tumor inoculation, the mice were intraperitoneally injected with lenalidomide (0.5 mg/injection). After that, long multi-epitope peptides or a cocktail of multi-epitope peptides (300 µg/injection) were intramuscularly administrated on days 2, 7, and 12. Mice were also administered with intraperitoneal injections of MAb anti-mouse PD1 (200 µg/injection) every three days (days 5, 8, 11, and 14). The survival was quantified. Mice were also euthanized on day 20 to assess the immunological parameters in the spleens, lymph nodes, and tumors.



Splenocytes, lymph nodes, and single-tumor cell isolation

Splenocytes, lymph nodes, and single-tumor cells were isolated directly from the spleens, lymph nodes, and tumors of nonvaccinated and vaccinated mice. For splenocyte isolation, spleens were collected and washed with RPMI media supplemented with 10% FBS and 1% P/S. A 1 mL syringe plunger was used to gently press the spleen through the 100 µm cell strainer (Falcon, USA) while continuously adding media. After filtering with a 40 µm cell strainer (Falcon, USA), the cells were collected and washed with media. For single-tumor cell and lymph nodes isolation, the tumors and lymph nodes were collected and washed with RPMI media supplemented with 10% FBS and 1% P/S. Afterward, the tumors were minced into 3–4 mm pieces with a sterile scalpel. Tumor pieces and lymph nodes were incubated with collagenase type IV (0.25%; Gibco, USA) at 37°C, 5% CO2 for two hours. Samples were observed and suspended at 15-minute intervals. Cells were filtered with 100 µm and 40 µm cell strainers (Falcon, USA), and single-tumor cells or lymph nodes were collected. Erythrocytes were removed from all samples using a red blood cells lysis solution (Multenyi Biotech, Bergisch Gladbach, Germany).



Flow cytometry

For the ex vivo experiments, splenocytes, lymph nodes, and tumor-single cells were stained to confirm immune cells. For cell surface staining, cells were stained with anti-mouse CD45-Pacific Blue, anti-mouse CD3-PE/Cyanine7, anti-mouse CD4-PE, anti-mouse CD8-PE, anti-mouse CD44-APC, anti-mouse CD62L-FITC, anti-mouse CD25-FITC, anti-mouse CD69-FITC, anti-mouse CD49b-PE, anti-mouse CD279 (PD1)-FITC, or anti-mouse CD274 (PDL1)-PE for 30 minutes at 4°C. For intracellular staining, cells were stained with surface markers such as anti-mouse CD45-Pacific Blue, anti-mouse CD3-PE/Cyanine7, anti-mouse CD4-PE, anti-mouse CD8-PE, or anti-mouse CD25-FITC for 30 minutes at 4°C. Cells were washed and permeabilized with FACS™ Permeabilizing Solution 2 (BD Biosciences) for 30 minutes at 20–22°C. After washing twice with the permeabilization buffer, cells were stained with anti-mouse Forkhead box P3 (Foxp3)-Alexa Fluor® 647 or anti-mouse IFN-γ-APC/Cyanine7 for 30 minutes at 4°C. For IFN-γ staining, the Protein Transport Inhibitor containing Brefeldin A (BD Golgi Plug™) was added at 1 µl per 1 x 106 cells/well and incubated for five hours. The information about all used antibodies is listed in Table 1. All flow cytometry data were acquired on a BD FACs Canto II (Becton Dickinson, Mountain View, CA, USA). All data were analyzed using FlowJo v10 software (TreeStar, San Carlos, CA, USA).


Table 1 | List of antibodies used in flow cytometry.





Serum collection, splenocytes and lymph nodes re-stimulation, and single-tumor cells ex vivo culture

After the mice were anesthetized, blood was withdrawn slowly from the heart by performing a thoracotomy. To collect the serum, the blood was kept at room temperature for one hour without an anticoagulation treatment; the clot was removed by centrifugation at 2000 rpm for ten minutes using a refrigerated centrifuge. The resulting supernatant was designated serum, collected, and stored at -80°C for analysis.

Splenocytes and lymph nodes were restimulated according to the following protocol. Splenocytes and lymph nodes isolated from non-vaccinated and vaccinated mice after the last immunization were cultured in 24-well plates (1 × 106 cells/well) and re-stimulated with the cocktail of multi-epitope peptides or long multi-epitope peptides (30 µg/mL) for four days in RPMI-1640 (Gibco-BRL) prepared in 10% FBS with 1% P/S supplements and recombinant mouse (rm) IL-2 (20 ng/mL) (R&D Systems). Anti-PD1 (10 µg/mL) was added during re-stimulation. After re-stimulation, the supernatant and cells were collected and analyzed for immune cell functions.

Single-tumor cells from the tumor were cultured in 24 well-plates (1 x 106 cells/well) for 24 hours at 37°C, 5% CO2, and the supernatant was collected for pro-inflammatory and anti-inflammatory cytokine determination by an enzyme-linked immunoassay (ELISA).



IFN-γ release Enzyme-Linked ImmunoSpot assay

The re-stimulated splenocytes and re-stimulated lymph nodes were examined for IFN-γ secretion using the IFN-γ release Enzyme-Linked ImmunoSpot (ELISPOT) assay kit (BD Biosciences). Ninety-six-well PVDF membrane ELISPOT plates (Millipore, USA) were coated with the capture-purified anti-mouse IFN-ɣ antibody overnight at 4°C. Then, RPMI medium supplemented with 10% FBS was added to saturate the treated antibodies. The re-stimulated splenocytes and re-stimulated lymph nodes from immunized mice were co-cultured with the target cells (GL261 and YAC-1 cell line; 2×104 cells/well) at a ratio of 1: 10 (target: effector). Co-cultured cells were incubated in a 10% FBS-RPMI medium for 24 hours at 37°C and 5% CO2. The plates were incubated for two hours with the biotinylated detection anti-mouse IFN-ɣ antibody and for one hour with streptavidin-HRP. After washing, spots were revealed using an AEC substrate reagent set (BD Bioscience) and measured on an automatic CTL Immunospot Analyzer (Cellular Technology Ltd., USA).



LDH release cytotoxicity assay

A CytoTox 96 nonradioactive cytotoxicity assay (CytoTox 96, Promega, USA) was performed to analyze the killing effect of the re-stimulated splenocyte effector cells and the re-stimulated lymph nodes against target cancer cells according to the manufacturer’s instructions. GL261 and YAC-1 cell lines (2×104 cells/well) were used as the target cells. The re-stimulated splenocytes and re-stimulated lymph nodes were co-cultured with the target cells at a ratio of 1: 10 (target: effector) in uncoated 96-well plates (Costar, USA) for five hours at 37°C and 5% CO2. Then, supernatants were collected for a lactate dehydrogenase concentration assay. The mean percentage of specific lysis was calculated as following: % Cytotoxicity = [(Experimental - Effector Spontaneous - Target Spontaneous)/(Target Maximum - Target Spontaneous)] × 100



Enzyme-linked immunosorbent assay

The levels of pro-inflammatory and anti-inflammatory cytokines in the serum, culture media of the re-stimulated splenocytes, re-stimulated lymph nodes, and single-tumor cells from non-vaccinated and vaccinated mice were estimated using the OptEIA ELISA kit (BD Bioscience) according to the manufacturer’s instructions. The serum was used to analyze the pro-inflammatory cytokines (IFN-γ). Culture media from re-stimulated splenocytes and re-stimulated lymph nodes were used to estimate the change of pro-inflammatory (IL-12p70 and IFN-γ) and anti-inflammatory cytokines (IL-10). The culture media of single-tumor cells was harvested for the quantitation of pro-inflammatory (IFN-γ) and anti-inflammatory (transforming growth factor-beta [TGF-β] and IL-10) cytokines.



Statistical analysis

All statistical analyses were performed using SPSS 23.0 for Windows (SPSS Inc., Chicago, IL, USA). Two-way and one-way analysis of variance (ANOVA) was performed across the multiple groups. A log-rank test was performed on the survival data. A p-value of less than 0.05 was considered statistically significant. In the experiment, n refers to the number of animals, and the individual mouse was considered the experimental unit within the studies. Each experiment was done individually with a minimum of two mice per group and repeated three times. The mouse number used for each experiment was described in the figure legends of each experiment. All data was displayed as the mean ± standard deviation (SD) (excepting the data for mouse tumor volume, which was shown as the mean ± standard error of the mean [SEM]).




Results


Therapeutic effects of a long multi-epitope peptide vaccine combined with lenalidomide and anti-PD1 on the GBM mouse model

The long multi-epitope peptide was synthesized using glycine linkers (represented by “G”) to link two tumor-associated antigen peptides (BIRC597-104 and EphA2682-689) with a PADRE peptide, and a disulfide bond to create a dimeric fusion peptide (Figure 1A). The treatment schedule is described in Figure 1B. The long multi-epitope peptide plus lenalidomide and anti-PD1 vaccine prolonged the overall survival of the mice (52.8 days ± 10.4 days) compared with the control group (24.1 days ± 1 day) (p = 0.046). However, there was no difference in survival between the control group, long multi-epitope peptide only (26.9 days ± 4.1 days), long multi-epitope peptide plus lenalidomide (24.2 days ± 1.2 days), lenalidomide plus anti-PD1 (28.4 days ± 5.8 days), and the cocktail of multi-epitope peptides plus lenalidomide and anti-PD1 (35.1 days ± 8.4 days) vaccines (Figures 1C, S1).




Figure 1 | The construction of the long multi-epitope peptide vaccine (A). Schema outlining treatments used in this experiment (B). The therapeutic effects of the peptide vaccine combined with lenalidomide and anti-PD1 was clarified. Kaplan-Meier survival curves were used to determine the survival of the mouse tumor model according to the different combination treatments in GL261 glioma-bearing mice (No treatment: n = 16, long pep: n = 9, long pep+Lena: n = 9, Lena+anti-PD1: n = 14, long pep+Lena+anti-PD1: n = 13, and cocktail pep+Lena+anti-PD1: n = 12) (C). Brain tumor sizes after treatment with the different combinations were confirmed using magnetic resonance imaging (MRI) (No treatment: n = 8, long pep: n = 9, long pep+Lena: n = 8, Lena+anti-PD1: n = 9, long pep+Lena+anti-PD1: n = 10, and cocktail pep+Lena+anti-PD1: n = 9). The tumor volume was calculated by summating all tumor areas in each slide and multiplying by the slice thickness. The data is presented in the line graph. Data is shown as the mean ± standard error of the mean (SEM) (D-F). No treatment: no treatment group; Long pep: long multi-epitope peptide; Long pep+Lena: long multi-epitope peptide plus lenalidomide; Lena+anti-PD1: Lenalidomide plus anti-PD1; Long pep+Lena+anti-PD1: long multi-epitope peptide plus lenalidomide and anti-PD1; Cocktail pep+Lena+anti-PD1: cocktail of multi-epitope peptide plus lenalidomide and anti-PD1. P< 0.05 (*).



The long multi-epitope peptide plus lenalidomide and anti-PD1 vaccine also delayed tumor growth compared with the control group (p = 0.037) measured by magnetic resonance imaging (MRI). However, there was no difference in tumor growth between the control group, long multi-epitope peptides only, long multi-epitope peptide plus lenalidomide, lenalidomide plus anti-PD1, and the cocktail of multi-epitope peptides plus lenalidomide and anti-PD1 vaccines (Figures 1D-F, S1). Further studies were done to highlight the immune-related therapeutic effects of the long multi-epitope peptide plus lenalidomide and anti-PD1 compared with the cocktail of multi-epitope peptides plus lenalidomide and anti-PD1 vaccines.



The distribution of immune cells in the spleens, lymph nodes, and tumors

The difference in immune cell distributions in the spleens, lymph nodes, and tumors between lenalidomide plus anti-PD1, long multi-epitope peptide plus lenalidomide and anti-PD1, and the cocktail of multi-epitope peptides plus lenalidomide and anti-PD1 was analyzed using flow cytometry. The long multi-epitope peptide and the cocktail of multi-epitope peptides plus lenalidomide and anti-PD1 vaccines increased the percentage of activated CD8+ T cells and CD4+ T cells in the spleens and lymph nodes. However, only the long multi-epitope peptide plus lenalidomide and anti-PD1 vaccine increased the percentage of activated CD8+ T cells in the tumors (Figures 2A-D). The percentages of CD8+CD69+ and CD8+CD44high T cells in the spleens and CD8+CD44high T cells in the lymph nodes were increased with the long multi-epitope peptide vaccine (p = 0.002, p = 0.027, and p = 0.000, respectively) and the cocktail of multi-epitope peptides plus lenalidomide and anti-PD1 vaccine (p = 0.002, p = 0.013, and p = 0.000, respectively) compared with the control group. Additionally, the percentages of CD4+CD25+, CD4+CD69+, and CD4+CD44high T cells in the spleens, and CD4+CD44high T cells in the lymph nodes were also enhanced with the long multi-epitope peptide plus lenalidomide and anti-PD1 vaccine (p = 0.000, p = 0.000, p = 0.003, and p = 0.001, respectively) and the cocktail of multi-epitope peptides plus lenalidomide and anti-PD1 vaccine (p = 0.001, p = 0.000, p = 0.005, and p = 0.000, respectively) compared with the control group. However, only CD8+CD44+ T cells were enhanced with the long multi-epitope peptide plus lenalidomide and anti-PD1 vaccine compared with the control group (p = 0.032).




Figure 2 | The distribution of immune cells in the spleens, lymph nodes, and tumors was confirmed by flow cytometry. The presentation of activated effector CD8 and CD4 T cells, such as activated CD8+CD25+, CD8+CD69+, and CD8+CD44+ or CD4+CD25+, CD4+CD69+, and CD4+CD44+ in spleens (n = 6 for each treatment group), lymph nodes (n = 7 for each treatment group), and tumors (n = 6 for each treatment group) were also measured (A-D). Central memory and effector memory CD8+ and CD4+ T cells in spleens (CD44highCD62L- and CD44highCD62L+) (n = 6 for each treatment group), lymph nodes (CD44highCD62L- and CD44highCD62L+) (n = 7 for each treatment group), and tumors (CD44+CD62L- and CD44+CD62L+) (n = 6 for each treatment group) were also measured (E, F). The percentages of regulatory T cells (Tregs) (CD4+CD25+Foxp3+) in spleens (n = 7 for each treatment group), lymph nodes (n = 8 for each treatment group), and tumors (n = 6 for each treatment group) were determined (G, H). All data is shown as the mean ± standard deviation (SD). No treatment: no treatment group; Long pep: long multi-epitope peptide; Long pep+Lena: long multi-epitope peptide plus lenalidomide; Lena+anti-PD1: Lenalidomide plus anti-PD1; Long pep+Lena+anti-PD1: long multi-epitope peptide plus lenalidomide and anti-PD1; Cocktail pep+Lena+anti-PD1: cocktail of multi-epitope peptide plus lenalidomide and anti-PD1. p< 0.05 (*), p< 0.001 (**), p< 0.0001 (***).



The central and effector memory CD8+ and CD4+ T cells were also estimated in the spleens, lymph nodes, and tumors (Figures 2E, F, S2). While the long multi-epitope peptide plus lenalidomide and anti-PD1 vaccine increased the percentage of effector memory CD8+ T cells compared with the control group in the spleens (CD44highCD62L-), lymph nodes (CD44highCD62L-), and tumors (CD44+CD62L-) (p = 0.041, p = 0.032, and p = 0.029, respectively). The cocktail of multi-epitope peptides plus lenalidomide and anti-PD1 vaccine only increased the percentage of effector memory CD8+ T cells in the spleens (p = 0.034). However, the long multi-epitope peptide and the cocktail of multi-epitope peptides plus lenalidomide and anti-PD1 vaccines increased the percentage of effector memory CD4+ T cells compared with the control group in the spleens (CD44highCD62L-) (p = 0.021 and p = 0.002, respectively) and the lymph nodes (CD44highCD62L-) (p = 0.016 and p = 0.000, respectively). There was no difference in the percentage of effector memory CD4+ T cells in the tumors (CD44+CD62L-). Although there was a difference in the percentage of effector memory T cells, there was no change in the percentage of central memory T cells or naïve T cells in spleens (CD44highCD62L+ or CD44-CD62L+), lymph nodes (CD44highCD62L+ or CD44-CD62L+), and tumors (CD44+CD62L+ or CD44-CD62L+) according to the treatments in this study.

The percentages of natural killer (NK) cells and regulatory T cells (Tregs) were also analyzed (Figures S2,  2G, H). Only the long multi-epitope peptide plus lenalidomide and anti-PD1vaccine showed increased percentages of NK cells in the lymph nodes compared with the control group (p = 0.018). While the cocktail of multi-epitope peptides plus lenalidomide and anti-PD1 vaccine increased the percentages of Tregs in both the spleens and tumors (p = 0.022 and p = 0.036, respectively), the long multi-epitope peptide combined lenalidomide and anti-PD1 vaccine only increased the percentages of Tregs in the spleens (p = 0.015). There was no difference in the percentages of Tregs in the lymph nodes.



The expression of PD1 and PDL1 on immune cells and tumor

The expression of PD1 on activated CD8+ T cells, CD4+ T cells, and Tregs in the spleens, lymph nodes, and tumors was estimated (Figures 3A-F). While the long multi-epitope peptide plus lenalidomide and anti-PD1 vaccine primarily increased the expression of PD1 on activated CD8+ T cells (p = 0.039), the cocktail of multi-epitope peptides plus lenalidomide and anti-PD1 vaccine increased the expression of PD1 on Tregs (p = 0.014) in the tumors. While the cocktail of multi-epitope peptides plus lenalidomide and anti-PD1 vaccine increased the expression of PD1 on CD4+ T cells and Tregs (p = 0.036 and p = 0.002, respectively), the long multi-epitope peptide plus lenalidomide and anti-PD1 vaccine only increased the expression of PD1 on CD4+ T cells in the spleens (p = 0.005). In addition, the long multi-epitope peptide plus lenalidomide and anti-PD1 vaccine and the cocktail of multi-epitope peptides plus lenalidomide and anti-PD1 vaccine increased the expression of PD1 on Tregs in the lymph nodes (p = 0.000 and p = 0.000). There was no difference in PD1 expression on CD8+ and CD4+ T cells in the lymph nodes according to the different treatments. Additionally, while there was no difference in the expression of PDL1+ in CD45+ cells between the treatment groups, the expression of PDL1 was increased in the CD45- cells from the cocktail of multi-epitope peptides plus lenalidomide and anti-PD1 vaccine group compared with the control group (p = 0.049) (Figures 3G, H).




Figure 3 | The expression of the inhibitory marker (PD1) and its ligand (PDL1) in immune cells and single tumor cells was confirmed by flow cytometry. The expression of PD1 in effector CD8+ and CD4+ T cells was measured in the spleens (n = 6 for each treatment group), lymph nodes (n = 7 for each treatment group), and tumors (n = 6 for each treatment group) (A-D). The expression of PD1 in regulatory T cells (Tregs) in the spleens (n = 7 for each treatment group), lymph nodes (n = 8 for each treatment group), and tumors (n = 6 for each treatment group) was also measured (E, F). The expression of PDL1 in immune and single tumor cells was measured (n = 6 for each treatment group) (G, H). All data is shown as the mean ± standard deviation (SD). No treatment: no treatment group; Long pep: long multi-epitope peptide; Long pep+Lena: long multi-epitope peptide plus lenalidomide; Lena+anti-PD1: Lenalidomide plus anti-PD1; Long pep+Lena+anti-PD1: long multi-epitope peptide plus lenalidomide and anti-PD1; Cocktail pep+Lena+anti-PD1: cocktail of multi-epitope peptide plus lenalidomide and anti-PD1. p< 0.05 (*), p< 0.001 (**), p< 0.0001 (***).





Pro-inflammatory and anti-inflammatory cytokine production from re-stimulated splenocytes, re-stimulated lymph nodes, and single-tumor cells

The levels of pro-inflammatory cytokines, IL-12p70 and IFN-γ, and anti-inflammatory cytokines, IL-10 and TGF-β, were analyzed (Figure 4). The levels of IL-12p70 were measured from the supernatant of re-stimulated splenocytes and lymph nodes. While the long multi-epitope peptide plus lenalidomide and anti-PD1 vaccine increased the production of IL-12p70 in the re-stimulated splenocytes and lymph nodes (p = 0.023 and p = 0.026, respectively), the cocktail of multi-epitope peptides plus lenalidomide and anti-PD1 vaccine group had stable IL-12p70 levels in the re-stimulated splenocytes and lymph nodes (Figure 4A). In addition, both the long multi-epitope peptide plus lenalidomide and anti-PD1 vaccine and the cocktail of multi-epitope peptides plus lenalidomide and anti-PD1 vaccine increased the IFN-γ levels in the re-stimulated splenocytes (p = 0.002 and p = 0.015, respectively), re-stimulated lymph nodes (p = 0.000 and p = 0.000, respectively), and tumors (p = 0.000 and p = 0.000, respectively) compared with the control group. There was no difference in IFN-γ levels in the serum according to the treatment group. However, the long multi-epitope peptide plus lenalidomide and anti-PD1 vaccine increased the IFN-γ levels in the re-stimulated lymph nodes and tumors compared with the cocktail of multi-epitope peptides plus lenalidomide and anti-PD1 vaccine (p = 0.025 and p = 0.029, respectively) (Figure 4B).




Figure 4 | The pro-inflammatory and anti-inflammatory cytokine production in the culture media of re-stimulated splenocytes, re-stimulated lymph nodes, single tumor cells, and serum was determined via an ELISA. The released pro-inflammatory cytokines IL-12p70 were determined in the culture media of re-stimulated splenocytes and re-stimulated lymph nodes (No treatment: n = 9 and n = 9, Lena+anti-PD1: n = 9 and n = 7, long pep+Lena+anti-PD1: n = 9 and n = 9, and cocktail pep+Lena+anti-PD1: n = 7 and n = 9, respectively), IFN-γ were determined in the culture media of re-stimulated splenocytes, re-stimulated lymph nodes, single tumor cells, and serum (No treatment: n = 9, n = 9, n = 9, and n = 6, Lena+anti-PD1: n = 9, n = 9, n = 9, and n = 7, long pep+Lena+anti-PD1: n = 9, n = 9, n = 8, and n = 6, and cocktail pep+Lena+anti-PD1: n = 9, n = 9, n = 9, and n = 6, respectively) (A, B). The anti-inflammatory cytokine (IL-10) levels were determined in the culture media of re-stimulated splenocytes, re-stimulated lymph nodes, and single tumor cells (No treatment: n = 10, n = 7 and n = 8, Lena+anti-PD1: n = 9, n = 9 and n = 9, long pep+Lena+anti-PD1: n = 9, n = 9 and n = 8, and cocktail pep+Lena+anti-PD1: n = 9, n = 9 and n = 10, respectively), TGF-β were determined in the culture media of single tumor cells (No treatment: n = 11, Lena+anti-PD1: n = 9, long pep+Lena+anti-PD1: n = 9, and cocktail pep+Lena+anti-PD1: n = 8, respectively), (C, D). The percentages of CD8+IFN-γ+ cells and CD4+IFN-γ+ cells in the re-stimulated splenocytes and IFN-γ levels in the supernatant after membrane blocking for IFN-γ intracellular staining were calculated after 24 hours of re-stimulation (n = 6 mice per group) (E-G). All data is shown as the mean ± standard deviation (SD). No treatment: no treatment group; Long pep: long multi-epitope peptide; Long pep+Lena: long multi-epitope peptide plus lenalidomide; Lena+anti-PD1: Lenalidomide plus anti-PD1; Long pep+Lena+anti-PD1: long multi-epitope peptide plus lenalidomide and anti-PD1; Cocktail pep+Lena+anti-PD1: cocktail of multi-epitope peptide plus lenalidomide and anti-PD1. p< 0.05 (*), p< 0.001 (**), p< 0.0001 (***).



IL-10 levels were also measured in re-stimulated splenocytes, re-stimulated lymph nodes, and tumors (Figure 4C). There was increased IL-10 expression in the re-stimulated splenocytes and lymph nodes with the long multi-epitope peptide plus lenalidomide and anti-PD1 vaccine (p = 0.000 and p = 0.000, respectively) and the cocktail of multi-epitope peptides plus lenalidomide and anti-PD1 vaccine (p = 0.000 and p = 0.000, respectively) compared with the control group. However, there were decreased IL-10 levels in the tumors with the long multi-epitope peptide and the cocktail of multi-epitope peptides plus lenalidomide and anti-PD1 compared with the control group (p = 0.008 and p = 0.018, respectively). Only the long multi-epitope peptide plus lenalidomide and anti-PD1 decreased IL-10 levels in tumors compared lenalidomide plus anti-PD1 group. There were no differences in the TGF-β levels in the tumors (Figure 4D).

The percentages of CD8+IFN-γ+ and CD4+IFN-γ+ T cells in the re-stimulated splenocytes were also analyzed (Figures 4E-G). While the cocktail of multi-epitope peptides plus lenalidomide and anti-PD1 vaccine only increased the percentage of CD8+IFN-γ+ T cells in the spleens (p = 0.000), the long multi-epitope peptide plus lenalidomide and anti-PD1 vaccine increased the percentage of CD8+IFN-γ+ and CD4+IFN-γ+ T cells (p = 0.000 and p = 0.04, respectively) in the re-stimulated splenocytes after 24 hours of being stimulated with the peptides.



The cytotoxic T lymphocytes (CTLs) function of re-stimulated splenocytes and lymph nodes

The CTLs-mediated immune responses of the re-stimulated splenocytes or lymph nodes from the non-vaccinated and vaccinated mice were measured. IFN-γ secretion by the re-stimulated splenocytes or lymph nodes after co-culturing with target cancer cells was investigated for the anti-tumor effects of the combined treatments against GL261 cells. Re-stimulated splenocytes or lymph nodes from the non-treated and treated mice were prepared for IFN-γ ELISPOT assays. The GL261 and YAC-1 cells were used as specific and non-specific target cells for investigating the CTL cell activity, respectively. In general, there were increased IFN-γ-secreting splenocytes and lymph nodes against GL261 cells with the long multi-epitope peptide plus lenalidomide and anti-PD1 vaccine (p = 0.000 and p = 0.000, respectively) and the cocktail of multi-epitope peptides plus lenalidomide and anti-PD1 vaccine (p = 0.001 and p = 0.000, respectively) compared with the control group. However, the long multi-epitope peptide plus lenalidomide and anti-PD1 vaccine showed a higher IFN-γ-secreting splenocytes and lymph nodes against GL261 cells compared with the control mice (p = 0.000 and p = 0.000, respectively), and the lenalidomide plus anti-PD1 vaccine (p = 0.005 and p = 0.000, respectively) (Figures 5A, B).




Figure 5 | The cytotoxic T lymphocyte (CTL)-cell-mediated immune response of the re-stimulated splenocytes and lymph nodes from non-vaccinated and vaccinated mice were analyzed. IFN-γ secreted by re-stimulated splenocytes and lymph nodes when co-cultured with GL261 target cancer cells (No treatment: n = 8 and n = 6, Lena+anti-PD1: n = 6 and n = 6, long pep+Lena+anti-PD1: n = 6 and n = 6, and cocktail pep+Lena+anti-PD1: n = 6 and n = 6, respectively), and YAC-1 target cancer cells (No treatment: n = 6 and n = 6, Lena+anti-PD1: n = 7 and n = 7, long pep+Lena+anti-PD1: n = 6 and n = 6, and cocktail pep+Lena+anti-PD1: n = 6 and n = 6, respectively) was measured using the IFN-γ ELISPOT assay (A, B). The specific killing effects of re-stimulated splenocytes and lymph nodes against GL261 target cancer cells (No treatment: n = 11 and n = 6, Lena+anti-PD1: n = 10 and n = 6, long pep+Lena+anti-PD1: n = 9 and n = 6, and cocktail pep+Lena+anti-PD1: n = 7 and n = 6, respectively), and YAC-1 target cancer cells (No treatment: n = 9 and n = 9, Lena+anti-PD1: n = 8 and n = 9, long pep+Lena+anti-PD1: n = 9 and n = 9, and cocktail pep+Lena+anti-PD1: n = 9 and n = 9, respectively) were measured using an LDH assay (C, D). The GL261 and YAC-1 cell lines were used as specific and non-specific target cells for CTL sensitivity, respectively. All data is shown as the mean ± standard deviation (SD). No treatment: no treatment group; Long pep: long multi-epitope peptide; Long pep+Lena: long multi-epitope peptide plus lenalidomide; Lena+anti-PD1: Lenalidomide plus anti-PD1; Long pep+Lena+anti-PD1: long multi-epitope peptide plus lenalidomide and anti-PD1; Cocktail pep+Lena+anti-PD1: cocktail of multi-epitope peptide plus lenalidomide and anti-PD1. p< 0.05 (*), p< 0.001 (**), p< 0.0001 (***).



In addition, the specific lysis of the re-stimulated splenocytes and re-stimulated lymph nodes against GL261 target cancer cells was confirmed. There was increased specific lysis in the re-stimulated splenocytes, and lymph nodes of mice given the long multi-epitope peptides plus lenalidomide and anti-PD1 vaccine (p = 0.000 and p = 0.004, respectively) and the cocktail of multi-epitope peptides plus lenalidomide and anti-PD1 vaccine (p = 0.009 and p = 0.025, respectively) compared with the control mice (Figures 5C, D). Even though the long multi-epitope peptides plus lenalidomide and anti-PD1 vaccine showed little enhanced IFN-γ-secretion in splenocytes or lymph nodes, and the percentages of specific lysis were not significantly different in the long multi-epitope peptide plus lenalidomide and anti-PD1 and the cocktail of multi-epitope peptides plus lenalidomide and anti-PD1 treated mice. However, only the long multi-epitope peptide plus lenalidomide and anti-PD1 increased the specific lysis compared lenalidomide plus anti-PD1 group in re-stimulated splenocytes (p = 0.016), and re-stimulated lymph nodes (p = 0.029), respectively. In addition, the long multi-epitope peptides plus lenalidomide and anti-PD1 and the cocktail of multi-epitope peptides plus lenalidomide and anti-PD1 treated mice enhanced IFN-γ-secretion in lymph nodes against YAC-1 cells compared with the control group (p = 0.000 and p = 0.000, respectively). However, there was no difference in the specific lysis in the restimulated splenocytes and lymph nodes against YAC-1 cells.




Discussion

Peptide cancer vaccines were developed based on targeting TSAs or TAAs as the immunotherapeutic epitopes to enhance immunogenicity and presentation to APCs (16, 17). Multi-peptide vaccines targeting various tumor antigens have been developed to overcome the limitations associated with single peptide vaccines, which are restricted to MHCI epitopes and target a single tumor antigen leading to immune escape of the tumor by loss of antigenicity (18–20). Among TAAs, BIRC5 and EphA2 are prognostic markers and therapeutic targets in various cancers, including GBM (16, 21–23). BIRC5 and EphA2 peptide vaccines have been shown to potentially affect GBM in preclinical and clinical trials (24–28). Moreover, the role of the PADRE in enhancing anti-tumor effects in peptide vaccines against GBM has been investigated in our previous study (29). Therefore, the anti-tumor effects of peptide vaccines targeting MHCI (BIRC5 and EphA2) and MHCII (PADRE) peptides were investigated using a vaccine composed of long multi-epitope peptides in this GL261 mouse model.

Although lenalidomide affects the proliferation of GBM cells, in previous studies, it failed to control tumor growth in the GBM mouse model (10, 30). However, it was found that lenalidomide induced proliferation and enhanced the persistent antitumor effect of CAR T cells via enhancing immunological synapses between the effector cells and the target cells (31). Multiple immunosuppression pathways coexist in the GBM microenvironment, which affects tumor progression and therapy outcomes (32, 33). Among them, immune checkpoints, such as the PD1/PDL1 axis, have renewed interest in immune-based cancer therapies due to their ability to prevent immunosuppression against tumors (34). In a previous study, anti-PD1 has shown potential effects in the treatment of GBM, and the combination of anti-PD1 with a peptide vaccine has shown beneficial results in GBM (35). Therefore, lenalidomide and anti-PD1 were used as adjuvants to modulate antitumor effects in peptide vaccines in this study. In this study, lenalidomide also reduced the proliferation of GL261 cells according to different treatment doses and interaction times in vitro (Figure S3); however, the combination of lenalidomide and anti-PD1 did not reduce the tumor growth, and the role of lenalidomide in supporting immune cells stimulated with peptides was not observed in detail in this study.

The difference in immune responses against GBM in the mouse model related to the therapeutic effects between the cocktail of multi-epitope peptides vaccine and the long multi-epitope peptide in combination with lenalidomide and anti-PD1 vaccine was investigated in this study. While the long multi-epitope peptide plus lenalidomide and anti-PD1 vaccine prolonged mouse survival according to the reduced tumor volume, there was no difference in mouse survival with the cocktail of multi-epitope peptides plus lenalidomide and anti-PD1 vaccine. The therapeutic effects of the long multi-epitope peptide plus lenalidomide and anti-PD1 vaccine were paralleled with the dominant infiltration of immune cells and the release of cytokines by immune cells in the tumor. While Tregs inhibit antitumor immune responses, effector CTLs infiltrate the tumor site upon activation and take essential roles in killing cancer cells (36, 37). Although the function of re-stimulated splenocytes and lymph nodes against GL261 cells according to enhanced IFN-γ-secretion showed no difference between the long multi-epitope peptide vaccine and the cocktail of multi-epitope peptides plus lenalidomide and anti-PD1 vaccine, the long multi-epitope peptide plus lenalidomide and anti-PD1 vaccine demonstrated the increased function of re-stimulated splenocytes or lymph nodes against GL261 cells according to enhanced IFN-γ-secretion compared with control group and the lenalidomide plus anti-PD1 vaccine. Additionally, there was an increased infiltration of CD8 T cells and memory effector CD8 T cells with the long multi-epitope peptides plus lenalidomide and anti-PD1 vaccine and increased Treg infiltration with the cocktail of multi-epitope peptide with lenalidomide and anti-PD1 vaccine, which increased the antitumor response of the long multi-epitope peptide plus lenalidomide and anti-PD1vaccine in this study.

The released cytokines associated with the type of immune cells in the tumor were also analyzed in this study. While IL-10 is an anti-inflammatory cytokine-related to Treg function, IFN-γ is a pro-inflammatory cytokine related to CTL function (38, 39). The increased percentage of activated CD8+ T cells and Tregs cells in the tumors of the combination treatments paralleled the enhanced PD1 expression in these cells in this study. While the increased PD-1 expression on the tumor-infiltrating Tregs is related to their enhanced suppressive function (40), PD-1 expression on CTLs is a reflection of T cell activation, which inhibits T cell responses upon binding to PDL1. PD-1 expression on T cells in the context of cancer has been exclusively thought to be a marker of exhaustion (41, 42). In addition, PD1 expression was increased in activated CD8+ T cells with the long multi-epitope peptide plus lenalidomide and anti-PD1 vaccine, and increased PD1 expression in Tregs cells was observed with the cocktail of multi-epitope peptide plus lenalidomide and anti-PD1 vaccine in this study. Therefore, blocking the PD1 receptor by a PD1 antibody was expected to recover the dominant effects of CD8+ effector T cells with the long multi-epitope peptide combined lenalidomide vaccine and anti-PD1 and suppress Tregs with the cocktail of multi-epitope peptides plus lenalidomide and anti-PD1 vaccine. These actions lead to reduced IL-10 in tumors with the long multi-epitope peptide vaccine and the cocktail of multi-epitope peptides plus lenalidomide and anti-PD1 vaccine in tumors. However, only the long multi-epitope peptide plus lenalidomide and anti-PD1 decreased IL-10 levels compared lenalidomide plus anti-PD1 group in tumors. Moreover, the long multi-epitope peptide combined with lenalidomide and anti-PD1 vaccine illustrated dominant IFN-γ expression compared with the cocktail of multi-epitope peptides plus lenalidomide and anti-PD1 vaccine in the supernatant of single-tumor cells in this study. This study also showed that the long multi-epitope peptide plus lenalidomide and anti-PD1 is dominant in increased pro-inflammatory cytokine (IFN-γ) and decreased anti-inflammatory cytokine (IL-10) in tumors compared the cocktail of multi-epitope peptides plus lenalidomide and anti-PD1 group. The source of the enhanced IFN-γ was also clarified in this study, which primarily came from released CD8 T cells rather than CD4 T cells via detecting IFN-γ+CD8+ and IFN-γ+CD4+ T cells in splenocytes after re-stimulating with peptides.

Although the long multi-epitope peptide plus lenalidomide and anti-PD1 vaccine showed enhanced specific lysis against GBM target cells through enhanced IFN-γ secreting, the cells expressing inflammatory molecules, such as IFN-γ, IL-10, TNF-α, in the re-stimulated splenocytes and re-stimulated lymph nodes were not identified in this study. Although the function of each peptide, BIRC597-104, EphA2682-689, and PADRE, in the long multi-epitope construct has not yet been evaluated, this study confirmed the potential to use glycine linkers (represented by “G”) to link MHCI peptides with MHCII peptides, and a disulfide bond to create a dimeric fusion peptide which forms the long multi-epitope peptides for cancer immunotherapy. This study also showed the potential to use the long multi-epitope construct composed of BIRC597-104, EphA2682-689, and PADRE in combination with lenalidomide and anti-PD1 for the treatment of GBM. This treatment may be a useful treatment for other kinds of cancers that have high expressions of BIRC5 and EphA2. However, further studies should be done to clarify the function of each peptide in this combination in more detail. Additionally, this combination treatment was only confirmed in a single model; in future studies, several models should be investigated to highlight the effects of these combination treatments.



Conclusion

This study shows the availability of using glycine linkers (represented by “G”) and a disulfide bond to create a dimeric fusion peptide for the long multi-epitope peptides construction in cancer treatment. Moreover, the long multi-epitope peptide constructed from MHCI (BIRC5 and EphA2) and MHCII (PADRE)-restricted peptides combined with adjuvants such as lenalidomide and anti-PD1 has the potential to enhance the immunotherapeutic effects in the GBM mouse model.
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Supplementary Figure 1 | Kaplan-Meier survival curves were used to determine the survival of the mouse tumor model according to the different combination treatments in GL261 glioma-bearing mice (No treatment: n = 16, long pep: n = 9, long pep+Lena: n = 9, Lena+anti-PD1: n = 14, long pep+Lena+anti-PD1: n = 13, and cocktail pep+Lena+anti-PD1: n = 12) (A). Brain tumor sizes after treatment with the different combinations were confirmed using magnetic resonance imaging (MRI) (No treatment: n = 8, long pep: n = 9, long pep+Lena: n = 8, Lena+anti-PD1: n = 9, long pep+Lena+anti-PD1: n = 10, and cocktail pep+Lena+anti-PD1: n = 9) (B). No treatment: no treatment group; Long pep: long multi-epitope peptide; Long pep+Lena: long multi-epitope peptide plus lenalidomide; Lena+anti-PD1: Lenalidomide plus anti-PD1; Long pep+Lena+anti-PD1: long multi-epitope peptide plus lenalidomide and anti-PD1; Cocktail pep+Lena+anti-PD1: cocktail of multi-epitope peptide plus lenalidomide and anti-PD1. p< 0.05 (*), p< 0.001 (**), p< 0.0001 (***).

Supplementary Figure 2 | Central memory and effector memory CD8+ and CD4+ T cells such as CD44+CD62L- and CD44+CD62L+ on CD8+ and CD4+ T cells in spleens (n = 6 for each treatment group), lymph nodes (n = 7 for each treatment group), and tumors (n = 6 for each treatment group) were also measured (A, B). Data was summarized by bar graph (C-H). The percentages of natural killer (NK) cells (CD49b+CD69+ cells) in spleens and lymph nodes (n = 6 for each treatment group) were also defined (I, J). All data is shown as the mean ± standard deviation (SD). No treatment: no treatment group; Long pep: long multi-epitope peptide; Long pep+Lena: long multi-epitope peptide plus lenalidomide; Lena+anti-PD1: Lenalidomide plus anti-PD1; Long pep+Lena+anti-PD1: long multi-epitope peptide plus lenalidomide and anti-PD1; Cocktail pep+Lena+anti-PD1: cocktail of multi-epitope peptide plus lenalidomide and anti-PD1. p< 0.05 (*), p< 0.001 (**), p< 0.0001 (***).

Supplementary Figure 3 | The effects of lenalidomide on the proliferation of the GL261 cell line were measured by an MTT assay. The GL261 cells (5x103 cells/well) were cultured with various doses of lenalidomide (2.5, 5, 10, and 20 µg/mL) for five days. The viability of GL261 cells was evaluated by using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide. The results showed a significant decrease in the viability of the GL261 cell line with increasing lenalidomide concentrations starting at day three. All data is shown as the mean ± standard deviation (SD). p< 0.05 (*), p< 0.001 (**), p< 0.0001 (***).
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Breast cancer is one of the most common cancers in women. Triple-negative breast cancer (TNBC) has a significantly worse prognosis due to the lack of endocrine receptors including estrogen receptor (ER), progesterone receptor (PR) and human epidermal growth factor receptor 2 (HER2). In this study, we investigated adjuvant cellular immunotherapy (CIT) in patients with post-mastectomy breast cancer. We enrolled 214 post-mastectomy breast cancer patients, including 107 patients in the control group (who received chemotherapy/radiotherapy/endocrine therapy) and the other 107 patients in the CIT group (who received chemotherapy/radiotherapy/endocrine therapy and subsequent immune cell infusion). Of these 214 patients, 54 had TNBC, including 26 patients in the control group and 28 patients in the CIT group. Survival analysis showed that the overall survival rate of patients treated with cellular immunotherapy was higher than that of patients who were not treated with CIT. Compared to those who received cytokine-induced killer (CIK) cells alone, the patients who received CIK combined with natural killer (NK) cell immunotherapy showed the best overall survival rate. In subgroup analyses, adjuvant CIT significantly improved the overall survival of patients in the TNBC subgroup and the patients who were aged over 50 years. Our study indicates that adjuvant CIK cell combined with NK cell treatment is an effective therapeutic strategy to prolong the survival of post-mastectomy patients, particularly for TNBC patients and those who are aged over 50 years.
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Introduction

Breast cancer is considered to be one of the major diseases that endanger women’s health in the world. On average, one in every 20 women with cancer has breast cancer, and this incidence is as high as one in 8 women in high-income countries (1). The morbidity and the number of patients with breast cancer are also increasing rapidly. In recent years, breast cancer screening projects, such as mammography screening, are included in the physical examination, enabling them to obtain early detection, diagnosis, and treatment. But the mortality of breast cancer is still high, and the number of deaths is also increasing every year.

Triple-negative breast cancer (TNBC) is a breast cancer subtype, which is well known for its high invasiveness and poor prognosis in young women. TNBC accounts for 12% to 17% of all breast cancers. Lack of hormone receptor immunohistochemistry (IHC) staining for estrogen and progesterone without human epidermal growth factor receptor 2 (HER2) protein overexpression or HER2 gene amplification (or both) are the most typical characteristics of TNBC. Due to the lack of receptors, TNBC patients obtain mild benefits from hormone blocking or HER2-specific monoclonal antibody treatment, which often leads to recurrence and metastasis compared to patients with other types of breast cancer who have received systemic adjuvant chemotherapy or neoadjuvant chemotherapy (2). Due to these characteristics, the prognosis of TNBC is poor and there is a lack of effective therapeutic targets (3). Therefore, there is an urgent need for a safer, more applicable, and more effective treatment.

In the 1960s, adoptive cellular immunotherapy (CIT) was first used in tumor therapy. After decades of development, it has made greater achievements. Tumor-reactive T cells (4) and cytokine-induced killer (CIK) cells were infused into patients with cancer to provide antitumor immunity (5).

Natural killer (NK) cells are an important part of lymphocytes, which can directly kill tumor cells and virus-infected cells; thus, they play an important role in immune surveillance and early anti-infection immunity (6). They can mediate spontaneous cytotoxicity and rapidly secrete large amounts of cytokines and chemokines to promote subsequent adaptive immune responses and recruit other lymphocytes (7). The recognition of target cells by NK cells is no limitation of major histocompatibility complex (MHC) molecules. Unlike T cells, NK cells lack the surface T cell receptor and do not cause graft-versus-host disease (GVHD) (8), which makes them a promising strategy for tumor patients.

Purified NK cells have good selective cytotoxicity in osteosarcoma (9), B-cell leukemia, myeloma (10), acute myeloid leukemia (6, 11), lymphoma (12), and some solid tumors, which can reduce tumor recurrence and metastasis. NK cell-based therapies are emerging as safe and efficacious treatments for some cancers (13). The “off-shelf” NK cell therapeutic product oNKord, has received an orphan drug designation from EMA and FDA for treating AML patients, which improved survival in year 1 of 80% vs. 35% in the control arm (14).The number and activity of tumor-infiltrating NK cells in colorectal cancer (15) and ovarian cancer (16) are also associated with prognosis. A study shows, in stage III colorectal cancer, the 5-year relapse free survival rate of patients with extensive NK cells infiltration was 80%, was 52% for those with moderate NK cell infiltration, and was 49% for those with little NK cell infiltration. High NK infiltration can improve the prognosis of patients with stage III colorectal cancer (15).This suggests that NK cells may be an independent prognostic factor.

CIK cells are a group of heterogeneous cells, including CD3+ CD4+ T cell, CD3+ CD8+ T cell, CD3-CD56+ NK cell and CD3+ CD56+ NKT cells, which are cytotoxic against autologous and allogeneic tumors (17, 18). The aim of tumor immunotherapy is to enhance the anti-tumor ability of immune cells, stimulate tumor-specific immunity, reactivate immune cells, and finally achieve the purpose of anti-tumor immunity. CIK cell therapy eliminates the activation of tumor cells and kills them by infusing expanded immune cells (19, 20). In previous studies, CIK cell therapy was considered to play a strong antitumor role in renal cell carcinoma (21), hepatocellular carcinoma(HCC) (5), non-small cell lung cancer (22), and colorectal cancer (23). A retrospective study showed that CIK cells could significantly improve OS of HCC patients (24).Results from another phase III trial showed that CIK cell therapy extended recurrences-free survival to 44 months in patients with HCC (5).

In this retrospective study, we recorded the follow-up survival of breast cancer patients in the experimental group and control group. Our retrospective study showed that the patients received CIK combined with NK cell adoptive immunotherapy had a better prognosis, especially in patients who were aged over 50 years and who were TNBC.



Materials and methods


Patient population

This article reviews the medical records of 214 breast cancer patients between July 20, 2005, and September 15, 2012 from a computerized database of the Sun Yat-Sen University Cancer Center (Guangzhou, China). This database recorded the clinicopathological features of patients, including age, tumor size, pathologic grade, TNM (tumor-node-metastasis) stage, hormone receptor (including ER, PR, and HER2), treatment, and outcome. All patients underwent surgery, including quadrantectomy or mastectomy and axillary lymph node dissection. In addition, most patients subsequently received chemotherapy, radiotherapy, and endocrine therapy, which are dependent on their clinical stage. After completing the systemic comprehensive treatment, if there was no organic dysfunction, systemic immunosuppressive treatment, and active autoimmune disease, some patients received at least four cycles of CIT after consent, and no serious adverse events occurred during the CIT.

Patients were excluded from the study based on the following criteria: the presence of a distant metastasis at diagnosis, a history of other malignancies, treatment with adjuvant chemotherapy/radiotherapy, patients who did not receive any chemotherapy/radiotherapy/endocrine therapy after mastectomy and patients who received CIK treatment after recurrence. The decision about inclusion of patients in this retrospective study was made by a multidisciplinary team, which consisted of surgeons, oncologists, physicians, immunologists, and radiologists. After review, 214 patients met the study criteria and were included for further analysis.

Among them, 107 patients had received CIT treatment (CIT group), while the other 107 patients who were diagnosed on the same day or nearly one day but who did not receive CIT were used as controls. Of the 107 patients in the CIT group, 59 received only CIK cell therapy (CIK group) and 48 received alternating CIK and NK cell therapy (CIK + NK group). Tables 1, 2 summarize the characteristics of patients in each group.


Table 1 | Demographics and disease characteristics of patients in the control group patients and the cellular immunotherapy group patients.




Table 2 | Demographics and disease characteristics of patients in the CIK immunotherapy treatment group and CIK plus NK cells immunotherapy treatment group.





Treatment procedures

After completing sequential radiotherapy/chemotherapy over two weeks and when the blood routine examination result had returned to normal, 50-60 ml of heparinized peripheral blood of patients was obtained for cell culture. The blood routine examination result return to normal was defined as white blood cell count≥3.0×109/L, absolute neutrophil count≥1.5×109/L, platelet count≥75×109/L, hemoglobin≥9g/dL, and absolute lymphocyte count≥0.7×109/L. Before the first infusion of cells, the blood was obtained again for the next cycle of cellular therapy. After the first blood sampling and standardized culture for two weeks, the cells after detection were re-infused into the patients. Heparinized peripheral blood was obtained for the next cell culture before each time of cell infusion.

For the CIK group, blood was collected at week 0 and CIK cells was performed at week 2. The peripheral blood needed by week 4 was collected before infusion at week 2.

However, for the CIK + NK group, the cell culture was slightly different. Blood was obtained for CIK cell culture at week 0, and CIK cells were infused at week 2. Blood was collected again for expanded NK cell culture before infusion at week 2. From week 2 to week 4, peripheral blood cells were cultured to induce differentiation into expanded NK cells, and they were finally infused at week 4. After that, CIK cells were infused again at week 6, and expanded NK cells were infused at week 8. In short, CIK and expanded NK cells were treated alternately at an interval of two weeks. The details of the treatment procedure are shown in Figure 1.




Figure 1 | Cells cultured process in different groups. (A) CIK group. (B) CIK+NK group.





Generation of immune cells

The preparation methods of CIK and NK have been introduced in our previous studies (25). In short, 50-60 ml heparinized peripheral blood was obtained 2 weeks after the patients completed radiotherapy, chemotherapy, and endocrine therapy, and the blood routine examination results returned to normal. Peripheral blood mononuclear cells (PBMCs) were isolated by Ficoll-Hypaque gradient centrifugation and cultured in X-VIVO (Lonza) serum-free medium for 24 hours, supplemented with 1,000 U/mL recombinant human interferon-gamma (IFN-γ) (Shanghai Clone Company) at 2 x 106 cells/ml and incubated at 37°C in a humidified atmosphere containing 5% CO2 for 24h. Then, the following were added: 100 ng/ml mouse anti human CD3 monoclonal antibody (R & D Systems, Shanghai, China), 100 U/ml recombinant human interleukin-1α (Life Technologies, Guangzhou, China), and 1000 U/ml recombinant human interleukin-2 (rhIL-2; Beijing Sihuan, Beijing, China). Fresh medium and fresh rhIL-2 were added every 2 days and cell density was maintained at 2 x 106 cells/ml.

To amplify NK cells, PBMCs were isolated by Ficoll-Hypaque gradient centrifugation and cultured in X-VIVO (Lonza) serum-free medium in a T75 culture flask coated with HER2 monoclonal antibody(Shanghai Roche, Shanghai, China)at 1.5 x 106 cells/mL and incubated at 37°C in a humidified atmosphere containing 5% CO2 for 24h. After that, the following were added: 1000 U/ml rhIL-2 (Beijing Sihuan, Beijing, China), 25ug/ml recombinant human interleukin-15(PeproTech, USA). After 4 days, the cells were centrifuged, and the supernatant was discarded and transferred to the X-VIVO serum-free medium containing 1000 U/ml rhIL-2 for 2 weeks. Fresh medium and fresh rhIL-2 were added every 2 days and cell density was maintained at 1.5 x 106 cells/ml.



Phenotypic analysis of CIK and NK cells

To meet the different needs, CIK and NK cells were obtained according to different cell expansion and culture methods. The survival rate of the two cell types was more than 95%. For the CIK phenotype, the final number of immune cells produced was approximately 1.0×1010-1.2×1010. The median percentages of CD3+, CD3+ CD4+, CD3+ CD8+, CD3- CD56+, and CD3+ CD56+ populations in the CIK group in final immune cells were 97.75% (range, 43.1-99.5%), 24.3% (range, 1.7-74.3%), 70.35% (range, 17-93.3%), 1.6% (range, 0.2-55.7%), and 21.2% (range, 4.3-66.3%), respectively (Figure 2A).




Figure 2 | Phenotypic analysis of CIK cells and NK cells in breast cancer patients after the first expansion. (A) The phenotype of autologous CIK cells from 65 patients in each cycle was evaluated using flow cytometry. The percentage of CD3+, CD3+ CD4+, CD3+ CD8+, CD3-CD56+ and CD3+ CD56+ are shown. (B) The phenotype of autologous NK cells from 24 patients in each cycle was evaluated using flow cytometry. The percentage of CD3+, CD3+ CD4+, CD3+ CD8+, CD3-CD56+ and CD3+ CD56+ are shown. (C) Typical flow cytometry analysis of CD3+CD4+T cells, CD3+CD8+T cells, CD3+CD56+NKT cells, and CD3−CD56+NK cells after expansion in CIK group. (D) Typical flow cytometry analysis was performed on two different types of expanded cells from CIK/NK patients. The data were collected from the same patient. The results were from 89 CIT patients and are represented as mean ± SEM.



Compared to the CIK phenotype, the final number of immune cells was 4.2×109-5.8×109, while the median percentages of CD3+, CD3+ CD4+, CD3+ CD8+, CD3- CD56+, and CD3+ CD56+ in the NK group were 45.25% (range, 9.3-97.5%), 8.3% (range, 1-81.6%), 19.05 (range, 2.7-71%), 53.5% (range, 1.5-89.9%), and 18.45% (range, 4.6-67.0%), respectively (Figure 2B).



Follow-up

After surgery, all patients were postoperative followed-up included clinical and phone-call inquiring every 2 months in the first year at our outpatient department or follow-up center, every 3 months in the second year, every 6 months from the 3rd to 5th years, and annually thereafter at least until 5 years after the operation or until the patient died, whichever came first. In this study, the last follow-up was December 30, 2021. The telephonic follow-up included the following: enquiring about the general physical condition of patients and asking whether there was any recurrence and metastasis of tumors and providing corresponding medical suggestions. The patients’ blood routine examination, biochemical routine examination, tumor markers, computed tomography, bone density determination, bone scintigraphy, and B-ultrasound of bilateral axillary and cervical lymph nodes were monitored at each re-examination.

Overall survival (OS) was defined according to the National Cancer Institute’s Response Evaluation Criteria in Solid Tumors (26). OS was calculated from the date of definitive surgery to death resulting from any cause or was censored at the last follow-up. If recurrence or metastasis was confirmed during follow-up, our multidisciplinary team provided other medical suggestions, including surgery, chemotherapy besides the anthracycline- and taxane-based regimen, or radiation treatment. For those patients whose endocrine receptors or HER2 were positive, appropriate and regular endocrine therapy was needed. Supportive treatment was given to patients who were intolerant to any systemic and local treatment. All toxicities were graded according to the National Cancer Institute Common Toxicity Criteria for Adverse Events version 4.0.



Statistical analysis

Pearson X2 and Fisher exact tests were used to compare categorical variables. Two-way ANOVA was used to explore the differences in cell phenotypes between four different cycles. OS curves were constructed according to the Kaplan-Meier method and compared using the log rank test. OS of patients was defined as the interval from completion of surgery to death or the last follow-up. Multivariate analysis was performed after univariate analysis found statistically significant variables. Hazard ratio and the 95% confidence interval were also provided.

In all analyses, a difference of 0.05 was considered significant. All statistical evaluations were performed using SPSS software (version 26.0 of IBM’s Social Science Statistical Software Package) and GraphPad Prism 9 (version 9 of GraphPad software company).




Results


Patient demographics and clinical characteristics

A total of 214 patients with breast cancer were retrospectively included in the study. Among them, 107 patients received traditional breast cancer treatment without CIT, while the other 107 patients received traditional treatment and sequential CIT. The baseline characteristics of patients are shown in Tables 1, 2. There were no statistically significant differences in the demographic or clinical characteristics between the two groups. In this study, 54 patients had TNBC, the other 160 patients had non-TNBC. The median age was 50.29 years (range, 30 to 82 years).



Phenotypic analysis of final immune cells

To determine whether the phenotype of expanded cells in the CIK group and NK group had changed, we analyzed the difference between the two phenotypes. Compared with the CIK group, CD3- CD56+ were significantly increased, while CD3+, CD3+ CD4+, CD3+ CD8+ and CD3+CD56+ were decreased in the NK group (Figures 2A, B). Besides, we collected immune cells from CIK group and CIK/NK group after different amplification methods for flow cytometric analysis. The positive rate of CD3 in the expanded immune cells was high in CIK group, accounted for 98.8% (Figure 2C). Patients in the CIK/NK group were also received highly positive for CD3 immune cell therapy when treated with CIK cells. However, when treated with alternate expanded NK cells, CD3+ accounted for only a small population about 13.7%, and CD3- CD56+ NK cells accounted for 85% of the reinfused immune cells (Figure 2D). Flow cytometry analysis of different groups in Figure 2D is derived from alternating CIK and NK cells expansion of immune cells from the same patient.

Further, to identify whether there was any phenotypic evolution of patients with breast cancer after CIK cell only infusion or CIK and NK cell combined infusion. The phenotypes of 63 patients in the CIK and CIK+NK groups from the first cycle to the fourth cycle were included in the analysis. After 14 days of amplification, the number of cells with different phenotypes in different cycles and different groups were analyzed.

In the expansion of CIK cells, neither the CIK group nor the CIK+NK group showed a significant difference among CD3+, CD3+ CD4+, CD3+ CD8+, CD3-CD56+, and CD3+ CD56+ (Figures 3A, B). Even in the NK group, no statistically significant differences were found between CD3+, CD3+ CD4+, CD3+ CD8+, CD3-CD56+, and CD3+ CD56+ cells in the four cycles (Figure 3C). Slightly different phenotypes of cells infused in different cycles also indicated that irrespective of whether the patients received CIK cell only infusion or CIK and NK cell combined infusion, they received stable CIT in each cycle.




Figure 3 | After 14-day of amplification, the proportions of different cell populations in the four cycles. (A) CIK group and (B, C) CIK + NK group were analyzed by two-way ANOVA. The cell population of the phenotypes in (A) CIK group, CIK + NK group during (B) CIK culture and (C) NK culture has been shown. For the same cell population, neither CIK group nor CIK+NK group, was no statistical difference between any two cycles. The results are represented as mean ± SEM.





Safety and toxicity of adjuvant cell immunotherapy

Overall, the patients treated with adjuvant cell therapy showed good tolerance. No significant toxicity was observed.

Among all patients who received CIT, only 4 patients had self-limiting fever during infusion, 3 patients had palpitations, 7 patients experienced fatigue, 3 patients had arthralgia, 2 patients had nausea and vomiting during treatment, and 3 patients had transient hypertension. CIT-related adverse events are shown in Table 3. All the above adverse events were rated as grade 1 or 2 and some of the patients were relieved by symptomatic treatment. No treatment-related serious adverse events, such as pneumonitis, colitis, hepatitis, and treatment-related deaths, were noted in any of the patients.


Table 3 | CIT related adverse events according to category and grade.





Survival analysis

In these 214 patients, the efficacy of CIT was better than that in the control group (p=0.0002) (Figure 4A). Besides, the CIK combined with NK cell therapy achieved the best prognosis (p=0.0003) (Figure 4B). Compared with the 1-year, 3-year, 5-year and 10-year survival rates of 98.28%, 94.83%, 81.88% and 54.77% in the CIK group and those of 93.42%, 74.93%, 64.57% and 52.82% in the control group, the 1-year and 3-year OS rate in the CIK+NK group was 100%, 100%, 91.67 and 87.14%, which showed a strong anti-tumor effect and ability to resist tumor recurrence and metastasis for a long time.




Figure 4 | Kaplan–Meier estimates of overall survival (OS) of patients with postoperative breast cancer by different treatment groups. (A) OS curve of patients in CIT group (n = 107) versus the control group (n = 107). (B) OS curve of patients in CIK+NK group (n = 48), CIK group (n = 59) and the control group (n = 107).





Univariate and multivariate analyses

To determine the prognosis of postoperative breast cancer patients, the variables were further assessed in univariate and multivariate Cox proportional hazards regression analyses. Younger age (p=0.044) and receipt of adjuvant CIT (p=0.003) showed a significant association with improved OS in both univariate and multivariate analyses (Table 4).


Table 4 | Univariate and multivariate analysis of overall survival for breast patients in the CIT and control groups.



To further explore the variation affecting the different prognoses of patients in the CIT group, univariate and multivariate Cox regression analyses of OS for patients in the CIK and CIK+NK groups were performed (Table 5).


Table 5 | Univariate and multivariate analysis of overall survival for breast patients in the CIK and CIK+NK groups.



Irrespective of univariate analysis or multivariate analysis, CIT treatment was associated with better OS as an independent prognostic factor for patients. Moreover, we found that patients with cell reinfusion by alternating CIK and NK cell therapy could achieve greater benefits than patients with CIK therapy only(p=0.009).



Subgroup analysis

TNBC is one of the subtypes of breast cancer, and it is characterized by a lack of ER, PR, and HER2 receptors, which makes endocrine therapy after traditional treatment ineffective. Besides, TNBC often indicates poorer prognosis and shorter survival time, and it is more associated with recurrence and metastasis. CIT therapy exerts a wide range of antitumor effects independent of endocrine hormone receptors. Then, we explored whether there was a difference in the prognosis of patients with CIT in the TNBC population. Among the 214 patients, 54 had TNBC, accounting for about a quarter of patients. Figure 5A shows that CIT treatment resulted in a better prognosis for patients with TNBC (p=0.0039). The effect of alternating treatment with CIK and NK cells was the best (p=0.0057). Though CIT significantly improve the patients’ OS in both TNBC subgroup and NO-TNBC group (Figure 5B), the patients in TNBC group seem to gain more benefit from adjuvant CIT than NO-TNBC group from CIT. Compared with the 5-year and 10-year survival rates of 89.29% and 89.29% in the TNBC group received CIT treatment, the 5-year and 10-year survival rates in the NO-TNBC group was 85.4% and 65.54%.The difference of 5-year and 10-year survival proportions between CIT group and control group was 19.17% and 25.01% in TNBC group and 15.34% and 4.52% in NO-TNBC group.




Figure 5 | Subgroup analysis to estimate the survival benefits from CIT in (A) Triple-negative breast cancer (TNBC)(n=54) and (B) NO-TNBC subgroup(n=160).



To date, according to the follow-up database, all TNBC patients treated with CIK + NK cell therapy are still alive, which shows the great potential and advantages of CIK cell combined with NK cell immunotherapy.

Both univariate and multivariate Cox regression analyses included age (p =0.044) into the prognostic equation, and they indicated that the patient’s age was an independent prognostic factor. Patients older than 50 years showed a worse prognosis. This is not very difficult to understand as the immune surveillance, immune killing, and anti-tumor ability of the elderly are not so strong compared with those in the young subjects. Thus, we further explore whether the use of CIT treatment caused a difference in the OS of patients older than 50 years. Survival analysis showed that CIT treatment was a prognostic factor in patients aged over 50 years. The results showed that patients older than 50 years were able to obtain more benefit from CIT treatment comparing with the patients younger than 50 years (p=0.0014) (Figures 6A, B).




Figure 6 | Subgroup analysis to estimate the survival benefits from CIT in patients who are (A) over 50 years old (n=115) and who are (B) below 50 years old (n=99).






Discussion

Cellular immunotherapy, such as chimeric antigen receptor-T cell, has been widely applied in hematological tumors (27), and its effectiveness and safety have been widely recognized. However, research on the effect of CIT on solid tumors is still very limited. A few studies have assessed the efficacy and prognosis of CIT in patients with TNBC.

One study showed that the combination of CIK cells and cetuximab restrains the growth of patient-derived TNBC xenografts. Besides, CIK cells and CTX combination acts as an excellent adjuvant therapy to limit metastatic spread after the removal of the primary tumor (28).Two observational studies with small sample sizes of 23 (NCT01395056) and 46 (NCT01232062) patients can be found on ClincalTrials.gov. But our study enrolled 214 candidates. The result suggested that patients who received adjuvant CIT achieved longer survival, and patients who received alternate CIK and NK cell treatment exhibited a better prognosis than those who received CIK cells only. Patients with TNBC or those who were aged over 50 years, which may indicate a worse prognosis, can also obtain more benefits from adjuvant CIT.

The cytotoxicity of NK cells is not limited by the MHC. The aim of adjuvant therapy after surgical resection is to eliminate residual tumor cells, reduce the circulating tumor cell load in the blood circulation system as much as possible, and prevent subsequent tumor recurrence and metastasis. Alternative CIK cells and NK cells are directly reinfused into the blood circulation. They are originally components and effector cells of the normal human immune system; hence, they have better selectivity for tumor cells than other types of chemotherapy or radiotherapy, which cannot distinguish between “self” and “non-self”, and normal and abnormal tissue. The aim of adjuvant CIT is to expand the number of immune cells in the peripheral blood of patients. NK cells only account for a small proportion of lymphocytes; about 2% to 18% of peripheral blood (29). The cocktail, amplified in vitro, injected after amplification has more killer cells (effector cells) than those in the patients’ original blood circulation, which can kill or maintain the circulating tumor cells that may colonize and metastasize at a low level.

In subgroup analysis, we chose to explore whether there were differences in the use of CIT in TNBC. The results showed that in 54 TNBC patients, the prognosis of patients treated with CIT was better. CIT was also defined as one of the factors that can independently affect the prognosis of TNBC patients. According to our follow-up, 14 patients in the CIT group treated with CIK + NK cells for TNBC have still alive.

Both univariate and multivariate Cox regression analyses included age into the equation; thus, suggesting that age is related to the prognosis of patients. The prognosis of patients older than 50 years was worse than that of patients aged below 50 years. The patients who were aged over 50 years gained more benefit from CIT (p=0.0014). Some older patients are limited by several basic diseases or poor physical condition, and they are unable to tolerate surgical treatment and cytotoxicity of whole chemotherapy. If they can achieve longer OS from CIT, it is suggested that CIT may be a reliable treatment for those patients who cannot tolerate any other treatments.

It has been mentioned that CIT after chemotherapy or surgery can prolong the survival time of patients (30), and this treatment is different from the targeted drugs in chemotherapy, which can lead to drug resistance with the increase in drug usage time. Therefore, CIT may be an effective and safe therapy for patients.

However, the current CIT treatment also encounters many problems, such as how to expand adequate number of cells in a short time in vitro, how to genetically modify NK cells, and how to obtain a stable source of NK cells. The peripheral blood of patients was collected and stimulated with cytokines to obtain expanded NK cells. Due to the influence of the patient, the proportion of expanded NK cells in the total number of cells was also different. Clinically, the cost of expanding NK cells is quite high. We are trying to find a more economical way to obtain a large number of proliferating NK cells.

The sources of NK cells are peripheral blood, umbilical cord blood, postpartum placenta, and induced pluripotent stem cells (iPSCs) (31). The peripheral blood of patients is most commonly used in the clinic. Peripheral blood was extracted and amplified in vitro and then reinfused into the patients. NK cells do not cause GVHD; thus, homologous NK cell reinfusion using normal peripheral blood from patients’ families is also a potential resource, especially for those who are unable to tolerate blood collection or patients whose blood routine examination results do not return to normal before infusion.



Conclusion

In this retrospective study, we found that the CIT can be a promising remedy for patients with post-mastectomy breast cancer to prolong their OS. Importantly, our findings provided evidence that sequential CIT with alternate application of CIK and NK cells after surgery, chemotherapy, and endocrine therapy causes a better survival improvement, particularly in TNBC patients and patients older than 50 years.
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Immunogenic cell death (ICD) is a regulated cell death (RCD) pathway. In response to physical and chemical signals, tumor cells activate specific signaling pathways that stimulate stress responses in the endoplasmic reticulum (ER) and expose damage-associated molecular patterns (DAMPs), which promote antitumor immune responses. As a result, the tumor microenvironment is altered, and many tumor cells are killed. The ICD response in tumor cells requires inducers. These inducers can be from different sources and contribute to the development of the ICD either indirectly or directly. The combination of ICD inducers with other tumor treatments further enhances the immune response in tumor cells, and more tumor cells are killed; however, it also produces side effects of varying severity. New induction methods based on nanotechnology improve the antitumor ability and significantly reduces side effects because they can target tumor cells precisely. In this review, we introduce the characteristics and mechanisms of ICD responses in tumor cells and the DAMPs associated with ICD responses, summarize the current methods of inducing ICD response in tumor cells in five distinct categories: chemical sources, physical sources, pathogenic sources, combination therapies, and innovative therapies. At the same time, we introduce the limitations of current ICD inducers and make a summary of the use of ICD responses in clinical trials. Finally, we provide an outlook on the future of ICD inducer development and provide some constructive suggestions.
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1 Introduction

Cancer is one of the leading causes of mortality worldwide, posing a serious threat to human life and health and a severe burden on the global economy (1). According to the GLOBOCAN 2020 online database, there were 19.29 million new cancer cases and 9.96 million deaths worldwide. China had 4.57 million new cancer cases, accounting for 23.7% of the world, and 3 million deaths, accounting for 30% of the total number of cancer deaths, ranking it first in the world (2). This is because China is one of the most populous countries in the world. Unbalanced social development, regional variation in medical care, an aging population, and unhealthy lifestyle are also important reasons for the high incidence and mortality rate of tumors in recent years (3). Currently, tumor treatment is mostly based on conventional methods, such as surgical resection, chemotherapy, and radiation therapy, to inhibit or eliminate tumor cells through a wide range of tumor killing mechanisms to improve the overall survival rate of patients. However, these conventional treatment methods have significant side effects such as nausea, vomiting, hair loss, and neurotoxicity, owing to their extensive cytotoxicity and cellular resistance. The tumor microenvironment (TME) is immunosuppressed in patients with metastasis and recurrence. The efficacy of these conventional treatments is poor; tumors continue to progress, and patients have high mortality rates (4, 5).

The emergence of cancer immunotherapy has dramatically reduced the limitations of conventional treatment. Tumor immunotherapy reverses the immunosuppressive state of the TME due to factors such as reduced immunogenicity of tumor cells and the generation of immunosuppressive factors. Moreover, it restores the normal antitumor immune response, achieves the goals of controlling tumor growth, removes local or distant metastatic tumor cells, and causes long-term immune memory resistance to cancer recurrence (6). Immunotherapy for tumors includes monoclonal antibody-based immune checkpoint inhibitors, therapeutic antibodies, cancer vaccines, cell therapies, and small-molecule inhibitors. These immunotherapeutic categories have demonstrated powerful antitumor potential in clinical trials, and their high efficacy and innovative treatment modalities have created new options in the clinical treatment of tumors. They are considered to be the most promising tumor treatment methods (7).

Control of tumor progression depends on the death of tumor cells, which is usually classified as accidental cell death (ACD) and regulated cell death (RCD). Accidental cell death is uncontrolled cell death triggered by an injurious stimulus that exceeds the regulatory capacity of the cell, leading to the onset of cell death. RCD differs from ACD in that it has a precise molecular mechanism controlled by specific signal transduction pathways and can be regulated through genetic signals or pharmacological interventions (8, 9). RCD includes apoptosis, necrosis, and autophagy. Targeting RCD is a highly effective antitumor pathway, and different signaling pathways can be targeted through drugs that promote cell death, avoid tumor cell drug resistance, and improve antitumor efficacy (10).

Immunogenic cell death (ICD) is a type of RCD and is one of the crucial mechanisms of action of tumor immunotherapy. Induced by various chemical, physical, and pathogenic sources, tumor cells generate large amounts of reactive oxygen species (ROS) to indirectly stimulate endoplasmic reticulum stress by activating specific signaling pathways or by directly acting on the endoplasmic reticulum of tumor cells to alter its structure and thus trigger stress. Driven by the endoplasmic reticulum stress response, many damage-associated molecular patterns (DAMPs) associated with ICD development are secreted or transported to the extracellular space, expressed on the cell surface, and attracted to dendritic cells (DCs) and macrophages through various pattern recognition receptors (PRRs). This promotes the maturation and activation of such cells and stimulates the antitumor immune response. The response occurs when cytotoxic T lymphocytes that are cytotoxic to tumor cells proliferate, killing the tumor cells under the action of perforin-1, interferon-γ (IFN-γ), and granulocyte enzymes (Figure 1). The tumor cell ICD response improves the effectiveness of cancer treatment and patient prognosis (11–13).




Figure 1 | Process of immunogenic cell death (ICD). After the action of ICD inducers on tumor cells, different classes of inducers cause the onset of the endoplasmic reticulum stress response by direct or indirect means. Under the influence of multiple intracellular mechanisms of action, CRT and HSP70/90 present in the cell are exposed to the cell surface, while ATP and HMGB1 are released to the extracellular compartment via vesicular transport. These released DAMPs bind to immature DCs in the TME. HMGB1 binds to TLR4 receptors, CRT binds specifically to CD91, HSP70/90 binds to CD40/91 receptors, and ATP binds specifically to different P2X7/P2Y2 receptors at different concentrations. Moreover, DCs mature in the TME, while the antigen-presenting function is further enhanced. Under the action of mature DCs, levels of proinflammatory cytokines such as IL-1β, TNF-α, IL-6/8, and CD83/86 in the TME are increased. IL-1β acts on γδ T cells and CTLs, while γδ T cells release IL-17, and under the combined effect of IL-1β/17 and other cytokines, the CTLs release perforin-1, IFN-γ, granulocyte enzymes, and other substances that cause kill effects on tumor cells, and ICD occurs in tumor cells.



This review summarizes the characteristics of the ICD response in tumor cells and describes its mechanisms in detail. We also list typical DAMPs related to ICD development and some recently discovered DAMPs. We highlight the structures and their changes and effects during ICD occurrence. In addition, we summarize the recent progress in the induction of ICD responses in tumor cells over the last five years. These induction methods are categorized as: chemical sources, physical sources, pathogenic sources, combination therapies, and innovative therapies. We provide a detailed explanation of the structure, induction mechanism, and impact of the various ICD induction methods. By analyzing the mechanisms of action of these inducers, we divided them into type I and type II inducers. In addition, we outline the differences in the induction mechanisms of these two types of inducers. Of course, there are still limitations in applying ICD inducers in practice, and we make a summary of the use of ICD responses in clinical trials and identify potential problems. At the same time, we also provide an outlook on the future of ICD inducer development and provide some constructive suggestions.



2 Immunogenic cell death

Immunogenic cell death (ICD) is the transformation of tumor cells from non-immunogenic cells to immunogenic cells. Apoptosis occurs and stimulates an antitumor immune response in vivo to kill more tumor cells and hinder tumor progression (14). Immunogenic cell death was first proposed in a 2005 study that used adriamycin in a mouse tumor model in vitro and in vivo. Researchers found that the drug induced an ICD response in the mouse model, leading to DC maturation and activation, proliferation of cytotoxic T lymphocytes, which killed a large number of tumor cells (15). Immunogenic cell death responses are influenced by several factors (16). First, during tumorigenesis, tumor cells express inhibitory receptors, immunosuppressive cells release inhibitory cytokines, the TME is immunosuppressed, and the ICD response needs to overcome the immunosuppressive TME and recruit activated antigen-presenting cells (17). The second factor is the antigenicity of the responses. Infected and malignant cells can express antigenic epitopes that are not covered by thymic tolerance and are highly immunogenic, in contrast to normal cells, where this type of antigenic epitope does not exist, limiting the ability of normal cells to drive ICD response. Finally, the onset of ICD is adjuvant and is usually accompanied by the release or exposure of several DAMPs. These include calreticulin (CRT), high mobility group box 1 protein (HMGB1), adenosine triphosphate (ATP), and heat shock proteins (HSP) (16).

However, different ICD inducers do not activate the same stress response, and the DAMPs activated during the stress process differ significantly (16). During the occurrence of ICD in tumor cells, DAMPs have a significant immune function after exposure to the surface or secretion. They can interact with different pattern recognition receptors to promote various actions, such as maturation/activation of immune cells; antigen recruitment, processing and presentation; and cytokine production, ultimately contributing to the activation of anticancer immunity (18–20). However, because these DAMPs belong to different categories and have different structures, the mechanisms by which they exert their immune effects are also different. Therefore, understanding the structure of these DAMPs and the mechanisms by which they function is crucial for an in-depth study of ICD.


2.1 Calreticulin

Calreticulin (CRT), the major calcium-binding protein in the endoplasmic reticulum, is highly conserved, present in all cells except erythrocytes, and has biological functions such as molecular chaperone activity, regulation of Ca2+ homeostasis, and regulation of gene expression (21, 22). During the ICD response in tumor cells, eukaryotic initiation factor 2α (eIF2α) is phosphorylated under the influence of specific drugs or external factors, accompanied by the suspension of protein translation, which is a severe stress response of the cellular endoplasmic reticulum, with activation of pro-apoptotic caspase-3 and caspase-8, hydrolysis of endoplasmic reticulum proteins. Simultaneously, BAX and BAK, members of the pro-apoptotic Bcl-2 family, accumulate in the outer mitochondrial membrane, mediated by synaptosomal-associated protein 25 (SNAP25) and CRT is cis-transported from the endoplasmic reticulum to the Golgi apparatus and expressed on the cell surface through CRT-containing cytosolic vesicles (23, 24). The expression of CRT on the cell surface presents an “eat-me” signal and is recognized by CD91 and phagocytosed, which promotes DC maturation and activation, leading to the cross-presentation of tumor antigens and tumor-specific cytotoxic T lymphocyte responses, as well as a large-scale release of proinflammatory cytokines such as TNF-α and IL-6. The antitumor immune response is continuously enhanced and is mediated by multiple mechanisms (25–27). This suggests that translocation and exposure of CRT during ICD can trigger a robust antitumor immune response, and is an important marker of ICD-stimulated innate and adaptive anticancer immunity.



2.2 High mobility group box 1 protein

High mobility group box 1 protein (HMGB1) is a highly conserved nuclear protein widely distributed in mammalian cells (28). It is secreted by activated macrophages and tumor necrosis cells, is usually bound to intracellular chromatin, and is released extracellularly when cells are mechanically damaged and necrotic (29). During the ICD response in tumor cells, HMGB1 is released extracellularly to bind to pattern recognition receptors (PRRs), including Toll-like receptors and receptors of advanced glycation end products (RAGE) (30). In combination with the Toll-like receptor TLR4, HMGB1 is a proinflammatory stimulator that activates the release of proinflammatory cytokines from monocytes or macrophages and enhances antigen presentation by DCs (31). HMGB1 can increase the levels of proinflammatory cytokines such as TNF, IL-1, and IL-8. Moreover, immune cells are recruited to exert a powerful antitumor immune effect by interacting with RAGE (32). The combination of HMGB1 with Toll-like receptors and RAGE leads to the activation of nuclear factor-κB (NF-κB) (33) and concurrently increases angiogenic factor production, tumor tissue destruction, and further promotes the inflammatory response (34). Through the positive feedback mechanism of HMGB1, proinflammatory cytokines and angiogenic factors are continuously produced (31). This suggests that the extracellular release of HMGB1 is an important marker for the development of ICD response in tumor cells.



2.3 Adenosine triphosphate

Adenosine triphosphate (ATP) is one of the most abundant intracellular metabolites and the most crucial component in the formation of the TME, in which a large amount of ATP is released by autophagy of the tumor cells (35). In the process of ICD in tumor cells, autophagy of tumor cells can degrade damaged organelles, cytoplasmic proteins, and other materials (36). ATP is released outside the cell through the active cytosol of ATP-containing vesicles. In the TME, ATP acts on P2 purinergic receptors expressed on the surface of the tumor and host, and different ATP levels and types of P2 purinergic receptors have different effects (37, 38). The ATP concentration required to activate P2X7 is greater than 100 μmol/L (39), and the P2X7 receptor can activate cytotoxic T lymphocytes. When the ATP concentration is less than 1 μmol/L (39), ATP can activate the P2Y2 receptor, and ATP acting on the P2Y2 receptor can send a “find me” signal to DCs and macrophages, promoting DC activation and maturation and the expansion of macrophages (40). Concurrently, lower concentrations of ATP can exert anti-inflammatory effects, mainly through activation of the NLRP3 inflammasome and massive release of proinflammatory cytokines, such as IL-1β and IL-18, mediating immunostimulatory effects (41, 42). The extracellular release of ATP enhances the host antitumor immune response, and many tumor cells are killed by multiple mechanisms, suggesting that the extracellular release of ATP is an important marker of ICD response in tumor cells.



2.4 Heat shock proteins

Heat shock protein (HSP) is a highly conserved protective protein that can be synthesized in large quantities under specific circumstances. It helps cells maintain normal physiological activities by refolding damaged proteins or degrading damaged proteins by acting on the proteasome, and has some anti-apoptotic ability (43, 44). The heat shock proteins involved in tumor cell ICD are mainly HSP70 and HSP90 (45). HSP70 is one of the most crucial heat shock proteins involved in protein folding and transport. Its function lies in its ability to play a protective role against various cellular stresses and regulate intracellular apoptotic signaling. In terms of immune function, HSP70 promotes the release of proinflammatory cytokines, increases the expression of co-stimulatory molecules, and regulates the immune function together with other immune molecules (46). HSP90 is a tumor marker involved in important physiological processes, such as invasion, metastasis, angiogenesis, and apoptosis in tumor cells, as well as in protein synthesis and degradation. HSP90 plays an important role in inhibiting apoptosis and promoting cell survival (47, 48). During the tumor cell ICD response, antigens bind to HSP70 and HSP90 to form a complex, which stimulates the uptake of tumor antigens and maturation and activation of DCs and NK cells. HSP90 binds to the LDL receptor protein CD91 to promote the cross-presentation of immune cells, and HSP70 binds to the co-stimulatory molecule CD40 to activate cytotoxic T lymphocytes (45, 49, 50). The expression of heat shock proteins further enhance host antitumor immune function during ICD, suggesting that heat shock proteins are important DAMPs for ICD.



2.5 Interferon

Interferons are cytokines with various effects, such as inhibition of cell division and antiviral and antitumor activities. Type I interferons, including IFN-α and IFN-β, control the growth of viruses, activate NK cells and macrophages, and promote DC maturation and activation. IFN-γ is the only member of the type II interferon family. IFN-γ can increase the activity of NK cells and macrophages and enhance the antigen presentation ability of antigen-presenting cells by upregulating the expression of MHC I/MHC II molecules. In addition, IFN-γ signaling can contribute to DC maturation and promote the massive expression of co-stimulatory molecules, including CD40/80/86 and CCR7 (51–54). During ICD, cyclic guanosine monophosphate (GMP)-adenosine monophosphate (AMP) synthase (cGAS) activates STING signaling. The cGAS-STING signaling pathway can stimulate IFN-I expression and initiate a powerful type I interferon response (30). It enhances the cytotoxicity of cytotoxic T lymphocytes and NK cells and promotes the cross-presentation of DCs (55, 56), while promoting the secretion of proinflammatory cytokines by macrophages (57). Moreover, it inhibits the function of immunosuppressive cells and improves the TME (58). The enhanced host antitumor immune response and death of many tumor cells suggest that interferon is a vital DAMP in ICD development. Determining the interferon content can indirectly determine whether tumor cells are undergoing an ICD response.

These five typical DAMPs are the current gold standard for predicting ICD response induced by antitumor therapy. In addition to these typical DAMPs, recent studies have identified membrane annexin A1(ANXA1) (30) and spliceosome-associated protein 130 (SAP130) (50). However, the mechanism of these newly discovered DAMPs and ICD development is still unclear, and the number and types of DAMPs insufficient to confirm the efficacy of antitumor drugs. Therefore, this area needs to be explored in future studies.




3 Conventional methods of ICD induction

The development of ICD in tumor cells usually requires the induction of mediators, including chemical drug inducers and physical induction methods. They induce tumor cell death or apoptosis by affecting various stages of tumor development, promoting cytokine secretion, and improving the TME (59). Based on the mechanism and effect of induction mediators, inducers are divided into type I and type II. Most of the inducers currently used in the clinical treatment of cancer or preclinical studies are type I inducers, including anthracyclines, oxaliplatin, and radiotherapy. Type I inducers induce endoplasmic reticulum stress response secondary to tumor cell development by affecting the process of tumor cell development and inducing ICD-related immunogenicity (60–62). Type II inducers differ from type I in that they act selectively on the endoplasmic reticulum, altering its homeostasis, triggering an endoplasmic reticulum stress response, and inducing ICD. These include photodynamic therapy and oncolytic viruses (12, 63)(Figure 2). Compared with type I inducers, type II inducers can increase the secretion of DAMPs, have higher transport efficiency, and have superior effects compared with those of type I inducers (64).




Figure 2 | Difference between type I and type II inducers. After acting on tumor cells, type I inducers (anthracyclines, radiotherapy), affect the normal functions of tumor cells, including hindering DNA replication and promoting the breaking of the DNA structure in the nucleus. Type I inducers can increase the expression of P53 protein and enhance protein stability. p53 protein is involved in the activation process of PERK signaling in tumor cells, EIF2α undergoes phosphorylation, and the endoplasmic reticulum undergoes a stress response under the influence of a series of actions. Unlike type I inducers, type II inducers (PDT therapy, metal-based drugs), generate ROS in large quantities in the cytoplasm and selectively act on the endoplasmic reticulum, which undergoes an oxidative stress response. Type I and type II inducers lead to stress responses in the endoplasmic reticulum through indirect and direct pathways, which trigger the release of DAMPs and induce immunogenic cell death.




3.1 Chemical sources of ICD induction

Chemical agents are the most commonly used inducers in clinical oncology treatment or basic research to induce ICD development, including classical ICD inducers such as anthracyclines (adriamycin, mitoxantrone, etc.), oxaliplatin, 5-fluorouracil, and cardiac glycosides, which have been used in clinical treatment (60, 62, 65, 66). They also include some newly discovered inducers used in basic research that can induce ICD; they have not yet been tested in clinical trials. The induction mechanisms and effects of these two types of chemical inducers are summarized in Table 1.


Table 1 | Chemical sources of ICD induction.




3.1.1 Metal-based inducers

Metal-based inducers are the most commonly used chemical agents that induce ICD in tumor cells. In addition to oxaliplatin (60), new metal-based inducers have been discovered, including iridium (81), ruthenium (82), and copper (84). These new metal-containing compounds have been shown to release DAMPs in basic research experiments, suggesting their potential to induce ICD in tumor cells. Among them, platinum-based metal compounds were the first discovered ICD metal inducers used in clinical treatment. Oxaliplatin is the most representative platinum metalloid, a third-generation platinum drug with low nephrotoxicity and neurotoxicity, and is the most potent platinum drug for killing tumor cells (89). Oxaliplatin, a type I inducer, induces cell death indirectly by DNA damage and intracytoplasmic effects on the endoplasmic reticulum (60). It has excellent therapeutic effects on lung (67), liver (68), colon (60), and other cancers.

In lung cancer mouse model experiments (67), a significant surface CRT exposure and a significant increase in the release of HMGB1 and ATP was found in oxaliplatin-treated cells. Exposure to these DAMPs promoted the maturation of DCs, increased the number of CD8+ T cells and the infiltration of tumor cells, decreased the number of regulatory T cells, improved the immunogenic TME, effectively inhibited the growth of tumor cells, and promoted tumor cell death. Tumor cell response was dose-dependent on the oxaliplatin-induced drug with a stronger response at higher concentrations. Lower the viability of tumor cells is associated with a higher the apoptosis rate and a significantly improved survival rate of hosts (68).

PT-112, a combination of platinum and pyrophosphate, is a novel platinum derivative that is capable of massive accumulation at the site of tumorigenesis. Cells treated with PT-112 showed increased CD8+ cytotoxic T lymphocyte infiltration and decreased Treg-dependent immunosuppression, along with the release of immunostimulatory DAMPs, suggesting that tumor cells undergo ICD (90). In clinical trials, PT-112 was shown to be significantly effective in patients with primary/metastatic tumors who failed conventional therapy, improving patient survival (91, 92).

Ruthenium, iridium, and copper metal compounds are novel ICD inducers. They are used in lung (81), colorectal (82), and breast cancer (84) cell model experiments that exhibit ICD-specific features, including surface exposure to CRT and increased release of DAMPs such as extracellular ATP and HMGB1. These three metal compound inducers entered the endoplasmic reticulum of tumor cells and induced the release of the DAMPs mentioned above by increasing the level of intracellular reactive oxygen species (ROS) and oxidative stress in the endoplasmic reticulum, leading to the development of ICD in tumor cells. Based on this mechanism, these three novel metal compounds can be classified as type II inducers (81, 82, 84).

Experiments on lung cancer cells showed that in response to iridium-like metal compound inducers, tumor cells underwent upregulation of CHOP and phosphorylation of EIF2α (81), which are typical manifestations of the endoplasmic reticulum stress response. Endoplasmic reticulum stress led to the release of Ca2+ from the endoplasmic reticulum, altering the amount of ER- mitochondrial Ca2+. Excess Ca2+ induced opening of the mitochondrial permeability transition pore, breaking the stability of the intracellular electron transport chain and generating excess ROS. In response to the combined endoplasmic reticulum stress and mitochondrial dysfunction, tumor cells undergo ICD, cytotoxic T lymphocytes increased, regulatory T cells decreased significantly, and tumor development was inhibited significantly.

Plecstatin-1 is a ruthenium metal compound derivative that can break the tumor cytoskeleton leading to structural alterations of the tumor. In addition, the same ruthenium metal compound can induce ROS generation and endoplasmic reticulum stress, thereby contributing to ICD development. Furthermore, DAMPs associated with ICD development, HSP70 and HSP90, enter the extracellular space and bind to antigen-presenting cell surface receptors, promoting DC activation and maturation and further enhancing tumor-associated immune effects (82, 83).

Disulfiram (DSF), a drug used to control alcoholism, acts on tumor cells in a Cu-dependent manner and can exert an inhibitory effect on tumor cell proliferation. Its pharmacological mechanisms include induction of oxidative stress through PI3K and NF-κB signaling pathways and inhibition of proteasomal activity, a dose-dependent increase in DAMPs associated with ICD development, cell activation of toxic T lymphocytes, ICD response, and further promotion of tumor cell death (85). In conclusion, these metal compound inducers can induce ICD responses in tumor cells, inhibit tumor cell development, and promote tumor cell death, providing a novel approach for patients with primary or secondary tumors when conventional treatment fails.



3.1.2 Anthracycline inducers

Anthracycline anticancer drugs, including adriamycin and mitoxantrone, are among the most commonly used drugs in clinical oncology treatment. Their mechanisms of action include inhibition of DNA replication and RNA synthesis through DNA embedding, inhibition of topoisomerase II to hinder DNA replication, and generation of free radicals to break the structure of cellular DNA and proteins (93).

Mitoxantrone (MTX), a synthetic derivative of adriamycin, causes DNA cross-linking and breakage through insertion, thereby blocking DNA and RNA synthesis (94). In prostate cancer cell experiments, MTX acting on tumor cells showed typical features of DAMPs, including exposure to CRT, increased extracellular release of ATP and HMGB1, and induction of the ICD response in tumor cells. Moreover, the mechanism of action of MTX lies in the enhanced stability of P53 protein, which is also involved in activating the PERK signaling pathway. Activation of the PERK signaling pathway induces EIF2α phosphorylation in prostate cancer cells through the P53 non-dependent pathway, suggesting the occurrence of the endoplasmic reticulum stress response, which is an important trigger for the ICD response in tumor cells. Additionally, MTX enhanced the phagocytic ability of DCs and strengthened anti-prostate tumor immunity (62). One study showed that MTX combined with proteasome inhibitors resulted in enhanced prostate tumor growth and decreased overall survival in experimental mice, suggesting that the MTX-induced ICD process requires proteasome activation and that proteasome inhibitor utilization significantly reduces the release of ICD-associated DAMPs (69).



3.1.3 Taxol inducers

The most common chemical agent among the Taxol inducers is paclitaxel, which is currently the first-line regimen used in the clinical treatment of breast cancer. It is capable of stabilizing microtubules, causing mitotic cell death, and blocking the G2-M phase cell cycle (95). In experiments with ovarian cancer cells (70), paclitaxel-induced CRT exposure increased ATP expression, extracellular HMGB1 and ANXA1 expression, and other DAMPs in mouse ovarian cancer cells. Paclitaxel can also activate the PERK signaling pathway and induce the phosphorylation of EIF2α, which can induce the secretion of extracellular ATP in tumor cells. In conclusion, the induction of ICD response in ovarian cancer by paclitaxel was associated with TLR4 non-dependent and TLR4-dependent pathways, which provides a theoretical basis for the clinical application of paclitaxel in ovarian cancer.



3.1.4 Cardiac glycoside inducers

Cardiac glycosides are metabolic substances isolated from plants or animals that regulate the rate of cardiac contraction by acting on the cellular sodium-potassium ATPase pump, and are therefore widely utilized in the treatment of various cardiac diseases (96).

Recent studies have demonstrated the anticancer activity of cardiac glycosides. The cytotoxic effects of cardiac glycosides on tumor cells include cell-specific and dose-dependent inhibition of tumor cell growth and induction of apoptosis, inhibition of the MAPK/Wnt/PAM signaling pathway, inhibition of the G2/M cell cycle in tumor cells, induction of DNA damage, and inhibition of the PI3K/AKT/mTOR signaling pathway to promote apoptosis (97). Cardiac glycosides have been found to have beneficial effects on lung cancer (98), colorectal cancer (99), glioblastoma (100), and breast cancer (101).

After using cardiac glycosides on breast tumor cells, CRT exposure on the cell surface and extracellular release of ICD-related DAMPs such as HSP70/90, ATP, and HMGB1 increased. It was demonstrated that activation of the PERK-elF2α signaling pathway induced ER stress response, leading to CRT exposure. After administration of cardiac glycosides, CD80 and 86 expression increased and acted as a co-stimulatory signal to activate cytotoxic T lymphocytes. In contrast, IL-2 and IFN-γ levels increased significantly, suggesting enhanced antitumor immune effects of Th1 and NK cells and dose-dependent changes in cytotoxic T lymphocytes (66).

In conclusion, cardiac glycosides can induce ICD responses in tumor cells, improve the TME, inhibit tumor cell development, and promote apoptosis, and are highly promising ICD inducers.



3.1.5 Protein kinase inhibitor-based inducers

Protein kinase inhibitors are enzymes that catalyze protein phosphorylation and play an important role in gene expression. They are classified as serine/threonine protein kinase inhibitors and tyrosine-protein kinase inhibitors, and alterations in their activity are associated with the development of several malignancies (102–104). Tyrosine protein kinase inhibitors inhibit tumor cell growth and promote apoptosis by inhibiting cell signaling. This class of protein kinase inhibitors includes sunitinib, crizotinib, ceritinib and cabozantinib. These inhibitors act on tumor cells to induce all features of the ICD response, including ATP secretion, HMGB1 release, CRT exposure, and other related DAMPs. Different doses of these inhibitors have different effects on tumor cells, and high doses of tyrosine kinase inhibitors inhibit the transcriptional process of DNA and affect the growth of tumor cells (71, 75, 105).

Erlotinib is an epidermal growth factor receptor tyrosine kinase inhibitor, and its long-term application leads to the development of EGFRI resistance, which is characterized by an increase in cellular autophagic flux. Its cytoprotective autophagic flux is inhibited by the selective tyrosine kinase inhibitor bemcentinib, which blocks the cloning of drug-resistant tumor cells and further induces the development of ICD response in tumor cells. Concurrently, proinflammatory cytokine release was increased, cytotoxic T lymphocytes were activated and proliferated, and antitumor immune effects were enhanced with significant anticancer effects (74). The joint action of the two tyrosine kinase inhibitors resolved the poor anticancer effects of drug-resistant tumor cells. Surprisingly, the immune TME was changed, further enhancing the antitumor immune effect, which provides a theoretical basis for the clinical treatment of drug-resistant tumors.

PLK1 and CDK12/13 are both serine/threonine protein kinases, and the application of inhibitors of these two protein kinases in tumor cells revealed a dose-dependent increase in CRT levels as well as an increased release of DAMPs, such as ATP and HMGB1, and an ICD response. The mechanism of ICD response induced by this type of protein kinase lies in the phosphorylation of IRE1 and EIF2α, activation of the PERK signaling pathway, stress response of the endoplasmic reticulum, and alteration of the immune TME, including the maturation/activation of DCs, increased release of proinflammatory cytokines, enhanced expression of IFN-γ, and increased number of cytotoxic T lymphocytes. These changes significantly enhanced the antitumor immune effect and antitumor efficacy (73, 76).

In conclusion, protein kinase inhibitors are highly promising ICD inducers that can improve the TME, promote tumor cell death, and significantly improve antitumor efficacy of tumor therapy.



3.1.6 Inducers for targeting tumorigenesis-related substances

Proteins and substances related to protein synthesis are involved in the metabolic pathways of tumor cells. Furthermore, they play a coordinating role in the growth of tumor cells by regulating their metabolism, immunity, and other functions (106, 107).

Arginine is a critical amino acid in protein synthesis, and its degradation promotes the death of tumor cells (108). Arginine deiminase (ADI) is the most common arginine degradation enzyme, and it can form ADI-PEG 20 when combined with 20 kDa polyethylene glycol. After ADI-PEG 20 was applied to tumor cells, the intracellular mTOR signaling pathway was activated, which plays an important role in cell death by regulating cellular autophagy. Concurrently, ADI-PEG 20 inhibited the cell cycle in tumor cells and severely disrupted intracellular Ca2+ homeostasis and mitochondrial membrane depolarization. Under the effect of multiple factors, large numbers of tumor cells died under the action of ADI-PEG 20 (77).

BET proteins have been shown to control the expression of cancer-related genes, indicating that they play an important role in tumor cytogenesis (109). Drugs targeting BET proteins, including BETd246 and BETd260, have potent anticancer activities. In colorectal tumor cells, drugs targeting BET proteins activated the apoptotic signaling pathway caspase3/8/9. Simultaneously, DR5 was also activated. Activation of the DR5 signaling pathway mainly originated from the endoplasmic reticulum stress response, CHOP signaling activation, and phosphorylation of EIF2α. DR5 signaling pathway-mediated apoptosis occurred in colorectal tumor cells. During apoptogenesis, colorectal tumor cells expose and release many DAMPs associated with the ICD response. Moreover, the TME was greatly improved, cytotoxic T lymphocyte infiltration was increased, immunomodulatory T cells were significantly reduced, and antitumor immune function was greatly improved (78).



3.1.7 Mitochondrial uncoupler-based inducers

The growth of tumor cells depends on the function of the mitochondria, which produce tumor-associated metabolites through aerobic glycolysis, causing adverse effects on the body (110). Mitochondrial metabolism is the basis of tumor cell activity and plays an important role in the growth and metastasis of tumor cells (111, 112). The role of mitochondrial uncouplers is to transfer protons from the inner membrane of the mitochondria to the matrix through a pathway unrelated to ATP synthase so that nutrient metabolism is not linked to ATP production (113). Several mitochondrial uncouplers have been shown to significantly affect tumor cell growth, including classical mitochondrial uncouplers, such as niclosamide (114), nitazoxanide (115), and oxyclozanide (116). Mitochondrial uncouplers usually impede tumor cell growth by promoting mitochondrial autophagy dysfunction, activating the AMPK signaling pathway to inhibit mTOR signaling, inhibiting the Wnt signaling pathway, and inducing massive ROS production (117).

2,5-dichloro-N-(4-nitronaphthalen-1-yl) benzenesulfonamide (Y3) is a mitochondrial uncoupler that acts on Y3 in epithelial ovarian cancer (EOC). Y3 activated CHOP signaling, EIF2α phosphorylation, and the endoplasmic reticulum stress response in tumor cells. Concurrently, the AMPK signaling pathway was also activated. Activation of this signaling pathway inhibited the growth of tumor cells and promoted apoptosis. During apoptosis, ATP, HMGB1, and other ICD-related DAMPs were released into tumor cells. In the TME, the release of these DAMPs stimulated the release of proinflammatory cytokines, the activation of cytotoxic T lymphocytes, and the complete change in the suppressive TME. The body’s antitumor immune response was further enhanced, and ICD of tumor cells occurred (79).



3.1.8 Other chemical inducers

In addition to the inducers mentioned above, several novel chemical agents have been recently shown to induce ICD responses in tumor cells in basic experiments. These new ICD inducers include resveratrol (118), non-steroidal anti-inflammatory drugs (86), PKHB1 (88), and belantamab mafodotin (80).

Resveratrol and non-steroidal anti-inflammatory drugs are widely used in various applications, as anti-inflammatory, anti-microbial, and anti-viral drugs (119, 120). In recent years, experiments have also demonstrated the ability of these two classes of drugs to exert antitumor effects (121, 122). Resveratrol is synthesized in grape leaves and skin and is an antitoxin produced when the plant is irritated. When resveratrol was applied to ovarian tumor cells, the proliferation of ovarian tumor cells was inhibited and apoptosis occurred. During apoptosis, CRT, HMGB1, ATP, and other ICD-related DAMPs were released in large quantities or expressed on the tumor surface, and ICD occurred. Concurrently, the TME was substantially improved, and DC maturation and activation occurred, accompanied by a significant increase in cytotoxic T lymphocytes and a large release of proinflammatory cytokines. The antitumor immune response was further enhanced. However, the mechanism of resveratrol-induced ICD response in tumors remains unclear and requires further investigation (118).

In the same way as in response to resveratrol, a similar ICD response occurred after the application of NSAIDs on colorectal tumor cells, and the proliferation of colorectal tumor cells was inhibited. This is due to the severe endoplasmic reticulum stress response of NSAIDs on tumor cells, activation of intracellular PERK signaling, phosphorylation of EIF2α, and enhancement of the DR5 signaling pathway mediated by this pathway. Simultaneously, intracellular pro-apoptotic caspase-8 and BID proteins were significantly increased. Under the combined effect of multiple triggers, the antitumor immune response was enhanced, and many tumor cells underwent ICD (86).

In addition to these two drugs, PKHB1 is a newly discovered ICD inducer. PKHB1 is a stable agonist peptide that induces tumor cell death associated with CD47 activation. Moreover, its action on tumor cells induces alterations in mitochondrial structure, Ca2+ accumulation, and calcium-dependent cell death. In addition, it increased the number of cytotoxic T lymphocytes, DC activation and maturation, and decreased immunosuppressive cells such as Treg cells, promoting tumor cell death (87, 88).

Surprisingly, in response to the BCMA-targeted antibody-drug conjugate GSK2857916 under the effect of EIF2α phosphorylation and PERK signaling pathway activation, the endoplasmic reticulum of tumor cells underwent a stress response and in vivo DC activation and maturation. The number of cytotoxic T lymphocytes increased, but that of Treg cells in the tumor increased significantly. This is contrary to the expectation of an enhanced antitumor immune effect, which may be related to the prevention of autoimmunity and avoidance of adverse effects (80).

In conclusion, all of these novel ICD inducers showed standard features of ICD responses after acting on tumor cells, including CRT exposure and extracellular release of DAMPs such as ATP and HMGB1. This inhibited the growth of tumor cells by altering the immune TME, enhancing the recruitment of immune cells and phagocytosis of tumor cells, and significantly enhances the antitumor immune response by promoting the death of a large number of tumor cells, significantly improving the effect of antitumor therapy.




3.2 Physical sources of ICD induction

Patients undergoing chemotherapy can experience severe side effects and intolerable pain, and the use of physical methods to induce an ICD response can effectively mitigate these side effects (123). In recent years, the use of physical methods to induce ICD in treating patients with tumors has become a hot research topic. Physical methods demonstrated to induce ICD in tumor cells include photochemotherapy, thermotherapy, high hydrostatic pressure, and plasma irradiation (124–127). The induction mechanisms of these physical methods and their effects is shown in Table 2.


Table 2 | Physical sources of ICD induction.




3.2.1 Radiotherapy

Conventional radiation therapy is one of the most commonly used treatments for tumors with a long history. It works by applying small doses of continuous radiation to the site of tumorigenesis, inducing DNA double-strand breaks and other damage to eliminate cells in specific areas of the body. Radiation affects tumor and normal cells, resulting in growth restriction and apoptosis of these cells, thus achieving the goal of eliminating tumor cells. The aim is to eliminate tumor cells; however, there are many side effects (133). Currently, radiation therapy is widely used and has achieved good efficacy in the clinical treatment of prostate (134), breast (135), cervical (136), and other cancers.

Stereotactic body radiation therapy (SBRT) is a new type of radiation therapy. Compared to conventional radiation therapy, this treatment method provides a higher single dose over a shorter total treatment time. Moreover, the precise positioning of radiation sites with the help of computer images can effectively reduce the damage caused to the surrounding tissues and cells, thus reducing the side effects and significantly relieving the pain that patients with tumors endure during physical therapy. It also improves the efficacy of tumor treatment (137, 138).

After conventional radiation and stereotactic body radiation therapies, the expression of DAMPs related to ICD response, such as CRT, HSP, and HMGB1, increased in tumor cells. Moreover, cytotoxic T lymphocytes proliferated, immunosuppressive cells such as Tregs were suppressed, proinflammatory cytokine expression increased, and TAA expression related to immune evasion increased, suggesting that immune evasion was suppressed. Furthermore, these changes in immunoregulatory genes significantly altered the immune TME, promoted tumor cell death, and improved the efficacy of immune therapy (61, 130, 139).

In conclusion, the conventional and new stereotactic body radiation therapies are associated with the induction of immunomodulatory genes, which cause an immune response and induce immunogenic death of tumor cells.



3.2.2 High hydrostatic pressure

Application of high hydrostatic pressure (HHP) is a novel treatment method in clinical oncology. The average hydrostatic pressure on earth is 40 MPa. Different pressure ranges have different effects on biomolecules, cellular processes, and cell viability. HHP is divided into physiological HHP (<100 MPa) and non-physiological HHP (>100 MPa) (140). Pressures above normal levels can have different effects on cells; for example, hydrostatic pressure <100 MPa slightly affects cell morphology but is not sufficient to cause cell death, that between 100–150 MPa causes cell death in mice, and that >200 MPa affects the viability of human cells, and even causes apoptosis, depending on the type and sensitivity of the cells; At a hydrostatic pressure of >300 MPa, most cells are necrotic. Based on this information, researchers have achieved a pro-apoptotic effect on tumor cells by adjusting hydrostatic pressure, which significantly improved the efficacy of antitumor therapy (140, 141).

Preclinical studies have used hydrostatic pressure therapy for ovarian, colon, and prostate tumor cells. When these tumor cells were treated with HHP, following changes occurred: excessive ROS was produced, peroxidase activity increased, the PERK signaling pathway was activated, EIF2α was phosphorylated, caspase-2, 3, 8, and 9 were rapidly activated, and endoplasmic reticulum stress response occurred. Concurrently, ICD-related DAMPs, including CRT, heat shock proteins expressed on the tumor surface, HMGB1, and ATP, were released in large quantities. Moreover, the maturation and activation of DCs, significant upregulation of CD83 and 86, proliferation of cytotoxic T lymphocytes, release of proinflammatory cytokines in large quantities occurred and immune TME were significantly changed; ultimately, and the immune response was enhanced (124, 131).

In clinical trials, HHP has been shown to induce the release of many ICD-associated DAMPs during tumor cell development, further promoting DC maturation. In addition, HHP kills tumor cells while retaining many tumor-associated-specific antigens in the TME. These characteristics of HHP therapy indicate its great potential for whole-cell tumor or DC-based tumor vaccine preparation (141). Whole-cell tumor vaccines prepared using HHP therapy have shown to be effective in clinical trials for multiple myeloma (142) and renal cell carcinoma (143). In addition, the use of HHP therapy to prepare DC-based tumor vaccines is advancing. DC-based tumor vaccines also achieved positive outcomes in clinical trials, including those in prostate and ovarian cancers (144).

In conclusion, cells treated with HHP are immunogenic, in vivo, and the core of this ICD lies in the activation of the ROS-PERK-EIF2α phosphorylation–caspase signaling pathway, which is a reliable and effective physical method to induce ICD response in tumor cells.



3.2.3 Near-infrared light-mediated thermotherapy

Near-infrared light-mediated thermotherapy can damage tumor cells. Thermotherapy achieves cell-killing effects through mechanisms of action such as destabilization of the cytoskeleton and effect on cell cycle progression. At high temperatures (>44°C), cells under the influence of thermal mechanisms of action undergo extensive cell damage and cell death, which is usually induced at moderate to high temperatures (41–42°C) (145). In a study using NIR light thermotherapy (41.5°C, 1 h) on melanoma cells, the treatment resulted in the release of ICD-related DAMPs, such as tumor cell HSP and HMGB1, maturation/activation of DC, and increased release of proinflammatory cytokines, which induced a robust antitumor immune response. Under the immune effect of the ICD response, tumor cells die in large numbers (128). The mechanism by which NIR light-mediated thermotherapy can significantly reduce tumor resistance and induce an immune response proves that this approach is a novel and effective inducer of the ICD response, which can result in a better prognosis for patients with tumors receiving this treatment.



3.2.4 Plasma irradiation therapy

Cold atmospheric plasma, an ionized gas operating at room temperature, is a promising new physical method for inducing tumor cell ICD reactions; however, its specific anticancer mechanism is still unclear. Nevertheless, some studies have shown that cold atmospheric plasma can activate intracellular oxidative stress signals, causing DNA double-strand breaks and thus apoptosis (146, 147). This cold-atmosphere plasma treatment method is currently used for bladder (148), cervical (149), esophageal (150), and prostate cancer (151). It effectively exerts anticancer activity and reduces host mortality rate and incidence of side effects. In a study of the effect of cold-atmosphere plasma treatment on colorectal cancer cells, cold-atmosphere plasma induced a robust antitumor immune response in the host by activating the MAPK and NF-κB signaling pathways. Furthermore, tumor cells were significantly externalized by CRT and HSP during the cell death process, and ICD-related DAMPs such as HMGB1 were released in large quantities, suggesting that tumor cells in the apoptotic process with significant immunogenic features underwent ICD. In contrast, the TME in the host was altered, with the massive proliferation of cytotoxic T lymphocytes, massive recruitment of immune-related cells, massive release of proinflammatory cytokines, maturation and activation of DCs, and further strengthening of the antitumor immune response in the host (125, 132). In conclusion, cold atmospheric plasma therapy is a highly effective ICD inducer with potent anticancer activity and has broad prospects in the clinical treatment of tumors.



3.2.5 Tumor treating fields

Tumor treating fields (TTFields) is a non-invasive tumor treatment method with a low intensity (1–3 v/cm) alternating electric field in the medium frequency range (100–300 kHz). The mechanism of action involves interfering with cell proliferation and promoting cell death by interfering with microtubule assembly, exerting different directional forces to induce antimitotic effects, and triggering the formation of abnormal structures during spindle formation (152, 153). Recent studies have shown that the mechanism of action of TTFields is not only to interfere with mitosis to inhibit tumor cell proliferation but also to disrupt many biological processes, including blocking DNA repair, and increasing cell permeability, thereby promoting cell death (154). The application of TTFields can lead to phosphorylation of EIF2α, an important marker for the onset of the endoplasmic reticulum stress response, while CRT is exposed on the cell surface. The action of TTFields leads to enhanced autophagy, resulting in the release of DAMPs such as ATP and HMGB1, suggesting the occurrence of ICD response in tumor cells, along with DC maturation and activation, massive recruitment of immune-related cells in vivo, and enhanced antitumor immune effects. After the combined effect of TTFields therapy and anti-PD-1, cytotoxic T lymphocytes proliferated in large numbers, IFN-γ was released in large amounts, the TME was significantly improved, and antitumor immune function was further enhanced (129).

In conclusion, the TTFields therapy is a new type of ICD inducer, and its anticancer activity has been confirmed in preclinical experiments. It is positive to note that the U.S. Food and Drug Administration (FDA) approved the use of TTFields for the clinical treatment of specific tumors in 2011 (155). These tumors include newly diagnosed or recurrent glioblastoma and malignant pleural mesothelioma, and TTFields have significantly prolonged the survival of patients with these tumors (153). In addition, the clinical outcomes of TTFields did not differ significantly from those of chemotherapy. However, TTFields have minimal toxicity and a better prognosis, providing a new option for many patients with tumors who cannot tolerate chemotherapy (156). Clinical studies of TTFields for other solid tumors are underway in addition to those on glioblastoma and malignant pleural mesothelioma. These include pancreatic (157), ovarian (158), non-small cell type lung cancer, and non-small cell type lung cancer with brain metastases (159). It is encouraging to note that the results of these clinical studies have been positive, and it is expected that TTFields will have a promising future in the clinical treatment of tumors and bring hope to many patients with tumors.




3.3 Pathogen-derived ICD inducers

Oncological patients often experience tumor recurrence and metastatic complications after receiving conventional chemotherapy or physical therapy due to increased tolerance to the treatment method (160). The advent of pathogen derivative-mediated oncological therapies offers new options for tumor treatment. Pathogen derivatives have been shown to have positive effects on tumor killing and inhibition of tumor metastases when used alone or in combination therapy (161, 162). Several pathogen-derived substances, including lysozyme virus, mitomycin C, and Alternol, have been shown to induce ICD in tumor cells (163–165). The induction mechanisms and effects of pathogen-derived ICD inducers are shown in Table 3.


Table 3 | Pathogen-derived ICD inducers.




3.3.1 Virus-derived ICD inducers

Biological therapies have long been effective in clinical cancer therapy. Among these the most typical is tumor oncolytic virus therapy, which can selectively replicate in tumor cells and kill them through a lysis-reactions with minimal impact on normal cells, effectively reducing the occurrence of adverse effects. These drugs have passed multiple rounds of clinical trials and have been applied in many clinical treatments for tumors, significantly improving the overall survival rate of patients (168–170).

Oncolytic viruses with anticancer activity have been identified, including wild-type adenovirus, Semliki Forest virus (SFV), vaccinia virus, and oncolytic Newcastle disease virus, which release immunostimulatory molecules during cell lysis, thereby enhancing the immune response. Additionally, all of these oncolytic viruses increased the release of extracellular ATP and HMGB1 and the surface exposure of DAMPs such as CRT and heat shock proteins during the action, suggesting that tumor cell ICD response occurred during the action of these viruses, further enhancing the antitumor immune effect (165, 171). The process of antitumor immunity varies among oncolytic viruses. Tumor cells treated with wild-type adenovirus have enhanced cellular autophagy, which induces IFN-γ secretion through enhanced STING signaling and triggers the antitumor response of cytotoxic T lymphocytes while promoting APC recruitment and phagocytosis. The antitumor immune response was enhanced by DC activation and maturation in tumor cells acted upon by the Semliki Forest virus, which produced Th1 and proinflammatory cytokines (166). In the presence of oncolytic Newcastle disease virus (NDV) in lung cancer cells, DC activation and maturation occurred, and proinflammatory cytokines, NK cells, and cytotoxic T lymphocytes were substantially increased. This ICD was associated with autophagy-related genes in lung cancer cells, independent of the apoptotic process mediated by cysteine aspartate-specific proteases (caspases) and cellular necrosis (165).



3.3.2 Microflora-derived ICD inducers

The treatment with microbial derivatives is also an integral part of the biological treatment of tumor cells. Mitomycin C, a compound extracted from Streptococcus spp., exhibits genotoxic and anticancer activities. The primary mechanism involves inhibition of DNA, RNA, and protein synthesis (172). The anticancer process of mitomycin induces ICD, increases oxidative phosphorylation through metabolic reprogramming, alters cellular mitochondrial permeability, promotes inflammatory cytokines and DC activation and maturation, and enhances antitumor immunity (164).

Alternol is a newly discovered compound found in microbial mutagenic strains. Like most ICD inducers, this compound triggers endoplasmic reticulum stress response through ROS production, which in turn causes the ICD response and massive release of ICD-related DAMPs. After Alternol acts on tumor cells, cytotoxic T lymphocytes increase, DC activation and maturation occurs, Tregs are suppressed, and the immune TME in vivo is altered, promoting occurrence of an antitumor immune response (163).

The emergence of this series of biological therapies has dramatically enriched the options available for cancer treatment and has profound implications for the overall survival of patients.





4 Combined effect of ICD inducers

In the process of tumor treatment, the long-term application of a single treatment method can lead to poor antitumor efficacy or tumor cell resistance. In addition, using a single treatment method can reduce the survival of patients with tumors by subjecting them to different side effects due to different factors, such as high doses and longer treatment periods. Combination therapy is a method to improve the efficacy of tumor treatment and reduce the possibility of drug-resistant tumor cells. Simultaneously, combination therapy can precisely control the dose of each chemotherapy drug and the treatment period, which can significantly reduce the side effects that patients with tumors experience during treatment and improve the survival of these patients (173, 174).


4.1 Combined use of multiple chemical inducers

STAT3 is a transcription factor with many vital functions in various cell types, including the regulation of cell proliferation, differentiation, death, angiogenesis, inflammation, and immune response. Abnormal STAT3 activity causes tumors to release large amounts of immunosuppressive factors (175, 176). STATTIC, a STAT3 inhibitor, can selectively inhibit STAT3 dimerization, activation, and nuclear translocation, induce STAT3-dependent apoptosis in tumor cells, and significantly reduce tumor growth (177).

In a study on the combined application of oncolytic Newcastle disease virus (NDV) and STATTIC in prostate cancer cells, ICD-related DAMPs such as HMGB1, heat shock protein, and ATP were released in large amounts after combined treatment compared with those released after the application of oncolytic virus alone. The expression of VEGF, as well as angiogenesis, was inhibited in prostate cancer cells after the action of STATTIC. In conclusion, inhibition enhanced NDV-induced oncolytic death in prostate tumor cells (167). In contrast to STAT3 in prostate tumors, STAT3 inhibition decreased the effect of NDV on melanoma cells, further reducing the release of ICD-associated DAMPs (178). Importantly, NDV is used to treat different tumor types have different effects when the context of inhibiting STAT3 expression. This difference may depend on the different tumor origins, and the underlying mechanisms remain to be explored.

In addition to oncolytic viral agents, STATTIC, combined with adriamycin, can synergistically fight tumors with higher secretion levels of ICD-related DAMPs. STATTIC can significantly enhance the effect of chemotherapeutic agents in reversing tumor immunosuppression and producing a strong antitumor immune response (179).

Cisplatin is one of the most commonly used platinum compounds for tumor chemotherapy. Studies have shown that cisplatin alone does not induce an ICD response in tumor cells or the onset of the endoplasmic reticulum stress response (180). The combination of cisplatin and 5-fluorouracil also induced a significant release of HMGB1, DC maturation/activation, upregulation of CD80 and CD86 in tumor cell ICD response, and further enhancement of the host antitumor immune response with a favorable prognosis (72). These studies suggest that combination therapy restored the immunogenicity of cisplatin and promoted the development of ICD response in tumor cells.

Paclitaxel analogs are also commonly used in oncology chemotherapy, and this class of drugs has substantial side effects (180). A study applied paclitaxel analogs in combination with sunitinib for breast cancer treatment, and sunitinib was able to reduce neovascularization and alter the immunosuppressive TME. Compared with the application of paclitaxel analogs alone, the combination resulted in complete release of HMGB1 from the nucleus and a significant increase in CRT exposure on the cell surface. Further ICD response in tumor cells was enhanced, DC maturation/activation occurred, Tregs and other immunosuppressive cells were reduced, and tumor immunogenicity was further enhanced. Additionally, the combined effect of the two drugs reduced the dosage of paclitaxel when used as a single drug, the side effects suffered by patients were significantly reduced, and the survival rate of hosts with tumors was significantly improved (71).



4.2 Combined use of chemical inducers and physical induction methods

Combining chemical and physical methods to induce an ICD response in tumor cells can improve the effectiveness of anticancer treatment and significantly reduce treatment duration compared to the application of chemotherapy alone. In the process of physically inducing an ICD response in tumor cells, the presence of unique instruments makes it possible to precisely locate the site of tumorigenesis and to apply chemical agents to specific areas. Patients benefit from the use of precise treatment during the combined treatment, the pain and discomfort will be significantly reduced, and the patient’s quality of life will be maintained while the efficacy of the treatment is improved. Owing to the benefits of combination therapy, this treatment method has been used in many clinical treatments (181).

Radiotherapy using X-rays is one of the most widely used methods of physical tumor therapy, and the use of radiation therapy alone has a damaging effect on tumor cells, but this effect is not significant. A study combined classical anticancer chemotherapeutic drugs, such as oxaliplatin, 5-fluorouracil, cisplatin, and adriamycin, with radiation therapy. Compared to the application of radiation therapy alone, the combined action showed a significant increase in CRT surface exposure, a large release of ICD-related DAMPs such as HMGB1 and ATP, and significant proliferation of cytotoxic T lymphocytes, and recruitment of immune-related cells in large numbers. The tumor cell ICD response was further enhanced. Based on the antitumor mechanism of 5-fluorouracil, the cell cycle of tumor cells is blocked, whereas in combination with radiation therapy, the response rate of immunotherapy is increased, the growth and metastasis of the primary tumor are inhibited, and the patient’s prognosis is improved (61, 182–184). Moreover, radiation therapy combined with chemotherapy upregulated PD-1 expression in tumor cells, anti-PD-1 antibodies enhanced antitumor immune activity, and the host antitumor immune effect was further improved by adding anti-PD-1 antibodies after combination therapy (185, 186).

In addition to radiation therapy, photodynamic therapy (PDT) for tumors is used in a large number of clinical treatments. Some studies combined PDT with oxaliplatin. The combined therapy acts on the tumor cells by increasing ROS levels and enhancing cytotoxic effects. Compared with oxaliplatin treatment alone, CRT exposure and HMGB1 increased in large numbers, inducing cellular ICD responses. Under DC maturation/activation, IFN-γ mass expression, and cytotoxic T lymphocytes proliferation, tumor cells underwent immunogenic apoptosis and necrosis, and tumor growth was inhibited. Additionally, high levels of perforin and granzyme had killing effects on tumor cells, and the tumor immune effect was further improved (187).

In conclusion, the combined use of physical and chemical methods can enhance the release of each DAMP during ICD, change the host immune TME, improve the efficacy of anticancer treatment, and reduce side effects during the treatment of patients with tumors. The clinical application of this combined therapy provides a reliable option for many patients.



4.3 Combined application of multiple physical induction methods

Melanoma is a tumor that can tolerate radiation, and thus, radiation therapy alone is ineffective in treating melanoma. One study used a combination of heat and radiation therapies to treat melanoma cells. Compared with radiation therapy alone, the combined effect of heat and radiation therapy on tumor cells induced ICD response, increased the release of ICD-related DAMPs, altered the immunosuppressive TME, and further enhanced the host antitumor immune effect (188).



4.4 Hazards of incorrect combination of inducers

In addition to promoting apoptosis of tumor cells, an inappropriate combination of various therapies can further accelerate tumor cell development and deterioration of the patient’s condition. Mitoxantrone-induced ICD response in tumor cells requires proteasome activation. However, the combination with proteasome inhibitors significantly attenuates the release of ICD-related DAMPs, suggesting that the mitoxantrone-induced ICD response inhibits tumor cell growth and worsens the patient’s condition (69). Similarly, the combination of 5-fluorouracil and MTIF2 also leads to deterioration of the patient’s condition. Downregulation of MTIF2 affects tumor cell proliferation and migration. In addition, the drug resistance of tumor cells is weakened, the overexpression of MTIF2 and ICD-related DAMPs is significantly reduced, DC maturation/activation is impaired, tumor immunosuppression occurs, and tumor cells rapidly proliferate and patients have a poor prognosis (65).

In conclusion, combination therapy is a future trend in tumor treatment. Whether it promotes or suppresses antitumor immune effects, combination therapy provides a detailed theoretical basis for clinical treatment. The widespread use of combination therapy can benefit tens of thousands of patients with tumors.




5 New techniques for ICD induction

The ICD response can be induced by chemicals, pathogen derivatives, and physical methods that promote apoptosis and inhibit tumor cell development. However, these conventional ICD-inducing agents have different limitations and challenges in their practical clinical use, including their safety and efficacy against different tumors (189). With the advancement of technology, new techniques to induce ICD have emerged that can effectively solve these problems. The induction mechanisms and effects of these new techniques are summarized in Table 4.


Table 4 | New techniques for inducing immunogenic cell death in tumor cells.




5.1 Photodynamic therapy

PDT is a new type of tumor treatment that produces biological effects through photophysical and photochemical processes. In general, photosensitizers (PSs) are non-toxic photosensitizing dyes used during PDT. PSs selectively accumulate in tumor cells, and the sites of PS accumulation are irradiated with specific wavelengths of light. Furthermore, PSs can be activated via photophysical processes. In the presence of oxygen in cells and tissues, PSs produce cytotoxic substances and affect tumor cell signaling pathways, thus inducing tumor cell death and damaging tumor structures (203). The mechanism of action (123) can be divided into Type I and Type II reactions. Type I reactions produce oxidation products via electron transfer with cellular substrates, which then induce tumor cell death. Type II reactions transfer energy to produce highly reactive singlet oxygen, which is very powerful and can cause significant damage to tumor cells (Figure 3).




Figure 3 | Mechanism of action of photodynamic therapy (PDT). In photodynamic treatment, the photosensitizer (PS) converts from a ground state to an excited singlet state by absorbing light energy when exposed to specific light wavelengths. The PS in the excited singlet state is unstable, and its energy is internally converted, lost as thermal energy, or radiated as fluorescence. The PS in the excited singlet state will reach the excited triplet state by inter-system crossing. The PS in the excited triplet state can be transformed into the ground singlet state through phosphorescence. In type I, the excited triplet state can generate oxygen radicals such as H2O2, OH-, and  through electron/proton transfer. In type II, the excited triplet PS can convert 3O2 to singlet oxygen (1O2) by energy transfer. H2O2, OH-, O2-, and 1O2 are all reactive oxygen species, which can induce ICD reaction, DNA damage, and ultimately tumor cell death when acting on tumor cells.




5.1.1 Conventional photodynamic therapy

An increasing number of photosensitizers are being discovered and actively used in lung (204), prostate (205), head and neck (206), esophageal (207), and other cancers in clinical treatment. Porphyrins (PZ I/III) and 8-methoxy psoralen (8-MOP) are two typical photosensitizers that are non-toxic. When acting on tumor cells, they can reduce tumor cell viability, at the same time trigger ROS-related endoplasmic reticulum stress response, induce activation of the PERK signaling pathway, and phosphorylate EIF2α and ICD-related DAMPs, including CRT exposure and release of HMGB1 and type I interferon. The release of these DAMPs suggests that ICD response occurred in tumor cells after the administration of PDT. At the same time, cytotoxic T lymphocytes proliferated, DC activation and maturation occurred, co-stimulatory CD80 and 86 surface molecules were upregulated, immunosuppressive cells such as Tregs were reduced, and the TME was significantly improved and promoted the apoptosis of tumor cells (127, 190, 191).



5.1.2 Application of near-infrared light immunotherapy

Near-infrared photoimmunotherapy (NIR-PIT) is a novel physical tumor therapy that combines photodynamic and targeted therapies. This treatment uses a targeted PS that recognizes and binds to specific monoclonal antibodies on the surface of tumor cells and induces cell death by exciting the PS with 690 nm NIR light. NIR light can penetrate several centimeters of tissues without harming DNA or normal cells, and the PS combines with specific proteins on the surface of tumor cells. The process of NIR light irradiation is only highly lethal to the target cells when combined with the PS and does not cause harm to normal cells, which significantly reduces the probability of side effects and improves the efficacy of tumor treatment (208, 209). This treatment method is currently used for urological (210), gastric (211), and head and neck cancers (212).

IRDye700DX is a targeted PS commonly used in NIR-PIT, which is water-soluble, non-toxic, and non-biotoxic. Moreover, it binds specifically to specific proteins on the surface of tumor cells, with unsuccessfully bound photosensitizers excreted in the urine (126).

In preclinical studies, NIR-PIT acts on skin squamous cell carcinoma cells, which swell and rupture, causing rapid and irreversible damage, during which the tumor cells undergo an ICD response, and CRT and HSP expression increases on the cell surface. Simultaneously, immunogenic signals such as ATP and HMGB1 are rapidly released, rapid DC activation and maturation occurs, and the anticancer immune response is enhanced. Furthermore, cytotoxic T lymphocytes proliferate in large numbers, immunosuppressive cells such as Tregs decrease in large numbers, tumor cells die in large numbers, and antitumor efficacy is significantly enhanced (192).

One study combined IRDye700DX with fibroblast activation protein-specific antibodies to target tumor-associated fibroblasts. After NIR-PIT acted on tumor-associated fibroblasts, esophageal tumor cells with radiotherapy resistance were re-sensitized to radiotherapy, and many tumor cells died after treatment compared to the number that died before NIR-PIT (193).

NIR-PIT is currently in phase 3 clinical trials for recurrent head and neck squamous cell carcinoma (213). Previous clinical trials have shown that NIR-PIT is well tolerated and that patient response and survival rates after treatment are positive and clinically meaningful for this disease (214).

In conclusion, conventional PDT or targeted therapy, mediated by NIR light, are noninvasive, highly spatially specific, and have low systemic toxicity. They can induce ICD response in tumor cells, eliminate tumor cell drug resistance, and promote tumor cell death. Their safe and effective anticancer effects provide a reliable alternative for patients with tumors suffering from underlying diseases who cannot tolerate chemotherapy (215).




5.2 Nano-pulse stimulation technology

Nano-pulse stimulation (NPS) is the application of ultrafast pulses of high irradiation energy to tumorigenic tissue, which alters the permeability of tumor cell membranes and produces a wide range of physiological responses (216, 217). The most significant changes were observed in Ca2+, where it was internally rearranged and translocated, and the endoplasmic reticulum stress response occurred under the effect of NPS, along with a significant release of ICD-related DAMPs such as heat shock proteins, ATP, and HMGB1, suggesting that NPS induced an ICD response in tumor cells. The effect of NPS resulted in a significant reduction of immunosuppressive cells such as Tregs, DC maturation and activation, massive death of tumor cells, enhanced antitumor immune effects, and inhibition of distant metastases. NPS is another application of nanotechnology, as a highly efficacious inducer of ICD, and its unique therapeutic advantages provide a new option for nanotechnological tumor treatment (194, 218, 219).



5.3 Carrier-mediated ICD induction

To further improve the precision of ICD inducers on specific tumor cells, the use of vectors combined with conventional ICD inducers on tumor cells has become a new research hotspot. Depending on their source, we classify these carriers as exogenous or endogenous. Exogenous carriers are substances artificially tailored with specific nanomaterials that can respond to specific stimuli, such as pH, temperature, and light, to release drugs at specific sites. The exogenous carriers include PLA-HES-FA (PHF) as well as HPMA copolymers. Unlike exogenous carriers, endogenous carriers are naturally present in cells or body fluids. Compared with exogenous carriers, endogenous carriers have natural advantages, including lower immunogenicity and biotoxicity as well as higher stability and delivery efficiency. Endogenous carriers include cell membrane carriers, liposomes, and exosomes (220, 221).

Using carrier-mediated ICD inducers to act on tumor cells can protect inducers from misidentification by the immune system and rapid removal. Simultaneously, vector-mediated ICD inducers can accumulate in tumor cells and increase the ICD response, further enhancing antitumor efficacy. Owing to the high precision of vector-mediated ICD inducers, adverse reactions during treatment were significantly reduced, and the survival rate of patients was improved during treatment (11, 222).


5.3.1 Exogenous vector-mediated ICD induction

CPT-SS-NLG919 (CN) is an indoleamine 2,3-dioxygenase (IDO) inhibitor. High concentrations of reducing substances in tumor cells can degrade CN into camptothecin (CPT) and NLG919 (NLG), which can induce ICD, inhibit IDO activity, and improve the inhibitory TME. However, the disadvantage of these two substances is that they are poorly soluble and require high concentrations in tumor cells to be effective. One study combined the synthetic nanocarrier PHF with CN to form a CN@PHF. This carrier conjugate has a high drug-loading capacity and stability under neutral conditions, with good targeting properties, and can accumulate rapidly in tumor cells with a high concentration of CN. After CN@PHF acted on tumor cells, a high concentration of CN was degraded to CPT and NLG by the action of reducing substances. CPT induces ICD in tumor cells; many DAMPs associated with ICD are released, and many tumor cells die. At the same time, NLG in CN inhibits IDO activity and improves the immunosuppressive TME. During the immune response, DC cells mature and activate, immunosuppressive cells such as Tregs are significantly reduced, proinflammatory cytokines are released, cytotoxic T lymphocytes proliferate, and the tumor development process is hindered. Compared to the direct action of CN on tumor cells, the use of vectors to transport CN to tumor cells enhances the cytotoxic effect of the immune process, with a reduced probability of adverse effects and an increased survival time for the mouse. This therapeutic approach offers a new option for future tumor treatment (195).

HPMA copolymer is also a novel drug delivery carrier with good biocompatibility, water solubility, non-toxicity, and passive targeting, which can preferentially accumulate at tumor sites and reduce drug toxicity (223, 224). When adriamycin was encapsulated in the HPMA copolymer and acted on tumor cells, the expression of PI3K was significantly reduced in tumor cells under the action of nanoformulations, PI3K signaling pathway was inhibited, and tumor cells were sensitive to chemotherapeutic drugs. At the same time, a large amount of ROS was released, CRT was heavily expressed on the surface, ATP and HMGB1 were released in large amounts, and ICD response was further enhanced. Moreover, Tregs and other immunosuppressive cells were significantly reduced, proinflammatory cytokines were released, cytotoxic T lymphocytes proliferated, antitumor immune response was enhanced, and tumor cells died in large numbers (196, 197).

In conclusion, synthetic nanocarrier-mediated antitumor drug therapy can significantly improve the efficacy of tumor treatment in patients. However, synthetic nanocarriers also have some drawbacks, including unknown risks to patients due to the potential toxic effects of chemical drugs; therefore, there is a long way to go before the widespread use of synthetic nanocarriers in clinical tumor treatment (225).



5.3.2 Endogenous vector-mediated ICD induction

Cell membrane vehicles (CVs) are derived from tumor cell membranes and are endogenous carriers with a structure similar to that of the parent body. They have the same tumor-targeting properties and are a novel drug delivery system (226). The ICD inducers doxorubicin (DOX) and sorafenib (SFN) were co-encapsulated in the CV; this vehicle conjugate is referred to as CV/D-S. Upon arrival at tumor cells, CV/D-S transports DOX to induce an ICD response in tumor cells, and the SFN drug is able to alter the TME in a dose-dependent manner. Compared with the application of antitumor drugs alone, the tumor cell ICD was further enhanced, DC maturation and activation occurred, cytotoxic T lymphocytes proliferated in large numbers, Treg immunosuppressive cells decreased in large numbers, and tumor cell apoptosis increased (Figure 4). CV/D-S is a spherical particle with good stability and high biocompatibility, and its use enables adequate drug loading and safe delivery of DOX and SFN drugs in vivo. Owing to the tumor homing properties of these CVs, CV/D-S can accumulate in large quantities at the site of tumorigenesis and exert excellent antitumor properties, making it a promising drug delivery platform that can improve the effectiveness of multiple tumor treatments (198, 199, 227).




Figure 4 | Mechanism of action of cell membrane vehicle induced immunogenic cell death (ICD) response. Doxorubicin (DOX) and sorafenib (SFN) were encapsulated in a cell membrane vehicle to form a highly stable spherical particle CV/D-S. After injecting CV/D-S into experimental animals, the particle flowed along the blood vessels to the location of tumor tissues and accumulated in large quantities at the site of tumorigenesis. The particle released SFN to regulate the TME. DOX induced ICD in tumor cells after entry.



Exosomes, another type of endogenous carriers, are vesicular structures actively secreted by cells. They are smaller, contain various bioactive substances, are less immunogenic, and can avoid misidentification and phagocytosis by the immune system (228, 229). One study encapsulated oxaliplatin ICD inducer in exosomes (IEXO-OXA). After IEXO-OXA acted on the tumor cells, the cytotoxicity of the chemotherapeutic drug increased, and the ICD response was further enhanced. Furthermore, the immunosuppressed TME was significantly improved, cytotoxic T lymphocytes were heavily activated, proinflammatory cytokines were also heavily increased, tumor cell activity was reduced, and apoptosis increased (200). In conclusion, as a targeted drug delivery system, exosomes can promote drug accumulation at the site of tumorigenesis, reduce the systemic distribution of antitumor drugs, and minimize side effects. Additionally, these endogenous carriers can be combined with a variety of therapeutic drugs, and their highly engineered characteristics can provide new options for various tumor treatments (201).

Carrier drug delivery systems can promote physical therapy of tumor cells by altering the cellular state. Liposomes are bilayer vesicular structures in cells that are capable of loading hydrophilic/hydrophobic drugs and delivering them into cells through endocytosis/fusion/activation of target cells by specific ligands. The liposome-mediated drug delivery system can maintain a particular drug concentration in the plasma for a long time, reduce the frequency of drug administration, and further improve bioavailability and safety (230, 231). To solve the problem of tumor cell hypoxia, hemoglobin and adriamycin are co-encapsulated in liposomes (DOX-Hb-Lipo), which have high oxygen-binding capacity and can effectively relieve tumor tissue hypoxia. In contrast, tumor cells produce a large amount of ROS, which mediate the ICD of tumor cells. CRT, HMGB1, and other ICD-related DAMP levels were significantly increased compared to those achieved with radiotherapy alone, tumor cell growth was inhibited, and the tumor-killing effect was enhanced considerably (202, 232).



5.3.3 Advantages and limitations of carrier technology

In recent years, an increasing number of nanotechnology-based drug carrier systems have been developed, and both endogenous and synthetic carriers have been widely used in tumor therapy. The combined action of nanocarriers and ICD-inducing agent-based antitumor drugs has changed the immunosuppressive TME. Moreover, because of the precise targeting action of nanocarriers, the systemic distribution of antitumor drugs during administration is reduced, the amount of drug accumulation at specific locations and the duration of drug action are increased, the frequency of drug administration is reduced, and the side effects are significantly reduced. Antitumor immunotherapy is considerably enhanced and many tumor cells die. However, there are limitations in the development of nanotechnology, including the material, size, and concentration of nanoparticles, which may cause specific toxicity to cells, and artificial nanoparticles may be recognized as “foreign substances” by the body, and then erroneously engulfed and eliminated by the immune system. Most importantly, nanotechnology research is extremely difficult and requires increased funding, which hinders the full commercialization of nanotechnology and makes the universal clinical treatment using this technology difficult (233–235).

In conclusion, the clinical application of nanotechnology-based drug carrier systems has a positive and far-reaching impact on the clinical treatment of tumors. However, the limitations of its application must be addressed by further research.





6 Immunogenic cell death in clinical trials

With the widespread application of immunotherapy in clinical tumor treatment, research related to ICD inducers is also developing rapidly and has made specific achievements. Currently, many ICD induction methods have been applied in clinical trials as anticancer therapies to induce ICD responses in tumor cells, increase the apoptosis of tumor cells, and improve the prognosis of patients with tumors.

In a phase III clinical trial of metastatic colorectal cancer, FOLFOXIRI plus bevacizumab was administered to tumor cells. The chemical ICD-inducing oxaliplatin in the therapy enhanced DC function and induced ICD by increasing the exposure to tumor antigens. The trial results were positive, and this therapy has also been shown to be an option for the pretreatment of selected patients with metastatic colorectal cancer (236). Clinical trials using DC-based tumor vaccines with a chemical ICD-inducing agent for tumor cells are also underway. In phase I/II clinical trials of breast cancer, chemical ICD-inducing DOX and cyclophosphamide have been combined with a DC-based tumor vaccine to act on breast cancer cells. This resulted in an enhanced ICD response induced by the chemical ICD-inducing agent, a boost in the patient’s T-cell response to stimulation, and enhanced tumor immunogenicity. However, the effect of this immune response on patient survival is subject to ongoing observation (237). In addition, antigen-specific T cell activity in patients was enhanced in phase II clinical trials of ovarian cancer. This occurred after the DC-based tumor vaccine was administered to ovarian tumor cells with carboplatin and gemcitabine, which are chemical ICD inducers. The chemical ICD inducers in this therapy have been shown to function as active immune effector cells, and the tumor cell ICD response occurred together. This clinical trial in ovarian cancer prolonged survival of patients with ovarian tumors and gave strong confidence for further clinical trials of ICD (238).

The physical sources of ICD induction methods have also been used in clinical trials. Irreversible electroporation is a physical method that induces ICD response in tumor cells. In clinical trials in advanced pancreatic cancer, the combination of irreversible electroporation and Vγ9Vδ2 T cells acting on pancreatic tumor cells resulted in a decrease in tumor marker levels, enhanced antitumor immune effect, and a significant increase in survival of patients with advanced pancreatic cancer, compared to that before treatment (239).

Oncolytic viruses are typical pathogen-derived ICD inducers and positive findings have been achieved in clinical trials on oncolytic viruses. In phase I of a clinical study of recurrent malignant glioma, oncolytic viruses underwent an oncolytic response and induced an immune-related antitumor response after acting on glioma cells. The clinical trial results were promising, with 20% of the patients surviving more than 3 years after treatment. Furthermore, 60% of the patients who survived, experienced a 95% reduction in tumor volume, suggesting that oncolytic virus-induced antitumor immune responses may offer new hope for treating patients with recurrent malignant glioma (240). In addition, oncolytic viruses have been used in phase I clinical trials of multiple myeloma. After acting on myeloma cells, oncolytic viruses kill multiple myeloma cells while generating a solid and durable antitumor immune response in the patient’s body. When tumor-associated antigens are released into the periphery, cytotoxic T lymphocytes generate a strong antitumor immune response to the tumor-associated antigens, creating positive feedback until the effects caused by oncolytic viral infection are eliminated (241).

In conclusion, clinical trials related to ICD are progressing well. We believe that these ICD inducers can be used in clinical treatment and bring new hope to more patients with tumors.



7 Conclusion

In conclusion, owing to the low immunogenicity of tumor cells and tumor-killing immune cells, an immunosuppressive TME is formed during tumor treatment. The application of ICD inducers improves the immunogenicity of tumor cells and the TME. During ICD induction, CRT, ATP, HMGB1, and other DAMPs are released in large quantities, stimulating the activation of ICD-related signaling pathways, triggering the endoplasmic reticulum stress response, and promoting the onset of ICD response in tumor cells. ICD response promotes DC maturation/activation, increases the infiltration of cytotoxic T lymphocytes, and produces a more durable antitumor response.

ICD inducers play an important role in chemotherapy and physical therapy but are limited by toxicity and efficiency. The combined application of ICD inducers and nanotechnology-based ICD inducer delivery systems has emerged as a new technology that can substantially reduce the dosage and frequency of drugs used in tumor treatment through combined targeting, and can precisely achieve drug accumulation at the site of tumorigenesis. These new technologies have further improved the efficacy of antitumor treatment and reduced the occurrence of side effects, significantly improving the patient’s quality of life during the treatment process.

Whether using conventional methods or new technologies, ICD-inducing agents act on tumor cells through various mechanisms to induce the onset of the ICD response. However, most experiments are still in the primary research stage and have not been applied in clinical treatment. Additionally, the number and types of ICD inducers that have been elucidated and the tumor models used to verify the effects of these inducers are insufficient to meet the needs of human tumor treatment.

In the future, researchers need to discover more ICD inducers and develop new biomarkers and more diverse tumor models to further screen and validate the clinical effects of ICD inducers. Furthermore, clinical trials are being actively conducted to determine the exact mechanism of action, required dose, duration of treatment, and side effects of ICD inducers in the treatment of tumors to enable more types of ICD inducers to be used in clinical treatment in the future. In a word, ICD induction is a promising research field that requires further research to unravel the mysteries, and ICD response based on tumor cells will become the future trend in tumor treatment.
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Background

Chimeric antigen receptor T (CAR-T) cell therapy has made significant advances for hematological malignancies but encounters obstacles in the treatment of solid tumors mainly due to tumor immunosuppressive microenvironment.



Methods

Immunohistochemistry analysis was performed to examine the cellular expression of nectin cell adhesion molecule-4 (Nectin4) and fibroblast activation protein (FAP) in a variety of malignant solid tumors. Then, we engineered the fourth-generation Nectin4-targeted CAR-T (Nectin4-7.19 CAR-T) and FAP-targeted CAR-T (FAP-12 CAR-T) cells to evaluate their safety and efficacy in vitro and in vivo.



Results

In our study, we firstly demonstrated the aberrant overexpression of Nectin4 on both primary and metastatic solid tumors and FAP on cancer-associated fibroblasts. Then, we found that our fourth-generation Nectin4-7.19 CAR-T cells expressed IL-7 and CCL19 efficiently and exhibited superior proliferation, migration, and cytotoxicity compared to the second-generation Nectin4 CAR-T cells, while FAP-12 CAR-T cells exerted their ability of targeting both murine and human FAP effectively in vitro. In a fully immune-competent mouse model of metastatic colorectal cancer, lymphodepletion pretreated mice achieved complete remission with human Nectin4-targeted murine CAR-T (Nectin4 mCAR-T) cells. In the NSG mouse model of lung metastases, Nectin4-7.19 CAR-T cells eradicated metastatic tumors and prolonged survival in combination with FAP-12 CAR-T cells.



Conclusions

These findings showed that Nectin4-7.19 CAR-T cells had potential therapeutic efficacy and exerted a synergistic role with FAP-12 CAR-T cells, further demonstrating that Nectin4 and FAP were able to serve as promising targets for safe and effective CAR-T therapy of malignant solid tumors.
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Introduction

In recent years, chimeric antigen receptor (CAR) technology has revolutionized cancer therapy, particularly in blood cancers (1–4). However, CAR-T therapy for malignant solid tumors remains challenging owing to tremendous phenotypic heterogeneity, inefficient proliferation and short persistence of CAR-T cells, and immunosuppressive microenvironment in tumor stroma where inhibitory checkpoints lead to T-cell dysfunction, factors like adenosine and reactive oxygen species inhibit T cells, immunosuppressive cells like regulatory T cells and myeloid-derived suppressor cells promote tumor growth and inhibit T-cell activity, and cancer-associated fibroblasts (CAFs) deposit extracellular matrix to limit T-cell penetration and recruit other immunosuppressive cells (5–9).

Nectin cell adhesion molecule 4 (Nectin4) is a type I transmembrane protein whose extracellular domain is composed of three Ig-like domains (V-C-C type), participating in the formation and maintenance of adhesion junctions together with cadherin. Nectin4 is ubiquitously expressed in human embryonic cells but hardly in normal adult tissues, while it is highly expressed on the surface of malignant solid tumors such as urothelial cancer, ovarian cancer, and melanoma, playing key roles in various aspects of tumor progression like proliferation, angiogenesis, epithelial-to-mesenchymal transition, metastasis, DNA repair, tumor relapse, and poor prognosis of these epithelial malignancies (10–13). Enfortumab vedotin, an antibody-conjugated drug targeting Nectin4, has shown unprecedented response rates in locally advanced or metastatic urothelial carcinoma with a tolerable safety in a phase I clinical trial (NCT02091999) and a phase II clinical trial (NCT03219333), and is undergoing phase III clinical trial (NCT03474107) to demonstrate a survival benefit (14–16). Thus, the U.S. Food and Drug Administration granted accelerated approval to Padcev (enfortumab vedotin—ejfv), a Nectin4-directed antibody and microtubule inhibitor conjugate, being indicated for the treatment of adult patients with locally advanced or metastatic urothelial cancer who had previously received a PD-1/PD-L1 inhibitor and a platinum-containing chemotherapy (17). While a growing number of studies have indicated that Nectin4 may be regarded as a potential target for cancer immunotherapy (18, 19), no study so far has reported the use of Nectin4-targeted CAR-T cells for clinical therapy of malignant solid tumors. Thus, our phase I study (NCT03932565) has been ongoing to examine the safety and feasibility of Nectin4-7.19 CAR-T cells in patients with Nectin4-positive malignant solid tumors.

CAFs are the major components of tumor-associated stroma, forming a highly tumorigenic and immunosuppressive microenvironment (20, 21). Fibroblast activation protein (FAP), a type II serine protease with dual specificity of dipeptidyl peptidase and gelatinase activities, is expressed on CAFs in a majority of malignant solid tumors but rarely on fibroblasts in normal tissues, making it an attractive immunotherapeutic target (22, 23).

Here, our study showed that Nectin4-7.19 CAR-T cells displayed significant anti-tumor activity in vitro and in vivo and were not likely to cause unacceptable on-target off-tumor toxicities. Furthermore, the combination of Nectin4-7.19 CAR-T cell therapy and FAP-12 CAR-T cell therapy exhibited synergistic anti-tumor effects and thus may be a promising double-pronged approach for patients with Nectin4-positive malignant solid tumors.



Materials and methods


Cell lines

The HEK-293T cell line was purchased from the American Type Culture Collection (Cat#ACS-4500); ABC-1, HT1376, and A549 cell lines were purchased from Cobioer (Nanjing, China); the MDA-MB-453 cell line was a gift from Dr. Haihua Gu (Wenzhou Medical University); and the MC38 cell line was a gift from Dr. Jindan Wang (Wenzhou Medical University). All cells were maintained in DMEM supplemented with 10% heat-inactivated FBS in 5% CO2 at 37°C. Then, ABC-1, A549, and MC38 cells were transduced with lentivirus encoding the Firefly-Luciferase-GFP gene to generate Luc. ABC-1, Luc. A549, and Luc. MC38 cells; MC38 cells were transduced with lentivirus encoding the human Nectin4-Firefly-Luciferase-GFP gene to generate hNectin4-Luc. MC38 cells; HEK-293T cells were respectively transduced with lentivirus encoding the human FAP-Firefly-Luciferase-GFP gene or the murine FAP-Firefly-Luciferase-GFP gene to generate hFAP-Luc. 293T or mFAP-Luc. 293T cells. All of these transduced cells were sorted by flow cytometry.



Generation of CAR constructs and mCAR constructs

Nectin4 CAR consisted of a single-chain variable fragment (scFv) derived from an antibody (24, 25) against human Nectin4, a human CD8 leader signal, a human 4-1BB co-stimulatory domain, and a human CD3ζ activation domain (4), while Nectin4-7.19 CAR was a tandem construct encoding Nectin4 CAR, interleukin (IL)-7, and CCL19 with two 2A peptide sequence (26, 27). FAP CAR was constructed by an scFv derived from an anti-FAP antibody (28) with a human 4-1BB and CD3ζ, while FAP-12 CAR was constructed with FAP CAR and interleukin (IL)-12 by 2A polypeptide strategy. These CARs were cloned into the pLenti-vector to obtain the recombinant plasmids. To construct the human Nectin4-targeted second-generation murine CAR (Nectin4 mCAR), the anti-human Nectin4 scFv was fused with the murine CD8α hinge region and transmembrane, the murine intracellular domain of 4-1BB, and murine CD3ζ (29). Then, the mCAR was cloned into upstream of an IRES-GFP marker in the MSCV retroviral plasmid pMIGR1.



T-cell isolation and transduction

To isolate human T cells, peripheral blood mononuclear cells were extracted from whole blood of healthy donors by Ficoll density gradient centrifugation. T cells were enriched with Dynabeads® Human T-Activator CD3/CD28 (Thermo Fisher Scientific, USA) and followed by stimulation for 24–36 h in the X-Vivo medium (Lonza, CH) supplemented with 50 IU/ml recombinant human interleukin (IL)-2 (PeproTech, USA) and then transduced with the lentiviral particles at multiplicity of infection (MOI) = 40. Mouse T cells isolated from spleen and lymph nodes of C57BL/6 mice by the Pan T Cell Isolation Kit II (Miltenyi Biotec) were activated with Dynabeads® Mouse T-Activator CD3/CD28 (Thermo Fisher Scientific) and recombinant murine IL-2 (ProSpec) for 48 h, and then infected with retroviral particles at MOI = 10.



Flow cytometry

Expression of Nectin4 on the surface of tumor cells was detected by anti-human Nectin4 Alexa Fluor® 647-conjugated antibody (Clone #337516, R&D Systems, USA); Nectin4 CAR and Nectin4-7.19 CAR expression was detected by the fusion protein of Nectin4 extracellular domain with streptavidin (Nectin4-streptavidin), and then followed by the anti-streptavidin antibody with PE fluorescein (Clone #3A20.2). Expression of FAP was detected by anti-human FAP PE (Clone #427819, Bio-techne); FAP CAR expression was detected by anti-mouse IgG (H+L), Biotinylated Antibody (Cat #14709, Cell Signaling Technology, USA) and followed by streptavidin-tagged APC. Then, CAR-T cells were collected and their phenotype was assessed with anti-human CD4 PE/Cy7 (Clone: OKT4, Dilution: 1/400), anti-human CD8a Pacific Blue™ (Clone: RPA-T8), anti-human CD45RO Alexa Fluor® 488 (Clone: UCHL1), anti-human CD45RA APC (Clone: HI100), and anti-human CCR7 PerCp/Cy5.5 (Clone: G043H7). For analysis of immunological checkpoints, the following antibodies were used: anti-human TIM3 Alexa Fluor® 647 (Clone: 7D3, BD Biosciences), anti-human LAG3 PE (Clone: T47-530, BD Biosciences, USA), anti-human PD-1 APC (Clone: EH12.2H7), and anti-human CTLA-4 APC (Clone: L3D10). mCAR-T cells were labeled with anti-mouse CD8 PE (Clone: 53-6.7) and anti-mouse CD4 PE (Clone: RM4-5, Mutiscience, Hangzhou, CN), fixed and permeabilized with the LIVE/DEAD Fixable Aqua Dead Cell Stain kit (Invitrogen, CN), and labeled with anti-mouse IFN-γ APC (Clone: XMG1.2, Dilution: 1/50, eBioscience, Wuhan, CN) for intracellular staining. All antibodies of brands not mentioned above were from BioLegend and dilutions not mentioned above were 1/200. The isotype-matched IgG1 was used as a negative control. Cells were analyzed by a FACS Aria IIFlow Cytometer (BD Biosciences). Data were analyzed with FlowJo 10 (FlowJo, USA).



Cytokine secretion analysis

Enzyme-linked immunosorbent assay (ELISA) was used to quantify the concentration of cytokines and chemokines. Culture supernatant of CAR-T cells was collected and then detected by an IL-7 ELISA kit (Mutiscience) and a CCL19 ELISA kit (NeoBioscience, Shenzhen, CN), respectively.



Proliferation analysis

CAR-T cells were labeled with CellTrace™ CFSE (Thermo Fisher Scientific) and co-cultured with tumor cells at an Effect/Target ratio of 1:1 in a 24-well plate without the addition of external cytokines for 5 days and then analyzed using a flow cytometer with 488-nm excitation and emission filters appropriate for fluorescein to assess the proliferation of CAR-T cells.



Migration analysis

Chemotaxis on T cells was measured with a transwell (Corning, USA) with a 5-µm pore permeable membrane insert. Untransduced T cells labeled with CellTrace™ CFSE were added to the upper chamber of the transwell, and the 5-day CAR-T cell culture supernatant without any cytokines was collected and 400 μl was added to the lower chamber. After 2 h of incubation, untransduced T cells migrating into the lower chamber were observed with a fluorescence microscope and pictures from three horizons were taken at random (30).



Cytotoxicity analysis

The xCELLigence RTCA MP instrument (Acea Biosciences Inc, CA, USA) was utilized for the assessment of CAR-T cell-mediated cytotoxicity (31). Briefly, 1 × 104 tumor cells were seeded on each well of an E-Plate 16 (Acea Biosciences) and grew until their adherence. Then, CAR-T cells were added into each unit at different Effect/Target ratios, with media or 2.5% Triton-X 100 (Solarbio, Beijing, CN) as negative or positive controls. Each group consisted of three replicate wells and the impedance signals (Cell index) were recorded for a duration of 24–48 h. Electrical impedance was quantified every 15 min by the use of the RTCA DP Analyzer.

In the luciferase bioluminescence technique, tumor cells expressing luciferase reporter were plated into a 96-well plate (32). T cells were added with different Effect/Target ratios after target cells adhered onto the well. Media and 2.5% Triton-X 100 were regarded as a negative control (Kmin) and a positive control (Kmax), respectively. Each group consisted of three replicate wells. After 12 h co-incubation, cells were centrifuged and the supernatant was removed. Then 200 μl of serum-free DMEM medium containing 0.5 mM D-luciferin (MedChemExpress, Shanghai, CN) was added to each well, and the fluorescence intensity was measured by Luminometric Measurement on a microplate reader after 10 min. The fluorescence intensity value K of each well was counted, and the killing efficiency was equal to (Kmin − K)/(Kmin − Kmax) × 100%.



Animal experiments

In the metastatic colorectal cancer model, the fully immune-competent male 6- to 8-week-old C57BL/6 mice (Charles River, Beijing, China) were inoculated subcutaneously (s.c.) at the right flank with 1.0 × 106 hNectin4-Luc. MC38 cells on Day 0. To evaluate the dose dependence of Nectin4 mCAR-T cells, 5.0 × 106 untransduced mouse T (mUTD) cells and different doses of hNectin4 mCAR-T cells were injected intravenously (i.v.) on Day 10 after randomization of mice (N = 6 mice per group). To improve the anti-tumor efficacy, cyclophosphamide (CPA) at 100 mg/kg was administered intraperitoneally (i.p.) 3 days before the infusion of 5.0 × 106 mUTD or hNectin4 mCAR-T cells (N = 6 mice per group). The tumor volumes of the mice were recorded every 2 days and calculated as length × (width)2 × 0.5. In the metastatic lung cancer model, the severely immunodeficient male 6- to 8-week-old NSG mice (NOD-Prkdcem26Cd52Il2rgem26Cd22/Nju) (GemPharmatech Co, Ltd, Nanjing, China) were injected i.v. with 1.0 × 106 Luc. ABC-1 cells on Day 0. After randomization (N = 3 mice per group), mice were treated i.v. with different doses of CAR-T cells on Day 7. Treatment with untransduced T (UTD) cells served as a negative control. Tumor progression was confirmed regularly by BLI using a Xenogen IVIS imaging system (PerkinElmer, Shanghai, CN), and the intensity of the signal was measured as total photon/second/cm2/steradian (p/s/cm2/sr). At the end of the experiment, mice were euthanized and tissues were resected for HE staining. All mice were bred and housed under SPF conditions in the Animal Center of Wenzhou Medical University. All mouse experiments were approved by the Laboratory Animal Ethics Committee of Wenzhou Medical University and performed in accordance with relevant institutions and national guidelines and regulations.



Immunohistochemistry

Tumor tissues were obtained from patients at the Sixth Affiliated Hospital of Wenzhou Medical University to detect the expression of Nectin4 on tumor cells and FAP on CAFs. All informed consents were obtained from all included patients, and a supportive grant obtained from the Ethics Committee of the Sixth Affiliated Hospital of Wenzhou Medical University. For FAP staining, sections were blocked with 20% normal goat serum (Sigma, USA) in PBS for 30 min at room temperature and stained with 5 μg/ml primary mouse anti-human FAP antibody (Clone: EPR20021, Abcam) at 4°C overnight. The corresponding peritumoral normal tissues served as negative controls. The sections were rewarmed at 37°C for at least 45 min and incubated in the secondary antibody enhancement solution at room temperature for 20 min and then the secondary goat F(ab) anti-mouse IgG H&L (HRP) antibody (Abcam) at 37°C for 30 min. For Nectin4 staining, sections were stained with 10 μg/ml primary goat anti-human Nectin4, affinity-purified polyclonal antibody (Catalog # AF2659, R&D Systems) at 4°C overnight. Then, the sections were stained with the secondary biotinylated rabbit anti-goat IgG antibody (Abcam) at 37°C for 30 min and incubated in Streptavidin-Biotin Complex at 37°C for 30 min. Then, the sections were developed with SignalStain® DAB Substrate Kit, counterstained with hematoxylin (Biocare Medical, Shanghai, CN) for 90 s, dehydrated with ethanol, clarified with xylene, and then examined under an optical microscope (Olympus, Japan).



Statistical analysis

Data were analyzed as mean ± SD by t-test. Survival curve was analyzed by Kaplan–Meier curves and log-rank test. p-values < 0.05 were considered statistically significant. All experiments were repeated at least three times. All statistical analyses were performed with GraphPad Prism v6.0 (GraphPad Prism, USA).




Results


High expression of Nectin4 on malignant solid tumors and FAP on CAFs

Firstly, immunohistochemistry (IHC) analysis was performed to examine the cellular expression of Nectin4 in a variety of tumor biopsies. We found that not only common tumors such as lung, ovarian, and gastrointestinal cancers as previously reported (12, 24, 33–35), but also glioma, leiomyosarcoma, liposarcoma, gingival carcinoma, nasopharyngeal carcinoma, and laryngocarcinoma highly expressed Nectin4 (Figure 1A and Figure S1). Furthermore, Nectin4 was also overexpressed on metastatic cancers (Figure 1B), especially bone-metastasized triple-negative breast cancer (TNBC), which was without the expression of estrogen receptor, progesterone receptor and proto-oncogene Her-2, indicating that Nectin4 could be used as a good therapeutic target for both primary and metastatic tumors.




Figure 1 | High expression of Nectin4 and FAP in a variety of cancers. (A) Expression of Nectin4 and FAP in glioma, liposarcoma, and leiomyosarcoma was assessed by IHC. (B) Expression of Nectin4 on lung-metastasized esophageal cancer, lung-metastasized liver cancer, and bone-metastasized triple-negative breast cancer (TNBC). Also see Supplementary Figure 3. Nectin4 is mainly located in the membrane (strongly positive) and cytoplasm (weakly positive) of cancer cells; FAP is mainly located in the membrane (strongly positive) and cytoplasm (weakly positive) of stromal cells, shown in brown.



It has been shown that FAP is overexpressed in tumor-associated stromal cells of epithelial tumors and its expression is related to advanced stages, worse prognosis, and poor survival. We found that FAP was overexpressed not only on CAFs of epithelial cancers (Figures S2 and S3), but also on mesenchymal cells of sarcomas (Figure 1A).



Nectin4-7.19 CAR-T cells exhibited superior proliferation and lower differentiation

We constructed the human Nectin4-targeted second-generation CAR and fourth-generation CAR, designated Nectin4 CAR and Nectin4-7.19 CAR, respectively (Figure 2A). Flow cytometric analysis showed that the cell-surface expression of CAR in Nectin4-7.19 CAR-T cells was almost equivalent to that in Nectin4 CAR-T cells (Figure 2B). There was no significant difference in CAR expression between CD4+ and CD8+ T subsets in both Nectin4 CAR-T and Nectin4-7.19 CAR-T cells (Figure 2C). However, the proportion of the (Naïve + TSCM) subpopulation was higher in Nectin4-7.19 CAR-T cells than that in Nectin4 CAR-T cells, particularly in CD8+ T subsets (Figures 2D, E).




Figure 2 | CAR structure and characterization of Nectin4-7.19 CAR-T cells. (A) Schematic illustration of Nectin4 CAR and Nectin4-7.19 CAR lentiviral vector. LTR: long terminal repeats; SP: CD8 signal peptide; TM: transmembrane region; P2A: 2A polypeptide element. (B) CAR expression in Nectin4 CAR-T and Nectin4-7.19 CAR-T cells was measured by flow cytometry. UTD indicates the untransduced T cells as a negative control. (C) Relative CAR expression in CD4+ and CD8+ T subsets. (D) Representative CAR-T cell phenotyping plot based on CD45RA and CCR7 in CD4+ and CD8+ T subsets. T memory stem cell, TSCM (CD45RO+ CD45RA+ CCR7+); Naïve (CD45RO- CD45RA+ CCR7+); central memory T cell, TCM (CD45RO+ CD45RA- CCR7+); effector memory T cell, TEM (CD45RO+ CD45RA- CCR7-); terminally differentiated effector memory T cell, TEMRA (CD45RO+ CD45RA+ CCR7-). (E) Proportion of (Naïve + TSCM) subpopulation in CD4+ and CD8+ T subsets. (F, G) Secretion of IL-7 (F) and CCL19 (G) was examined by ELISA. (H) Transwell assays were performed to detect the chemotactic capacity of CFSE-labeled T cells after incubation with culture supernatant from Nectin4 CAR-T or Nectin4-7.19 CAR-T cells. Representative pictures (left panel) and statistical analysis diagram (right panel) are illustrated; scale bar = 100 μm. (I, J) Proliferative capacity (I) and viability (J) of Nectin4 CAR-T and Nectin4-7.19 CAR-T cells were tested by counting. (K) Epitope-driven proliferation for a comparison in Nectin4 CAR-T and Nectin4-7.19 CAR-T cells. Nectin4 CAR-T and Nectin4-7.19 CAR-T cells were labeled with CellTrace™ CFSE and co-cultured with ABC-1 cells (Nectin4+ stimulant) or 293T cells (Nectin4−stimulant) for 5 days in the absence of exogenous cytokines. The numbers of cell divisions are indicated in the histograms. The numbers in the donut charts represent percentages of each gated fraction in the cultured cells (0, black; 1, gray; 2, blue; 3, green; 4, yellow; and >5, red). Data represent the mean ± SD of three independent experiments; *p < 0.05, **p < 0.01, ***p < 0.001, t-test.



Then, we verified that Nectin4-7.19 CAR-T cells could produce IL-7 (Figure 2F) and CCL19 efficiently (Figure 2G). CCL19 secreted from Nectin4-7.19 CAR-T cells had chemotactic capacity to recruit more T cells (Figure 2H). As IL-7 has been shown to enhance the proliferation and viability of T cells (36), we investigated the absolute number and found that the proliferation of Nectin4-7.19 CAR-T cells was substantially stronger than that of Nectin4 CAR-T cells (Figure 2I), and their cell viability remained well (Figure 2J). Furthermore, after being stimulated by Nectin4-positive ABC-1 cells, Nectin4-7.19 CAR-T cells divided faster than Nectin4 CAR-T cells, indicating the specific antigen-driven proliferation (Figure 2K).



Nectin4-7.19 CAR-T cells exhibited efficient cytotoxicity in vitro

Flow cytometric analysis showed that high-level expression of Nectin4 was present on the surface of various tumor cell lines (Figure 3A). Then, we performed different assays to verify the specific cytotoxicity of Nectin4 CAR-T cells in vitro through the xCELLigence RTCA label-free technology and found that the co-incubation of Nectin4 CAR-T cells with ABC-1, HT1376, and MDA-MB-453 cells could cause an immediate and time-dependent decrease in cell index within 4 h, respectively, but not CD19 CAR-T cells (Figure 3B), demonstrating that Nectin4 CAR-T cells efficiently executed specific cytolysis against Nectin4-positive tumor cells and exhibited better cytotoxicity at the gradually increasing appropriate ratio of Effect/Target. To compare the cytotoxicity between Nectin4 CAR-T and Nectin4-7.19 CAR-T cells, we generated Luc. ABC-1 cells to express luciferase (Figure 3C) and observed that Nectin4 CAR-T and Nectin4-7.19 CAR-T cells exhibited equivalent oncolytic potentiality against Nectin4-positive Luc. ABC-1 cells (Figure 3D), but not Nectin4-negative Luc. A549 cells (Figure S4). Intriguingly, the expression of several immunological checkpoints on Nectin4-7.19 CAR-T cells were lower than those on Nectin4 CAR-T cells (Figure 3E).




Figure 3 | Efficient cytotoxicity of Nectin4-7.19 CAR-T cells in vitro. (A) Expression of Nectin4 on a panel of cancer cell lines. (B) Cytotoxicity of Nectin4 CAR-T cells against ABC-1, HT1376, and MDA-MB-453 cells was detected by xCELLigence RTCA label-free technology. The left panel compares the cytotoxicity between Nectin4 CAR-T and CD19 CAR-T cells against target cells at an Effect/Target ratio of 10:1; the right panel shows the killing efficacy of Nectin4 CAR-T cells at different Effect/Target ratios. Arrows refer to the addition of CAR-T cells. The y-axis is the normalized cell index generated by the RTCA software and displayed in real time to reflect the vitality of tumor cells. The x-axis is the time of cell culture in hours. (C) Nectin4 and GFP expression in Luc. ABC-1 cells transfected with lentivirus encoding the Luciferase-T2A-GFP gene. (D) Quantified data on the specific lytic levels of Nectin4 CAR-T and Nectin4-7.19 CAR-T cells against Luc. ABC-1 cells were assessed by luciferase bio-luminescence technique at different Effect/Target ratios in vitro. UTD served as a negative control. (E) Expression level of immune checkpoints was detected by flow cytometry after co-culture of Nectin4 CAR-T or Nectin4-7.19 CAR-T cells with ABC-1 cells at an Effect/Target ratio of 1:1 for 5 days. Data represent the mean ± SD of three independent experiments; ns, no significant difference, *p < 0.05, **p < 0.01, ***p < 0.001, t-test.





Nectin4 mCAR-T cells exerted anti-tumor effects on metastatic colorectal cancer in fully immune-competent mice

Preclinical studies have been limited by the use of xenograft models that do not adequately recapitulate the immune system of a clinically relevant host, so we developed the Nectin4 mCAR-T cells to determine its anti-tumor effects in a fully immune-competent mouse model of metastatic colorectal cancer. Firstly, we constructed the mCAR with the anti-human Nectin4 scFv and used pMIGR1-mCAR-IRES-GFP retrovirus to transfect mouse T cells to prepare Nectin4 mCAR-T cells (Figures 4A, B). Then, we found that Nectin4 mCAR-T cells specifically recognized human Nectin4 and exhibited efficient cytotoxicity against hNectin4-Luc. MC38, but not Luc. MC38 cells (Figures 4C, D). Accordingly, the secretion of IFN-γ in CD4+ or CD8+ T subsets was higher in Nectin4 mCAR-T cells than those in mUTD cells (Figure 4E and Figure S5).




Figure 4 | Therapeutic effect of Nectin4 mCAR-T cells on metastatic colorectal cancer in fully immune-competent mice. (A) The murine CAR construct was inserted upstream of an IRES-GFP marker in the MSCV retroviral plasmid pMIGR1. (B) mCAR expression of Nectin4 mCAR-T cells transfected with pMIGR1-mCAR-IRES-GFP retroviral particles. mUTD indicates the untransduced mouse T cells. (C) Nectin4 and GFP expression of Luc. MC38 cells and hNectin4-Luc. MC38 cells. (D) Quantified data on the specific lytic levels of Nectin4 mCAR-T cells against Luc. MC38 or hNectin4-Luc. MC38 cells were assessed by luciferase bio-luminescence technique at different Effect/Target ratios in vitro. ***p < 0.001, t-test. (E) Secretion of IFN-γ in CD4+ and CD8+ T subsets was assessed by flow cytometry after co-culture of Nectin4 mCAR-T cells or mUTD with hNectin4-Luc. MC38 cells for 12 h. ***p < 0.001, t-test. (F, G) C57BL/6 mice were s.c. inoculated with 1 × 106 hNectin4-Luc. MC38 cells on Day 0 and injected i.v. with 5.0 × 105 to 5.0 × 106 Nectin4 mCAR-T cells on Day 10. A total of 5.0 × 106 mUTD served as a negative control (N = 6 mice per group). Solid lines represent each individual mouse (F). Kaplan–Meier survival curve is shown in (G). p-values of log-rank tests were as follows: p = 0.35 (mUTD vs. 0.5 × 106 Nectin4 mCAR-T); p = 0.09 (mUTD vs. 1.5 × 106 Nectin4 mCAR-T); p = 0.0012 (mUTD vs. 5.0 × 106 Nectin4 mCAR-T). (H, I) C57BL/6 mice were s.c. inoculated with 1.0 × 106 hNectin4-Luc. MC38 cells on Day 0. Cyclophosphamide was i.p. administered at 100 mg/kg on Day 10 and 5.0 × 106 Nectin4 mCAR-T cells or mUTD were i.v. injected on Day 13 (N = 6 mice per group). Solid lines represent each individual mouse (H). Kaplan–Meier survival curve is shown in (I). p-values of log-rank tests were as follows: p = 0.001 (CPA+Nectin4 mCAR-T vs. No treatment); p = 0.0006 (CPA+Nectin4 mCAR-T vs. CPA); p = 0.0008 (CPA+Nectin4 mCAR-T vs. CPA+mUTD).



In order to explore the anti-tumor effect of Nectin4 mCAR-T therapy in vivo, C57BL/6 mice were subcutaneously inoculated with hNectin4-Luc. MC38 cells and treated with increasing doses of Nectin4 mCAR-T cells intravenously. Compared with the mice treated with mUTD cells, Nectin4 mCAR-T therapy at low dosage had no significant anti-tumor effect, but prolonged survival and even cured two mice without recurrence at high dosage (Figures 4F, G). For the purpose of improving survival, we then performed lymphodepletion with CPA before CAR-T therapy and found that only the mice treated with CPA and Nectin4 mCAR-T cells dramatically lessened tumor burden and achieved a complete remission without recurrence for more than 60 days, confirming that CAR-T therapy in combination with chemotherapy may be a promising strategy for malignant solid tumors (Figures 4H, I).



Nectin4-7.19 CAR-T therapy displayed significant anti-tumor activity without on-target off-tumor toxicity for metastatic lung cancer in mice

The severely immunodeficient mice were intravenously injected with Luc. ABC-1 cells expressing a GFP-firefly luciferase fusion protein (Figure 3C and Figure S6) and then treated with Nectin4-7.19 CAR-T cells (Figure 5A). Adoptive transfer with Nectin4-7.19 CAR-T cells could significantly eliminate metastases (Figures 5B, C), leading to a long-term survival (Figure 5D). However, one mouse treated with Nectin4-7.19 CAR-T cells suffered a relapse on Day 42 and finally died on Day 65.




Figure 5 | Significant anti-tumor effect of Nectin4-7.19 CAR-T therapy on metastatic lung cancer without on-target off-tumor toxicity. (A) NSG mice were i.v. inoculated with 1.0 × 106 Luc. ABC-1 cells on Day 0 and received an administration of 3 × 106 Nectin4-7.19 CAR-T cells on Day 7 (N = 3 mice per group). Mice treated with the same dosage of UTD cells served as a negative control. (B–D) Tumor xenografts were monitored via bioluminescence imaging. Representative bioluminescence images of three independent experiments are shown in (B); bioluminescence kinetics are shown in (C); solid lines represent each individual mouse. Kaplan–Meier survival curve is shown in (D), p = 0.0246 (Nectin4-7.19 CAR-T vs. UTD), N = 3, log-rank test. (E) Body weight of mice since the tumor inoculation.



To assess the potential on-target off-tumor toxicity of Nectin4-7.19 CAR-T therapy, we excised and examined susceptible murine organs from euthanized mice. No obvious pathological changes were detected in the organs (Figure S7), and no weight loss or abnormal behavior was observed in mice treated with Nectin4-7.19 CAR-T cells (Figure 5E).



Combination of Nectin4-7.19 CAR-T cell therapy and FAP-12 CAR-T cell therapy showed synergistic effects in the mouse model of lung metastasis

To explore if FAP-12 CAR-T cells targeting CAFs could collaborate with Nectin4-7.19 CAR-T cells to enhance the anti-tumor efficacy, we constructed FAP-targeted CAR (Figures 6A, B) and found that there was no significant difference in phenotypic composition between FAP CAR-T and FAP-12 CAR-T cells (Figure 6C). Then, we generated hFAP-Luc. 293T and mFAP-Luc. 293T cells to verify the efficient cytotoxicity of FAP CAR-T cells against both murine and human FAP in vitro (Figures 6D, E) and found that FAP-12 CAR-T cells exhibited a slightly stronger specific cytotoxicity than FAP CAR-T cells (Figures 6F, G). In addition, we found that FAP-positive tumor stroma appeared in the ABC1 lung cancer of the NSG mouse model (Figure S8), and our previous study has proven the safety and effectiveness of FAP-targeted CAR-T cells in this mouse model (37).




Figure 6 | Synergistic effect of Nectin4-7.19 CAR-T with FAP-12 CAR-T therapy on metastatic lung cancer mouse model. (A) Schematic illustration of FAP CAR and FAP-12 CAR lentiviral vector. LS: leader signal. (B) CAR expression on FAP CAR-T and FAP-12 CAR-T cells. (C) Expression of CD45RA and CD45RO in CD4+ or CD8+ T subset to assess the subtypes of T cells. (D) 293T cells were transduced with lentivirus encoding the human FAP-Firefly-Luciferase-GFP gene or the murine FAP-Firefly-Luciferase-GFP gene to generate hFAP-Luc. 293T and mFAP-Luc. 293T cells, respectively. Expression of GFP was measured by flow cytometry. 293T cells served as negative controls. (E) Quantified data on the specific lytic levels of FAP CAR-T cells against hFAP-Luc. 293T and mFAP-Luc. 293T cells were assessed by luciferase bio-luminescence technique at different Effect/Target ratios in vitro. UTD served as a negative control. (F) Cytotoxicity of FAP CAR-T and FAP-12 CAR-T cells was detected at an Effect/Target ratio of 10:1 by xCELLigence RTCA label-free technology. (G) Specific lysis of FAP CAR-T and FAP-12 CAR-T cells against hFAP-Luc. 293T was detected by luciferase bio-luminescence technique at different Effect/Target ratios in vitro. (H) NSG mice were inoculated with 1.0 × 106 Luc. ABC-1 cells i.v. on Day 0 and received an administration of 2 × 106 FAP-12 CAR-T cells, 2 × 106 Nectin4-7.19 CAR-T cells, or an admixture of 1 × 106 Nectin4-7.19 CAR-T cells and 1 × 106 FAP-12 CAR-T cells on Day 3 (N = 3 mice per group). A total of 2.0 × 106 UTD served as a negative control. (I) Tumor xenografts were monitored via bioluminescence imaging. Representative bioluminescence images of three independent experiments in each group of mice were shown. (J) Bioluminescence kinetics of the tumor growth in the model. (K) Kaplan–Meier survival curve. p-values of log-rank tests were as follows: p = 0.0246 (Nectin4-7.19+FAP-12 vs. UTD); p = 0.0246 (Nectin4-7.19+FAP-12 vs. FAP-12); p = 0.1161 (Nectin4-7.19+FAP-12 vs. Nectin4-7.19), N = 3. (L) Body weight of mice since the tumor inoculation. Data represent the mean ± SD; *p < 0.05, **p < 0.01, ***p < 0.001, t-test.



Then, Luc. ABC-1 cells were intravenously injected into mice to establish a metastasis lung cancer mouse model (Figure 6H). The mice were given different therapeutic regimens (Figure 6I). After several weeks, the combination of Nectin4-7.19 CAR-T cells and FAP-12 CAR-T cells had the most effective anti-tumor effects (Figure 6J) and survival advantages compared to each monotherapy alone (Figure 6K). To evaluate the safety of monotherapy or combination therapy with CAR-T cells, we verified that there were no weight losses or other obvious adverse events (Figure 6L and Figure S9).




Discussion

So far, there are more than 1,000 ongoing CAR-T therapy clinical trials, most of which are for recurrent/refractory hematological tumors. As for malignant solid tumors, an increasing number of studies have been devoted to searching for tumor-associated antigens, but only few clinical trials conducted have shown promising results, due to severe side effects and toxicities (38). Here, we described the characterization of our fourth-generation Nectin4-7.19 CAR-T and FAP-12 CAR-T cells, which were shown to possess potent proliferation, migration, and cytotoxicity in vitro and significant anti-tumor effect in vivo.

Recent reports have revealed the correlation between variations in the function of T-cell subpopulation and efficacy of CAR-T cell immunotherapy (39). TSCM from a CD45RA+CD45RO+ T population expressing CCR7 and CD62L possesses higher effectiveness and persistence against tumors than TCM (40). Both CD8+ and CD4+ T subsets exhibit synergistic anti-tumor CAR-T activities, as CD4+ cells are conducive to developing CD8+ memory functions (41, 42). Our data showed that expression of CAR in the CD4+ T subset was equal to that in the CD8+ subset, and the proportion of the TSCM subpopulation in the CD8+ T subset of Nectin4-7.19 CAR-T was higher than that of Nectin4 CAR-T cells, but there was no difference between FAP CAR-T and FAP-12 CAR-T cells, which may be related to IL-7 function in retaining the subpopulation of TSCM (43).

After trafficking to the tumor site and encountering their cognate antigen, T cells undergo rapid expansion to attain the appropriate numbers relative to the tumor burden. As previously reported, CCL19 could enhance recruitment and activation of CCR7-positive antigen-presenting cells and T cells by dendritic cell- and stromal cell-based intratumoral delivery (26, 30, 44), and IL-7 could stimulate proliferation of lymphocytes and maintain their survival and homeostasis (45). Furthermore, IL-7 signaling could prevent the exhaustion of T cells through a variety of mechanisms including downregulation of PD-1 expression (46). Accordingly, our Nectin4-7.19 CAR-T cells could reduce the expression of immunological checkpoints, such as PD-1, CTLA-4, TIM-3, and LAG-3, for the protection of CAR-T cells from exhaustion. Localized delivery of one or two scFvs from checkpoint blockers by CAR-T cells could enhance anti-tumor efficacy in vivo with minimal systematic toxicity (47). Thus, we are going to construct the fourth-generation CAR-T cells to secrete a PD-1- or/and CTLA-4-blocking scFv together with IL-7 and CCL19, which may maximize the efficiency of CAR-T therapy for malignant solid tumors.

Enfortumab vedotin (ASG-22ME), an antibody–drug conjugate targeting Nectin4, has demonstrated a clinically significant response rate with a manageable and tolerable safety profile in patients with locally advanced or metastatic urothelial carcinoma and thus received FDA approval based on phase I/II data, representing an alternative to established third-line chemotherapies with vinflunine, paclitaxel, or docetaxel (15, 48). In our study, we established Nectin4-targeted CAR-T cells based on the safety and efficacy of Nectin4 as a therapeutic target in the clinic and confirmed its capability and security in vivo. Nectin4 mCAR-T therapy for subcutaneous xenograft of colorectal cancer in the fully immune-competent mouse model was dose-dependent and exhibited superior anti-tumor efficacy with pretreatment of lymphodepletion. Moreover, in the highly immuno-deficient mouse model of metastatic lung cancer, Nectin4-7.19 CAR-T cells eliminated tumors effectively without inducing any obvious pathological changes in important organs or signs of graft-vs.-host disease. However, this may not predict an absence of toxicity in humans, since human Nectin4-targeted CAR-T cells had no cross-reaction with murine Nectin4 (24). Our phase I study (NCT03932565) addressing this issue has been ongoing to examine the safety and feasibility of Nectin4-7.19 CAR-T cells in patients with Nectin4-positive malignant solid tumors. We found that hemorrhagic rash and rash desquamation occurred due to the high expression of Nectin4 in skin tissues, but the symptoms were resolved without special treatment, and no severe CRS or neurotoxicity was observed. Therefore, Nectin4-7.19 CAR-T therapy is a promising treatment for malignant solid tumors.

Previous studies have found that cancer cells initiate and sustain the activation of CAFs while CAFs support the growth, motility, and invasion of cancer cells (49, 50). Targeting FAP with antibodies, vaccines, or pharmacological agents could lessen tumor progression in several preclinical animal models (51, 52). Nowadays, there were some preclinical studies on the use of FAP-targeted CAR-T cells to eliminate CAFs to inhibit tumor growth and enhance host immunity without serious side effects (53). A recently described CAR-T therapy was to modulate tumor stroma by CAR-T cells secreting IL-12, which was deposited in the targeted tumor lesion to attract innate immune cells toward tumor cells that were invisible to CAR-T cells (54). Hence, we engineered the FAP-12 CAR-T cells and validated their biological function in vitro. As tumor stroma could express murine FAP in desmoplastic human lung cancer xenografts (55), and our FAP-12 CAR-T cells could target both human and murine FAP, the combination of Nectin4-7.19 CAR-T cell therapy and FAP-12 CAR-T cell therapy for metastatic lung cancer in mice exerted a synergistic anti-tumor effect without any toxicities.

In conclusion, the delivery of Nectin4-7.19 CAR-T therapy may be a feasible strategy for Nectin4-positive malignant solid tumors. Furthermore, the combination of Nectin4-7.19 CAR-T cell therapy and FAP-12 CAR-T cell therapy will be a promising synergistic approach to co-target Nectin4-positive tumor cells and FAP-positive CAFs. However, it is necessary to further confirm the safety of this combination therapy in our phase I study due to the toxicities that may be attributed to the secreted cytokines or off-target effects.
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CD19-directed chimeric antigen receptor (CAR) T cell therapy has been shown to achieve a considerably durable response in patients with refractory or relapsed B cell non-Hodgkin lymphomas, as seen from the results of Zuma-1, Zuma-5, and other clinical trials. Most of these CARs were generated by lentivirus or reverse adenovirus. It is rare to see CARs using non-viral vectors, such as Piggy Bac (pb), in treating lymphoma patients with active diseases. Generally, patients with a high tumor burden tend to have a higher rate of severe cytokine release syndrome (CRS) or neurological events as reported in the literature. Patients with symptomatic pleural effusions are excluded from the Zuma-1 trial because of the risk of severe CRS. We report here that a patient with relapsed follicular lymphoma with bulky disease and massive chylous ascites failed several lines of chemotherapy. After infusion of the CD19-directed pbCAR-T cells at 6 × 106 cells/kg, the patient had a rapid response and achieved a nearly complete metabolic remission on day 28. There was only grade 1 CRS, and no neurotoxicity occurred. The CAR-T cells reached a peak level on day 14 and spread into the ascites and expanded for 3 months. This might be the first case reported for pbCAR-T cells to treat relapsed follicular lymphoma directly. The long-term efficacy will be observed, and more patients be tested in the future.


Clinical Trial Registration

https://ClinicalTrials.gov, identifier NCT05472610.
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Introduction

CD19-directed chimeric antigen receptor (CAR) T cell therapy has given rise to a long-term efficacy for relapsed or refractory B cell lymphoma and even a potential cure for patients who have attained complete response (CR) (1–4). Zuma-1 showed that the 5-year overall survival (OS) of Axi-cel for large B-cell lymphoma (LBCL) was 42.6% with more than 5 years of follow-up (5). Moreover, Zuma-5 and other clinical trials showed higher rates of durable responses of CD19-directed CAR T cells for indolent non-Hodgkin lymphomas, such as follicular lymphoma and marginal zone lymphoma (6).

Three approved products of CD19-directed CAR T cells are all manufactured by viral gene transfer (7); however, there have been emerging preclinical and clinical trials using non-viral gene transfer-prepared CAR T cells in the treatment of lymphomas or solid tumors. The advantages of the latter method include lower production cost, well-tolerated toxicities, and higher composition of stem cell memory T cells in the products (8, 9). Transposons, as natural non-viral gene delivery vectors, have three types including Sleeping Beauty (SB), Piggy Bac (pb), and Tol2. The pb system is constituted by the pb transposase and a separate transfer plasmid carrying the desired genetic cargo (CAR construct, for instance). It has a higher transposition activity than SB and a larger cargo size than viral vectors; however, the electroporation process for the delivery of transposon vectors might be toxic to the cells, and the transfection efficiency lower than viral vectors (9). In a preclinical trial, mesothelin-targeting CAR T cells, prepared by pb, exhibited a rapid and robust killing effect against pancreatic cancer cells; in the xenograft mice model, they significantly suppressed tumor growth, causing minimal lesions in major organs (10). In a phase I trial treating nine patients with advanced non-small cell lung cancer using EGFR-specific CAR T cells generated by pb, Zhang et al. only reported grades 1 to 3 fever as observed after CAR T cell infusion, without any other symptoms of serious cytokine release syndrome (CRS) (11).

In the Zuma-1 clinical trial, the reported CRS was 92%, in which grade 3 or worse was 11%, and the ICANS was 67%, with grade 3 or worse being 32% (12). Patients with effusions usually had a higher rate of severe CRS and non-relapse mortality rate (13) and were not eligible for Zuma-1 trial (12). Based on our studies of CAR T cells with Piggy Bac in mesothelin and EGFR (10, 11), we generated an anti-CD19 pbCAR T. After evaluation of CD19 CAR T in terms of antitumor activity and safety, we initiated a clinical POC study that was approved by the Board of Ethics of the Shanghai Mengchao Cancer Hospital. We report here a case of relapsed follicular lymphoma with a high tumor burden, including bulky lymphadenopathies and a large amount of chylous ascites, which did not respond to chemotherapy; an anti-CD19 pbCAR T cell therapy was given. The patient rapidly reached nearly complete metabolic remission (CMR) on day 28 positron emission tomography–computed tomography (PET-CT) evaluation. Only grade 1 CRS occurred, and no neurotoxicity was observed.



Case presentation


Medical history

A female patient in her mid-40s was initially diagnosed with follicular lymphoma by laparoscopic biopsy in 2015. At her diagnosis, she had multiple retroperitoneal lymphadenopathies, pleural effusion, and ascites. She was given chemotherapy for a total of 12 cycles and achieved remission. She felt well until October 2021, when she palpated an abdominal soft tissue mass on the right lower quadrant. The enhanced CT scan displayed multiple masses in the liver and retroperitoneal lymphadenopathies in the abdominal–pelvic cavity. A laparoscopic biopsy again confirmed a pathological diagnosis with relapsed follicular lymphoma (grade 1, 60%; grade 2, 40%). She received “R-COPP” regimen at a local hospital; however, her ascites progressed. The PET-CT scan showed multiple loci infiltration, including groups of deep and superficial lymphadenopathies, in the liver, bilateral lungs, abdominal–pelvic omentum, and mesentery, right adnexa with 5-cm mass, multiple loci of bone lesions, and a large amount of ascites with medium volume of left pleural effusion. She received two cycles of “R-Gemox” chemotherapy without any response. A pretreatment evaluation confirmed the patient’s high tumor burden with stage IV disease and a follicular lymphoma international prognostic index (FLIPI) score of three points.

The patient met the inclusion criteria, including relapsed follicular lymphoma, no response after two lines of chemotherapy, multiple loci of infiltration, and positive immunohistochemical staining of CD19. She signed the informed consent to be enrolled in the CD19-directed CAR T cell clinical trial.



Preparation of CD19-directed pbCAR T cells

To manufacture CD19-directed CAR T cells, the patient underwent leukapheresis to collect peripheral blood mononuclear cells (PBMCS). CAR-T cell electroporation, activation, and expansion were performed in the laboratory of the Cell Drug Unit, Shanghai Cell Therapy Group Corporation, as described previously (14). Briefly, autologous PBMCS were electroporated with Piggy Bac transposon and transposase plasmids encoding CD19-directed CAR with a 4-1BB costimulatory and a CD3ζ signaling domain.



Clinical results


Response to CD19-directed pbCAR T therapy

This study was an investigator-initiated trial sponsored by Shanghai Cell Therapy Group Corporation and approved by the Institutional Review Board of Shanghai Mengchao Cancer Hospital. The patient received a lymphodepleting regimen, cyclophosphamide—400 mg (300mg/m2) and fludarabine—40 mg (30mg/m2), daily on days -5 to -3. Two days later, the patient received a dose of 6 × 106/kg CD19-directed pbCAR T cells infused intravenously.

She had a rapid shrinkage of her left cervical, axillary lymph nodes, and soft tissue mass located on the right lower quadrant of the abdomen. Her left cervical lymph nodes (30 × 18 mm before infusion) were unpalpated within 1 week and undetected on day 14 by ultrasonography. She had a repeated low-grade fever in the first week after infusion, with the highest temperature of 38.2°C on day 1. She also complained of pain in the waist and bilateral inguinal regions, which was tolerable. She had grade 1 CRS, and there was no evidence of neurotoxicity. On day 28, the PET-CT image showed nearly CMR with a few loci in the liver left with a standard uptake value (SUVmax) of 4.12. However, the adnexa infiltration still existed, and the size decreased from 5 to 2.6 cm, with an SUV of 2.90, similar to that of the liver blood pool (SUVmax = 2.65) (Figures 1A, B). At her 3-month re-evaluation by PET-CT, the sizes of the adnexa mass and the liver lesions further decreased, with no uptake of adnexa mass and with one liver lesion left with a little higher SUV. The chylous ascites also gradually decreased, and the drainage catheter was removed on day 43. As of July 24, 2022, the patient was still at follow-up. The main clinical events are outlined in Table 1.




Figure 1 | Clinical evaluation by PET-CT imaging. (A) Compared with the image before CAR T, PET-CT evaluation on day 28 showed nearly CMR with a few loci in the liver left. (B) The lymphoma activities were inhibited after CAR T cell infusion, as seen by PET-CT images for nodules at the lung, liver, and right adnexa. CMR, complete metabolic remission; N, nodule.




Table 1 | The whole treatment process of the case with relapsed follicular lymphoma.





Pharmacokinetics

CD19-directed CAR T cells were detected both in the blood and the chylous ascites by flow cytometry. Circulating CAR T cells were first detected on day 7, and the absolute value was 6.86 μl-1. They peaked on day 14, with an absolute value of 48.97 μl-1, which accounted for 14.73% of all lymphocytes. Then, the value reduced to 18.85 μl-1 on day 21 but maintained detected as 2.38 μl-1 at 3 months. The CAR T cells could be detected in the ascites on day 7, with an absolute value of 13.15 μl-1, which was higher than that in the blood on the same day. On day 21, the CAR T cells were still detected in the ascites, with a value of 8.13 μl-1 (Figure 2). The expanded CAR T cells consisted of a certain percentage of immunotypic memory cells, with the CD3+CD45RA-CCR7+CAR+cells of 46.68 μl-1 on day 11, accounting for most of the CAR+ cells, and decreased to 2.88 μl-1 on day 21; however, these were still detected at 3 months (Supplementary Figure S1).




Figure 2 | Circulating CAR T cells were detected both in the blood and the chylous ascites by flow cytometry, which peaked on day 14 in the blood.





B-cell aplasia, cytokine change, and laboratory testing

The patient had B-cell aplasia before CAR T infusion, which was likely due to a previous Rituximab treatment. The B cell counts remained depleted until day 72, when it recovered to 25 μl-1. Repeated intravenous IG was administered when the serum IgG level decreased to lower than 4 to 5 g/L. The level of cytokines detected by flow fluorometry generally showed a fluctuation within the normal range of IL-4, IL-6, IL-10, TNFα, and IFNγ, with a moderate rise of IL-6 on the first day after CAR T cell infusion, which was in accordance with the mild CRS (Supplementary Figure S2). The WBCs and neutrophils were reduced sharply after preconditioning and reached the lowest level within the first week after infusion. Granulocyte colony-stimulating factor (G-CSF) was used intermittently. At nearly 2 months, the WBCs recovered to over 3.0 × 109/L. The platelet counts decreased to the lowest level of 91 × 109/L; however, it recovered quickly. The liver enzymes were detected to have slightly increased at 1-month evaluation, probably reflecting the infiltrating CAR T cells that fought against liver lesions.





Discussion

The three CD19-directed CAR T therapies approved by FDA, Axi-cel, Tisa-cel, and Liso-cel, are all prepared by viral vectors and complex manufacturing processes. The emerging non-viral gene-transferred CD19 CAR T products have not been approved for relapsed/refractory B cell lymphoma. This new approach could potentially reduce the costs and complexity associated with recombinant viral vector-based immunotherapy. There are also other clinical benefits as shown in our case.

In our case, the peak value of pbCAR T cell expansion was 48.97 μl-1 on day 14, accounting for 14.73% of all lymphocytes, which was similar to that prepared by viral vectors (15). Interestingly, no severe CRS or neurotoxicity was observed during the pbCAR T treatment, probably because the activated CD19pbCAR-T cells showed relatively low levels of IL-6. Kebriaei P et al. safely conducted a clinical trial using “sleeping beauty (SB)” to generate CD19-specific CAR T cells as adjuvant therapy to treat 26 patients with advanced B cell lymphoma or acute lymphoblastic leukemia following hematopoietic stem cell transplantation (16, 17). Li et al. reported a case of triple-hit relapsed/refractory diffuse LBCL with TP53 mutation, treated with Piggy Bac-generated CAR19-T cells, who obtained a CR in the second month with grade 2 CRS (18). In our case, despite B-cell recovery on day 72 after infusion, the response was still ongoing at 3 months post-infusion, which may be attributed to the pbCAR T cell’s inclination to memory type that kept CAR T cell persistence and the disease under control.

This patient had severe chylous ascites and a medium volume of left pleural effusion before CAR T cell therapy. The patient with pre-CAR T effusions generally had malignant effusions. The fluid accumulations may develop or worsen during the CRS process, leading to significant toxicities and death. In the Zuma-1 trial, patients with pre-existing symptomatic pleural effusions were excluded from the trial. Mirza AS et al. retrospectively analyzed 148 patients receiving CD19 CAR T for LBCL, including 19 patients with a pre-CAR T effusion, and 17 patients without a pre-existing effusion developed a new effusion after CAR T. Compared with patients with no effusions, patients with pre-CAR T effusions had a higher frequency of high-risk baseline characteristics, such as bulky disease and high IPI. Similarly, patients with pre-CAR T effusions had a higher rate of grade 3 or worse CRS (32% vs. 5%). Moreover, on multivariate analysis, pre-CAR T effusions were associated with reduced OS and higher non-relapse mortality (13).

The patient in this study had bulky disease with a large volume of ascites before CAR T therapy. She needed drainage every day during lymphodepleting and the first week after CAR
T infusion. However, 2 weeks later, we observed a decrease in peritoneal effusions, and the patient needed drainage every 3 or 4 days. The CAR T cells could be detected on day 7 in the ascites, and the absolute value was higher than that in the blood, showing good penetration and infiltration of CAR T cells from peripheral blood to the peritoneum. Lin et al. observed a higher level of distribution of anti-CD19 pbCAR T cells in mesenteric lymph nodes, bone marrow of the femur, spleen, kidneys, and lungs, specifically accumulating at CD19-rich sites and CD19-positive Raji cell-induced tumors (19). During the whole CAR T process, the patient did not feel any pain or discomfort in the abdominal cavity. In the PET-CT on day 28, the left pleural effusion was invisible, and the ascites was remarkably reduced.

The long-term follow-up of Zuma-1 has shown excellent results of Axi-cel for relapsed/refractory LBCL. The overall objective response rate (ORR) was 83%, with a CR rate of 58%, and the 5-year OS was 42.6%. In the trial for relapsed/refractory follicular lymphoma and marginal zone lymphoma, Zuma-5 has reached extraordinary results, which are better than those for aggressive lymphoma. The ORR was 92%, with a CR rate of 76%. With a median follow-up of 17.5 months, the median progression-free survival was not reached. Cappell KM et al. also reported on a long-term follow-up of anti-CD19 CAR T cells for 28 cases with LBCL, eight cases with low-grade B-cell lymphoma, and seven cases with chronic lymphocytic leukemia. The percentage of more than 3-year duration of response was higher for patients with low-grade lymphoma than that for patients with LBCL (63% vs. 48%). The median event-free survival (EFS) for all patients with LBCL was 15 months; however, the median EFS for patients with low-grade lymphoma was 55 months (20). So, CD19-directed CAR T cell therapy might be a very powerful therapeutic strategy for relapsed/refractory low-grade lymphoma, with a higher ORR rate and CR rate and good response durability.

Our case of relapsed follicular lymphoma was one with a high tumor burden, involving multiple groups of superficial and deep lymph nodes, liver, lungs, adnexa, omentum, and mesentery. The tumor mass responded rapidly after CD19 CAR T cell infusion, as seen by the unpalpated enlarged cervical lymph nodes within 1 week, and the day 28 PET-CT showed nearly CMR. At 3 months, the response was ongoing. Furthermore, the patient did not have any infection during the whole process, having been given G-CSF, prophylactic antibiotics, and an intermittent supply of immunoglobulin.

In conclusion, Piggy Bac-generated CD19-directed CAR T cells could be a powerful therapeutic choice for refractory or relapsed follicular lymphoma, which showed good efficacy and safety despite the high tumor burden. Long-term efficacy, quality-of-life follow-up, and more cases are warranted for further evaluation.
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Chimeric antigen receptor (CAR) T cells have been proven effective for the treatment of B-cell-mediated malignancies. Currently, the development of efficient tools that supply CAR T cells for the treatment of other malignancies would have great impact. In this study, interleukin (IL)-15 and C-C motif chemokine ligand 19 (CCL19) were introduced into natural killer group 2D (NKG2D)-based CARs to generate 15×19 CAR T cells, which remarkably increased T-cell expansion and promoted the production of central memory T (Tcm) cells. 15×19 CAR T cells showed greater cytotoxicity to gastric cell lines than conventional CAR T cells and produced higher levels of IL-15 and CCL-19, which resulted in increased responder T cell chemotaxis and reduced expression of T cell exhaustion markers. A live zebrafish model was used for single-cell visualization of local cytotoxicity and metastatic cancers. Administration of 15×19 CAR T cells resulted in significant shrinking of gastric cancer xenograft tumors and expansion of 15×19 CAR T cells in zebrafish models. Taken together, these findings demonstrate that 15×19 CAR T cells are highly efficient in killing gastric cancer cells, are effective to avoid off-target effects, and migrate to local and metastatic sites for long-term surveillance of cancers.
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Introduction

Gastric cancer is the fifth most common type of cancer and the fourth leading cause of cancer-related mortality worldwide (1). In 2020, there were approximately 1.09 million newly diagnosed cases of gastric cancer and more than 769 thousand people worldwide died due to this malignancy (2). Currently, treatments for gastric cancer primarily include gastrectomy, chemotherapy, radiotherapy, and targeted immunotherapy (3–5). Prognosis for this common malignancy depends on the stage at which it is diagnosed (1). The five-year survival rate in early-stage patients is over 90%, but the prognosis remains very poor in patients with advanced, unresectable, or metastatic disease (6). The development of highly effective, safe, and well-tolerated treatments for gastric cancer is a high priority for many researchers and clinicians (4).

Chimeric antigen receptor (CAR) T cells are typically generated from a single-chain variable fragment (scFv) of a monoclonal antibody (mAb) and a CD3ζ subunit of the T cell receptor (TCR) (7). CAR T cells specifically recognize tumor cell surface antigens and activate lymphocytes via intracellular signal transduction to increase T cell targetability and activity, thereby enabling the same cell to kill multiple types of cancer cells (8). Previous clinical trials have shown that CAR T cell therapy achieves satisfactory outcomes for the treatment of hematological malignancies (9), and there is also evidence showing efficacy of CAR T cell therapy for gastrointestinal tumors (10, 11).

Currently, there are two important issues related to CAR T cell therapy for gastric cancer that limits its use. Firstly, due to the heterogeneity of target antigens in gastric cancer, the CAR T cells have low specificity that causes severe adverse effects, including off-target effects and cytokine storms (12). Secondly, physical and immune barriers generated by the matrix and immune cells surrounding the cancer prevent CAR T cells from completely infiltrating tumor tissues, and the hypoxia and lack of nutrients inside tumors reduces the long-term survival and expansion of CAR T cells (13, 14).

Two important mediators of T cell function and recruitment were used in the current study. Interleukin (IL)-15 has been identified as a main regulator of T cell homeostasis, which plays a critical role in T cell expansion, memory, survival, and persistence (15–17). C-C motif chemokine ligand (CCL) 19 is effective at recruiting T cells and dendritic cells (DCs) to infiltrate into cancer sites (18, 19). As such, the IL-15 cytokine and CCL19 chemokine were introduced into natural killer group 2D (NKG2D)-based CARs to generate novel NKG2D-based CAR T cells. Additionally, preclinical testing to improve the efficacy and safety of CAR T cells is commonly performed in mouse models. However, these animal models are high in cost, complex, and can be slow to obtain results. Additional preclinical models may help fill the gap from in vitro assays to xenotransplantation in mouse models. Therefore, in the current study CAR T cell-mediated cytotoxicity was assessed in vivo using a zebrafish xenotransplantation model.



Materials and methods


Cell lines

Human gastric cancer cell lines (AGS, HCG-27 and MKN-45) were purchased from the Cell Bank of Chinese Academy of Sciences (Shanghai, China) and incubated in RPMI 1640 medium (GIBCO; Grand Island, NY, USA) supplemented with 10% fetal bovine serum (FBS; PAN-Seratech GmbH, Aidenbach, Germany) and 1% penicillin/streptomycin (MP Biomedicals; Santa Ana, California, USA). Gastric cancer antigens were prepared by treating gastric cancer cells with mitomycin (20 μg/mL; Sigma-Aldrich Corporation; St. Louis, MO, USA) for 2 hours, followed by washing twice in Dulbecco’s phosphate-buffered saline (DPBS; GIBCO) to eliminate gastric cancer cell viability but retain antigenicity.



CAR expression vectors and transduction into human T cells

Anti-human NKG2D scFv was prepared according to previous reports (20, 21) with modifications. The extracellular region of NKG2D (amino acids 82-216) connected the hinge structural domain of CD8α in the framework and was fused in tandem with the human CD28 transmembrane region, the CD28,4-1BB co-stimulatory signaling region and the intracellular activating domain of CD3ζ. The CAR construct sequences were synthesized and inserted into multiple cloning sites of pHBLV-CMV-MCS-EF1-ZsGreen (Hanbio; Shanghai, China), which expressed green fluorescent protein (GFP) to generate the lentiviral plasmid LV-CMV-CAR-EF1-ZsGreen. Following validation by sequencing, lentiviral packaging was performed. 293T cells were co-transfected with the psPAX2 (packaging) and pMD2G (viral fusion protein) plasmids. The supernatant was collected and stored at -80°C. To generate the novel 15×19 CARs, the phosphoglycerate kinase (PGK) promoter along with IL-15 and CCL19 were introduced into NKG2D-based CARs, and the 2A sequence was embedded between IL-15 and CCL19 to allow for separate expression of IL-15 and CCL19.

Human T cells were transduced with the CAR-encoding lentiviral vectors. Briefly, blood samples (approximately 10 mL) were collected with anticoagulants from healthy volunteers, and peripheral blood mononuclear cells (PBMCs) were separated using lymphocyte separation medium (MP Biomedicals). PBMCs were incubated in T-lymphocyte serum-free KBM581 medium (Corning, Inc.; NY, USA), then seeded onto 6-well plates (Corning, Inc.) at a density of 2 x 106 cells/mL. Cells were then incubated with anti-human CD3 and CD28-coated microbeads (Miltenyi Biotec, Inc.; Auburn, CA, USA) as well as IL-2 (100 U/mL) at 37°C for 24 hr. The three treatment groups included the NT group (cells without lentivirus transfection), conventional CAR group (cells treated with conventional CAR T cells), and NKG2D 15×19 CAR group (cells treated with NKG2D 15×19 CAR T cells). Cells were then transduced with lentiviral vectors (Hanbio; Shanghai, China) at a multiplicity of infection (MOI) of 10:1 and incubated at 37°C for 24 hr. Subsequently, the supernatant was removed and incubated at 37°C. Following transduction, in vitro cell amplification was performed in the presence of IL-2. Solutions were added at a final concentration of 100 IU/mL every 2-3 days, and cell density was maintained at 1 x 106 to 2 x 106 cells/mL. The CAR T cells positive for both GFP and NKG2D were detected using flow cytometry until the specified cell dose was achieved.



Flow cytometry

Cells were incubated with corresponding flow cytometry antibodies (5 μL) at room temperature for 15 min, washed twice in phosphate-buffered saline (PBS) and run on a FACSCanto II flow cytometry system (BD Biosciences; San Jose, CA, USA) with an isotype control (BioLegend; San Diego, CA, USA) for each assay. To detect the expression of NKG2D ligand (NKG2DL) in AGS, HCG-27, and MKN45 cells, the cells were stained with NKG2D/CD314 Fc Chimera (clone Pro100­Lys330; R&D Systems, Minneapolis, MN, USA) and specific monoclonal antibodies including anti-MHC class I chain-related protein A/B (MICA/B; clone D7; R&D Systems), anti-UL16 binding protein 1 (ULBP-1; clone 170,818; R&D Systems), anti-ULBP-3 (clones 166,510; R&D Systems), anti-ULBP-2/5/6 (clones 165,903; R&D Systems) and anti-ULBP-4 (clones 709,116; R&D Systems). To measure the multiplicity of cell expansion, 2× cell suspension was mixed with Cell Proliferation Dye eFluor™ 670 (10 μM; eBioscience, Inc.; San Diego, CA, USA) in PBS at a ratio of 1:1 and incubated at 37°C for 10 min in the dark. The reaction was terminated by adding 4-5× volume of cold complete media, followed by incubation on ice for 5 min. Cells were then washed three times in PBS with complete media, and cell expansion was measured once daily. To detect the efficiency of CAR T cell infection, the proportion of CAR T cells expressing both APC-NKG2D and GFP was measured using the anti-NKG2D monoclonal antibody (clone 1D11; BD Bioscience). Percentages of CAR T cells were detected in CD4+ and CD8+ T cells by staining with PerCP-labeled anti-CD3 (clone SP34-2 RUO; BD Bioscience) and R-phycoerythrin (PE)-labeled anti-CD3 monoclonal antibodies (clone UCHT1; BD Bioscience). Cells were stained with allophycocyanin (APC)-labeled anti-CD45RO (clone UCHL1; BD Bioscience) and PE-labeled anti-CD62L monoclonal antibodies (clone SK11; BD Bioscience) to detect the proportion of central memory T (Tcm) cells. APC-labeled anti-annexin V (BioLegend) and PE-labeled anti-7-aminoactinomycin D (7AAD) antibodies (BioLegend) were used to detect apoptosis in CAR T cells. To detect CAR T cell activation, the cells were stained with PE-labeled anti-CD3 (clone UCHT1; BD Bioscience), PE-labeled anti-CD25 (clone 2A3; BD Bioscience) and PE-labeled anti-human leukocyte antigen (HLA)-DR monoclonal antibodies (clone L243; BD Bioscience). To detect the exhaustion of CAR T cells, PE-labeled anti-CD3 (clone UCHT1; BD Bioscience), PE-labeled anti-programmed cell death-1 (PD1; clone EH12.1; BD Bioscience) and PE-labeled anti-CTLA4 monoclonal antibodies (clone BNI3; BD Bioscience) were used.



Transwell migration assay

To detect responder T cell chemotaxis mediated by 15×19 CAR T cells, the cells were stained with Cell Proliferation Dye eFluor™ 670, and responder T cells (200 μL) were placed in the upper Transwell chamber (Roche Applied Sciences; Basel, Switzerland). NT, CAR T, or 15×19 CAR T cells were co-cultured with mitomycin C-treated HCG-27 cells for 3 days, and these cells (200 μL) were plated onto the lower Transwell chamber for a 3 or 5 hr incubation period. The number of cells that had migrated to the lower chamber was detected using flow cytometry. In addition, cells were stained with anti-CD15 (BD Bioscience) and anti-CCR7 monoclonal antibodies (BD Bioscience) to block IL-15 and CCL19 expression, and the percentage of migrated cells was detected using flow cytometry.



Real-time cell analysis

Approximately 50 µL of HGC-27 cells were seeded onto an E-plate PET 16 (Omni Life Science; Bremen, Germany) at a density of 2 × 105 cells/mL per well, and incubated at room temperature for 30 min. The E-plate PET 16 was placed in the RTCA S16 Station system (Acea Bioscience; San Diego, CA, USA) and incubated at 37°C with 5% CO2 overnight. Then, the same volume of effector cells was added to each well to allow an effector to target cell ratio of 1:1, and cells were incubated at 37°C with 5% CO2 for at least 48 hr. Cell index (CI) values were recorded once every 10 min using the RTCA xCELLigence DP (Acea Bioscience), and the absolute (delta) CI values were estimated by normalizing the CI to the time points prior to the addition of effector cells. The dynamic monitoring of fluorescence intensity of target cells was performed in 24-well plates. Briefly, HCG-27 cells were stained with PKH26 (red) to allow for a final volume of 500 μL in each well. The effector and target cells were co-cultured at a ratio of 1:1, and the cytotoxicity of effector cells to tumor cells was detected 0, 4, and 24 hr post-incubation.



Enzyme-linked immunospot assay

The number of interferon gamma (IFN-γ) spot-forming cells was measured using the ELISpot assay kit (Dakewe Biotech Co., Ltd.; Shenzhen, China) following the manufacturer’s instructions. Briefly, PBMCs from each of the three treatment groups (NT, conventional CAR and NKG2D 15×19 CAR T cells) served as the effector cells, and gastric cancer cells served as the target cells. The effector cells and target cells were co-cultured at a ratio of 5:1 at 37°C for 24 hr, and the number of IFN-γ spot-forming cells was counted using an AID EliSpot Reader classic (Autoimmun Diagnostika GmbH; Strassberg, Germany).



Cytokine release assays

Effector cells were co-cultured with HCG-27 cells at a density of 5 x 104 cells/well on 96-well plates in triplicate. KBM581 media was added to a final volume of 200 μL, and cells were incubated for 3 days, then centrifuged at 400 × g for 5 min. The supernatant was collected for determination of IFN-γ, IL-15 and CCL19 expression using enzyme-linked immunosorbent assays (ELISA; Biomatik; Ontario, Canada). The expression of IL-1, IL-4, IL-6, IL-10, tumor necrosis factor (TNF)-α and IL-17A was detected using a CytometricBead array (CBA) on a FACSCanto II flow cytometry system, and all data were managed using the FCAP Array™ software version 3.0 (BD BioSciences).



Zebrafish xenograft assay

Zebrafish were purchased from Fuzhou Bio-Service Biotechnology Co. Ltd. (Fuzhou, China), and xenotransplantation was performed using GB100T-8P injection glass capillaries (Science Products GmbH; Hofheim am Taunus, Germany) pulled with FemtoJet 4i microinjectors (Eppendorf; Hamburg, Germany). HCG-27 cells were stained with a red-fluorescent lipophilic membrane dye (5 μM; 1,1’-dioctadecyl-3,3,3’,3’-tetramethylindocarbocyanine perchlorate; Dil; Meilun Biotechnology, Dalian, China), and injected into zebrafish 48 hr post-fertilization at a density of 200 cells per fish. Stained HCG-27 cells were stored at 35°C. Effector cells from four groups (untreated, NT, conventional CAR, and 15×19 CAR) were injected 24 hr post-injection with the same number of HCG-27 cells at the same site. Since cells in the NT group did not express fluorescence, cells were stained green prior to injection (using fluorescent lipophilic 3,3’-dioctadecyloxacarbocyanine perchlorate; DiO; Meilun Biotechnology). Since cells in the conventional CAR and NKG2D 15×19 CAR groups expressed GFP, no additional fluorescence staining was required. Zebrafish were then visualized under a fluorescent stereomicroscope (Nikon; Tokyo, Japan) at 0 and 24 hr post-injection (hpi), and the area of fluorescence in each fish was determined using ImageJ software.

To test the cytotoxicity of CAR T cells against gastric cancer in situ, HCG-27 cells and effector cells were injected into the vitellicle. To test the cytotoxicity of CAR T cells against metastatic tumors, HCG-27 cells and effector cells were injected into the perivitelline space.



Immunofluorescence

Frozen slides were brought to room temperature, fixed in cold acetone for 10 min, then air dried. Samples were incubated in proteinase K working solution at 37°C for 25 min. Next, permeabilize working solution was used to cover objective tissue, then incubate at room temperature for 20 min. The slices were equilibrated at room temperature: The following kits and antibodies were used for staining: TUNEL Assay Kit (G1501, Servicebio, China), rabbit anti-KI67 antibody (1:200; GB121141, Servicebio, China), goat anti-CD3 antibody (1:200; GB111337, Servicebio, China), 488 anti-goat (1:400; GB25303, Servicebio, China) and Cy5 anti-rabbit (1:400; GB27303, Servicebio, China). The slices were washed three times with PBS (pH 7.4). Throwed away liquid slightly, then coverslip with anti-fade mounting medium. Images were acquired using an OLYMPUS laser scanning microscope.



Statistical analyses

All statistical analyses were performed using GraphPad Prism software version 9.0. All measurement data were described as mean ± standard deviation (SD) and a P value < 0.05 was considered statistically significant.




Results


NKG2DL expression in gastric cancer cells

Human NKG2DLs contain eight types of ligands, including MHCA/B and ULBP 1 to 6 (22), and NKG2DLs are either absent or rarely expressed in normal cells. Upon infection or the development of cancer, a large increase in NKG2DLs expression can be detected in cells (23, 24).

In the current study, the presence of NKG2DL expression on the surface of human gastric cancer cell lines was first detected. Flow cytometric analysis revealed that the recombinant human IgG1-Fc fusion protein (a NKG2D receptor) recognized all ligands of NKG2D receptors, and NKG2DL expression was detected in all three human gastric cancer cell lines (Figure 1A). In addition, moderate ULBP-3 expression was found in AGS cells, and high MICA/B and ULBP-2/5/6 expression was detected in HCG-27 cells. In MKN-45 cells, moderate MICA/B, ULBP-3 and ULBP-4 expression was seen. These data demonstrate that NKG2DLs are widely expressed in human gastric cancer cell lines. Our previous study showed expression of one type of NKG2DLs in gastric cancer and non-small cell lung cancer (25, 26).




Figure 1 | Expression of NKG2D ligands on surface of human gastric cancer cell lines. (A) Flow cytometry detects the expression of NKG2D ligands in human gastric cancer cell lines. The white histogram indicates expression of NKG2D-Fc, MICA/B, ULBP-1, ULBP-3, ULBP-2/5/6 and ULBP-4, and the shadow histogram indicates the expression of the matched isotype control. MICA/B is highly expressed in HCG-27 and MKN-45 cells, and moderate ULBP3 expression is detected in AGS, HCG-27 and MKN-45 cells, while low ULBP1/4 expression is found in AGS, HCG-27 and MKN-45 cells; (B) NKG2D ligand expression is analyzed in stomach adenocarcinoma in the Gepia server, and the highest MICA expression (score 3.4) is seen, followed by MICB expression (score 2.4), ULBP3 expression (score 1.7), ULBP2 (score 1.2), ULBP6 (score 0.6), ULBP5 (score 0.5), ULBP4 (score 0.3) and ULBP1 (score 0.2), which is almost in agreement with the expression of NKG2D ligands in human gastric cancer cell lines.



Next, data regarding NKG2DL expression in stomach adenocarcinoma was retrieved from the Gepia server (http://gepia.cancer-pku.cn/index.html). MICA/B had the highest expression levels, whereas ULBp2/3/5/6 expression was moderate and ULBp1/ULBP4 expression was the lowest, as presented in Figure 1B. Importantly, these data were similar to our findings.



Construction and expression of NKG2D 15×19 CAR

CARs expressed on T cells consist of an extracellular targeting domain derived from the antigen-binding site of an antibody, a transmembrane domain, and an intracellular signaling domain, to promote T cell activation elicited by an antigen or ligand. NKG2D CAR T cells target NKG2D ligands on cancer cells. In the current study, IL-15/CCL19-free anti-human NKG2D CARs containing CD28, 4-1BB and CD3ζ sequences (conventional CARs) were generated. Next, the IL-15/CCL19 sequences under the PGK promoter with 2A sequence embedding was added to conventional CARs to generate NKG2D 15×19 CARs. Diagrams of the engineered conventional CARs and 15×19 CARs are shown in Figure 2A.




Figure 2 | Generation of a specific CAR construct and in vitro expansion of CAR T cells. (A) The conventional CAR construct contains the extracellular region of human NKG2D receptor, which links with the transmembrane region and intracellular region of CD28, and the co-stimulatory domain of intracellular CD137 (4-1BB) and CD3ζ signal motif. The IL-15/CCL19 sequences-conjugated PGK promoter with 2A sequence embedding is introduced to conventional CARs to generate 15 × 19 CARs, which present the fluorescence of GFP; (B), Green fluorescence is present in conventional CAR T cells and 15 × 19 CAR T cells 72 hour post-infection; (C), No significant difference is seen in the cell transduction efficiency (both > 50%) between the conventional and 15 × 19 CAR groups. Analyzed for statistical significance by paired Student’s t test (P =0.8712); (D), Expression of NKG2D (APC)-positive and GFP-positive CAR T cells in CD4+ and CD8+ T cells. Representative density plots are created from five independent experiments; (E), There is no significant difference in the CD4/CD8 ratio among the three groups (P > 0.05). Data are captured from three independent healthy volunteers.



Following transduction of CAR-encoding lentiviral vectors into human PBMCs for 72 hr, fluorescent microscopy revealed GFP fluorescence (Figure 2B). CAR T cells were positive for both GFP and NKG2D, and flow cytometry detected no significant difference in the positive rate of CAR T cells between conventional CARs and 15×19 CARs generated by T cells from the same donor (Figure 2C).

Next, the proportion of CAR in CD4+ and CD8+ T cells was detected, and the efficiencies of CD4+ and CD8+ cell transfection were approximately 51% and 45%, respectively (Figure 2D). These results implicate a highly efficient transfection of T cells by the designed CAR vector, which warranted the subsequent functional assays.

Activated CD8+ cells have been shown to have higher proliferative rates than activated CD4+ cells, which may promote the relative abundance of CD8+ cells in culture (27). At the start of the culture, 30% of the CD3+ cells were CD8+ T cells. The CD4/CD8 ratio was 0.8:1 in the 15×19 CAR T cells 7 days post-stimulation, which was not significantly different from other groups (P > 0.05) (Figure 2E). Therefore, no remarkable deviation in CD4/CD8 ratios or the presence of CD4+ cells facilitated increased antitumor effects in vivo (28).

The subsequent step was to examine proliferation, chemotaxis, and effector functions in vitro upon coculture of 15×19 CAR T cells with gastric cancer lines. However, the gastric cancer lines express MHC molecules and the T cells harbor a functional TCR. As such, the extent of the CAR-mediated effects on proliferation, expansion, migration, IFN-g release, and cytotoxicity are difficult to assess. Although non-CAR-mediated responses appear to be very moderate in the subset of T cells that were not transduced, the effects of MHC alone were assessed using a control group to detect the expression of MHC molecules in gastric cancer cell lines. HLA-A02 was found to be expressed in AGS cells, HLA-A24 in MKN-45 cells, and HLA-A24 in HCG-27 cells, while HLA-02 and HLA-A24 were not expressed in donor samples (Supplementary Figure S1), indicating completely mismatched MHC molecules. Although there was a complete MHC mismatch between target tumor cells and donor-derived T cells, the reactivity of NT T cells was low, suggesting low alloreactivity.



In vitro phenotypic features of 15×19 CAR T cells

Next, the phenotypic features of transfected CAR T cells were examined. Cells in the NT, conventional CAR, and 15×19 CAR groups were co-cultured with mitomycin C-treated HCG-27 cells at a ratio of 1:1 for 24 hr. Flow cytometry revealed increased CD25 and HLA-DR expression in the 15×19 CAR group compared to the NT and conventional CAR groups in mitomycin C-treated HCG-27 cells (Figures 3A, B). Previous studies have shown that the interaction between tumor cells and CAR T cells may trigger the expression of immunosuppressive factors (such as cytotoxic T-lymphocyte-associated antigen 4 [CTLA-4] and programmed cell death protein 1 [PD-1]) resulting in T-cell exhaustion or dysfunction. Importantly, the exhaustion of CAR T cells following long-term stimulation of tumor antigens is a factor that leads to disease relapse or drug resistance (29). Following stimulation of immune cells with tumor antigens, lower CTLA4 and PD1 expression was detected in the 15×19 CAR group compared to the NT and conventional CAR groups (Figures 3C, D).




Figure 3 | Phenotypic characterization of 15 × 19 CAR T cells. (A), A higher proportion of CD3+CD25+ cells is detected in the 15 × 19 CAR group than in the NT and conventional CAR groups; (B), A higher proportion of CD3+HLA-DR+ cells is detected in the 15 × 19 CAR group than in the NT and conventional CAR groups; (C) Lower CTLA4 expression is detected in the 15 × 19 CAR group than in the NT and conventional CAR groups; (D), Lower PD1 expression is detected in the 15 × 19 CAR group than in the NT and conventional CAR groups; (E) A higher proportion of CD62L+CD45RO+ cells is detected in the 15 × 19 CAR group than in the NT and conventional CAR groups; (F) A lower apoptotic rate is seen in the 15 × 19 CAR group than in NT and conventional CAR groups. Data are presented as means ± SD from three independent experiments, and one-way ANOVA with Bonferroni’s correction is used for comparison of the percentage of phenotypic characterization. ns, no significant difference; *P < 0.05; **P < 0.01; ****P < 0.001.



In addition, a significantly higher proportion of Tcm cells (CD62L+CD45RO+ cells) and a lower rate of apoptotis were seen in the 15×19 CAR group compared to the NT and conventional CAR groups (Figures 3E, F). Tcm cells, which have self-renewal and replicating activity, have effective long-term in vivo antitumor actions due to long-term persistence (30, 31). These data demonstrate that 15×19 CAR T cells retain potent effector functions, up-regulate Tcm cell markers, and prevent T cell exhaustion.



15×19 CAR T cells promote T cell proliferation and migration

Compared with IL-2 or IL-7, IL-15 was found to increase the persistence and efficacy of CAR T cells in multiple myeloma (32). In the current study, IL-15 was introduced to NKG2D CAR T cells, and the resulting 15×19 CAR T cells secreted high levels of IL-15 and massively expanded upon stimulation by tumor antigens. Cells in the NT, conventional CAR, and 15×19 CAR groups were labeled with Cell Proliferation Dye eFluor™ 670 and co-cultured for 3 days with mitomycin C-treated HCG-27 cells. Compared to the conventional CAR group, there were many more cells detected in the 15×19 CAR group (Figures 4A, B). Next, the NT, conventional CAR, and 15×19 CAR cells were co-cultured with mitomycin C-treated HCG-27 cells and incubated with an anti-CD215 (IL-15 receptor) antibody, an anti-CCR7 (CCL19 receptor) antibody, or an isotype control for 5 days. The enhanced expansion of 15×19 CAR T cells was completely attenuated by the addition of the anti-CD215 antibody, but not the anti-CCR7 antibody (Figure 4C), indicating that IL-15 was essential for the increase in 15×19 CAR T cell proliferation and survival.




Figure 4 | 15 × 19 CAR T cells promote T cell proliferation and migration. (A) Cells in the NT, conventional CAR and 15 × 19 CAR groups are stained with Cell Proliferation Dye eFluor™ 670, co-cultured with mitomycin C-treated HCG-27 cells, and incubated for 3 days. Number of differentiated cells is shown in the histogram. Numbers in the donut charts represent the percentage of each gated fraction in the cell culture; (B), The absolute numbers of survival cells in the NT, conventional CAR and 15 × 19 CAR groups at different time points; (C),Antibody-blocking assay detects the effects of CD215 or CCR on cell proliferation. The absolute numbers of living cells are estimated after CD215 or CCR7 antibody blockade. *P = 0.0491 (NT with Control antibody vs. Conv. with Control antibody);**P = 0.0051 (Conv. with Control antibody vs. 15×19 with Control antibody); **P = 0.0046 (15×19 with Control antibody vs. 15×19 with CD215);*P = 0.0148 (15×19 with CD215 vs. 15×19 with CCR7); (D), Chemotaxis of T cells by cells in the NT, conventional CAR and 15 × 19 CAR groups. ***P < 0.0001(3 h); ***P < 0.0001 (5 h); (E), Antibody-blocking assay detects the effects of CD215 or CCR on T cellchemotaxis. The migrating cells are estimated after CD215 or CCR7 antibody blockade. ***P < 0.0001(NT and Conv. with Control antibody vs. 15×19 with Control antibody). ***P < 0.0001 (15×19 with Control antibody vs. 15×19 with anti-CCR7), ***P < 0.0001 (15×19 with anti-CD215 vs. 15×19 with anti-CCR7).All data are described as mean ± SD from three independent experiments. Analyzed for statistical significance by one-way ANOVA with multiple comparisons test.



Since CCL19 is a chemotactic agent of T cells and DCs, Transwell migration assays were performed to measure cell migration under a variety of conditions. Responder T cells stained with Cell Proliferation Dye eFluor™ 670 were placed in the upper Transwell chamber, whereas NT, conventional CAR, or 15×19 CAR cells stimulated with mitomycin C-treated HCG-27 cells were transferred to the lower Transwell chamber. After 3 and 5 hr of incubation, the number of reactive T cells that had migrated to the lower chamber due to chemotaxis were determined. More cells had migrated to the lower chamber in the 15×19 CAR group compared to the NT and conventional CAR groups (Figure 4D). Additionally, without any changes to other conditions, the NT, conventional CAR, and 15×19 CAR cells were incubated with the anti-CD215 antibody, anti-CCR7 antibody, or isotype control for 3 hr. The blockade of CCL19/CCR7 signaling with the anti-CCR7 antibody resulted in a remarkable decline in the chemotactic ability of 15×19 CAR cells (Figure 4E). These data indicate that IL-15 and CCL19 secreted by 15×19 CAR T cells promote T cell proliferation and migration, respectively.



Rapid and enhanced killing ability of 15×19 CAR T cells

The unique tumor cell culture system xCELLigence that employs electrical impedance measurements for RTCA was used to test the antitumor activity of cells in the NT, conventional CAR, and 15×19 CAR groups. RTCA revealed that gastric cancer cells were more effectively killed within 24 hours in the conventional CAR and 15×19 CAR groups compared to the NT group, while no significant difference was seen between the conventional CAR and 15×19 CAR groups (Figure 5A). In addition, a low cytotoxic effect was observed in the NT group, as a substantial number of gastric cancer cells remained adherent to the plate 24 hr post-incubation, while almost all gastric cancer cells were killed in the conventional CAR and 15×19 CAR groups within 4 hr post-incubation (Figure 5B). Regarding the expansion of effector cells, there was a higher degree of expansion observed with 15×19 CAR T cells compared to conventional CAR T cells, which was in agreement with the findings presented in Figure 4B, indicating a massive expansion of 15×19 CAR T cells during a short period of time upon exposure to tumor antigens. The ELISPOT assay showed lower numbers of IFN-γ spot-forming cells in the NT group compared to conventional CAR and 15×19 CAR groups, while no significant difference was seen between conventional CAR and 15×19 CAR groups (Figure 5C). Taken together, these data demonstrate that 15×19 CAR T cells can rapidly kill gastric cancer cells, which is accompanied by a massive expansion of the T cells themselves.




Figure 5 | 15 × 19 CAR T cells enhance cytotoxicity and IFN-γ production. (A), The cell index values are recorded following co-culture of cells in the NT, conventional CAR and 15 × 19 CAR groups with gastric cancer cells at a ratio of 1:1 for 24 hours using the xCELLigence system. Gastric cancer cells are more effectively killed within 24 hours in the conventional CAR and 15 × 19 CAR groups than in the NT group (P < 0.01), while no significant difference was seen between conventional CAR and 15 × 19 CAR groups (P > 0.05); (B), Dynamic changes in the fluorescent intensity following co-culture of cells in the NT, conventional CAR and 15 × 19 CAR groups with gastric cancer cells at a ratio of 1:1 at 0, 4 and 24 hours. There are plenty of gastric cancer cells (red fluorescence) adherent to the plate wall 24 hour post-incubation in the NT group, while gastric cancer cells (red fluorescence) are almost completely killed in the conventional CAR and 15 × 19 CAR groups within 4 hours post-incubation, together with the expansion of effector cells. A higher degree of expansion of 15 × 19 CAR T cells (green fluorescence) is observed than that of conventional CAR T cells; (C), ELISPOT assay shows lower numbers of IFN-γ spot-forming cells in the NT group than in conventional CAR and 15 × 19 CAR groups (P < 0.001), while no significant difference was seen between conventional CAR and 15 × 19 CAR groups (P > 0.05). Analyzed for statistical significance by one-way ANOVA with multiple comparisons test. ns, no significant difference; **P < 0.01; ***P < 0.001.





Generation of anti-human NKG2DL CAR T cells producing IL-15 and CCL19

To analyze the function of 15×19 CAR T cells, HCG-27 cells were co-incubated with effector cells at a ratio of 1:1 for 3 or 5 days, and the culture supernatant was harvested. 15×19 CAR T cells were found to significantly promote IL-15 (Figure 6A) and CCL19 secretions in the supernatant (Figure 6B) as measured by ELISA, while only low levels of IL-2, IL-4, IL-10, TNF-α and IL-17A were detected in the 15×19 CAR group (Figure 6C). Although high levels of IL-6 were secreted, the number of 15×19 CAR T cells was not higher compared to the conventional CAR or NT groups (Figure 6C). These results demonstrated that the 15×19 CAR T cells secrete large volumes of IL-15 and CCL19 upon stimulation with tumor antigens.




Figure 6 | 15 × 19 CAR T cells promote IL-15 and CCL19 secretions. Cells in the NT, conventional CAR and 15 × 19 CAR groups are co-cultured with mitomycin C-treated HCG-27 cells at a ratio of 1:1 for 3 or 5 days, and the IL-15 and CCL19 levels are detected in the culture supernatant using ELISA assay. (A), A higher IL-15 level is detected in the 15 × 19 CAR group than in the NT and conventional CAR groups; (B), A higher CCR19 level is detected in the 15× 19 CAR group than in the NT and conventional CAR groups; (C), Following co-culture of effector cells and mitomycin C-treated HCG-27 cells at a ratio of 1:1 for 5 days, the greatest IL-6 level is detected; however, no significant difference is seen among the three groups (P > 0.05). Low IL-2, IL-4, IL-10, TNF-α and IL-17A levels are detected, with no significant difference detected among the three groups (P > 0.05). Representative data are captured from three independent experiments. One-way ANOVA with multiple comparisons test. ns, no significant difference; ****P < 0.000,1.





15×19 CAR T cells mediate cytotoxicity to cancer in situ

Previous studies have shown successful xenotransplantation of pancreatic cancer, ovarian cancer, gliomas, breast cancer, prostate cancer, Ewing’s sarcoma and leukemia cell lines into zebrafish embryos, and zebrafish xenotransplantation models have been used for screening of antitumor chemicals (33–35). In the current study, the zebrafish xenotransplantation model was employed to examine the in vivo cytotoxicity of CAR T cells against primary gastric cancer, and to visualize the cytotoxicity of CAR T cells against HCG-27 cells. HCG-27 cells (approximately 200) were injected into the vitellicle of each zebrafish and the same number of effector cells were injected into the same site 24 hours post-injection, which was not combined with IL-2. Fluorescent stereomicroscopy was used to monitor the survival of gastric cancer cells and effector cells at 0 and 24 hr (Figure 7A). HCG-27 cells were stained with Dil and cells in the NT group were stained with DiO, while cells in the conventional CAR and 15×19 CAR groups expressed GFP. The area of fluorescence in each zebrafish was estimated using ImageJ software.




Figure 7 | 15×19 CAR T cells mediate cancer cells oncolysis in Zebrafish. (A), Cell fluorescence is visualized using fluorescent stereomicroscopy 0 (0 hpi) and 24 (24 hpi) hour post-infection,; (B), A diagrammatic sketch of tumor cells and effector cells injection into the vitellicle, scale bar = 1000 μM. (C), No effector cells are injected in the untreated group, without green fluorescence seen, while no reduction is seen in the area of fluorescence in HCG-27 cells (red fluorescence); (D), No apparent expansion of T cells (green fluorescence) is seen in the NT group 24 hour post-infection; (E), No reduction in the area of fluorescence in HCG-27 cells 24 hours post-infection; (F), Partial expansion of cells is seen in conventional CAR 24 hours post-infection; (G), A reduction is observed in the area of fluorescence in HCG-27 cells in conventional CAR group 24 hours post-infection; (H), Apparent expansion of 15 × 19 CAR T cells is found in the 15 × 19 CAR group 24 hours post-infection; (I), A significant reduction is observed in the area of fluorescence in HCG-27 cells in the 15 × 19 CAR group24 hours post-infection. (J), There is no significant difference between the amplification of 15 × 19 CAR T cells and conventional CAR T cells; (K), A higher reduction is seen in the HCG-27 cells in the 15 × 19 CAR group. Analyzed for statistical significance by paired Student’s t test. ns, no significant difference; *P < 0.05; **P < 0.01.



Cancer cells and immune cells were injected into the vitellicle (Figure 7B). The area of HCG-27 fluorescence showed no reduction in the untreated group, and even trended toward an increase (Figure 7C). There was no reduction in the area of fluorescence in the NT group (Figure 7E), and no expansion of effector T cells (Figure 7D). However, an expansion of conventional CAR T cells (P = 0.023, 3 vs. 24 hpi) (Figure 7F) and 15×19 CAR T cells (P = 0.004, 5 vs. 24 hpi) (Figure 7H) was observed following stimulation with HCG-27 cells, but there was no significant difference in the amplification ratio between 15×19 CAR and conventional CAR T cells (P = 0.4879) (Figure 7J). In addition, the area of HCG-27 fluorescence was reduced in the conventional CAR (P = 0.0266) (Figure 7G) and 15×19 CAR groups (P = 0.0024) (Figure 7I) relative to 24 hpi, with a higher reduction seen in the 15×19 CAR group (P = 0.0010) (Figure 7K).

Subsequently, apoptosis of HGC-27 target cells in zebrafish embryos was confirmed 4 days after the T-cell injection in zebrafish using a TUNEL assay performed on frozen sections. We found that both 15×19 CAR-T cells and conventional CAR-T cells induced apoptosis of HCG cells in vivo at a higher rate than NT cells. In addition, the 15×19 CAR-T cell group induced higher levels of apoptosis in tumor cells than the conventional CAR-T group. (Figures 8A, C). To measure T cell proliferation in vivo, Ki-67 was used as a human-specific proliferation marker (no cross-reactivity with zebrafish). T-cell proliferation was significantly higher in the 15×19 CAR group compared to the NT groups (Figures 8B, D). Therefore, the zebrafish xenograft assay demonstrated the in situ cytotoxicity of 15×19 CAR T cells against gastric cancer and T cell expansion ability.




Figure 8 | Proliferation of transplanted T cells and tumor apoptosis in situ in Zebrafish. Zebrafish were frozen and serially sectioned, and TUNEL immunofluorescence was used to detect tumor apoptosis, and Ki67 to detect T cell proliferation. (A), Representative images of tumor apoptosis (TUNEL : DIO); (B) representative images of proliferating T cells (Ki-67:CD3); (C) percentage of TUNEL-positive cells in HCG-27 cells; (D), percentage of Ki-67-positive cells in T cells. Data are representative images of > 3 independent, reproducible experiments. Statistical significance analysis was performed using one-way ANOVA and multiple comparison tests. ns, Differences are not significant;*p < 0.05;***p < 0.001;****p < 0.0001, scale bar = 25 μM.





Elimination of metastatic cancer cells by 15×19 CAR T cells

Metastasis is the most common cause of cancer-related mortality. Clinically visible metastasis is the final stage of cancer metastasis derived from an abundance of cancer cells. If a primary tumor contains several hundred cancer cells, microscopic metastasis may occur during the very early stages, but it is not detectable even with state-of-the-art imaging analysis systems in patients or mammalian cancer models. The zebrafish xenograft model allows for visualization of microscopic single-cell metastasis or very small metastatic nodules.

The cytotoxicity of 15×19 CAR T cells was tested against metastatic cancer cells using the zebrafish model. The cell numbers and time of injections were the same as the in situ tumor model, but the injection sites were different (Figure 9A). HCG-27 cells were injected into the perivitelline space (Figure 9B), and the xenograft tumor predominantly occurred in the zebrafish tail and body. There was no significant reduction of metastatic cancer cells seen in untreated (Figure 9C), NT (Figure 9E), or conventional CAR T cells groups (Figure 9G), and some NT (Figure 9D) or conventional CAR T cells (Figure 9F) were present at metastatic sites. After 24 hours, a remarkable reduction was seen in the number of 15×19 CAR T cells-derived metastatic cancer cells (Figure 9I), and 15×19 CAR T cells had migrated to metastatic sites and amplified considerably (Figure 9H). The amplification of 15×19 CAR T cells was significantly higher compared to conventional CAR T cells (P = 0.0239) (Figure 9J). The reduction in metastatic tumor cells was significantly greater in the 15×19 CAR group compared to the conventional CAR group (P = 0.0213) (Figure 9K). When 15×19 CAR T cells were treated with an anti-CCR7 antibody, their cytotoxicity against metastatic tumors was reduced and the number of cells did not increase (Supplementary Figure S2).




Figure 9 | Elimination of metastatic cancer cells by 15×19 CAR T cells. (A) Zebrafish model of metastasis. Gastric cancer HCG-27 cells (red) are injected into the perivitelline space of zebrafish to induce extensive cancer metastasis in zebrafish. Then, immune cells (green) are injected into the same site. Cell staining and the time points of observation are the same with the in situ cancer; (B), A diagrammatic sketch of tumor cells and effector cells injection into the perivitelline space, scale bar = 1000 μM; (C), No shrinking of the metastatic tumors in the untreated group 24 hours post-injection; (D), NT cells rarely reach the metastatic cells in the NT group, and the cell numbers do not increase 24 hours post-injection; (E), No reduction is seen in the number of metastatic tumors in the NT group 24 hours post-injection; (F), conv.CAR T cells rarely reach the metastatic cells in the conv.CAR T group, and the cell numbers do not increase 24 hours post-injection; (G), No reduction is seen in the number of metastatic tumors in the conv.CAR T group 24 hours post-injection; (H), A large number of 15 × 19 CAR T cells reach the metastatic site and amplify greatly 24 hours post-injection; (I), A significant reduction is seen in the number of metastatic tumors in the 15 × 19 CAR T group 24 hours post-injection. (J), Significantly more 15×19 CAR T cells than conv.CAR T cells; (K), A higher reduction is seen in the number of metastatic cancer cells in the 15 × 19 CAR T group than in the conv.CAR T. Analyzed for statistical significance by paired Student’s t test. *P < 0.05; **P < 0.01.



To determine the anti-tumor activity of 15×19 CAR T cells at a metastatic site, immunofluorescence was used to observe the apoptosis using TUNEL staining of tumor cells and the proliferation of T cells using Ki-67 at 4 dpi. The results showed that the apoptosis of metastatic tumor cells in the 15×19 CAR T cells group was significantly higher compared to the other groups (Figures 10A, C), and the proliferation of T cells was also significantly higher (Figures 10B, D). These findings demonstrate that 15×19 CAR T cells effectively eliminated metastatic cancer cells in zebrafish.




Figure 10 | Proliferation of transplanted T cells and tumor apoptosis in zebrafish metastases. Immunofluorescence of TUNEL and ki-67 were performed on transplanted tumor cells and T cells separately. (A), Representative images of tumor apoptosis (TUNEL : DIO); (B), representative images of proliferating T cells (Ki-67:CD3). (C), Proportion of TUNEL-positive cells in HCG-27 cells; (D), Proportion of Ki-67-positive cells in T cells. Statistical significance analysis was performed using one-way ANOVA and multiple comparison test. ns, Differences are not significant; ***p < 0.001; ****p < 0.0001, scale bar = 50 μM.






Discussion

In the current study, IL-15 and CCL19 were introduced to NKG2D CAR T cells to generate novel NKG2D 15×19 CAR T cells. Compared to conventional CAR T cells, NKG2D 15×19 CAR T cells recognized eight NKG2DLs expressed on the surface of most solid tumors. This allows the cells to target a wide variety of cancers, as well as diverse ligands on the same tumor cell, which can reduce off-target effects. In addition, NKG2DLs are not expressed by healthy cells, therefore few adverse effects are seen. The novel NKG2D 15×19 CAR T cells generated expressed both the IL-15 cytokine and CCL19 chemokine, allowing for long-term survival and persistent effects of CAR T memory cells. This also allows for increased infiltration of immune cells into cancer sites, thereby increasing their effectiveness to target tumors.

To date, four generations of CAR T cells have been generated. The first-generation only contains the signaling molecule CD3ζ. The second-generation contains one co-stimulatory molecule based on the first-generation of CAR T cells, and includes IgG superfamily member CD28 as well as TNF superfamily members CD40L, OX-40 and 4-1BB. The third-generation of CAR T cells contains two co-stimulatory domains (36), and fourth-generation cells express additional signals, including cytokines and chemokines (37). Currently, clinical trials predominantly focus on the second CAR T cells. However, these cells have low rates of survival, infiltration, and lasting effects. Therefore, third-generation NKG2D CAR T cells were generated in the current study, and the addition of IL-15 and CCL19 resulted in fourth-generation CAR T cells with the goal of improving penetration, proliferation, survival, and tumor-killing abilities of CAR T cells in immunosuppressive tumor microenvironments.

The ability of CAR T cells to influence gastric cancer has been extensively investigated, and includes research on epithelial growth factor receptor (EGFR) (38), epithelial cell adhesion molecule (EpCAM) (39), and mesothelin (40), and has also focused on NKG2D (41). Recently, results from an open-label, single-arm, phase 1 clinical trial of claudin (CLDN)18.2-targeted CAR T cells (CT041) showed that CT041 has promising efficacy with an acceptable safety profile in patients with heavily pretreated, CLDN18.2-positive digestive system cancers, particularly in those with gastric cancer (42). The treatments for solid tumors are inherently more challenging and difficult compared to hematological malignancies due to the heterogeneity of solid tumor antigens, the immune suppression of solid tumor microenvironments, and the exhaustion of tumor-infiltrating T lymphocytes (43). The development of novel CAR T cells able to target solid tumors is ongoing, and the addition of cytokines into CAR T cells has been proposed to overcome these obstacles. Engineered modifications to cytotoxic T cells was found to allow the release of inducible IL-12 during the entry of CAR into tumor foci, which destroyed the cancer cells that had escaped antigen-dependent killing (44). Introduction of IL-7 into CAR T cells was shown to increase antitumor activity compared to conventional CAR T cells, and the generated CAR T cells elicited memory responses to tumors (45).

Unlike conventional CAR T cell therapy, NKG2D CAR T cells do not contain antibody fragments that recognize tumor surface antigens or protein structures that trigger the immune response, which reduces the likelihood of CAR T cell rejection by the patient’s immune system (46, 47). Previous studies have shown that tumor-derived immunosuppressive cells, such as myeloid-derived suppressor cells (MDSCs) or regulatory T (Treg) cells, also express NKG2DLs (48, 49). NKG2D CAR T cells may target immunosuppressive cells and partly reverse immunosuppressive tumor microenvironments, thereby increasing antitumor immune responses. In addition, NKG2DLs are expressed by endothelial cells within new blood vessels that supply tumors. Therefore, NKG2D CAR T cells may suppress tumor progression through the inhibition of angiogenesis (50). Taken together, NKG2D CAR T cells are remarkably superior to conventional CAR T cells for cancer therapy in terms of safety and efficacy.

Tao et al. first reported that NKG2D-based CAR T cells have potent in vivo and in vitro anti-tumor activities against gastric cancer, which could be enhanced by the addition of cisplatin (41). Suppressor cells and soluble factors may suppress the persistent antitumor activity of CAR T cells in tumor microenvironments, while hypoxia and a lack of nutrients at the interior of the tumor result in reduced long-term survival and limited expansion of CAR T cells (51, 52). Following introduction of IL-15 to the CAR-19 construct, the CAR T cells developed long-term persistence with a memory stem-cell phenotype, and produced high levels of IL-15 upon T-cell activation, thereby mediating local environments and assisting CAR T cell functions (53). The data within this study revealed that 15×19 CAR T cells were primarily Tcm (CD62L+CD45RO+) cells. In the lymph node, Tcm cells are more likely to receive antigen information presented by antigen-presenting cells (APCs) to undergo second activation (54). Our data showed that 15×19 CAR T cells, even with low numbers compared to target cells, retained the capacity to efficiently remove target cells. The tumor cells stimulated the proliferation of 15×19 CAR T cells, up-regulate the expression of activators (CD25 and HLA-DR), and down-regulation the expression of suppressors (CTLA-4 and PD1).

Currently, the efficacy of CAR T cell therapy for the treatment of gastrointestinal tumors remains unsatisfactory, and a major difficulty is the ability of effector cells to reach the tumor site (11). The physical and immune barriers created by the peri-tumor matrix and immune cells prevent efficient infiltration of CAR T cells into tumor tissues (13, 55, 56). CCL19, secreted by fibroblastic reticular cells, are effective for the chemotaxis of peripheral DCs and T cells to reach lymphatic organs (45). In this study, CCL19 was introduced to the NKG2D CAR construct to generate 15×19 CAR T cells, which secreted high levels of CCL19 following recognition of tumor antigens. The increased CCL19 recruited T cells, which was consistent with previous findings (45). In addition, 15×19 CAR T cells did not produce IL-4, IL-10, or IL-17A cytokines upon stimulation by gastric cancer cells. IL-6 is of central importance in the induction of cytokine release syndrome (CRS), and CRS represents a frequent complication of CAR T therapy (57). Tocilizumab, a humanized anti-human IL-6 receptor antibody, has been shown to prevent CAR T cell-mediated CRS (58). Of course, although we did not observe IL-6-driven effects in our studies, this does not exclude the possibility that IL-6 may cause CRS effects in CAR-T cells in a more clinicalsituation.

Currently, the mouse xenotransplantation model is the gold standard for preclinical assessment of CAR T cell therapy (59). However, the process of mouse xenotransplantation can be slow and expensive (60). An additional vertebrate model is therefore important to overcome the shortages of mouse xenotransplantation models. Since there is a lack of a functional adaptive immune system in zebrafish embryos and during early stages of development, any cells transplanted will not be rejected by the immune system (61). This model may achieve single-cell visualization of human cancer cells in zebrafish, allow for quantitative study on primary tumor growth, and investigate early cancer metastasis from primary tumors. Embryonic zebrafish xenograft models have been previously used to investigate CAR T cells in vivo (62). In the current study, the cytotoxicity of 15×19 CAR T cells against human gastric cancer cells was evaluated using this in situ xenograft model, and 15×19 CAR T cells showed significantly more cytotoxicity against human gastric cancer HCG-27 cells compared to the NT and conventional CAR groups. In the xenograft models, many 15×19 CAR T cells were recruited to metastatic cancer sites where they amplified to effectively kill metastatic tumor cells.

Although zebrafish xenotransplantation can allow for the tracing of individual metastatic cancer cells in vivo and the visualization of immune cell-mediated eradication of metastatic cancer cells, there are still shortcomings associated with these experiments compared to mice xenotransplantation. Firstly, zebrafish xenograft experiments were performed below 37°C. At this temperature, the transplanted human cells do not proliferate at the same rate, while immune-compromised mice have the same temperature as humans. Secondly, the cytotoxicity of T cells to tumor cells in zebrafish was observed over a short period. The overall survival (OS) of zebrafish was not assessed, which could be achieved in mice. Thirdly, due to the limited time of the in vivo experiments, stromal tumor cells were not formed, and the effect of the tumor microenvironment on the killing of tumor cells by T cells could not be observed. Lastly, although Erica et al. (63) proposed an efficient dissociation protocol for the generation of a single cell suspension from zebrafish embryos and larvae, we were unable to successfully isolate single cells for this experiment. As such, we were unable to detect and analyze the T-cell phenotype in zebrafish in vivo.

In summary, the results of the present study demonstrated that the introduction of IL-15 and CCL19 into conventional CAR T cells may enhance the antitumor potential of CAR T cells. Since loss or mutation of target molecules is a mechanism underlying resistance to CAR T cell therapy in cancers, 15×19 CAR T cells may serve as effector cells against tumors and as cell vectors to transfer immunomodulatory molecules to tumor microenvironments. This method can trigger antitumor immune responses, induce persistent cell expansion, increase cytotoxicity, introduce additional cytokines, and reduce T-cell exhaustion following exposure to tumor antigens.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding authors.



Ethics statement

The studies involving human participants were reviewed and approved by Ethics Committee of Fujian Cancer Hospital(SQ2019-006-01). The patients/participants provided their written informed consent to participate in this study. The animal study was reviewed and approved by Animal Ethics Committee of Fujian Medical University(FJMU IACUC2021-0455).



Author contributions

YY conceived and designed the study. ZZ, JL, WL, JH, SC, LW, and MC performed the experiments. ZZ and JH analyzed and interpreted the data. ZZ, SC, and MC provided the first version of the manuscript. ZZ, JL, WL, JH, SC, and MC and YY provided critical comments on revision of the manuscript. YY revised and finalized the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This study was supported by grants from the Joint Funds for the Innovation of Science and Technology, Fujian Province of China (2018Y9108), and the Science and Technology Project in Fujian Province of China (2020J011108 and 2021J01436), and the Fujian Provincial Health Technology Project (2019-ZQN-18).



Acknowledgments

We would like to thank Fuzhou Biological Services Biotechnology Co. Ltd. for providing the zebrafish and related technology, and thank you to Medjaden Inc. for the English language editing.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2022.1002361/full#supplementary-material



References

1. Smyth, EC, Nilsson, M, Grabsch, HI, van Grieken, NCT, and Lordick, F. Gastric cancer. Lancet (2020) 396(10251):635–48. doi: 10.1016/S0140-6736(20)31288-5

2. Sung, H, Ferlay, J, Siegel, RL, Laversanne, M, Soerjomataram, I, Jemal, A, et al. Global cancer statistics 2020: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J Clin (2021) 71(3):209–49. doi: 10.3322/caac.21660

3. Ilson, DH. Advances in the treatment of gastric cancer. Curr Opin Gastroenterol (2020) 36(6):525–9. doi: 10.1097/MOG.0000000000000679

4. Sexton, RE, Al Hallak, MN, Diab, M, and Azmi, AS. Gastric cancer: A comprehensive review of current and future treatment strategies. Cancer Metastasis Rev (2020) 39(4):1179–203. doi: 10.1007/s10555-020-09925-3

5. Patel, TH, and Cecchini, M. Targeted therapies in advanced gastric cancer. Curr Treat Options Oncol (2020) 21(9):70. doi: 10.1007/s11940-020-0616-8

6. Chen, ZD, Zhang, PF, Xi, HQ, Wei, B, Chen, L, and Tang, Y. Recent advances in the diagnosis, staging, treatment, and prognosis of advanced gastric cancer: A literature review. Front Med (Lausanne). (2021) 8:744839. doi: 10.3389/fmed.2021.744839

7. Depil, S, Duchateau, P, Grupp, SA, Mufti, G, and Poirot, L. 'Off-the-shelf' allogeneic CAR T cells: Development and challenges. Nat Rev Drug Discov (2020) 19(3):185–99. doi: 10.1038/s41573-019-0051-2

8. Larson, RC, and Maus, MV. Recent advances and discoveries in the mechanisms and functions of CAR T cells. Nat Rev Cancer. (2021) 21(3):145–61. doi: 10.1038/s41568-020-00323-z

9. Burki, TK. CAR T-cell therapy roll-out in low-income and middle-income countries. Lancet Haematol (2021) 8(4):e252–3. doi: 10.1016/S2352-3026(21)00068-5

10. Jiang, H, Shi, Z, Wang, P, Wang, C, Yang, L, Du, G, et al. Claudin18.2-specific chimeric antigen receptor engineered T cells for the treatment of gastric cancer. J Natl Cancer Inst (2019) 111(4):409–18. doi: 10.1093/jnci/djy134

11. Zhang, Q, Zhang, Z, Peng, M, Fu, S, Xue, Z, and Zhang, R. CAR-T cell therapy in gastrointestinal tumors and hepatic carcinoma: From bench to bedside. Oncoimmunology (2016) 5(12):e1251539. doi: 10.1080/2162402X.2016.1251539

12. Schubert, ML, Schmitt, M, Wang, L, Ramos, CA, Jordan, K, Müller-Tidow, C, et al. Side-effect management of chimeric antigen receptor (CAR) T-cell therapy. Ann Oncol (2021) 32(1):34–48. doi: 10.1016/j.annonc.2020.10.478

13. Huang, TX, and Fu, L. The immune landscape of esophageal cancer. Cancer Commun (Lond). (2019) 39(1):79. doi: 10.1186/s40880-019-0427-z

14. Zebley, CC, and Youngblood, B. CAR T cells need a pitstop to win the race. Cancer Cell (2021) 39(6):756–8. doi: 10.1016/j.ccell.2021.05.011

15. Kohli, K, Yao, L, Nowicki, TS, Zhang, S, Black, RG, Schroeder, BA, et al. IL-15 mediated expansion of rare durable memory T cells following adoptive cellular therapy. J Immunother Cancer (2021) 9(5):e002232. doi: 10.1136/jitc-2020-002232

16. Van den Bergh, JM, Lion, E, Van Tendeloo, VF, and Smits, EL. IL-15 receptor alpha as the magic wand to boost the success of IL-15 antitumor therapies: The upswing of IL-15 transpresentation. Pharmacol Ther (2017) 170:73–9. doi: 10.1016/j.pharmthera.2016.10.012

17. Lanitis, E, Rota, G, Kosti, P, Ronet, C, Spill, A, Seijo, B, et al. Optimized gene engineering of murine CAR-T cells reveals the beneficial effects of IL-15 coexpression. J Exp Med (2021) 218(2):e20192203. doi: 10.1084/jem.20192203

18. Marsland, BJ, Battig, P, Bauer, M, Ruedl, C, Lassing, U, Beerli, RR, et al. CCL19 and CCL21 induce a potent proinflammatory differentiation program in licensed dendritic cells. Immunity (2005) 22(4):493–505. doi: 10.1016/j.immuni.2005.02.010

19. Cheng, HW, Onder, L, Cupovic, J, Boesch, M, Novkovic, M, Pikor, N, et al. CCL19-producing fibroblastic stromal cells restrain lung carcinoma growth by promoting local antitumor T-cell responses. J Allergy Clin Immunol (2018) 142(4):1257–71 e4. doi: 10.1016/j.jaci.2017.12.998

20. Song, DG, Ye, Q, Santoro, S, Fang, C, Best, A, and Powell, DJ Jr. Chimeric NKG2D CAR-expressing T cell-mediated attack of human ovarian cancer is enhanced by histone deacetylase inhibition. Hum Gene Ther (2013) 24(3):295–305. doi: 10.1089/hum.2012.143

21. Yang, D, Sun, B, Dai, H, Li, W, Shi, L, Zhang, P, et al. T Cells expressing NKG2D chimeric antigen receptors efficiently eliminate glioblastoma and cancer stem cells. J Immunother Cancer. (2019) 7(1):171. doi: 10.1186/s40425-019-0642-9

22. Dhar, P, and Wu, JD. NKG2D and its ligands in cancer. Curr Opin Immunol (2018) 51:55–61. doi: 10.1016/j.coi.2018.02.004

23. Paczulla, AM, Rothfelder, K, Raffel, S, Konantz, M, Steinbacher, J, Wang, H, et al. Absence of NKG2D ligands defines leukaemia stem cells and mediates their immune evasion. Nature (2019) 572(7768):254–9. doi: 10.1038/s41586-019-1410-1

24. Duan, S, Guo, W, Xu, Z, He, Y, Liang, C, Mo, Y, et al. Natural killer group 2D receptor and its ligands in cancer immune escape. Mol Cancer. (2019) 18(1):29. doi: 10.1186/s12943-019-0956-8

25. Chen, Y, Lin, WS, Zhu, WF, Lin, J, Zhou, ZF, Huang, CZ, et al. Tumor MICA status predicts the efficacy of immunotherapy with cytokine-induced killer cells for patients with gastric cancer. Immunol Res (2016) 64(1):251–9. doi: 10.1007/s12026-015-8743-0

26. Chen, Y, Lin, G, Guo, ZQ, Zhou, ZF, He, ZY, and Ye, YB. Effects of MICA expression on the prognosis of advanced non-small cell lung cancer and the efficacy of CIK therapy. PloS One (2013) 8(7):e69044. doi: 10.1371/journal.pone.0069044

27. Lo, ASY, Ma, Q, Liu, DL, and Junghans, RP. Anti-GD3 chimeric sFv-CD28/T-Cell receptor ζ designer T cells for treatment of metastatic melanoma and other neuroectodermal tumors. Clin Cancer Res (2010) 16(10):2769–80. doi: 10.1158/1078-0432.CCR-10-0043

28. Moeller, M, Kershaw, MH, Cameron, R, Westwood, JA, Trapani, JA, Smyth, MJ, et al. Sustained antigen-specific antitumor recall response mediated by gene-modified CD4+ T helper-1 and CD8+ T cells. Cancer Res (2007) 67(23):11428–37. doi: 10.1158/0008-5472.CAN-07-1141

29. Good, CR, Aznar, MA, Kuramitsu, S, Samareh, P, Agarwal, S, Donahue, G, et al. An NK-like CAR T cell transition in CAR T cell dysfunction. Cell (2021) 184(25):6081–100 e26. doi: 10.1016/j.cell.2021.11.016

30. Duckworth, BC, and Groom, JR. Conversations that count: Cellular interactions that drive T cell fate. Immunol Rev (2021) 300(1):203–19. doi: 10.1111/imr.12945

31. Kretschmer, L, Busch, DH, and Buchholz, VR. A single-cell perspective on memory T-cell differentiation. Cold Spring Harb Perspect Biol (2021) 13(9):a038067. doi: 10.1101/cshperspect.a038067

32. Battram, AM, Bachiller, M, Lopez, V, Fernandez de Larrea, C, Urbano-Ispizua, A, and Martin-Antonio, B. IL-15 enhances the persistence and function of BCMA-targeting CAR-T cells compared to IL-2 or IL-15/IL-7 by limiting CAR-T cell dysfunction and differentiation. Cancers (Basel). (2021) 13(14):3534. doi: 10.3390/cancers13143534

33. Zhang, B, Xuan, C, Ji, Y, Zhang, W, and Wang, D. Zebrafish xenotransplantation as a tool for in vivo cancer study. Fam Cancer. (2015) 14(3):487–93. doi: 10.1007/s10689-015-9802-3

34. Brown, HK, Schiavone, K, Tazzyman, S, Heymann, D, and Chico, TJ. Zebrafish xenograft models of cancer and metastasis for drug discovery. Expert Opin Drug Discovery (2017) 12(4):379–89. doi: 10.1080/17460441.2017.1297416

35. Wertman, J, Veinotte, CJ, Dellaire, G, and Berman, JN. The zebrafish xenograft platform: Evolution of a novel cancer model and preclinical screening tool. Adv Exp Med Biol (2016) 916:289–314. doi: 10.1007/978-3-319-30654-4_13

36. Sommer, C, Boldajipour, B, Kuo, TC, Bentley, T, Sutton, J, Chen, A, et al. Preclinical evaluation of allogeneic CAR T cells targeting BCMA for the treatment of multiple myeloma. Mol Ther (2019) 27(6):1126–38. doi: 10.1016/j.ymthe.2019.04.001

37. Chmielewski, M, and Abken, H. TRUCKs: the fourth generation of CARs. Expert Opin Biol Ther (2015) 15(8):1145–54. doi: 10.1517/14712598.2015.1046430

38. Budi, HS, Ahmad, FN, Achmad, H, Ansari, MJ, Mikhailova, MV, Suksatan, W, et al. Human epidermal growth factor receptor 2 (HER2)-specific chimeric antigen receptor (CAR) for tumor immunotherapy; recent progress. Stem Cell Res Ther (2022) 13(1):40. doi: 10.1186/s13287-022-02719-0

39. Knödler, M, Körfer, J, Kunzmann, V, Trojan, J, Daum, S, Schenk, M, et al. Randomised phase II trial to investigate catumaxomab (anti-EpCAM × anti-CD3) for treatment of peritoneal carcinomatosis in patients with gastric cancer. Br J Cancer. (2018) 119(3):296–302. doi: 10.1038/s41416-018-0150-6

40. Sotoudeh, M, Shirvani, SI, Merat, S, Ahmadbeigi, N, and Naderi, M. MSLN (Mesothelin), ANTXR1 (TEM8), and MUC3A are the potent antigenic targets for CAR T cell therapy of gastric adenocarcinoma. J Cell Biochem (2018) 120(4):5010–7. doi: 10.1002/jcb.27776

41. Tao, K, He, M, Tao, F, Xu, G, Ye, M, Zheng, Y, et al. Development of NKG2D-based chimeric antigen receptor-T cells for gastric cancer treatment. Cancer Chemother Pharmacol (2018) 82(5):815–27. doi: 10.1007/s00280-018-3670-0

42. Qi, C, Gong, J, Li, J, Liu, D, Qin, Y, Ge, S, et al. Claudin18.2-specific CAR T cells in gastrointestinal cancers: phase 1 trial interim results. Nat Med (2022) 28(6):1189–98. doi: 10.1038/s41591-022-01800-8

43. Bębnowska, D, Grywalska, E, Niedźwiedzka-Rystwej, P, Sosnowska-Pasiarska, B, Smok-Kalwat, J, Pasiarski, M, et al. CAR-T cell therapy–an overview of targets in gastric cancer. J Clin Med (2020) 9(6):1894. doi: 10.3390/jcm9061894

44. Chmielewski, M, Kopecky, C, Hombach, AA, and Abken, H. IL-12 release by engineered T cells expressing chimeric antigen receptors can effectively muster an antigen-independent macrophage response on tumor cells that have shut down tumor antigen expression. Cancer Res (2011) 71(17):5697–706. doi: 10.1158/0008-5472.CAN-11-0103

45. Adachi, K, Kano, Y, Nagai, T, Okuyama, N, Sakoda, Y, and Tamada, K. IL-7 and CCL19 expression in CAR-T cells improves immune cell infiltration and CAR-T cell survival in the tumor. Nat Biotechnol (2018) 36(4):346–51. doi: 10.1038/nbt.4086

46. Wagner, DL, Fritsche, E, Pulsipher, MA, Ahmed, N, Hamieh, M, Hegde, M, et al. Immunogenicity of CAR T cells in cancer therapy. Nat Rev Clin Oncol (2021) 18(6):379–93. doi: 10.1038/s41571-021-00476-2

47. Landgraf, KE, Williams, SR, Steiger, D, Gebhart, D, Lok, S, Martin, DW, et al. convertibleCARs: A chimeric antigen receptor system for flexible control of activity and antigen targeting. Commun Biol (2020) 3(1):296. doi: 10.1038/s42003-020-1021-2

48. Obajdin, J, Davies, DM, and Maher, J. Engineering of chimeric natural killer cell receptors to develop precision adoptive immunotherapies for cancer. Clin Exp Immunol (2020) 202(1):11–27. doi: 10.1111/cei.13478

49. Chen, J, Liu, X, Zeng, Z, Li, J, Luo, Y, Sun, W, et al. Immunomodulation of NK cells by ionizing radiation. Front Oncol (2020) 10:874. doi: 10.3389/fonc.2020.00874

50. Spear, P, Barber, A, Rynda-Apple, A, and Sentman, CL. NKG2D CAR T-cell therapy inhibits the growth of NKG2D ligand heterogeneous tumors. Immunol Cell Biol (2013) 91(6):435–40. doi: 10.1038/icb.2013.17

51. Bagley, SJ, and O'Rourke, DM. Clinical investigation of CAR T cells for solid tumors: Lessons learned and future directions. Pharmacol Ther (2020) 205:107419. doi: 10.1016/j.pharmthera.2019.107419

52. Hong, M, Clubb, JD, and Chen, YY. Engineering CAR-T cells for next-generation cancer therapy. Cancer Cell (2020) 38(4):473–88. doi: 10.1016/j.ccell.2020.07.005

53. Hurton, LV, Singh, H, Najjar, AM, Switzer, KC, Mi, T, Maiti, S, et al. Tethered IL-15 augments antitumor activity and promotes a stem-cell memory subset in tumor-specific T cells. Proc Natl Acad Sci USA (2016) 113(48):E7788–E97. doi: 10.1073/pnas.1610544113

54. Liu, Q, Sun, Z, and Chen, L. Memory T cells: strategies for optimizing tumor immunotherapy. Protein Cell (2020) 11(8):549–64. doi: 10.1007/s13238-020-00707-9

55. Boulch, M, Cazaux, M, Loe-Mie, Y, Thibaut, R, Corre, B, Lemaître, F, et al. A cross-talk between CAR T cell subsets and the tumor microenvironment is essential for sustained cytotoxic activity. Sci Immunol (2021) 6(57):eabd4344. doi: 10.1126/sciimmunol.abd4344

56. Liu, G, Rui, W, Zhao, X, and Lin, X. Enhancing CAR-T cell efficacy in solid tumors by targeting the tumor microenvironment. Cell Mol Immunol (2021) 18(5):1085–95. doi: 10.1038/s41423-021-00655-2

57. Tanaka, T, Narazaki, M, and Kishimoto, T. Immunotherapeutic implications of IL-6 blockade for cytokine storm. Immunotherapy (2016) 8(8):959–70. doi: 10.2217/imt-2016-0020

58. Kauer, J, Horner, S, Osburg, L, Muller, S, Marklin, M, Heitmann, JS, et al. Tocilizumab, but not dexamethasone, prevents CRS without affecting antitumor activity of bispecific antibodies. J Immunother Cancer (2020) 8(1):e000621. doi: 10.1136/jitc-2020-000621

59. Wu, Y, and Yu, XZ. Modelling CAR-T therapy in humanized mice. EBioMedicine (2019) 40:25–6. doi: 10.1016/j.ebiom.2019.01.029

60. Zhang, Z, Bédard, E, Luo, Y, Wang, H, Deng, S, Kelvin, D, et al. Animal models in xenotransplantation. Expert Opin investigational Drugs (2000) 9(9):2051–68. doi: 10.1517/13543784.9.9.2051

61. Yao, Y, Wang, L, and Wang, X. Modeling of solid-tumor microenvironment in zebrafish (Danio rerio) larvae. Adv Exp Med Biol (2020) 1219:413–28. doi: 10.1007/978-3-030-34025-4_22

62. Pascoal, S, Salzer, B, Scheuringer, E, Wenninger-Weinzierl, A, Sturtzel, C, Holter, W, et al. A preclinical embryonic zebrafish xenograft model to investigate CAR T cells In vivo. Cancers (Basel) (2020) 12(3):567. doi: 10.3390/cancers12030567

63. Bresciani, E, Broadbridge, E, and Liu, PP. An efficient dissociation protocol for generation of single cell suspension from zebrafish embryos and larvae. MethodsX (2018) 5:1287–90. doi: 10.1016/j.mex.2018.10.009


Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Zhou, Li, Hong, Chen, Chen, Wang, Lin and Ye. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 10 January 2023

doi: 10.3389/fimmu.2022.1009484

[image: image2]


Natural killer cell therapy potentially enhances the antitumor effects of bevacizumab plus irinotecan in a glioblastoma mouse model


Thi-Anh-Thuy Tran 1,2, Young-Hee Kim 1, Thi-Hoang-Oanh Duong 1, JayaLakshmi Thangaraj 3, Tan-Huy Chu 3, Shin Jung 1,4, In-Young Kim 1,4, Kyung-Sub Moon 1,4, Young-Jin Kim 1,4, Tae-Kyu Lee 1,4, Chul Won Lee 5, Hyosuk Yun 5, Je-Jung Lee 3,6, Hyun-Ju Lee 3, Kyung-Hwa Lee 7* and Tae-Young Jung 1,2,4*


1 Brain Tumor Research Laboratory, Chonnam National University Hwasun Hospital, Hwasun, Republic of Korea, 2 Biomedical Sciences Graduate Program (BMSGP), Chonnam National University Medical School, Hwasun, Republic of Korea, 3 Research Center for Cancer Immunotherapy, Chonnam National University Hwasun Hospital, Hwasun, Republic of Korea, 4 Department of Neurosurgery, Chonnam National University Medical School, and Hwasun Hospital, Hwasun, Republic of Korea, 5 Department of Chemistry, Chonnam National University, Gwangju, Republic of Korea, 6 Department of Internal Medicine, Chonnam National University Medical School, and Hwasun Hospital, Hwasun, Republic of Korea, 7 Department of Pathology, Chonnam National University Medical School, and Hwasun Hospital, Hwasun, Republic of Korea




Edited by: 

Peter Brossart, University of Bonn, Germany

Reviewed by: 

Adeleh Taghi Khani, Beckman Research Institute, United States

Eiichi Ishikawa, University of Tsukuba, Japan

*Correspondence: 

Tae-Young Jung
 jung-ty@chonnam.ac.kr

Kyung-Hwa Lee
 mdkaylee@chonnam.ac.kr

Specialty section: 
 This article was submitted to Cancer Immunity and Immunotherapy, a section of the journal Frontiers in Immunology


Received: 02 August 2022

Accepted: 30 November 2022

Published: 10 January 2023

Citation:
Tran T-A-T, Kim Y-H, Duong T-H-O, Thangaraj J, Chu T-H, Jung S, Kim I-Y, Moon K-S, Kim Y-J, Lee T-K, Lee CW, Yun H, Lee J-J, Lee H-J, Lee K-H and Jung T-Y (2023) Natural killer cell therapy potentially enhances the antitumor effects of bevacizumab plus irinotecan in a glioblastoma mouse model. Front. Immunol. 13:1009484. doi: 10.3389/fimmu.2022.1009484



Various combination treatments have been considered to attain the effective therapy threshold by combining independent antitumor mechanisms against the heterogeneous characteristics of tumor cells in malignant brain tumors. In this study, the natural killer (NK) cells associated with bevacizumab (Bev) plus irinotecan (Iri) against glioblastoma multiforme (GBM) were investigated. For the experimental design, NK cells were expanded and activated by K562 cells expressing the OX40 ligand and membrane-bound IL-18 and IL-21. The effects of Bev and Iri on the proliferation and NK ligand expression of GBM cells were evaluated through MTT assay and flow cytometry. The cytotoxic effects of NK cells against Bev plus Iri-treated GBM cells were also predicted via the LDH assay in vitro. The therapeutic effect of different injected NK cell routes and numbers combined with the different doses of Bev and Iri was confirmed according to tumor size and survival in the subcutaneous (s.c) and intracranial (i.c) U87 xenograft NOD/SCID IL-12Rγnull mouse model. The presence of injected-NK cells in tumors was detected using flow cytometry and immunohistochemistry ex vivo. As a result, Iri was found to affect the proliferation and NK ligand expression of GBM cells, while Bev did not cause differences in these cellular processes. However, the administration of Bev modulated Iri efficacy in the i.c U87 mouse model. NK cells significantly enhanced the cytotoxic effects against Bev plus Iri-treated GBM cells in vitro. Although the intravenous (IV) injection of NK cells in combination with Bev plus Iri significantly reduced the tumor volume in the s.c U87 mouse model, only the direct intratumorally (IT) injection of NK cells in combination with Bev plus Iri elicited delayed tumor growth in the i.c U87 mouse model. Tumor-infiltrating NK cells were detected after IV injection of NK cells in both s.c and i.c U87 mouse models. In conclusion, the potential therapeutic effect of NK cells combined with Bev plus Iri against GBM cells was limited in this study. Accordingly, further research is required to improve the accessibility and strength of NK cell function in this combination treatment.
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1 Introduction

Glioblastoma multiforme (GBM) is the most frequent and aggressive type of cancer in the central nervous system (CNS). It is associated with poor prognostic factors and low survival. It accounts for 14.3% of all primary brain and other CNS tumors and 49.1% of primary malignant brain tumors. Only 6.8% of patients survive after 5 years of diagnosis (1, 2). Although advances in GBM treatments, e.g., maximal surgical resection with radiation and chemotherapy, have been applied, the mean 5-year overall survival (OS) of patients with GBM remains low (approximately 9.8%) (3, 4). Therefore, new strategies must be developed to improve the therapeutic effects of this disease.

GBM is a highly vascularized tumor that secretes a large amount of vascular endothelial growth factor (VEGF) (5). VEGF is a key mediator of tumor neovascularization (endothelial proliferation and vascular permeability) that suppresses most immune responses in tumors (6–9). As a standard treatment for GBM, bevacizumab (Bev) is a humanized monoclonal antibody approved by the FDA. It targets the VEGF receptor and consequently reduces blood flow and tumor volume (10). Furthermore, irinotecan (Iri)—a chemotherapeutic drug—is found to be effective with tumor cells by blocking a topoisomerase 1 inhibitor involved in the induction of DNA damage and subsequent apoptosis. It can cross the blood-brain barrier and exhibits unique antitumor activity against GBM as observed in preclinical and clinical investigations (11–13).

Recent clinical trials using Bev in combination with Iri and/or temozolomide in recurrent patients with GBM have demonstrated its moderate effectiveness and tolerance (14, 15). Bev combined with Iri is effective for patients with recurrent malignant gliomas and some children with recurrent low-grade gliomas. This combination is safe and has excellent activity even in the relapsed and heavily pretreated population of patients with malignant glioma, most of whom were not candidates for clinical trials (16, 17). The efficacy of Bev plus Iri can be attributed to the antitumor stem cell effect of Bev, the anti-differentiated glioma tumor cell effect of Iri, and the normalization of tumor vasculature; consequently, interstitial pressure decreases, hypoxia is minimized, and the delivery of Iri to tumors is enhanced (18, 19).

Although natural killer (NK) cells in patients with cancer are often functionally compromised owing to the immunosuppressive activity of tumors, the initial success of adoptive NK cell transfer in the treatment of hematological cancers has motivated clinical efforts devoted to using this strategy against solid cancers. NK cells not only elicit cytotoxic effects against a wide range of tumor cells of solid cancer types but also exhibit antitumor activities in preclinical xenograft mouse models of GBM. The safety of NK cell-based therapy has been evaluated in autologous and allogeneic haploidentical settings. However, the clinical efficacy of this strategy is limited (20–22). Therefore, the combination of NK cells with other treatment methods in current preclinical efforts enhances the efficacy of NK cell-based therapy. Furthermore, NK cells expanded and activated by K562-OX40L-mb-IL-18/IL-21 feeder cells have shown cytotoxic activity against multiple myeloma in in vitro and xenograft mouse models (23–25). Therefore, NK cells using K562-OX40L-mb-IL-18/IL-21 cells as feeder cells were also used to confirm therapeutic effects against GBM in this study.

Tumor cell heterogeneity is a crucial characteristic that contributes to therapeutic resistance and the recurrence of malignant brain tumors (26). Individual treatments may have a limited effect; however, combined treatments may achieve the threshold for effective therapy. Although the therapeutic effects of Bev plus Iri have been demonstrated, the role of the combination of Bev and Iri in NK therapy has not been investigated. NK cells, Bev, and Iri are known to have different working mechanisms toward target tumors (11, 27, 28). Nevertheless, more complicated possible interactions between NK cells, Bev, and Iri should be confirmed for improving their anti-GBM effects. In this study, NK cells were used in combination with Bev and Iri to further understand the preclinical success and aid in designing rational and effective combinatorial therapies for GBM in clinical settings.



2 Materials and methods


2.1 Patient samples and animals

Blood and tissue samples were collected from healthy donors (HDs) and GBM patients with the approval of the institutional ethical committee at Chonnam National University Hwasun Hospital. All surgical tissues and blood from GBM patients were collected at the Neurosurgery Department at Chonnam National University Hwasun Hospital.

Six-to-eight-week-old female NOD/SCID IL-12Rγnull (NSG) mice (Jackson Laboratory, Bar Harbor, MA, USA) were raised under specific pathogen-free conditions. The mice were anesthetized by the intraperitoneal injection (IP) of a 2:1 mixture of Zoletil® (Virbac Laboratories, Carros, France)/Rompun® (Bayer Korea, Anshan, Korea) at a dose of 1.5 mL/kg. All animal care procedures, experiments, and euthanasia were performed after obtaining approval from the Chonnam National University Animal Research Committee.



2.2 Cell lines

Human GBM cell lines, namely, U87, U118, and U343, were obtained from the Korean Cell Line Bank (Seoul, Korea) and the Brain Tumor Research Center, University of California, San Francisco. All cells were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% heat-inactivated fetal bovine serum (FBS; Gibco, US) and 1% penicillin–streptomycin in a humidified 5% CO2 incubator at 37°C.

Human K562 (human immortalized myelogenous leukemia cell line) was purchased from the American Type Culture Collection (ATCC, Manassas, VA, USA). Modified K562-OX40L-mb-IL-18/IL-21 cells were used to expand and activate NK cells (25). Cells were cultured in Roswell Park Memorial Institute (RPMI)-1640 medium supplemented with 10% heat-inactivated FBS (Gibco, US) and 1% penicillin–streptomycin in a humidified 5% CO2 incubator at 37°C.



2.3 Chemical agents and flow cytometry

Bev (Avastin®) and Iri-HCl (Campto®) were purchased from Roche (Basel, Switzerland) and Inno.N (Seoul, Republic of Korea) laboratories, respectively. Dose treatments were set at 10 mg/kg Bev plus 125 mg/m2 Iri-HCl (a high dose of Bev and Iri, Bev plus Irihigh) and 5 mg/kg Bev plus 60 mg/m2 Iri (a low dose of Bev and Iri, Bev plus Irilow) according to the previously reported clinical trial dose (29–32). The dose was converted from a human dose into a mouse dose for treatment (33). The abovementioned chemical agents were administered through IP.

The expression levels of NK ligands on GBM cells, NK markers on NK cells, and NK purity were confirmed through flow cytometry. The cells were stained with antibodies listed in Table 1. The mean fluorescence intensity (MFI) ratio was calculated by dividing the MFI of the stained cell population by that of the unstained cell population. Fluorescence minus one (FMO) stain was used in each sample in each experiment to determine positive and negative populations. Further, gates were applied from FMOs to samples. The FMO of each experiment has been described in the corresponding figure legends.


Table 1 | List of antibodies used in flow cytometry.





2.4 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) cell viability assay

The effects of Bev and Iri on the proliferation and survival of GBM cells (U87, U118, and U343 cells) were predicted via the MTT assay. Briefly, GBM cells (3×103 cells/well) were seeded in 96-well plates (SPL, Gyeonggi-do, Korea) and cultured with DMEM supplemented with 10% FBS and 1% P/S at 37°C in a 5% CO2 atmosphere. They were stained after 24 h and 48 h incubation with MTT (Sigma). For staining, the plates were washed with PBS, and MTT (0.5 mg/mL) was added to each well. After 4 h of incubation, the MTT solution was removed from each well. MTT formazan was then solubilized using isopropanol (Merck, Darmstadt, Germany), and optical density was read at 570 nm.



2.5 NK cell culture

NK cells were cultured and expanded using the established K562-OX40L-mb-IL-18/IL-21 feeder cells in previously described methods (25). Briefly, peripheral blood mononuclear cells isolated from HDs and GBM patients were co-cultured with gamma-irradiated (100 Gy) K562-OX40L-mb-IL-18/IL-21 feeder cells in RPMI-1640 medium containing 10% FBS, 1% penicillin/streptomycin, and 4 mM L-glutamine. NK cells were cultured in the presence of recombinant human interleukin IL-2 and IL-15 (PeproTech, Rocky Hill, NJ, USA). The recombinant IL-2 (10 U/mL) was added to the cell culture medium until day 7. From day 7, recombinant IL-2 (100 U/mL) and recombinant IL-15 (5ng/mL) were added to the cell culture medium. The cell culture medium containing cytokines was refreshed every 2–3 days. On day 14, NK cells with >90% purity were used for in vitro and in vivo experiments. For in vivo experiments, NK cells were expanded from isolated peripheral blood mononuclear cells of HDs (NK-HD cells) used for all experiments. The mice were treated with intravenously injected NK-HD cells at a low dose (1×107 NK cells/ injection, NK-IVlow) or a high dose (2×107 NK cells/ injection, NK-IVhigh), and intratumorally injected NK-HD cells (2×106 NK cells/ injection, NK-IT), respectively.



2.6 Lactate dehydrogenase release cytotoxicity assay

CytoTox 96 nonradioactive cytotoxicity assay (CytoTox 96, Promega, Madison, WI, USA) was performed to analyze the cytotoxic effects of NK-HD and NK-GBM cells against target GBM cells, namely, U87, U118, U343, and primary GBM (pGBM) cells, according to the manufacturer’s instructions. Briefly, GBM cells (4×104 cells/ well) with or without treatment with Bev and Iri were used as the target. The NK cells were co-cultured with the target cells at 1:1 and 1:3 (target: effector) ratio in Costar 96-well plates (SPL, Gyeonggi-do, Korea) under a 5% CO2 atmosphere at 37°C for 5 h. Then, supernatants were collected to determine the LDH concentration. The mean percentage of specific lysis was calculated as follows:

 



2.7 Enzyme-linked immunosorbent assay

The GBM cells U87, U118, U343, and pGBM (4 × 104 cells/wells) with or without treatment with Bev and Iri were used as target cells. The NK-HD and NK-GBM cells were co-cultured with target cells at a 1:3 (target:effector) ratio in 96-well plates (SPL, Gyeonggi-do, Korea) under a 5% CO2 atmosphere at 37°C for 5 h. Subsequently, the supernatants were collected to determine the IFN-γ concentration by using the OptEIA ELISA kit (BD Bioscience) as per the manufacturer’s instructions. NK alone and NK treated with dimethyl sulfoxide (DMSO) were used as the negative control and NK treated with PMA/Ionomycin (Biolegend, 423302) was used as the positive control for released IFN-γ.



2.8 Subcutaneous and intracranial U87 xenograft mouse model

For the s.c mouse model, 5×106 U87 cells in 100 µl of PBS were mixed with 100 µl of Matrigel™ Matrix (Corning #354248) and injected into the right s.c of NSG mice. The mice were randomly allocated to the treatment arms. NK-HD cells were injected intravenously (IV). For the treatment, the mice were divided into four treatment groups: (1) control, (2) NK-IVlow, (3) Bev plus Irihigh, and (4) NK-IVlow combined with Bev plus Irihigh. The treatment was initiated when the tumor size reached approximately 100 mm3. Overall survival was quantified, and the tumor volume was calculated using the standard formula for the volume of an ellipsoid: V=4/3π [(length × width × height)/8]. Once the total tumor volume reached 1000 mm3 per animal, the mice were euthanized.

For the i.c mouse model, 5×105 U87 cells in 5 μl of PBS were stereotactically injected into the right striatum of the mice at a rate of 1 μl/min. Injection sites were estimated using the following coordinates: 1 mm posterior, 2 mm lateral from the bregma, and 4 mm deep from the cortical surface. The mice were randomly allocated to the treatment arms. NK-HD cells were injected IV or intratumorally (IT). For the treatment, the mice were divided into eight and four different treatment groups. For the eight groups, the mice were treated according to (1) control, (2) NK-IVlow, (3) NK-IT, (4) Bev plus Irilow, (5) NK-IVhigh combined with Bev plus Irilow, (6) Bev plus Irihigh, (7) NK-IVlow combined with Bev plus Irihigh, and (8) NK-IT combined with Bev plus Irihigh. For the four groups, the mice were treated according to (1) control, (2) Irihigh, (3) Bev plus Irihigh, and (4) NK-IVhigh combined with Bev plus Irihigh.  The treatments were initiated when the tumor size reached approximately 5 mm3. The overall survival was quantified. Tumor size was confirmed through magnetic resonance imaging (MRI) and analyzed using the RadiAnt DICOM Viewer 2021.2 software. Tumor volume was calculated by the summation of all tumor areas in each slide and multiplication by the slide thickness.



2.9 Tumor dissociation

Single tumor cells were collected from GBM patients and U87-bearing NSG mice were collected for further experiment. Single tumor cells from GBM patients were used for confirming NK ligands expression and target cells of cytotoxicity assay, while those from the U87-bearing NSG mice were used for confirming the presence of NK cells in the tumor and NK ligand expression on single tumor cells before and after treatment with NK cells, Bev, and Iri. The single tumor cells were collected according to the following protocol. First, the tumor was collected, washed with RPMI media supplemented with 10% FBS and 1% P/S, and minced into 3 mm to 4 mm pieces by using a sterile scalpel. Then, the tumor was dissociated by using a tumor dissociation kit (Miltenyi Biotech, Germany) for obtaining the single tumor cells from the s.c tumor and a brain tumor dissociation kit (Miltenyi Biotech, Germany) for obtaining the single tumor cells from the i.c tumor. Afterward, the cells were filtered using 70 or 40 μm cell strainers (Falcon), and single tumor cells were collected. Erythrocytes were removed using red blood cell lysis buffer (Miltenyi Biotech, Germany).



2.10 Immunohistochemistry

Tumors from the s.c and i.c mouse models were collected and fixed in 5% paraformaldehyde to confirm the presence of NK cells at tumor sites. They were then embedded in paraffin, sectioned into 4 μm coronal sections by using a microtome, and prepared for immunohistochemistry (IHC) staining. The antibodies used for the IHC experiment were anti-human CD56 (1:50 dilution; Code No. M7304; clone 123C3; DAKO; Denmark) and anti-human CD45RO (LCA; 1:100 dilution; Code No. M0701; clone 2B11+PD7/26; DAKO; Denmark). Tumor slides were scanned using the Aperio Scan Scope System (Aperio, Technology, Vista, CA, USA).



2.11 Statistical analysis

Data were statistically analyzed using SPSS 23.0 for Windows (SPSS Inc., Chicago, IL, USA). One-way or two-way ANOVA was performed for analyses across multiple groups. A log-rank test was performed on survival data with Bonferroni correction applied for comparations, and an independent sample t-test was used to compare significant differences between the two groups. Data with p<0.05 were considered statistically significant.




3 Results


3.1 Effects of Bev and Iri on the proliferation of GBM cells

The viability percentages and IC50 of GBM cells (U87, U118, and U343 cells) after the treatment with Bev and Iri separately or in combination with a gradual increase in dose concentrations (0.5, 1, 2, and 4 mg/mL for Bev and 0.15, 0.3, 0.6, and 1.2 mg/mL for Iri) were determined at 24 and 48 h via the MTT assay to investigate the effects of Bev and Iri on the proliferation of GBM cells (Figures 1A–I).




Figure 1 | Effects of Bev and Iri on the proliferation of GBM cells in vitro. GBM cells (U87, U118, and U343 cells) were treated with Bev and Iri separately or in combination of according to the increased concentration of these two drugs (0.5, 1, 2, and 4 mg/mL for Bev and 0.15, 0.3, 0.6, and 1.2 mg/mL for Iri). After 24 and 48 h, cell viability was determined by MTT assay and IC50 was calculated to determine the concentration of drugs that exhibited 50% cell viability. The viability of untreated cell cultures was set at 100% (A–I). Moreover, the expression of NK ligands on GBM cells such as U87, U118, U343, and pGBM and the effects of Bev (0.5 mg/mL) and Iri (0.15 mg/mL) on their expression was clarified using flow cytometry. (J–M) Data were presented as MFI ratio calculated by dividing the MFI of the positive cells (stained cell population) by that of the negative cells (live cell population). FMO: live cells. U87, U118, and U343: human GBM cell lines; pGBM: primary GBM cells; Bev: bevacizumab; Iri: irinotecan. All data are shown as mean ± SD. p< 0.05 (*), p< 0.001 (**), p< 0.0001 (***). n.s, no significant difference.



Bev did not affect the viability of GBM cells, whereas Iri significantly decreased the viability of all GBM cells according to the increased dose statuses (0.15, 0.3, 0.6, and 1.2 mg/mL) at 24 and 48 h. In particular, 0.15 mg/mL Iri reduced 37% (p=0.000, 24 h) and 55% (p=0.000, 48 h) of U87 cell viability, 31% (p=0.000, 24 h) and 57% (p=0.000, 48 h) of U118 cell viability, and 33% (p=0.000, 24 h) and 52% (p=0.000, 48 h) of U343 cell viability compared with those in the control group. This trend was similar to 0.3 mg/mL and 0.6 mg/mL Iri. However, after 24 and 48 h, GBM cell viability did not vary between 0.6 mg/mL and 1.2 mg/mL Iri. Thus, the examined GBM cells might exhibit resistance at an Iri concentration of 1.2 mg/mL.

Iri exhibited 50% cell viability (IC50) at 0.33 mg/mL and 0.08 mg/mL for U87 cells, 0.41 mg/mL and 0.09 mg/mL for U118 cells, and 0.63 mg/mL and 0.11 mg/mL for U343 cells at 24 h and 48 h of incubation, respectively. Because Bev did not affect GBM cell viability, the minimal screening Iri dose of 0.15 mg/mL that significantly affected GBM cell proliferation but had not reached resistance on GBM cells was combined with different doses of Bev (0.5, 1, 2, and 4 mg/mL) to confirm GBM cell viability. Results of the analysis revealed that the GBM cell viability did not significantly differ among these combinations. Therefore, the screened dose of 0.5 mg/mL Bev and 0.15 mg/mL Iri were used for further in vitro analysis.



3.2 Effects of Bev and Iri on the NK ligand expression of GBM cells

The expression levels of NK ligands (CD155, CD112, MICA/B, ULBP1, and PDL1) on GBM cells (U87, U118, and U343) and primary GBM cells (pGBM) before and after the treatments with Bev (0.5 mg/mL) and Iri (0.15 mg/mL) at 24 h were elucidated via flow cytometry (Figures 1J–M; S1). Although Iri affected the NK ligands on GBM cells, Bev did not influence their expression. In particular, the MICA/B expression was enhanced under Iri or Bev plus Iri treatment in U87 cells (p=0.000 and p=0.001), U118 cells (p=0.007 and p=0.003), and U343 cells (p=0.000 and p=0.000) compared control group. However, only Bev plus Iri increased MICA/B expression in pGBM cells (p = 0.05) compared to the control group. CD155 and CD112 expression levels increased in U87 cells with Iri (p = 0.000 and p = 0.000) and Bev plus Iri group (p = 0.007 and p = 0.000), while it decreased in U118 cells with Iri (p = 0.006 and p = 0.000) and Bev plus Iri group (p = 0.003 and p = 0.000). Furthermore, while Bev plus Iri reduced CD155 expression on U343 cells (p = 0.03), Iri caused a reduction in CD155 and CD122 in pGBM cells (p = 0.033 and p = 0.034, respectively). Moreover, only U87 cells exhibited an increase in ULBP1 expression under Iri and Bev plus Iri treatment (p = 0.000 and p = 0.000, respectively). Therefore, the synergistic effects of Iri and NK cells could be related to the MICA/B expression; however, further studies should be performed to verify this finding.



3.3 NK cell characterization

The schematic of NK cell expansion from peripheral blood mononuclear cells (PBMCs) of HDs (NK-HD) and GBM patients (NK-GBM) co-cultured with 100 Gy gamma-irradiated K562-OX40L-mb-IL-18/IL-21 feeder cells in the presence of IL-2 (from day 0 to day 6) and IL-2/IL-15 (from day 7 to day 28) is shown in Figure S2A. The NK-HD and NK-GBM cells were characterized by NK purity, expansion fold, and NK marker expression. In particular, the NK-HD and NK-GBM cells were confirmed in terms of NK purity, expansion fold, and NK marker expression every 7 days (on days 0, 7, 14, 21, and 28) (Figures S2B–D). There was no difference between the observed NK-HD and NK-GBM cells.

NK-HD and NK-GBM cell purity did not vary on days 14, 21, and 28. Although the expansion fold of NK-HD cells was higher than that of NK-GBM cells (around 4000-fold expansion for NK-HD and 3000-fold expansion for NK- GBM), it did not significantly differ between NK-HD and NK-GBM cells for 28 days. Moreover, the expression of NK markers from NK-HD and NK-GBM cells was estimated every 7 days (on days 0, 7, 14, 21, and 28). The activated and inhibited NK marker expression (NKG2D, NKp30, FASL, TRAIL, DNAM1, PD1, and NKG2A) did not differ among days 0, 7, 14, 21, and 28; similarly, the NK marker expression did not vary between NK-HD and NK-GBM cells.



3.4 Cytotoxic function of NK cells against GBM cells in vitro

The cytotoxic effects of NK-HD and NK-GBM cells against GBM cell lines (U87, U118, and U343) and pGBM cells were estimated in Figure 2. Generally, NK-HD and NK-GBM cells exhibited cytotoxic effects against all GBM cells (U87, U118, U343, and pGBM) at 1:1 and 1:3 (target:effector) ratio. Although both NK-HDs and NK-GBM enhanced the cytotoxic effects against GBM cells treated with Bev plus Iri compared to the untreated group, no difference was observed in the cytotoxicity of NK-HDs and NK-GBM against Iri-treated GBM cells and Bev plus Iri-treated GBM cells. Thus, the main effects that enhanced NK cytotoxicity against GBM cells in vitro could be related to Iri rather than Bev. This trend was observed clearly at a 1:3 (target:effector) ratio. Particularly, the cytotoxicity of NK-HD cells against GBM cells treated with Bev plus Iri was enhanced by 22% (p = 0.000) in U87 cells, 17% (p = 0.001) in U118 cells, 14% (p = 0.000) in U343 cells, and 11% (p = 0.022) in pGBM cells compared to those in the untreated group. Similarly, the cytotoxicity of NK-GBM cells against GBM cells treated with Bev plus Iri was enhanced by 22% (p = 0.02) in U87 cells, 17% (p = 0.000) in U118 cells, and 9% (p = 0.024) in U343 cells compared to those in the untreated group. However, the cytotoxicity of NK cells against GBM cells treated with Iri alone and Bev plus Iri showed no significant difference between NK-HD and NK-GBM cells, except in U343 cells.




Figure 2 | Cytotoxic effects of expanded NK cells from HDs (NK-HD) and GBM patients (NK-GBM) against GBM cells, Iri-treated GBM, and Bev plus Iri-treated GBM cells. The cytotoxicity effects of NK-HD (A–D) and NK-GBM cells (E–G) against GBM cells such as U87, U118, U343, pGBM at 1:1 and 1:3 (target:effector) ratio were confirmed through the LDH assay. U87, U118, and U343: human GBM cell lines; pGBM: primary GBM cells; Bev: bevacizumab (0.5 mg/mL); Iri: irinotecan (0.15 mg/mL). All data are shown as mean ± SD. p< 0.05 (*), p< 0.001 (**), p< 0.0001 (***).



The IFN-γ levels before and after co-culturing with untreated GBM cells, Iri-treated GBM cells, and Bev plus Iri-treated GBM cells can be confirmed from Figure S3. In particular, the IFN-γ levels of NK-HDs and NK-GBM cells were enhanced after co-culturing with GBM target cells. Although the IFN-γ levels of NK-HDs and NK-GBM against Iri- and Bev plus Iri-treated GBM target cells showed a slight enhancement compared to untreated GBM target cells, no difference was observed in the IFN-γ levels between Iri- and Bev plus Iri-treated GBM group. Further, the expression of NK cell markers (NKG2D, NKp30, FASL, TRAIL, DNAM1, NKG2A, and PD1) from NK-GBM cells before and after co-culturing with the untreated (U87, U118, and U343 cells), Iri-treated, and Bev plus Iri-treated GBM cells are illustrated in Figure S4. No significant differences were observed in their expression levels.



3.5 Therapeutic effects of NK cells combined with Bev plus Iri in the s.c U87 xenograft mouse model

When the tumor reached around 100 mm3, U87-bearing mice were treated with NK-HD cells, Bev, and Iri according to the scheduled treatment shown in Figure 3A. Days were estimated from post-treatment. Further, mouse weight was estimated; as shown in Figure 3B, there was no difference in mouse weight between treatment groups such as NK-IVlow, Bev plus Irihigh, and NK-IVlow combined with Bev plus Irihigh group compared to the control group. The therapeutic effects of NK-HD cells combined with Bev plus Iri were confirmed from tumor volume and survival.




Figure 3 | Experimental treatment schedules and therapeutic effects of NK-HD cells in combination with Bev plus Iri estimated in the s.c U87 mouse model. At a tumor size of 100 mm3, the mice were treated with Bev and Iri every 7 days for 14 days. NK-HD cells were injected after 1 day of Bev and Iri treatment (A). The mouse weight before and after the treatment with NK-HD cells in combination with Bev and Iri was clarified every 9 days (B). The tumor size before and after the treatment with NK-HD cells in combination with Bev and Iri was clarified every 9 days and the tumor volume was calculated as follows: V = 4/3π (length × width × height/8) (C–E). The Kaplan–Meier survival of U87-bearing mice of control, NK-IVlo, Bev plus Irihi, and NK-IVlo in combination with Bev plus Irihi group was estimated. The statistical significance of survival was determined using a log-rank test with Bonferroni correction applied for comparisons (F). NK-IVlo: intravenously injected NK-HD cells (1 × 107 NK cells); Bev+Irihi: intraperitoneally injected bevacizumab (10 mg/kg) plus irinotecan (125 mg/m2); U87: human GBM cell line. All data are shown as mean ± SD. p< 0.05 (*). n.s, no significant difference.



The tumor volume was also measured with a digital caliper; the final data are shown in Figures 3C–E; S5. As revealed by the aforementioned figures, there was no difference in tumor volume between NK-IVlow and control groups. However, the tumor volume of the mice treated with Bev plus Irihigh and NK-IVlow combined with Bev plus Irihigh showed a delay in tumor growth compared to the control and NK-IVlow groups. Bev plus Irihigh and NK-IVlow combined with Bev plus Irihigh reduced the tumor volume compared with that of the control group (p = 0.000 and p = 0.000, respectively) and NK-IVlow (p = 0.000 and p = 0.000, respectively). Moreover, NK-IVlow combined with Bev plus Irihigh also showed suppressed tumor growth compared with the Bev plus Irihigh group (p = 0.037).

Similarly, the survival of U87-bearing mice did not differ between NK-IVlow (28.8 ± 1.7 days) and the control group (30 ± 2.1 days). However, the survival of the mice treated with Bev plus Irihigh and NK-IVlow combined with Bev plus Irihigh significantly differed from that of the control and NK-IVlow groups. Bev plus Irihigh (51.3 ± 1.4 days) and NK-IVlow combined with Bev plus Irihigh (57.1 ± 2.5 days) prolonged the survival of the treated mice compared with that of the control group (p = 0.000 and p = 0.000, respectively) and the mice treated with NK-IVlow (p = 0.000 and p = 0.000, respectively). Although there was a difference in mouse survival between Bev plus Irihigh and NK-IVlow combined with Bev plus Irihigh, as revealed by the log-rank test (p = 0.018), there was no difference with the Bonferroni correction applied (Figure 3F).



3.6 Therapeutic effects of NK cells combined with Bev plus Iri in the i.c U87 xenograft mouse model

When the tumor reached around 5 mm3, U87-bearing mice were treated with NK-HD cells, Bev, and Iri according to the scheduled treatment in Figure 4A. The therapeutic effects of NK-HD cells combined with Bev plus Iri were confirmed in terms of tumor volume and survival. Days were estimated from post-treatment.




Figure 4 | Experimental treatment schedule and therapeutic effects of NK-HD cells in combination with Bev plus Iri in the i.c U87 mouse model. At a tumor size of 5 mm3, the mice were treated with Bev and Iri every 4 days for 8 days. NK-HD cells were injected after 1 day of Bev and Iri treatment (A). The tumor size before and after the treatment with NK-HD cells in combination with Bev plus Iri was clarified every 6 days using MRI. The final tumor volume was analyzed using the RadiAnt DICOM Viewer 2021.2.2 software and calculated as the summation of all tumor areas in each slide and multiplication by the slide thickness (B, C). The Kaplan–Meier survival of U87-bearing mice after treatment with NK-HD cells in combination with Bev plus Iri was estimated. The statistical significance of survival was determined using a log-rank test with Bonferroni correction applied for comparisons (D). NK-IVlo: intravenously injected NK-HD cells (1 × 107 NK cells); NK-IVhi: intravenously injected NK-HD cells (2 × 107 NK cells); Irihi: intraperitoneally injected Iri (125 mg/m2); Bev+Irilo: intraperitoneally injected Bev (5 mg/kg) plus Iri (60 mg/m2); Bev+Irihi: intraperitoneally injected Bev (10 mg/kg) plus Iri (125 mg/m2); NK-IT: intratumorally injected NK-HD cells (2 × 106 NK cells); U87: human GBM cell line. All data are shown as mean ± SD. p< 0.001 (**). n.s, no significant difference.



Tumor volume was clarified via MRI and mouse weight was also estimated (Figures 4B, C; S6, S7). The tumor volume of U87-bearing mice did not differ between NK-IVlow and NK-IT compared with that of the control group. However, the tumor volumes of the mice treated with Bev plus Irilow, NK-IVhigh combined with Bev plus Irilow, Bev plus Irihigh, NK-IVlow combined with Bev plus Irihigh, and NK-IT combined with Bev plus Irihigh significantly differed from those of the control (p = 0.000, p = 0.000, p = 0.001, p = 0.000, and p = 0.000, respectively), NK-IVlow (p = 0.000, p = 0.000, p = 0.000, p = 0.000, and p = 0.000, respectively), and NK-IT (p = 0.000, p = 0.000, p = 0.001, p = 0.000, and p = 0.000, respectively) groups. Only NK-IT combined with Bev plus Irihigh delayed tumor growth compared with the Bev plus Irihigh group (p = 0.006). Moreover, Bev plus Irihigh also showed delayed tumor volume compared with Irihigh (p = 0.043). These results show the role of the combination of bevacizumab and irinotecan in the i.c U87 mouse model. The combination of NK-IVhigh with Bev plus Irihigh could not suppress the tumor size compared to Bev plus Irihigh.

A similar trend can be observed in Figure 4D, wherein the survival of U87-bearing mice did not differ between NK-IT and NK-IVlow compared with that of the control group (20.2 ± 1.8 days). However, Bev plus Irilow (27.0 ± 1.6 days) and NK-IVhigh combined with Bev plus Irilow (29.3 ± 0.9 days) prolonged the survival of the treated mice compared with those of the control (p = 0.03 and p = 0.002, respectively), NK-IVlow (n.s and p = 0.038, respectively), and NK-IT (p = 0.03 and p = 0.002, respectively). Moreover, the survival of U87-bearing mice in Bev plus Irihigh (39.5 ± 1.6 days), NK-IVlow combined with Bev plus Irihigh (42.4 ± 0.9 days), and NK-IT combined with Bev plus Irihigh (43.6 ± 1.1 days) was also prolonged compared with that of the mice treated with Bev plus Irilow (p = 0.000, p = 0.000, and p = 0.000, respectively) and NK-IVhigh combined with Bev plus Irilow (p = 0.000, p = 0.000, and p = 0.000, respectively). However, no difference in survival was observed between Bev plus Irihigh, NK-IVlow combined with Bev plus Irihigh, and NK-IT combined with Bev plus Irihigh. The combination of NK-IVhigh with Bev plus Irihigh affected mouse survival during treatment. However, the remaining mice recovered after 7 days post-treatment, and alive mice in NK-IVhigh with Bev plus Irihigh group died owing to increased tumor volume.



3.7 Tumor-infiltrating NK cells and NK ligand expression in tumors

The tumor-infiltrating NK-HD cells of U87-bearing mice were confirmed via flow cytometry with hCD45 and IHC with hCD56 and hCD45 markers; the results are presented in Figures 5A–F. The percentages of hCD45+ cells in tumors were clarified on the s.c and i.c U87 mouse models. In general, a few hCD45+ cells were detected in the tumor in the NK treatment group (NK-IVlow) and NK cells in combination with Bev plus Iri group (NK-IVlow combined Bev plus Irihigh or NK-IVhigh combined Bev plus Irilow) in both s.c and i.c U87 mouse models, which was confirmed with the presence of hCD45 and hCD56 in the tumor with IHC assay. Although NK-IVlow combined Bev plus Irihigh showed a slight enhancement compared to NK-IVlow, no difference was observed in the s.c and i.c U87 mouse models. Moreover, the presence of NK cells in NK-IVhigh combined with Bev plus Irilow was confirmed by flow cytometry and IHC in the i.c U87 mouse model.




Figure 5 | Presence of NK-HD cells in the tumor of s.c and i.c U87-bearing mice with or without treatment of NK-HD cells alone or NK-HD cells in combination with Bev plus Iri was confirmed through flow cytometry by hCD45 and immunohistochemistry (IHC) with hCD45 and hCD56 (A–F). The expression levels of NK ligands such as CD155, CD112, MICA/B, ULBP1, and PDL1 on single tumor cells with or without treatment of NK-HD cells alone or NK cells in combination with Bev plus Iri were also clarified using flow cytometry (G). Data are presented by percentages of positive cells. FMO: live cells without staining NK ligand markers; NK-IVlo: intravenously injected NK-HD cells (1 × 107 NK cells); NK-IVhi: intravenously injected NK-HD cells (2 × 107 NK cells); Bev+Irilo: intraperitoneally injected Bev (5 mg/kg) plus Iri (60 mg/m2); Bev+Irihi: intraperitoneally injected Bev (10 mg/kg) plus Iri (125 mg/m2); U87: human GBM cell line. All data are shown as mean ± SD. p< 0.05 (*).



The expression of NK ligands on single tumor cells in the s.c U87 mouse model is illustrated in Figures 5G; S8. The expression of NK ligands (CD155, CD112, MICA/B, and ULBP1) on single tumor cells in the s.c model did not vary among the control, NK-IVlow, Bev plus Irihigh, and NK-IVlow combined with Bev plus Irihigh groups. However, NK-IVlow combined with Bev plus Irihigh reduced the PDL1 expression compared with that of the control group in the s.c U87 mouse model (p=0.041).




4 Discussion

Scientific reports and clinical studies have demonstrated the promising effects of NK cell therapy on cancer, particularly in GBM (34–37) (Table 2). However, NK cell function is frequently impaired in solid tumors. One of the reasons for this occurrence is that the solid tumor-associated microenvironment often becomes hypoxic and induces TGF-β, which promotes the downregulation of activated NK cell receptors in patients with cancer; consequently, their killing activity that targets tumors is impaired (38). Among various approaches, adoptive NK therapy, which involves ex vivo expanded and activated NK cells has emerged as a promising solution to overcome immunosuppression commonly observed in solid tumors by increasing the number and antitumor activity of NK cells (39). Therefore, we used NK cells that were expanded and activated according to the previously established protocol by using a feeder cell, K562 expressing the OX40 ligand and membrane-bound IL-18 and IL-21, which showed potential effects on multiple myeloma in the previous study (23); we wanted to confirm the therapeutic effects of these established NK cells in the GBM setting. Interestingly, NK-GBM showed no difference compared to NK-HDs in terms of purity, expansion fold, activated markers, and slightly lower cytotoxic effects against GBM cells with this established protocol.


Table 2 | List of completed and ongoing clinical trials of NK cell therapy on GBM was obtained from https://www.clinicaltrials.gov (keywords: glioblastoma and NK cells) until November 2022.



The combination of different treatment methods to target tumors with different mechanisms aids in overcoming the high degree of heterogeneity in solid tumors. Specifically, combination therapy of different targeted drugs with adoptively transferred NK cells helps to improve the therapeutic effects against solid tumors (40). Among different drugs, Bev and Iri have been studied separately or in combination in clinical trials for treating GBM (11, 41) (Table 3). Although Bev did not affect the proliferation of GBM cells in vitro in a previous study (42), the combination of anti-angiogenic drugs (Bev) with NK cell therapies was found to boost NK cell infiltration into the solid tumor, thereby improving efficacy (43). A trial combining bevacizumab and allogeneic NK therapy is investigating this combination approach (NCT02857920). Moreover, Bev in combination with Iri enhances the function of irinotecan through the normalization of tumor vasculature; therefore, the delivery of irinotecan into tumors is increased. A combination of Bev and Iri showed an active regimen with acceptable toxicity in recurrent malignant gliomas (44). In addition, the combination of Bev and Iri delayed tumor growth compared to Iri alone in the i.c U87 mouse model in a previous study (45). In our study, although Bev also did not affect the proliferation and NK ligand expression of GBM cells in vitro, Bev combined with Iri delayed tumor growth compared to Iri alone. A combination of Bev and Iri also reduced tumor volume and extended survival in these s.c and i.c U87 mouse models. We also clarified the role of Iri in increasing the cytotoxicity of NK cells against GBM cells through enhancement of the MICA/B expression; however, we were unable to find the relationship between this toxicity related to released IFN-γ and NK marker expression after co-culturing with Bev plus Iri-treated GBM cells. Although this is the first study to highlight the potential for using NK cells combined with Bev and Iri, a more detailed role of NK cells, Bev, and Iri in this combination should be investigated.


Table 3 | A list of completed and ongoing clinical trials of combination treatment of Bev and Iri on GBM was obtained from www.clinicaltrials.gov (keywords: glioblastoma, bevacizumab, and irinotecan) until November 2022.



U87 cells, which are implanted into immunodeficient mice such as nude, NOD/SCID, and NOD/SCID gamma (NSG), are widely employed and have proved useful in the assessment of GBM angiogenesis and anti-angiogenic therapeutic approaches (46–48). In this study, the U87 mouse model was also used to confirm the therapeutic effects of NK cells in combination with Bev and Iri. However, the lack of NK cells plus Bev resulted in weak evidence to confirm the synergistic effects of Bev in enhancing NK cell infiltration. Although U87 tumors are known to lack tumor infiltration (48), a low level of macrophages and lymphocytes are still able to infiltrate U87 human GBM xenografts in nude mice, as reported in a previous study (49). In agreement with this previous finding, in the present study, the NK cells detected in tumors were very low in numbers in both s.c and i.c models by IV injection of NK cells. However, we did not clarify that low levels of NK cells infiltrated the U87 tumor after treatment due to the low migration and infiltration of NK cell target tumor or NK cells in the tumor and their death after performing a function when they were detected. More experiments should be conducted to highlight this issue using another xenograft mouse model, which displays a highly infiltrative and invasive growth pattern like U251 tumors or the GBM murine model.

Our study highlights the potential use of adoptive transfer NK cells in combination with Bev and Iri by delaying tumor growth in both s.c and i.c U87 mouse models. We showed that Iri alone has short-term effects on U87 tumors owing to the regrowth of tumors post-treatment. However, Bev combined with Iri delayed tumor growth compared to Iri alone. Moreover, NK cells combined with Bev and Iri showed slow tumor growth compared to Bev plus Iri. Thus, NK cells have targeted resistance with Bev and Iri cells. However, this combination failed to improve mouse survival. Further, NK cells have been reported to contribute to antitumor immunity not only by directly eliminating malignant cells but also by regulating tumor-specific adaptive immune response through crosstalk with dendritic cells (50). However, the complete function of NK cell therapy alone or in combination with Bev and Iri was not examined in a complete human system.



5 Conclusion

Although the NK cells that were expanded by using K562-OX40L-mb-IL-18/IL-21 feeder cells showed cytotoxic effects against GBM cells in vitro and no therapeutic effects on single treatment with s.c and i.c U87 GBM models, the combination of NK cells with Bev and Iri enhanced cytotoxic effects against GBM cells in vitro and delayed tumor progression during early-stage treatment. However, the NK cell combination with Bev plus Iri was unable to improve survival in both s.c and i.c U87 GBM models with this setting. Therefore, other settings should be considered to highlight the synergistic effects among NK cells, Bev, and Iri.
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Background

Tumor-associated macrophages (TAMs) have been used as potential drug targets in preclinical research and clinical trials of various cancers. However, their distribution in Krukenberg tumors (KTs) remains unclear. We investigated the expression and prognostic value of TAMs in patients with gastrointestinal cancer with KTs.



Methods

The infiltration of various types of TAMs was detected in surgical tissues of 35 patients with KTs using immunohistochemical staining. The level of infiltration of TAMs in tumor nests (TN), tumor stroma (TS), and invasive margin (IM) areas was evaluated. The Kaplan–Meier method and univariate/multivariate Cox regression risk models were used to analyze the relationship between the degree of TAMs invasion and overall survival (OS) and progression-free survival (PFS).



Results

The distribution of TAMs exhibited spatial heterogeneity between TN, TS, and IM regions in primary tumor (PT) and KT tissues. TAMs infiltrated in the TN had greater prognostic value and were barely influenced by preoperative neoadjuvant therapy, despite similar grades of invasion in PT and KT tissues. Moreover, the number of CD68+ TAMs in TN of KT tissues was an independent risk factor affecting patient OS, whereas tumor resection scope might be an independent risk factor affecting patient PFS.



Conclusions

In view of the close relationship between TAMs, the tumor microenvironment and patient prognosis, targeting TAMs combined with chemotherapy is expected to become a new approach for the treatment of patients with KTs.
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Introduction

Gastrointestinal (GI) cancer is one of the most common malignant tumors of the GI tract (also called digestive tract) worldwide. Diagnosis of a patient with advanced stage of the disease is often associated with the concomitant invasion or metastasis of the tumor to other organs, such as liver or lung (1, 2). Krukenberg tumors (KTs), which were first reported by German pathologist Friedrich Krukenberg in 1896, were considered an extremely rare type of metastatic tumors that colonized the ovaries of women with extra-ovarian malignancies (3). KTs usually affect both ovaries (bilateral) (4), accounting for approximately 1%–20% of all ovarian malignancies (5). In 1973, the World Health Organization updated the pathological diagnostic criteria for KTs to include: ovarian interstitial involvement, signed-ring cell carcinoma rich in mucous secretion, and sarcomatoid hyperplasia of ovarian interstitial (6). According to previous studies, the main source of KTs was gastric cancer (GC), followed by colorectal cancer (CRC), mucinous adenocarcinoma of the appendix, breast cancer, prostate cancer, and cervical cancer (7). In recent years, the incidence of CRC with KTs has been suggested to have gradually increased, even surpassing that of GC with KTs (8).

The tumor microenvironment is well known to include not only the tumor parenchyma, but also interstitial components surrounding tumor cells, such as immune cells, stromal cells, and fibroblasts, as well as the nutritional-related neovascularization of the tumor and a variety of specific biological factors (9). Recent studies have indicated that tumor stromal components can secrete various cytokines, as well as growth, tumor necrosis, and angiogenic factors through a variety of specific mechanisms, significantly affecting the biological behaviors of tumor parenchymal cells such as proliferation, migration, and invasion (10). Tumor parenchyma and tumor stroma (TS), which together constitute the niche of tumor cells, can both promote and restrict each other (11). In recent years, the interstitial composition of tumors has become an important research target for tumor therapy and intervention, broadening the prospects of anticancer research (12).

Tumor immune microenvironment (TIME) is an important component of the tumor microenvironment, with tumor-associated macrophages (TAMs) being the most common immune cells in TIME (13). Recent studies have indicated that macrophages not only provide vital innate immune defense and tissue homeostasis repair (14), but also directly or indirectly mediate tumor progression through the autocrine or paracrine secretion of exosomes and various cytokines (15), as well as through the induced radiation and chemotherapy resistance and immune tolerance of tumor cells (16). TAMs are thought to initially exist as the undifferentiated M0 type, and following exposure to certain stimuli are polarized to either of the two common subtypes, M1 and M2. The main phenotypes of the M1 type are iNOS+, CD11c+, and CD86+, which are activated by the classical pathway for killing tumor cells. The M2 type mainly includes CD163+, CD206+, and other phenotypes, which are activated by alternate pathways and play a role in promoting tumor growth. Importantly, M1 and M2 can be converted to each other under certain circumstances, that is, M2 is polarized to M1, and vice versa (14). Therefore, due to the unique effector functions of TAMs and their close relationship with malignant tumors, scientists have now genetically modified human macrophages and developed TAMs as a target for clinical antitumor therapy (17). In addition, high-density invasion of TAMs was positively associated with metastasis and reduced survival of most malignancies (18). Currently, studies on the prognostic significance of TAMs in patients with CRC remain controversial (19–21). These contradictory results might be attributed to different tumor types, different polarization patterns, and different distribution characteristics of TAMs in the tumor microenvironment (22).

In view of the close relationship between TAMs and malignant tumors, it is necessary to characterize the distribution characteristics of TAMs in tumors. TAMs have been reported in patients with CRC complicated with distant organ metastasis, including CRC complicated with liver (23, 24) and peritoneal (25) metastases. To the best of our knowledge, few studies have explored the correlation of the infiltration characteristics of TAMs in patients with CRC or GC combined with KTs. Hence, we retrospectively collected tissue samples from patients with GI cancer with KTs, and systematically detected the expression characteristics of specific TAM markers using immunohistochemical staining (CD68 marks pan-macrophages, CD11c marks M1 macrophages, whereas CD163 marks M2 macrophages). Kaplan–Meier and Cox regression analyses were conducted to explore the prognostic value of TAMs and reveal their potential role in the bioactive behavior of tumors, so as to provide insights for the treatment of KTs.



Materials and methods


Cohort design and participants

The study cohort included 35 patients with GI cancer with KTs who underwent mass resection in the Gastrointestinal Surgery Department of Guangxi Medical University Cancer Hospital from June 2014 to June 2020.

Inclusion criteria included (1): the primary lesion was located in the stomach or colorectum and was diagnosed as KTs following differentiation from primary malignant or benign ovarian tumor, as revealed by pathological examination and (2) clinical data were complete, pathological wax blocks were well-preserved, and long-term follow-up data were obtained.

Exclusion criteria included (1): other tumors or intestinal diseases (2); primary foci originating from other sites, such as breast, appendix, and cervix; and (3) patients who simply received medical treatment, out-of-hospital surgery, or just received pathological consultation in our hospital.



Information collection and follow-up

Clinical information of patients, including age, body mass index, TNM stage, tumor location, pathological differentiation, lymph node metastasis, nerve invasion, vascular invasion, RAS status, and BRAF status, was retrospectively collected from medical records. Follow-up was carried out via telephone or by returning to the hospital for examination. The last follow-up was on July 12, 2021. Any metastasis with an interval of more than 3 months between the diagnosis of primary tumor (PT) and ovarian metastasis was defined as metachronous; otherwise, it was considered synchronous metastasis. The time from patients receiving first-line antitumor treatment to death from any cause was overall survival (OS), whereas the time of tumor progression, death from any cause, or time to receiving second-line treatment was progression-free survival (PFS). The Ethics Committee of Guangxi Medical University Cancer Hospital approved our study (LW2021078).



Immunohistochemistry and staining evaluation

Paraffin specimens, including PTs, KTs, and contralateral “normal ovary” tissues that underwent prophylactic excision, were collected from the Pathology Department of Guangxi Medical University Cancer Hospital. After sampling, dehydration, embedding, and 4-μm thick sectioning, blank slides were made. Sections stained with hematoxylin and eosin (HE) were evaluated by an experienced pathologist.

Immunohistochemistry was performed using the ready-to-use fast immunohistochemistry MaxVisionTM2 assay kit (KIT-5920, MXB Biotechnologles, China). Specimens were first dewaxed, dehydrated, and repaired in a microwave for 15 min using EDTA (pH = 9.0). Each tissue specimen was then incubated with the following antibodies at 4°C overnight: CDX-2 (clone EPR2764Y, diluted 1:200, Abcam, USA), CD68 (clone BP6036, diluted 1:400, Biolynx, China), CD163 (clone BX50058, diluted 1:50, Biolynx), and CD11c (clone 2F1C10, diluted 1:4500, Proteintech, USA). DAB staining was performed by incubating at room temperature for 30 min using the secondary antibody contained in the kit.

Cells with yellowish brown or brownish yellow granules in the nucleus or cytoplasm were positive cells. First, sections were evaluated as a whole under low magnification field of vision and the areas with the highest positive TAM density were selected for detailed observation. Next, the tumor nests (TN), tumor stroma (TS), and invasive margin (IM) were quantified under high magnification according to the evaluation method by Gill et al. (26). Scoring was performed as follows: none/sporadic = 1; moderate = 2; abundant = 3; highly abundant = 4, from which a total score was obtained. The different grade scoring standards of CD68+ TAMs in TS and PT are shown in Figure 1. All pathological sections were analyzed and interpreted by two senior pathologists in a double-blinded manner.




Figure 1 | Grade scoring of CD68+ TAMs in tumor stroma of primary tumors. (A) None/sporadic. (B) Moderate. (C) Abundant. (D) Highly Abundant.





Statistical analysis

Statistical analysis was conducted using the SPSS 26.0 software. Obtained data were tested for normal distribution using the Shapiro–Wilk test; those that met the normal distribution were expressed as the mean ± standard deviation, while differences between groups were evaluated using the unpaired two-sided t-test. Data that did not meet the normal distribution were expressed as the median (interquartile spacing) (M [P25-P75]), and differences between groups were evaluated using the Wilcoxon rank sum test. The chi-squared test or Fisher’s exact probability method was used for count data, whereas the Kruskal–Wallis or Wilcoxon rank sum test was used for continuous data. Hazard ratios (HR) and 95% confidence intervals (CI) were calculated in analyses using the univariate/multivariate Cox proportional risk regression model, with only the factors with P < 0.1 in univariate analysis being included in multivariate analysis. In addition, this study used an online analysis platform (https://www.xiantao.love/products), which is based on the R version 3.6.3 to analyze and visualize prognosis. The “Survival 3.2-10” and “SurvMiner 0.4.9” packages based on Kaplan–Meier analysis and log-rank test were used for statistical analysis and visualization of survival data, respectively. All performed tests were bilateral. P < 0.05 was considered statistically significant.




Results


Clinical characteristics

We enrolled a total of 35 patients with KTs in our cohort, including 5 (14.3%) with GC and 30 with CRC (85.7%). The mean age of patients was 45.5 ± 12.4 years, ranging from 27 to 75 years. The diagnosis of KTs was often accompanied by lymphatic (n = 24, 68.6%), peritoneal (n = 18, 51.4%), and liver (n = 16, 45.7%) metastases. Oophorectomy was performed in 7 patients (31.4%), whereas 28 patients (68.6%) were subjected to complete or partial primary resection in addition to oophorectomy (Figure 2). It is worth noting that 19 patients (53.6%) received neoadjuvant therapy before surgery, whereas 33 (94.3%) received adjuvant therapy after surgery. Postoperative chemotherapy regimens mainly included oxaliplatin+capecitabine (FOLFOX6/mFOLFOX6) with or without bevacizumab/cetuximab, oxaliplatin+tegafur (SOX), and others. Clinical data are displayed in Table 1.




Figure 2 | Representative samples of ovarian tissues from patients undergoing ovariectomy. (A, B) Patients were subjected to palliative resection of ovarian tumor alone. The ovarian tumor was large and kidney-shaped, with a complete capsule and smooth appearance without mass deposition. (C) Bilateral gross ovarian specimens from patients subjected to metastatic ovarian tumor resection and contralateral prophylactic oophorectomy. (left) Contralateral prophylactically resected ovarian tissue, (right) KT tissue.




Table 1 | Summary of patients’ characteristics.





Infiltration characteristics of TAMs in tissues

We eliminated five foci of KTs because we did not detect any cancer cells under the microscope and could not evaluate five foci of KTs for IM and total score due to lack of IM. Overall, we determined the abundance of TAMs in 28/28 PTs (100%) and 39/44 KTs (88.6%), whereas the abundance of TAMs in IM was reviewed in only 34/44 KTs (77.3%).

Immunohistochemical staining indicated the expression of CD68, CD11c, and CD163 proteins in the nuclei and cytoplasms of TAMs, as demonstrated in Figures 3A, B. We found that TAMs exhibited different degrees of infiltration distribution in the PT and KT tissues. They were mainly distributed in the TS region, showing a scattered or fused patchy distribution, and occasionally some of them were fused with cancer cells. Morphologically, CD68+ and CD163+ TAMs generally showed a spindle or star shape, whereas CD11c+ TAMs showed a round or flat shape.




Figure 3 | Expression and differential distribution of TAMs in primary tumors and KT tissues. (A, B) Representative images of HE, CDX-2, CD68, CD11c, and CD163 staining in primary tumor and KT tissues. (C) Spatial distribution characteristics of TAMs in primary tumors and KT tissues. The Y-axis denotes the number of cases.



To analyze the distribution of various types of TAMs in TN, TS, and IM regions, we conducted a differential analysis. In PT tissues, we observed that the invasion of CD68+ TAMs was significantly different among TN, TS, and IM regions (P = 0.002), indicating spatial heterogeneity distribution. However, we did not detect any significant difference in the invasion of CD11c+ and CD163+ TAMs among this regions (P = 0.101 and P = 0.442, respectively). In KT tissues, CD68+ and CD163+ TAMs also presented spatial heterogeneity distribution in these three regions (P = 0.021, P = 0.000), whereas the differences in the distribution of CD11c+ TAMs among these three regions in KT tissues were not significant (P = 0.170), as demonstrated in Figure 3C.

Subsequently, we analyzed the differences in the invasion of TAMs between PT and KT tissues. In the TN, we did not detect any statistical difference in the invasion of CD68+, CD11c+, and CD163+ TAMs between PT and KT tissues (P = 0.150, P = 0.603, and P = 0.699, respectively). In the TS, the invasion of CD68+, CD11c+, and CD163+ TAMs in PT tissues was greater than that in KT tissues (P = 0.046, P = 0.025, and P = 0.006, respectively). In the IM, we noticed that CD11c+ and CD163+ TAMs showed greater infiltration in PT than KT tissues (P = 0.009 and P = 0.000, respectively), whereas no significant difference was observed in the infiltration of CD68+ TAMs (P = 0.757) (Table 2). We further found that the total score of CD11c+ and CD163+ TAMs in PT tissues was higher than that in KT tissues (P = 8.5e-03 and P = 2.0e-03, respectively), whereas no significant difference was observed in the total score of CD68+ TAMs between PT and KT tissues (P = 0.99) (Figure 4A). In addition, compared with prophylactically resected ovarian tissues, CD68+ TAMs exhibited a higher total density score in KT tissues (P = 7.2e-03), whereas there was no significant difference in the total density scores of CD11c+ and CD163+ TAMs between the two tissues (P = 0.41 and P = 0.09, respectively) (Figure 4B). Correlation analysis between the levels of expression of various types of TAMs and clinicopathological indicators in TN of PT and KT tissues is provided in Supplementary Materials 1, 2.


Table 2 | Comparison of TAMs infiltration abundance between primary tumors and KT tissues.






Figure 4 | Comparison of CD68+, CD11c+, and CD163+ TAM scores between primary tumors, KT tissues, and prophylactically resected ovarian tissues. (A) The total score of CD11c+ and CD163+ TAMs in primary tumors was significantly higher than that in KT tissues (P = 8.5E-03, P = 2.0E-03), whereas no significant difference was observed in the total score of CD68+ TAMs (P = 0.99). (B) The total score of CD68+ TAMs in KT tissues was significantly higher than that in prophylactically resected ovarian tissues (P = 7.02-03), whereas no significant difference was observed in the total score of CD11c+ and CD163+ TAMs (P = 0.41, P = 0.09).



To verify the difference in the number of immune cells between PT and KT tissues, we quantitatively analyzed 22 types of immune cells using published RNA sequencing (GSE191139) and gene expression profile chip (GSE12630) datasets. In the GSE191139 dataset, CIBERSORT results indicated that there were more scarce monocytes in PT than in KT tissues (P = 0.029), whereas no significant difference was observed in the numbers of memory B (P = 0.183) and helper T (P = 0.62) lymphocytes. We noticed that the density levels of TAMs (M0, M1, and M2) in PT and KT tissues were similar (P = 0.453, P = 0.183, and P = 0.343, respectively). In addition, in the GSE12630 dataset, PT tissues had more activated CD4+ memory T lymphocytes (P = 0.041) and fewer Tregs (P = 0.037) than KT tissues. Regarding macrophages, we found that compared with KT tissues, PT tissues had a higher number of M1 TAMs (P = 0.001) and lower number of M2 TAMs (P = 0.002); however, we did not detect any significant difference in the number of M0 TAMs between these tissues (P = 0.747) (Figure 5). Due to the small number of samples in these datasets and the inherent differences among different detection platforms, the reliability of these analyses although limited should have certain reference significance.




Figure 5 | Relative proportion of 22 immune cells in primary tumors and KT tissues. (A) In the GSE191139 dataset, the numbers of M0 type macrophages (P = 0.453), M1 macrophages (P = 0.183), and M2 macrophages (P = 0.343) were similar in primary tumors and KT tissues. (B) In the GSE12630 dataset, M1 macrophages (P = 0.001) and M2 macrophages (P = 0.002) were more abundant in primary tumors than KT tissues, whereas no significant difference was observed in the number of M0 macrophages (P = 0.747). (C, D) Percentage of 22 types of immune cells in each sample.





Prognostic significance of infiltration level of TAMs in patients with KTs

In our study cohort, the median OS and PFS were 25 months (95% CI: 20.1–29.9 months) and 15 months (95% CI: 6.3–23.7 months), respectively. Based on the level of infiltration of TAMs, we divided patients into 1–2 (low expression) and 3–4 (high expression) groups. We used the Kaplan–Meier method to analyze the prognostic value of the level of infiltration of TAMs in PT and different regions of KT tissues for predicting OS and PFS in patients with KTs.

We identified that patients with high invasion of CD68+ TAMs (OS: HR = 3.31 [1.06–10.30], P = 0.039; PFS: HR = 2.95 [1.06–8.25], P = 0.039) and CD11c+ TAMs (OS: HR = 5.41 [1.63–17.98], P = 0.006; PFS: HR = 3.19 [1.21–8.41], P = 0.019) had worse OS and PFS than patients with low infiltration in the TN of PT tissues. In contrast, we noticed that the level of infiltration of CD163+ TAMs had no significant correlation with OS and PFS of patients (OS: HR = 1.47 [0.56–3.85], P = 0.434; PFS: HR = 0.89 [0.36–2.20], P = 0.793). The level of infiltration of CD68+ TAMs in the TN of KT tissues was closely related to OS but not to PFS of patients (OS: HR = 5.05 [1.70–14.98], P = 0.004; PFS: HR = 1.34 [0.57–3.12], P = 0.50). Concomitantly, we did not detect any effect of the density of CD11c+ (OS: HR = 1.07 [0.36–3.18], P = 0.908; PFS: HR = 1.15 [0.43–3.11], P = 0.783) and CD163+ TAMs (OS: HR = 2.03 [0.90–5.86], P = 0.082; PFS: HR = 1.41 [0.62–3.21], P = 0.419) in TN of KT tissues on prognosis (Figure 6).




Figure 6 | Influence of the level of infiltration of TAMs in tumor nest on prognosis of patients with KTs. (A-L) Kaplan–Meier analysis was used to explore the prognostic value of the infiltration of TAMs in the tumor nest region and different areas of primary tumors and KT tissues for OS and PFS. Regarding the tumor nest region of primary lesions, patients with KTs with high infiltration of CD68+ and CD11C+ TAMs had worse OS and PFS, whereas CD163+ TAMs had no significant effect on OS and PFS. Regarding the tumor nest region of KT tissues, the level of infiltration of CD68+ TAMs was related to the OS of patients but not to the PFS. No effect of the number of CD11c+ and CD163+ TAMs in the tumor nest of KTs on prognosis was observed.



In addition, the level of infiltration of TAMs in TS and IM area had almost no effect on the OS and PFS of patients, as shown in Supplementary Materials 3, 4. Therefore, we concluded that the infiltration of TAMs in TN has greater prognostic value.



Univariate/multivariate Cox regression analyses

To further explore the prognostic value of multiple factors in patients with CRC or GC combined with KTs, we incorporated the above statistically significant indicators and clinical factors that might affect the OS and PFS of patients, such as age, resection scope, and CD68+ TAMs in TN of PT, into a Cox proportional risk regression model for univariate and multivariate analyses.

Regarding OS, univariate Cox proportional risk regression model suggested that the number of ovarian metastasis (HR = 0.423 [0.182–0.985], P = 0.046), PT location (HR = 4.053 [1.344–12.226], P = 0.013), CD68+ TAMs in TN of PT (HR = 0.318 [0.103–0.984], P = 0.047), CD68+ TAMs in TN of KT (HR = 0.200 [0.068–0.594], P = 0.004), CD11c+ TAMs in TN of PT (HR = 0.197 [0.060–0.647], P = 0.007), and CD11c+ TAMs in TS of PT (HR = 3.704 [1.149–11.940], P = 0.028) significantly affected the OS of patients with KTs. Of note, multivariate analysis suggested that the number of CD68+ TAMs in TN of KT tissues was an independent prognostic factor affecting the OS of patients (HR = 0.099 [0.010–0.941], P = 0.044) (Table 3).


Table 3 | Univariate and multivariate analysis of the correlation of TAMs infiltration and clinicopathological factors with OS, PFS among patients with KT.



Regarding PFS, univariate analysis suggested that the resection range (HR = 1.981 [0.895–4.383], P = 0.092), CD68+ TAMs (HR = 0.355 [0.127–0.994], P = 0.049), and CD11c+ TAMs (HR = 0.328 [0.124–0.865], P = 0.024) in the TN of PT were closely correlated with PFS. Multivariate analysis suggested that the resection range (HR = 3.283 [1.054–10.224], P = 0.040) was associated with PFS. In conclusion, we identified that the number of CD68+ TAMs in TN of KT tissues is an independent risk factor affecting OS in patients with CRC or GC combined with KTs, whereas tumor resection range might be an independent risk factor affecting PFS in patients (Table 3).



Effect of preoperative neoadjuvant therapy on infiltration of TAMs and prognosis of patients

In our study cohort, 19/35 of patients (54.3%) received preoperative neoadjuvant therapy. Thus, in order to explore the influence of preoperative neoadjuvant therapy on the infiltration grade of TAMs and prognosis of patients, we conducted a differential analysis. We found that compared with the group without neoadjuvant therapy, the preoperative neoadjuvant therapy group had higher levels of infiltration of CD68+ TAMs in TN and TS of KT tissues (P = 0.041, P = 0.004). However, we did not detect any statistical significance in the comparison of the levels of infiltration of other types of TAMs in PT or KT tissues between the two groups (both P > 0.05) (Supplementary Material 5). Survival analysis showed that preoperative neoadjuvant therapy was not significantly associated with the OS (HR = 0.89 [0.40–2.00], P = 0.783) and PFS (HR = 0.94 [0.44–1.99], P = 0.872) of patients (Figure 7).




Figure 7 | Influence of neoadjuvant therapy on the OS and PFS of patients. (A) OS. (B) PFS.






Discussion

Recent scientific studies have confirmed that the level of invasion of TAMs in solid tumor tissues is an important indicator of the prognosis of patients with various cancers (27). Accordingly, therapeutic approaches targeting TAMs are expected to be part of the new strategies for future cancer treatment. In this study, using immunohistochemical staining, we detected the levels of expression of related markers of various types of TAMs in the tissues of patients with GI cancer complicated with KTs, revealing the distribution characteristics of TAMs in different polarization states in the tumor. In addition, our study also suggested that TAMs have a certain degree of spatial heterogeneity in PT and KT tissues of patients with GC or CRC combined with KTs, with TAMs in TN of PTs having higher invasion grade and better prognostic value than TAMs in KT tissues.

We initially evaluated the level of infiltration of TAMs in PT and KT tissues of patients with KTs. Our results indicated that TAMs had different degrees of density distribution in PT and KT tissues of patients and were mainly distributed in the tumor interstitial region but rarely in the ovarian tissues that had been prophylactically resected. Cancer is often considered as a disease closely related to chronic inflammatory processes. TAMs can be recruited into the tumor microenvironment after the colonization of tumor cells in metastatic organs to form an immune microenvironment and act as mediators of cancer-associated inflammation through the release of transcription factors (NF-κB, STAT3) that promote tumor growth. Angiogenic factor (VEGF-A), chemokines (CXCL8, CXCL12), and transforming growth factor-alpha (TGF-α) can also be produced to mediate immunosuppression (28, 29). Therefore, these mechanisms partly explain the increased infiltration of CD68+ TAMs in KT tissues than in prophylactically resected ovarian tissues. This was consistent with our previous finding that KTs with colonized cancer cells led to the accumulation of tumor-associated immune cells, whereas prophylactically resected ovarian tissues exhibited a small accumulation of tumor-associated immune cells. In view of previous studies, TAMs might be involved in the formation of the pretumor niche; therefore, prophylactic ovarian resection of the contralateral ovary is necessary for patients with KTs.

Further analysis demonstrated that the total score of M1 and M2 type TAMs, as well as their abundance in IM and TS in PT tissues, was significantly higher than those in KT tissues. In a recent study, Tai et al. (30) evaluated the expression of PD-L1 and levels of infiltration of T-cells in ovarian metastatic lesions and matched primary lesions of patients with KTs and found that the density levels of CD3+, CD8+, and FOXP3+ T– cells in PT tissues were significantly higher than those in KT tissues. These results supported the previous hypothesis that relevant immune cells in metastatic organs are recalled to the PT tissue after being “educated” in TIME (31), which might also be related to the low autoimmunogenicity and low susceptibility of ovarian tissues to aggregation of immune-related cells.

Our results suggested that the invasion of CD68+ TAMs in the proximal TN has better prognostic value than the invasion of CD68+ TAMs in the TS or IM regions. Previous studies have confirmed that high-density invasion of CD68+ TAMs in TN was associated not only with OS, PFS, and specific survival in patients with melanoma (32) but also with disease free survival in patients with endometrial cancer (33). Therefore, TAMs located in different regions of the same tumor lesion might have significantly different functional characteristics (34). In view of the above results, our study should have not only analyzed the degree of infiltration of TAMs but also emphasized the important influence of the location of the infiltration of TAMs on the prognosis of patients. However, the complex relationship between TAMs and immune cells, and between TAMs and tumor cells, as well as the related mechanisms in patients with KTs, remains to be further studied.

Donadon et al. (23) demonstrated that a larger area of TAMs in CRC liver metastases was closely associated with intratumoral single-cell diversity and poorer prognosis of patients. Combined with our observations, we concluded that compared with TAMs in the stroma and infiltrating margin of PT tissues, CD68+ TAMs in the TN tend to have more significant prognostic value. Moreover, analysis of their microstructure showed that CD68+ TAMs have larger cell morphology and mitotic features. Although the fusion with tumor cells might seem odd, it cannot be ruled out that the TAMs infiltrated in the TN are most frequently and closely cross-linked with tumor cells. Therefore, the relationship between the high infiltration of CD68+ TAMs in TN and the deterioration of survival outcomes of patients deserve our attention and further research.

Recent studies have indicated that M2 TAMs secrete various chemical factors, such as hypoxia-inducible factor–1α, vascular endothelial growth factor, and transforming growth factor–β, through a variety of molecular mechanisms to drive tumor vascular formation and EMT, and inhibit adaptive immune response, thus promoting the malignant behavior and function of tumor cells (35). In this study, we did not find any significant correlation between the numbers of CD163+ TAMs in different tissues and prognosis of patients with KTs. The negative results of this study were affected to some extent by the limited number of patients included; moreover, all patients included in this study had ovarian metastasis and were in the advanced stage of neoplastic disease, so TAMs in the immune microenvironment should be different from those in the early stage. Therefore, the failure of CD163+ TAMs to show significant prognostic value in patients in our cohort is not inconsistent with previous studies. Our study supported that high-density invasion of CD11c+ TAMs in the TN region of PT tissues was associated with poorer prognosis in patients with KTs, contrary to many previous studies that confirmed the tumor killing effect of M1 TAMs (36–38). However, this may also be similar to some previous literature reports that M1 TAMs may play a malignant pro-cancer role in some cancers (39–43). Thus, further experiments are needed to confirm this.

In general, PT tissues in patients with KTs have a greater infiltration of TAMs and stronger prognostic value than KT tissues. Therefore, in clinical practice, biopsy or palliative resection can be used to obtain PT tissue samples, followed by the evaluation of the expression of TAM-related markers in TN for predicting the PFS of patients, so as to better guide clinical treatment and TAM-targeting immunotherapy. However, for the comprehensive evaluation of the TN, TS and IM areas need to be excised to obtain larger specimens, which is undoubtedly impractical for unresectable patients. Concomitantly, our study examined whether the transformation of M2 into M1 is beneficial to survival. Although our results did not support the transformation of M2 into M1 or even the activation of TAMs, the strategy of targeting TAMs retained its theoretical feasibility in KTs.

Our study indicated that neoadjuvant therapy could significantly increase the invasion of CD68+ TAMs in the TN of PT tissues, whereas it had little or no effect on the invasion of TAMs in KT tissues. Although some tumor cells in the PT microenvironment are killed after neoadjuvant therapy, the released immunogenicity might activate the associated inflammatory response (44), potentially further exacerbating the recruitment of “educated” or “neoadjuvant therapy-survivor” TAMs in adjacent tumor cells. TAMs secrete many soluble molecules in the tumor microenvironment to protect tumor cells from drug attack (45–47), thus enabling them to achieve drug tolerance and immune escape. This TAM-associated “protection” might be one of the factors that preoperative neoadjuvant therapy does not fully benefit patients with KTs, and therefore early surgical resection should be the first choice of treatment. Despite the incomplete available information, the future development of strategies to overcome macrophage-associated immune tolerance might facilitate exploratory antitumor therapies.

However, our study had many shortcomings. As mentioned above, our study was a single-center, small-sample retrospective case study, which limited the reliability of our obtained results. Second, the analyses of this study were only performed at the theoretical level, lacking basic experiments to further verify the origin, occurrence, and development of KTs and drug resistance mechanisms of TAMs in depth. Moreover, these tumors were heterogeneous, and TAMs detected in small tissue specimens might not fully reflect the situation in the lesion site. The CD68, CD11c, and CD163 markers were selected to mark each type of TAMs based on previous studies. However, a single marker is not strictly a specific marker for a cell type, which may not be conducive to the localization and characterization of TAMs subtypes, and inevitably ignores the functional potential of other subsets (48). Therefore, a comprehensive and systematic characterization and localization of TAMs in different polarization states by multiple IHC or multicolor flow cytometry may be required in the future to more fully validate these promising results. Nonetheless, our study verified to some extent the infiltration distribution and prognostic value of various types of TAMs in the tissues of patients with KTs and suggested that TAM-targeting immunotherapy combined with other drugs might have beneficial effects in the treatment of patients with KTs.



Conclusions

The mechanism of the interaction of TAMs with tumor cells, especially in TN, deserves further study. In view of the close relationship between TAMs, the tumor microenvironment, and patient prognosis, the therapeutic targeting of TAMs combined with chemotherapy is expected to become a new approach for the treatment of patients with GI cancer complicated with KTs.
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Background

China’s southwestern region, Qujing, harbors a high incidence of non-small cell lung cancer (NSCLC) and related mortality. This study was designed to reveal the impact of an immune-related prognostic signature (IRPS) on advanced NSCLC in the Qujing.



Methods

Tissue specimens from an independent cohort of 37 patients with advanced NSCLC were retrospectively evaluated to determine the relationship between the IRPS estimated by next-generation sequencing (NGS) and clinical outcome. To compare the IRPS in tissue and the clinical outcomes between Qujing and non-Qujing populations, we analyzed datasets of 23 patients with advanced NSCLC from The Cancer Genome Atlas (TCGA) database. In addition, an independent cohort (n=111) of blood specimens was retrospectively analyzed to determine the relationship between the IRPS and clinical outcome. Finally, we evaluated the utility of the blood IRPS in classifying 24 patients with advanced NSCLC who might benefit from immunotherapy.



Results

In cohort 1, the Qujing population with tTMB-H (≥ 10 mutations/Mb) or KRAS mutations had shorter progression-free survival (PFS) (hazard ratio [HR] 0.37, 0.14 to 0.97, P = 0.04; HR 0.23, 0.08 to 0.66, P < 0.01) and overall survival (OS) (HR 0.05, 0.01 to 0.35, P < 0.01; HR 0.22, 0.07 to 0.66, P < 0.01). In cohort 2 of the Qujing population, bTMB-H (≥ 6 mutations per Mb) and KRAS mutations were related to PFS (HR 0.59, 0.36 to 0.99, P = 0.04; HR 0.50, 0.26 to 0.98, P = 0.04) and OS (HR 0.58, 0.35 to 0.96, P = 0.03; HR 0.48, 0.25 to 0.93, P = 0.03). Notably, the Qujing population with bTMB-H had superior PFS (HR 0.32, 0.09 to 1.09, P = 0.01), OS (HR 0.33, 0.10 to 1.13, P < 0.01) and objective response rates (ORRs) (83.3% vs. 14.3% vs. 20.0%, P <0.01) to immunotherapy than other populations.



Conclusions

These findings show that tTMB, bTMB and KRAS mutations appear to be independent validated IRPSs that predict the clinical outcomes of Qujing populations with advanced NSCLC and that bTMB may be used as a reliable IRPS to predict the clinical benefit from anti-PD-1 therapies among populations from Qujing with advanced NSCLC.





Keywords: immune signature, predictive biomarker, NSCLC, immunotherapy, Qujing



1 Introduction

According to the most recent report published by the American Cancer Society (ACS) in 2021 and the Chinese annual cancer report in 2021 (incidence data up to 2018, mortality data up to 2019), lung cancer still has the second highest incidence rate and is the leading cause of cancer-related death worldwide (1). China’s southwestern region, including Qujing city, harbors an extremely high incidence of non-small cell lung cancer (NSCLC) and related mortality (2, 3). Previous real-world research showed that patients (n=2672) with NSCLC in the Qujing area have unique alterations in driver genes (4, 5). Patients with NSCLC in Qujing are more likely to carry the compound mutations EGFR G719X+S768I and EGFR G719X+L861Q in addition to 19DEL and L858R (4). Moreover, the proportion of KRAS (G12C) subtype mutations in NSCLC patients is higher in Qujing (4). Recently, immune checkpoint inhibitors (ICIs) have seen considerable success in treating advanced NSCLC, but unavoidable limitations still exist due to insufficient response rates (6). Some evidence indicates that alterations in some driver genes (TP53, KRAS, EGFR, SMAD4) in advanced NSCLC may impact the immune microenvironment and response to ICIs (7, 8). However, it is still unclear whether an immune-related prognostic signature (IRPS) in Qujing populations with advanced NSCLC is influenced by unique alterations in driver genes. Consequently, it is imperative that the IRPS of advanced NSCLC patients in the Qujing region be fully understood to determine the optimum immunotherapeutic regimen for these patients.

The IMpower110 study (n=572) found that a PD-L1 (programmed cell death ligand-1) inhibitor is effective as a first-line treatment for advanced NSCLC patients whose tumors have PD-L1 expression on ≥ 1% of tumor cells (9). Tissue tumor mutational burden (tTMB), in addition to PD-L1 expression, can also contribute to clinical benefits from multiple ICIs (10, 11). However, in clinical applications, existing biomarkers have limited value due to tumor heterogeneity, nonstandard cutoff levels, and unsatisfactory predictive power. Furthermore, a previous study also demonstrated that compared with NSCLC specimens from The Cancer Genome Atlas (TCGA), Qujing specimens exhibited a higher tTMB (median = 2.11) (12). Thus, this study was conducted to construct a risk model from a tissue IRPS (TMB, PD-L1, TP53, KRAS, EGFR and SMAD4) in Qujing patients with advanced NSCLC to establish a comprehensive prognostic biomarker that can predict ICI responsiveness in Qujing populations with advanced NSCLC.

Although recent clinical trials have shown a correlation between tTMB-High and improved clinical outcomes in advanced NSCLC patients receiving ICIs, up to 30% of advanced NSCLC patients are unlikely to have sufficient tissue specimens for biomarker analysis during diagnosis (13–15). It is therefore necessary that a noninvasive risk model be used for the Qujing population that can identify patients who would benefit from ICI treatment. Recently, based on the phase 2 B-F1RST (n=153) study, high blood TMB was related to improved clinical outcomes in advanced NSCLC patients receiving atezolizumab monotherapy (15). In this study, we established a noninvasive risk model using a blood IRPS (TMB, TP53, KRAS, EGFR and SMAD4) in Qujing patients with advanced NSCLC to better compensate for the shortfalls of existing prognostic signatures.



2 Methods


2.1 Study design

This study involved 2 cohorts. First, 37 patients (21 patients from the Qujing area) with advanced NSCLC were recruited, and tissue specimens were collected from March 2018 to June 2022 at the Yunnan Cancer Center for retrospective IRPS status analysis. From The Cancer Genome Atlas (TCGA) database, TCGA-advanced NSCLC (n=23) was analyzed for an IRPS comparison between the Qujing and Western populations (online Supplement Tables S1). Second, we recruited 111 advanced NSCLC patients with available blood specimens (45 patients from the Qujing area and 24 patients receiving ICI treatment) from the cancer center between March 2018 and June 2022 to retrospectively determine their blood IRPS status. Prior to the study, all patients (n=148) with advanced NSCLC received platinum-based chemotherapy as a first-line treatment. Informed consent was obtained from all patients, and the study was performed in full compliance with the Declaration of Helsinki. This protocol was approved by the Clinical Research Ethics Committee of Yunnan Cancer Center. The Yunnan patients with advanced NSCLC were considered eligible for the IRPS analysis if they had adequate tissue and blood samples. To obtain survival data, 37 tissue samples were analyzed for a tissue IRPS, and 111 blood samples were analyzed for a blood IRPS. Finally, we gathered other information on clinical and molecular factors, which is shown in the online Supplement Tables S2-3. Details of the methods of DNA extraction, library preparation, sequencing, data processing, immunohistochemistry, IRPS detection and outcome assessment are in the online Supplement Methods S1-5.



2.2 Statistical analysis

Statistical analyses were performed using GraphPad Prism (V.9.3.1) and R software (V.4.2.0). An analysis of the clinicopathological parameters and IRPS alterations was performed with the χ2 test. The two groups (TCGA-advanced NSCLC and Yunnan tissue-advanced NSCLC) were compared using a 2-tailed, unpaired t test for normal distribution or a Mann−Whitney test for nonnormal distribution. PFS and OS were evaluated using Kaplan−Meier curves, while prognostic and risk significance was assessed using the log-rank test and Cox regression model. In different subgroups based on the IRPS, the ORRs were compared using a χ2 test. Statistics were reported with 2-tailed P values, and P < 0.05 was considered statistically significant.




3 Results


3.1 Baseline characteristics

This study comprised two independent cohorts. There were 37 advanced NSCLC patients with tissue specimens in cohort 1; the median age was 58 (range 36-80) years, and 14 patients were female (37.8%). The second cohort included 111 advanced NSCLC patients with blood specimens; the median age was 56 (range 31-82) years, and 39 were female (35.1%). The following are details of the clinical factors; see online Supplement Tables S2-3.



3.2 Development of a tissue immune-related prognostic signature (tIRPS) in the Qujing population

To identify the Qujing tIRPS in advanced NSCLC patients who might experience a clinical benefit, the association between clinical and molecular characteristics in cohort 1 was first performed (Figure 1A; online Supplement Table S4). Then, the relationship between clinical and other known biomarkers (PD-L1 and TMB) in cohort 1 was tested. Compared with non-Qujing specimens, Qujing specimens displayed a higher TMB (median = 8.0, P < 0.001, Figure 1B). Additionally, based on prior studies and FDA guidelines (16, 17), the cutoff level for tTMB was 10 mutations/Mb in cohort 1. We found that Qujing populations were significantly more prone to tTMB-H (≥ 10 mutations/Mb) than non-Qujing populations in cohort 1 (P < 0.01, online Supplement Table S4).




Figure 1 | An overview of the molecular and survival characteristics in cohort 1 with advanced NSCLC. (A) Profile of comutations in cohort 1 cancer specimens. (B) Comparative analysis of tTMB between Qujing and non-Qujing populations. (C) A Kaplan−Meier analysis of PFS in cohort 1 by tTMB status. (D) A Kaplan−Meier analysis of OS in cohort 1 by tTMB status. (E) A Kaplan−Meier analysis of PFS in cohort 1 by KRAS status. (F) A Kaplan−Meier analysis of OS in cohort 1 by KRAS status.



Next, we performed a survival analysis of the candidate Qujing tIRPSs for PFS and OS in cohort 1. Compared with the other two populations, Qujing populations with tTMB-H exhibited a shorter PFS and OS (7.0 vs. 10.0 vs. 19.0 months, P < 0.001, 7.0 vs. 12.5 vs. 21.0 months, P < 0.001, Figures 1C, D). Moreover, compared with the other two populations, Qujing populations with KRAS mutations also exhibited shorter PFS and OS (4.0 vs. 9.0 vs. 20.0 months, P < 0.001, 4.0 vs. 11.0 vs. 28.0 months, P < 0.001, Figures 1E, F). Finally, we performed a Cox regression analysis of these candidate Qujing tIRPSs to determine PFS and OS in cohort 1. Interestingly, tTMB-H or KRAS mutations were independently correlated with PFS and OS in cohort 1 of the Qujing population (Table 1). Overall, our results suggested that tTMB-H and KRAS mutations could each serve as an independent tIRPS to predict clinical benefit among Qujing populations.


Table 1 | Univariable and multivariable Cox regression analyses of the candidate Qujing IRPSs in cohort 1 for PFS and OS.





3.3 Validation of the predictive value of the tIRPS for the Qujing population

Moreover, to validate the predictive value of the tIRPS in relation to a clinical benefit in the Qujing population, we compared the difference in the tIRPS between the TCGA cohort and cohort 1-Qujing. A significant number of tIRPS characteristics (including TMB-H and PD-L1 < 1%) occurred in Qujing populations compared with the Western cohort (online Supplement Table S5). Furthermore, in comparison with TCGA specimens, Qujing specimens displayed a higher TMB (median = 8.0, P < 0.001, Figure 2A). Next, using survival curves, we analyzed the OS of cohort 1 and the TCGA cohort based on these candidate tIRPSs. Compared with Western populations, Qujing populations with tTMB-H exhibited a shorter OS (7.0 vs. 12.5 vs. 22.0 months, P < 0.001, Figure 2B). Moreover, compared with Western populations, Qujing populations with KRAS mutations also exhibited a shorter OS (4.0 vs. 11.0 vs. 28.0 months, P < 0.001, Figure 2C). Finally, we performed a Cox regression analysis of these candidate Qujing tIRPSs for OS in cohort 1 and the TCGA cohort. Interestingly, compared with the TCGA cohort and non-Qujing populations, tTMB-H or KRAS mutations were independently correlated with OS in Qujing populations (Table 2). Overall, the results of this study validate that tTMB-H and KRAS mutations have the potential to serve as independent tIRPSs to predict a clinical benefit among the Qujing population.




Figure 2 | An overview of the molecular and survival characteristics between cohort 1 and the TCGA cohort with advanced NSCLC. (A) Violin plot displaying the tTMB of the Qujing, TCGA and non-Qujing populations. (B) A Kaplan−Meier analysis of OS between the Qujing and TCGA populations by tTMB. (C) A Kaplan−Meier analysis of OS between the Qujing and TCGA populations by KRAS status.




Table 2 | Univariable and multivariable Cox regression analyses of candidate Qujing IRPSs in two cohorts (n=60) for OS.





3.4 Development of a blood immune-related prognostic signature (bIRPS) in Qujing populations

To identify a blood IRPS in advanced NSCLC patients in Qujing who would experience a clinical benefit, a test was first performed for the association between clinical and molecular characteristics. We found that Qujing populations were significantly more prone to KRAS mutations than non-Qujing populations (P < 0.001, Figure 3A; online Supplement Table S6). Then, the relationship between clinical and other known biomarkers (blood TMB) in cohort 2 was tested. Compared with non-Qujing specimens, Qujing specimens displayed a higher bTMB (median = 6.0, P < 0.001, Figure 3B). Additionally, based on prior studies (14, 18), the cutoff level for bTMB was 6 mutations/Mb in cohort 2. We found that Qujing populations were significantly more prone to bTMB-H (≥ 6 mutations/Mb) than non-Qujing populations in cohort 2 (P < 0.001, online Supplement Table S6).




Figure 3 | An overview of the molecular and survival characteristics in patients with advanced NSCLC in cohort 2. (A) Profile of comutations in blood specimens from cohort 2. (B) Comparative analysis of bTMB between Qujing and non-Qujing populations. (C) A Kaplan−Meier analysis of PFS in cohort 2 by bTMB status. (D) A Kaplan−Meier analysis of OS in cohort 2 by bTMB status. (E) A Kaplan−Meier analysis of PFS in cohort 2 by KRAS status. (F) A Kaplan−Meier analysis of OS in cohort 2 by KRAS status.



Next, we performed a survival analysis of these candidate Qujing bIRPSs for PFS and OS in cohort 2. Compared with the other two populations, Qujing populations with bTMB-H displayed a shorter PFS and OS (4.0 vs. 8.5 vs. 12.0 months, P < 0.001, 6.0 vs. 10.0 vs. 16.0 months, P < 0.001, Figures 3C, D). Moreover, compared with the other two populations, Qujing populations with KRAS mutations also showed a shorter PFS and OS (4.0 vs. 6.0 vs. 12.0 months, P < 0.001, 6.0 vs. 8.0 vs. 15.0 months, P < 0.001, Figures 3E, F). Finally, we performed a Cox regression analysis of these candidate Qujing bIRPSs for PFS and OS in cohort 2. Interestingly, in Qujing populations, bTMB-H and KRAS mutations were independently correlated with PFS and OS in cohort 2 (Table 3). Overall, the results of these findings validate that bTMB-H and KRAS mutations have the potential to serve as independent bIRPS to predict clinical benefit among the Qujing population.


Table 3 | Univariable and multivariable Cox regression analyses of candidate bIRPSs for PFS and OS in the Qujing populations in cohort 2.





3.5 Validation of the predictive value of the blood immune-related prognostic signature (bIRPS) for ICI treatment

To demonstrate that the Qujing bIRPS can predict which patients with advanced NSCLC could benefit clinically from ICI therapy, a survival analysis for PFS and OS was first performed. Compared with the bTMB-L populations, advanced NSCLC patients exhibited a longer PFS and OS (9.0 vs. 5.5 months, P < 0.001, 11.0 vs. 7.0 months, P < 0.01, Figures 4A, B). Compared with the other two populations, Qujing populations with bTMB-H exhibited a longer PFS and OS (8.0 vs. 6.0 vs. 5.0 months, P = 0.01, 11.0 vs. 8.0 vs. 7.0 months, P < 0.01, Figures 4C, D). A comparison of ORRs also showed that Qujing populations in the bTMB-H subgroup achieved a higher proportion of partial response/complete response (PR/CR) than the other two groups (83.3% vs. 14.3% vs. 20.0%, P < 0.01, Figure 4E). Although Qujing populations with KRAS mutations also had a longer PFS and OS than the other two populations, the difference was not statistically significant (10.0 vs. 6.0 vs. 6.0 months, P = 0.24, 12.0 vs. 8.0 vs. 7.0 months, P = 0.31, Figures 4F, G). These findings suggested that bTMB might have greater predictive value for ICI treatment in Qujing populations.




Figure 4 | An overview of the survival characteristics in populations with advanced NSCLC treated with ICIs. (A) A Kaplan−Meier analysis of PFS in populations with advanced NSCLC by bTMB status. (B) A Kaplan−Meier analysis of OS in populations with advanced NSCLC by bTMB status. (C) A Kaplan−Meier analysis of PFS between Qujing and non-Qujing populations by bTMB status. (D) A Kaplan−Meier analysis of OS between Qujing and non-Qujing populations by bTMB status. (E) Comparison of ORRs between Qujing and non-Qujing populations. (F) A Kaplan−Meier analysis of PFS between Qujing and non-Qujing populations by KRAS status. (G) A Kaplan−Meier analysis of OS between Qujing and non-Qujing populations by KRAS status.






4 Discussion

Even though immunotherapy, especially ICIs, represents a breakthrough in the treatment of NSCLC, only a fraction of patients will attain long-term benefits from immunotherapy. It is noteworthy that three distinctive characteristics of NSCLC are observed in the Qujing area, Yunnan: a higher incidence, a higher mortality, and a similar incidence for men and women. Nevertheless, in the absence of a retrospective study, the IRPS status of NSCLC has not yet been comprehensively explored among this area’s populations. Therefore, it is imperative to investigate a more precise IRPS in Qujing populations.

A previous study found that populations in Qujing with advanced NSCLC had a distinct mutational spectrum (higher EGFR G719X+S768I, EGFR G719X+L861Q and KRAS) compared with patients in other parts of Yunnan Province. In this multicohort retrospective analysis, we first established and validated a new Qujing IRPS model (tTMB, bTMB and KRAS mutations) that is capable of accurately predicting clinical outcomes among Qujing populations and stratifying those who might benefit from ICIs. Notably, rather than using whole-genome assays, the Qujing IRPS may significantly reduce the costs by simplifying the panel to two biomarkers, which can be used in clinical practice at a broad scale and at an affordable price.

Recent molecular evidence has demonstrated that cancer driver genes can regulate the tumor immune environment. For example, KRAS mutations promote inflammation and inhibit the immune response, eventually leading to cancer progression (19). However, one alteration may not be enough to induce a difference and is unlikely to be a precise prognostic predictor of ICI efficacy. Therefore, the model we developed includes most of the possible crucial IRPSs, and we have identified two IRPSs (TMB and KRAS mutations) that can accurately predict the clinical outcomes of patients with advanced NSCLC from Qujing and effectively differentiate ICI-sensitive patients. To our knowledge, for the first time, we discovered that the tTMB (cutoff level ≥ 10 mutations per Mb) is a powerful and independent predictive tIRPS in cohort 1 of Qujing advanced NSCLC patients not treated with ICIs. Moreover, compared with non-Qujing populations and TCGA populations, Qujing populations displayed a higher tTMB (median = 8.0 vs. 4.0 vs. 3.2, P < 0.001). While these findings are consistent with previous research (12), the median tTMB value (8.0 vs. 2.1) was significantly higher in our study. Differences in baseline characteristics may explain the differences in median tTMB values between our findings (IIIB-IV) and those of previous studies (female and I-IV). In addition, to our knowledge, we discovered for the first time that KRAS mutations constitute a powerful and independent predictive tIRPS in Qujing populations with advanced NSCLC not treated with ICIs. Based on these findings, evidence indicates that the unique alterations in KRAS in Qujing populations with advanced NSCLC may be associated with the immune microenvironment and clinical outcomes. Further investigation is ongoing to learn why Qujing populations with KRAS mutations have worse outcomes than other non-Qujing populations.

Several recent studies have shown that 30% to 50% of advanced NSCLC populations lack adequate cancer tissue for tIRPS detection (18, 20). Therefore, researchers have devoted considerable attention to investigating whether a bIRPS is an effective biomarker that can predict clinical benefit. To our knowledge, we discovered for the first time that both bTMB (cutoff level ≥ 6 mutations per Mb) and KRAS mutations were powerful independent bIRPSs that can predict outcomes in Qujing populations with advanced NSCLC from cohort 2 not treated with ICIs. Moreover, compared with non-Qujing populations, Qujing populations displayed a higher bTMB (median = 6.0 vs. 4.0, P < 0.001). In cohort 2, even though the bIRPS was validated for predicting survival in the Qujing population, both PFS and OS were different from those in cohort 1. In contrast to cohort 1, cohort 2 had a shorter survival time (PFS and OS). Since IRPSs are significantly less sensitive in blood samples than in tissue samples, when IRPS alterations are detected in blood samples, this indicates advanced cancer stage and decreased survival time. Differences in sample type may explain the differences in survival time between the two cohorts. Despite the lower sensitivity of detecting an IRPS in blood compared with tissue, a bIRPS is still an effective supplement to tIRPS due to its noninvasive, real-time and repeatable characteristics and can be widely adopted in clinical practice.

The cutoff points for bTMB are still debatable. According to Wang et al. (18), advanced NSCLC patients with bTMB-H (≥ 6 mutations per Mb) could benefit from ICIs. Subsequently, the phase 2 B-F1RST trial reported that advanced NSCLC patients with bTMB-H (≥ 16 mutations per Mb) could benefit from ICIs (15). Based on our study, 6 mutations per Mb was the cutoff point for bTMB, which is an appropriate value for distinguishing Qujing populations with advanced NSCLC from those in other regions in Yunnan who may benefit from ICIs. It is likely that two factors account for the difference between our study and the B-FIRST trial in regard to the bTMB cutoff threshold. First, the races of the patients included in our study (all populations were Chinese) and the B-FIRST trial (most populations were White) were different, which may have biased the selection of the bTMB cutoff threshold. Second, patients with EGFR mutations and ALK fusions, which have been shown to be associated with low TMB and low PD-L1 expression, were not excluded from this study (21).

To our knowledge, in the ICI therapy section, we discovered for the first time that bTMB was a powerful independent bIRPS that predicts clinical benefit (including PFS, OS and ORR) in advanced NSCLC patients in Qujing populations treated with ICIs. Despite different populations and cutoff points, the findings (clinical benefit) in this study are consistent with the results of the B-FIRST study. Nevertheless, despite that Qujing populations with KRAS mutations had a longer PFS and OS, a statistically significant difference was not observed. Our study suggests that two factors account for this limitation. First, the small sample size of this study (24 patients who received ICIs) might not sufficiently reflect whether ICIs are effective in Qujing populations with KRAS mutations. Second, this study was a retrospective single-center study, which may have contributed to the statistical discrepancy. Although KRAS mutations were not validated as an effective IRPS in Qujing advanced NSCLC populations treated with ICIs, this has opened up new possibilities for developing an ICI-TKI cotreatment modality. It was shown in an immunocompetent mouse model that the KRAS inhibitor AMG510 led to a more inflamed tumor immune environment, which resulted in a greater efficacy of ICIs (22). Multicenter prospective large-scale cotreatment research is expected.

Our real-world research has several major limitations, including its retrospective single-center design, small sample size and lack of blood PD-L1 expression data. Firstly, the limited sample size of cohort 1 may lead to unavoidable selection bias, resulting in relatively weakening the reliability of our conclusions. A limited sample size is currently available for cohort 1 due to the fact that up to 30% of advanced NSCLC patients lack sufficient second biopsy specimens for biomarker analysis. Therefore, the TCGA-advanced NSCLC database were used in this study for comparison in an effort to reduce the impact of data selection bias. Secondly, technical limitations prevented us from analyzing blood PD-L1 biomarkers. Hence, we do not know whether blood PD-L1 is an efficacy biomarker for ICI monotherapy after chemotherapy. Finally, the lack of blood sample data in the public database precluded us from comparing and verifying the cohort 2 research results. Therefore, further investigation based on multicenter, large-scale, independent, prospective studies is ongoing.



5 Conclusions

For the first time, tTMB, bTMB and KRAS mutations appear to be independent validated IRPSs of the clinical outcome for Qujing advanced NSCLC populations, and bTMB may be used as a reliable IRPS that predicts the clinical benefit from ICIs among Qujing populations with advanced NSCLC.
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Cholangiocarcinoma is characterized by a poor prognosis with limited treatment and management options. Chemotherapy using gemcitabine with cisplatin is the only available first-line therapy for patients with advanced cholangiocarcinoma, although it offers only palliation and yields a median survival of < 1 year. Recently there has been a resurgence of immunotherapy studies focusing on the ability of immunotherapy to inhibit cancer growth by impacting the tumor microenvironment. Based on the TOPAZ-1 trial, the US Food and Drug Administration has approved the combination of durvalumab and gemcitabine with cisplatin as the first-line treatment of cholangiocarcinoma. However, immunotherapy, like immune checkpoint blockade, is less effective in cholangiocarcinoma than in other types of cancer. Although several factors such as the exuberant desmoplastic reaction are responsible for cholangiocarcinoma treatment resistance, existing literature on cholangiocarcinoma cites the inflammatory and immunosuppressive environment as the most common factor. However, mechanisms activating the immunosuppressive tumor microenvironment contributing to cholangiocarcinoma drug resistance are complicated. Therefore, gaining insight into the interplay between immune cells and cholangiocarcinoma cells, as well as the natural development and evolution of the immune tumor microenvironment, would provide targets for therapeutic intervention and improve therapeutic efficacy by developing multimodal and multiagent immunotherapeutic approaches of cholangiocarcinoma to overcome the immunosuppressive tumor microenvironment. In this review, we discuss the role of the inflammatory microenvironment-cholangiocarcinoma crosstalk and reinforce the importance of inflammatory cells in the tumor microenvironment, thereby highlighting the explanatory and therapeutic shortcomings of immunotherapy monotherapy and proposing potentially promising combinational immunotherapeutic strategies.
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1 Introduction

Cholangiocarcinoma (CCA) is the second most common malignant liver cancer with a poor and short-term incurable prognosis (1). According to their anatomical location, CCAs are categorized as intrahepatic (iCCA), perihilar (pCCA), and distal (dCCA), also referred to as extrahepatic CCA (eCCA), all of which pose additional challenges for clinicians as they feature distinct microenvironments and resistance to treatment (1), thus necessitating different management approaches. Due to the ‘silent’ clinical characteristic of iCCA, diagnosis at an early stage remains a challenge, and late-stage iCCA renders curative surgical resection an unviable treatment option. Chemotherapy, using gemcitabine and cisplatin (Gem+Cis), is the only approved treatment for advanced CCA (2). However, most patients have poor outcomes, and those who do respond, develop resistance to chemotherapy over the course of treatment. Furthermore, there is no second-line standard treatment available for effective systemic therapy for advanced CCA. Advances in genetic profiling and classification have helped develop a multitude of molecularly targeted agents, many of which have entered clinical trial testing (3). Recently, the United States Food and Drug Administration (FDA) approved pemigatinib, an orally bioavailable inhibitor of the fibroblast growth factor receptor (FGFR) 1/2/3, for patients with FGFR2 fusion or rearrangement (9–14% of patients) (4). However, these agents are effective only against cancers with specific genomic subsets (5). Therefore, other therapies targeting the remaining CCA phenotypes and genotypes are warranted.

During the past decade, immunotherapy, particularly immune checkpoint blockade (ICB), has achieved success in the treatment of multiple malignancies (6). Following the TOPAZ-1 trial, Durvalumab was approved by the FDA on September 2, 2022, to be used in combination with Gem+Cis for the treatment of adult patients with locally advanced or metastatic CCA (7). Unfortunately, the varied disease subsets, desmoplastic stroma, and the rich tumor microenvironment (TME) of CCA may contribute to immunotherapy resistance (8). Moreover, immunosurveillance and immune evasion between inflammatory cells and cancer cells in the TME also contribute to immunotherapy resistance (9). Therefore, understanding the natural development and progression of the immune TME will provide insight into immunotherapy for CCA. Recent research found that effector lymphocytes, such as CD8+ cytotoxic T lymphocytes (CD8+ T cells) more aggressively infiltrate the fibrous septa compared with infiltration of the tumor lobules in CCA (10). As a result, ICB therapy is largely ineffective in patients with CCA that have a characteristically reduced effector immune cell infiltration (i.e., “cold tumors”). Traditional chemotherapy or radiotherapy is thought to change the CCA immune microenvironment; some treatments exert immunosuppressive effects, while others promote immunostimulation (11–13), yet none of them are sufficient to remodulate an “immune-cold” TME to an “immune-hot”. Therefore, novel approaches and methodologies for CCA treatments are in demand.

The highly malignant nature of CCA is associated with complex and dynamic interactions between tumor cells, stromal cells and the extracellular environment (14). Due to its adhesive nature, CCA is associated with the presence of a large number of stromal cells (15). The stroma of CCA contains non-immune and immune cell types, as well as capillary networks including tumor-associated fibroblasts, tumor-associated endothelial cells and lymphocytes such as tumor-associated macrophages (TAMs), tumor-associated neutrophils and regulatory T lymphocytes (Tregs) (16). Stromal cells are recruited and activated by tumor cells and, in turn, deleteriously shape tumor behavior through the release of a wide variety of paracrine signals, including cellular/chemokines, growth factors, morphogenesis and proteases (17, 18).

Single-cell RNA sequencing (scRNA-seq) analysis has become a powerful tool for revealing cellular diversity and intercellular communication at single-cell resolution, through which different functional sub-clusters of immune cells are identified (19). scRNA-seq sequencing of the stroma yields key functional signatures of TME in CCA and is paving the way for immunotherapy and cancer-related fibroblast and extracellular matrix-directed therapies (20). scRNA-seq has shown that the vascular-associated fibroblast subclass is characterized by an enrichment of the microvascular system, combined with a high level of IL-6 secretion, and subsequent upregulation of the zeste 2 polycomb repressive complex 2 subunit enhancer induces significant epigenetic changes in CCA cells (21). This approach has greatly improved our understanding of tumor pathogenesis and facilitated the screening of potential tumor biomarkers and promising therapeutic targets. scRNA-seq has emerged as a powerful tool for studying complex cellular components in CCA tumor microenvironments.

Here, we review the recent advances in the role of the immune system in CCA, based on the crosstalk between the innate/adaptive immune system and the TME, mainly focusing on the opportunities and challenges of future immune-based therapy in CCA.




2 The role of the immune system in CCA



2.1 The innate immune system

Some immune cells and their associated cytokines act against tumor proliferation while others exert pro-tumor effects, indicating the complexity of the mechanisms underlying the immune response and the need for further studies to optimize immunotherapy (22) (Table 1) (23, 24) (Figure 1).


Table 1 | Role of main immune components in microenvironment and potential targets.






Figure 1 | Biological role of the main immune components in the microenvironment of CCA.



The innate immune response is the first line of defense against cancer cells in the TME and plays a critical role in both initiating antitumor immune responses and tumor progression (25). Improving current immunotherapeutic approaches depends on the understanding of the inhibitory and excitatory interactions that the innate immune system has with the CCA microenvironment. Here, we analyze recent discoveries in the role of various cell populations within the innate immune system in the TME, particularly in CCA, with a focus on macrophages, Kupffer cells (KCs), natural killer (NK) cells, natural killer T cells (NKTs), dendritic cells (DCs), myeloid-derived suppressor cells (MDSCs), and tumor-associated neutrophils (TANs).



2.1.1 Macrophages

Macrophages are highly plastic cells capable of transforming into different phenotypes, including M1-like and M2-like macrophages, which are crucial for the function of the innate immune system. M1-like macrophages play a pivotal role in proinflammatory signaling, providing a positive feedback loop in the anti-tumor innate immune response (26), while M2-like macrophages are involved in the inhibition of inflammation, tissue repair and remodeling, angiogenesis, and tumor progression (27). CCA cells can produce a significant amount of interleukin-6 (IL-6) and transforming growth factor-beta (TGF-β) and induce macrophage polarization towards the M2-like phenotype via the IL6/STAT3 pathway (28). M2-like macrophages, also known asTAMs, facilitate tumor development and progression. In patients with iCCA, TAM-infiltrated hepatic macrophages were activated predominantly as M2-like subsets, which also infiltrate tumor lobules and construct a crosstalk bridge between the innate immune response and the TME (28). TAMs not only secrete cytokines, such as tumor necrosis factor-α (TNF-α), IL-6, granulocyte-macrophage colony-stimulating factor (GM-CSF), intercellular adhesion molecule 1 (ICAM-1), vascular endothelial growth factor (VEGF), and epidermal growth factor (EGF), but also various chemokines (CCL1, CCL 3, CCL 17, CCL 22, and CCL 24). Sun et al. reported that M2-TAMs promote iCCA cells via epithelial-mesenchymal transition (EMT), partially via releasing CSF2, TNF‐α, ICAM‐1, and IL‐6, subsequently activating the AKT3/PRAS40 signal transmission (29). Thanee et al. demonstrated that M2-TAMs correlate with CCA extrahepatic metastases, possibly via the EMT processes (30). They also found that the conditioned medium of M2-TAMs promoted CCA migration. Besides metastasis, M2-TAMs also correlate with the iCCA pathological grade and microvascular density (15, 28). Moreover, M2-like macrophages can also attract immune cells that are mostly immunosuppressive, such as TANs, MDSCs, or Tregs by secreting IL4, IL8, IL10, CCL2, CCL22, and CCL17 (31). Furthermore, macrophage‐derived Wnt ligands, including Wnt3a and Wnt7b, promote CCA cell proliferation via the canonical Wnt pathway (32, 33).

CCA is a lethal tumor that possesses a large number of immunosuppressive bone marrow cells in the TME, including TAMs and bone marrow-derived suppressor cells (34). CCA is characterized by a prominent desmoplastic TME composed of various cell types that support and promote tumor progression (e.g., infiltrating immune cells and cancer-associated fibroblasts, CAFs) and extracellular components (35). CCA cells and other components of TME, direct macrophages to tumors by releasing multiple factors including MCP-1/CCL2, CSF-1, and VEGF-A (36). The recruitment and differentiation of macrophages into TAMs are driven by specific subpopulations of CCA cells mediated by IL-13, IL-34, and osteoactivin (15). In hilar CCA, the presence of some macrophages expressing the angiopoietin receptor TIE2 (TEMs) is related to a favorable prognosis (37). However, if a high number of these immunosuppressive TAMs infiltrate the tumor, patients with CCA display unfavorable disease-free survival and poor prognosis (28, 29). Fortunately, this allows for the use of TAMs as therapeutic targets. For example, the high rate of tumor infiltration with TAMs, as observed in certain cancers like eCCA, demonstrates the potential efficacy of TAM-targeted, synergistic immunotherapies, thereby enabling the development of optimized treatment (38). Xu et al. showed that MMP19 and SIRPα could predict the ICB response in iCCAs (37). Although increased expression of MMP19 and SIRPα was predictive of poor prognosis for iCCAs without postoperative immunotherapy, patients with increased expression of SIRPα were more sensitive to immunotherapy, while patients with increased expression of MMP19 were not sensitive to immunotherapy (39).

Due to immunosuppression and the limiting effects of ICB, targeting MDSCs and blocking MDSC recruitment may be an attractive therapeutic opportunity (40). However, information regarding the phenotypes of MDSCs in the CCA microenvironment remains limited. More importantly, the reason for MDSC accumulation and activation in CCA compared with that in the surrounding healthy tissues in specific patients remains poorly understood. Therefore, the above question needs to be addressed so that targeting the MDSCs can become a feasible therapeutic approach to CCA.

Kupffer cells (KCs) are a subset of macrophages that combat metastasis through the recruitment and activation of NK cells, NKT cells, DCs, and cytotoxic molecules such as TNF-α (41). Conversely, KCs promote cholangiocyte proliferation and carcinogenesis by expressing increased levels of TNF-α near the iCCA lesions (42). Therefore, CCA cells can resist attacks from immune cells through an up-regulated production of inflammatory cytokines and chemokines, contributing to TME remodeling (43).




2.1.2 NK cells

NK cells are a type of innate lymphoid cells that provide host defense against tumors, in their microenvironment, through their potent cytolytic function. Particularly in CCA, NK cells are the predominant immune cells (44). It has also been demonstrated that biliary epithelium can present lipid antigens to NK cells and activate them via the non-polymorphic major histocompatibility complex (MHC) homolog CD1d (45). NK cells are abundant in the liver where they prevent cancer cells from invading the liver and induce cancer cell death through a variety of cytotoxic pathways, including particle-mediated, FasL-mediated, and TNF-mediated apoptosis (46). Here, we discuss the role of NK cells in the innate immune response against cancer and the new therapeutic approaches utilizing NK cells in CCA. In iCCA, increased expression of the endogenous CXCL9 closely correlates with prolonged survival by regulating tumor-infiltrating NK cells and (47) augmenting anti-tumor immune surveillance (46). Gentilini et al. (48) found that transfusions of in vitro amplified human NK cells (SMT01) into nude mice carrying HuCCT-1 tumors significantly inhibited the growth of CCA. In vitro-activated NK cells augment the cytotoxic efficacy of cetuximab against human CCA cell lines (47). In a nude mice xenograft model of CCA, Jung et al. demonstrated that NK cells are effective against CCA through their characteristic cytolytic activity (49). At the same time, activation of aberrant anti-apoptotic cascades in CCA enhances NK cell-mediated resistance to apoptosis (50).

Further investigation of NK cells-based immunotherapy can help determine cancer therapeutics for CCA.




2.1.3 DCs

DCs are innate immune cells primarily responsible for recognizing and responding to foreign pathogen-associated signals, presenting antigens for activating naïve T cells, and shaping the acute immune response (51). Immature DCs have a high capacity for endocytosis of lactose antigens and become mature in response to various stimuli by binding to pattern recognition receptors, characterized by costimulation (CD40, CD80, and CD86) and increased surface expression of MHC molecules. Mature DCs strongly promote immune responses (52). Previous studies have shown that treatment with CD40 agonists in combination with anti-PD1 antibodies significantly increases the number of DC cells in ICC tissue and limits tumor growth (53). DCs are also critical for the induction of both an antitumor response (54, 55) and an immunosuppressive state (56) in the TME.

In CCA, mature DCs surrounded by CD4+ and CD8+ cells are observed at the cancer periphery, indicating that DCs might function as a bridge between the innate and the adaptive immune response, which may reflect immune exclusion in the TME. Among patients with CCA, those that exhibit mature CD83+ DCs had a better prognosis and lower incidence of lymph node metastases than those that are CD83− (57). In CCA, infiltration of mature CD83+ dc was associated with the accumulation of CD4+/CD8+ T cells in the peritumoral region. the presence of CD83+ dc was also associated with improved patient prognosis (58). CCA cells and their microenvironment secrete immunosuppressive cytokines, such as transforming growth factor-β (TGF-β) and IL-10, which inhibit the function of DCs, resulting in the reduced antitumor activity of T cells (59). Panya et al. developed self-differentiated monocyte-derived DCs (SD-DCs) that could express a cAMP-dependent protein kinase type-1 alpha regulatory subunit. These artificial DCs could significantly enhance the cytotoxic activity of effector T cells, inducing a stronger adaptive immune response against CCA (60). Correspondingly, the reduction of classical DCs and TNF-α-producing proinflammatory DCs results in a defective DC-mediated immune response in patients with iCCA (61). Sadeghlar et al. (62). found that active DCs induced Th1 cytokine expression in effector cells, proliferation, and tumor-specific cytotoxicity against CCA.

Due to the dual role of anti- and pro-immune responses of DCs, and the complicated involvement of DCs in the TME, their applications in cancer immunotherapy in CCA still have a long way to go.




2.1.4 TANs

TAN cells represent a subset of neutrophils that infiltrate tumors and play a complex role in the innate immune system (63). Through the release of different cytokines or chemokines, TANs can either present an anti-tumorigenic phenotype mediated by T cells called the N1-phenotype, or facilitate a pro-tumorigenic phenotype called the N2-phenotype for tumor promotion in different TMEs. Fridlender et al. suggested that TGF-β is the key cytokine that defines the TAN phenotype and skews differentiation from the N1 anti-tumorigenic phenotype to the N2 pro-tumorigenic phenotype (64).

In CCA, neutrophil recruitment is mainly induced by CXCL5 via PI3K-Akt and ERK1/2-MAPK pathways, thereby promoting iCCA growth and metastasis (65). A positive correlation between the number of TANs in patients with CCA has been reported; TAN is a key regulator of inflammation and immune status (66). Previous studies have also reported an association between TANs and poor overall survival in eCCA (66) and iCCA (67), and shorter disease-free survival (68). Though there are various advances in the field of TANs-based cancer therapy, such as the targeting and exploitation of N1 TANs to enhance immunotherapy for cancer treatment, data on the immunosuppressive effects of TANs remain inconclusive (69). Their relationship with the rest of the TME as well as the pro- and anti-carcinogenic properties of TAN subtypes require further investigation prior to clinical application (69). The exact property of TANs in the CCA microenvironment remains controversial and understanding the role of TANs as pro- or anti-tumor will help develop strategies for cancer therapy (70).





2.2 The adaptive immune system and crosstalk with TME



2.2.1 Tumor-infiltrating T lymphocytes

The adaptive immune system encompasses humoral and cell-mediated responses. It is antigen specific, in terms of recruiting certain cells under specific conditions for the targeted destruction of cancer cells. The TME recruits a variety of tumor-infiltrating lymphocytes (TILs) from the vasculature, most of which are white blood cells. In the adaptive immune system, B cells and T cells constitute the vast majority of TILs (71). This includes CD8+ cytotoxic T lymphocytes, CD4+ T helper lymphocytes, and CD4+ T regulatory cells, all of which play diverse roles in the function of the adaptive immune system in the TME. During CCA initiation, development, and metastasis, local imbalances of T cell subsets in the adaptive immune system and CCA microenvironment have attracted interest (48, 66, 72, 73). In one cohort of patients with CCA, a higher number of infiltrating total lymphocytes, B cells, CD4+, and CD8+ T cells was described as a favorable prognosis marker (74). Systematic evaluation of T cell subsets may be key to the development of effective immunotherapies.



2.2.1.1 CD8+ cytotoxic T lymphocytes

CD8+ T cells are robust immune cells that play a central role in the adaptive immune response, controlling cancer growth within the TME (75). More than half of resected CCAs are positive for CD8+ TILs, of which, 30% are positive for Granzyme B, indicating an activated and cytotoxic phenotype (68). Xia et al. (44) found that Granzyme B+ CD8+ effector T cells were significantly associated with overall survival in iCCA and dCCA. CD8+ T cells directly destroy tumor cells by releasing proteins such as perforin and granulozyme, and indirectly induce apoptosis by expressing FasL or secreting TNF-α attached to target cell surface receptors (76). Notably, Asahi et al. demonstrated that the accumulation of CD8+ T cells around the outer border of the tumor also positively correlates with an improved prognosis in postoperative patients with CCA (77). However, in another CCA cohort, Gu demonstrated that an increased number of CD8+ T cells are preferentially present at the tumor invasive front than in the intratumor area, suggesting an immunosuppressive microenvironment inside of the tumor (67). A recent study identified that intratumoral CD8+ T cell infiltration can even up-regulate PD-L1 expression in affected cancer cells, leading to adaptive immune resistance and tolerance, in CCA (78). CD8+ T cells, which are part of the immune cells in the TME, are common in iCCA and significantly affect the occurrence of iCCA. CD8+ T cell infiltration is associated with better survival and lower recurrence (79). Meanwhile, the potential use of CD8+ T cells as a prognostic marker for CCA has also been highlighted, as a significant increase in CD8+ T cell density is seen in lymphoepithelial subtypes of Epstein-Barr virus-associated CCA and is significantly associated with favorable prognosis for iCCA (80).




2.2.1.2 CD4+ T helper lymphocytes

CCA cells induce apoptosis of CD4+ and CD8+ T cells through the Fas/FasL pathway in tumor cells (81). CD4+ T helper lymphocytes (Th cells) play a central role in the different stages of adaptive immune responses. In the TME of CCA, Th cells mainly accumulate at the tumor’s outer border margin (82) where they are essential in helping B cells produce antibodies to inhibit tumor cell proliferation, while CD8+ T cells phagocytose tumor cells (83). Similar to many of the other cell types previously discussed, Th cells have multiple heterogeneous subtypes that can confer both protumor and antitumor effects. Based on specific cytokine secretions, Th cells can differentiate into Th1, Th2, and Th17 cells. Th2, Th1, and Th17 cells produce IL-22, and this receptor activation induces proliferative and antiapoptotic signals through signal transducers and transcriptional activators (84). Generally, Th1 cells mainly produce interferon- γ (IFN-γ) and IL-2 cytokines, activate CD8+ T cells, and initiate antitumor response (85).

Th2 cells are primarily responsible for IL-4, IL-5, and IL-13 production, which is an integral part of the B cell-mediated immune response (86). However, the Th17-derived cytokines, IL-17 and IL-22, show both protumor and antitumor behaviors. These range from facilitating an inflammatory response to controlling the activation of myeloid cells and other T cells (87).

In a patient with metastatic CCA, Tran et al. successfully inhibited lesion progression and prolonged stabilization of disease by using adoptive transferring of mutation-specific Th cells (88). TILs from patients with metastatic CCA contain CD4+ Th1 cells and recognizable mutations in cancer-expressed erbb2 interacting proteins (80). This suggests that the Th cell response can be harnessed to mediate regression of advanced CCA (88). Undoubtedly, Th cell-based therapies, focused on manipulating the TME, will play an important role in CCA control and patient management in the future (89).




2.2.1.3 CD4+ T regulatory cells

CD4+ Tregs differentiation depends on the expression of Forkhead box P3 (FoxP3), an interaction critical towards effective adaptive immune responses (90). Ma et al. identified the role of FoxP3 in tumor malignancy, as the downregulation of FoxP3 inhibits proliferation, invasiveness, and metastasis of tumor cells, reduces IL-10 and TGF-β signaling, and blocks immune escape in CCA (91). Similarly, CCA cells activate natural Treg-like CD4+CD25− cells by increasing TGF-β and IL-2, thereby compromising the immune response (92). Another study confirmed that numerous Treg populations in the TME are associated with lymphatic metastasis and worse overall survival in eCCA patients, even with surgical resection (66, 93).

Therefore, a deep understanding of the pathways and mechanisms leading to clonal enrichment of infiltrating Tregs and exhausted CD8+ T cells in CCA will provide better strategies to orchestrate the immune system to eradicate cancers.







3 Future direction and outlook for CCA management

There is no systemic clinical management available for patients with advanced CCA and disease progression following the current standard treatment, i.e., chemotherapy with Gem+Cis. Additionally, the defensive functions of immune cells are suppressed in CCA. Cytotoxic T cells and NK cells have poor tumoral infiltration, and Tregs accumulate intratumorally. Overexpression of PD-1, CTLA-4, and GITR also have negative effects on TILs, bolstering immunosuppression of the tumor. Aside from ICB therapy, other potential treatments for CCA, such as peptide and DC-based vaccines and adoptive T cell therapies, are currently being evaluated. Both stimulating or blocking immune cells through immunotherapy in the TME of CCA and using these vaccines in conjunction with other conventional therapies show great potential (Table 2) (88, 94–107) (Figure 2).


Table 2 | Current immunotherapeutic strategies to treat CCA.






Figure 2 | TME rationale of combination of ICB with other potential therapeutic strategies in CCA.





3.1 Immunotherapy

The rapidly growing efforts for improving immunotherapy have partly uncovered the underlying immune landscape of CCA and paved the way for immune-oriented clinical trials. However, the development of immunotherapy in this heterogenous and relatively rare malignancy is consistently challenging.



3.1.1 Cell therapy for CCA

Adoptive T cell therapy is another potential treatment for CCA that uses cytotoxic T lymphocytes, occasionally from a donor, to more effectively infiltrate cold or immunosuppressive TMEs (108). Tran et al. transferred mutation-specific Th1 cells with somatic non-synonymous mutation-specific antigen-presenting cells to a patient with metastatic CCA, resulting in a positive immune response and a 30% reduction in tumor size (88). In a larger cohort, the median progression-free survival (PFS) and overall survival were significantly improved in 36 postoperative patients with iCCA receiving an adjuvant adoptive transfer of T cells plus a DC vaccine (94). Chimeric antigen receptor T (CAR-T) cell therapy is another innovative strategy for managing CCA. A phase I study of 11 patients with human epidermal growth factor receptor 2 (HER2)-positive advanced CCA (n = 9) treated with HER2-targeted CAR-T therapy demonstrated disease control in 4/9 patients with CCA, which included a PR that lasted 4.5 months (109). Likewise, Feng et al. successfully infused CAR-T cells targeting epidermal growth factor receptor (EGFR) and CD133 into a patient with metastatic CCA and achieved small increases in overall survival and cancer cell death, especially when combined with other therapies (95). Phanthapho et al. demonstrated that A20-2G and A20-4G CAR-T cells targeting integrin αvβ6 could effectively kill CCA cell lines, indicating their potential for CCA treatment. Allogenic gamma delta T cells, another potential immunotherapy, were used in a patient with CCA after liver transplantation and had similar increases in overall survival while also boosting peripheral immune function and reducing metastasis (96). In a 30-year-old male diagnosed with recurrent mediastinal lymph node metastasis after liver transplantation for stage IV CCA, the size and activity of the lymph nodes significantly decreased after adoptive γδ T cell transplantation (44).

However, larger cohorts of clinical trials are urgently needed to verify the toxicity, safety, and efficacy of adoptive T-cell therapy for CCA.




3.1.2 Vaccine therapy for CCA

Three tumor antigens, such as CD247, FCGR1A, and Trap, have been identified in CCA and are associated with a good prognosis and antigen-presenting cell infiltration. They are also potential antigens for the development of CCA mRNA vaccines (110). Several vaccine-based strategies, including carcinoembryonic antigen RNA-pulsed DCs and immunogenic peptides plus gemcitabine, have been developed for CCA treatment, singly or in combination (111). Antigens are expressed in most tumors, referred to as tumor-associated antigens (TAA), which may become targets of antigen-specific T cell responses, leading to tumor rejection. Vaccines function as tumor rejection antigens to stimulate the host’s adaptive immune response in the TME. Using these techniques, various applications are undergoing active clinical evaluation in CCA (112). The safety, toxicity, tolerance, and anti-tumor efficacy of peptide vaccines, such as Wilms tumor 1 (WT1) peptide vaccine (97, 113), mucin 1 (MUC1) peptide vaccine (98), mucin 5AC (MUC5AC) peptide vaccine (97), and carcinoembryonic antigen (CEA) peptide vaccine (97), were verified in phase I clinical trials against advanced biliary tract cancers. Furthermore, the feasibility of a personalized peptide vaccination (PPV) was evaluated in a case report (93) and a phase II clinical trial, which indicated a significant positive effect on the immune response with almost nonexistent toxicity (99). DC-based vaccines were designed due to their characteristic activation of naïve T cells, which, in turn, will bolster acute antitumor responses (51, 114). In vitro experiments demonstrated that when DCs were combined with either specific tumor lysates (115) or messenger RNA (100), the resulting induction of T lymphocyte proliferation increases anti-tumor immune infiltration to target CCA cells. The combination of a DC-pulsed vaccine with ex vivo activated T cells appears promising for the treatment of biliary tract carcinoma (116). However, this conclusion lacks in vivo data and DC-based vaccines used in CCA have a long way to go before they replace current therapies (117). In a recent study by Pan et al., a CTLA4-PD-L1 chimeric protein vaccine (protein vaccine) was constructed, which may function as a therapeutic and preventive cancer vaccine in TAA-induced iCCA rat models (118). Hochnadel et al. showed that in the CCA environment, the LmAIO strain can induce Th1 immune response against tumor antigens, thus, promoting the destruction of tolerance and epitope diffusion of autoantigen (119). As a result, phase II, or III, clinical trials are urgently needed to verify patient tolerance and anti-tumor efficacy of peptide vaccines.




3.1.3 Oncolytic virus therapy for CCA

The use of an oncolytic virus is another gene therapy that is useful against CCA, specifically targeting and killing infected tumor cells without affecting healthy cells. Recently, some virus-based therapies such as adenovirus (101, 102), vaccinia virus (103), measles vaccine virus (MeV) (104), and herpes simplex virus (105, 106) have been tested as a single modality or in combination in preclinical settings, exhibiting promising results (120). Specifically, conditionally replicative adenoviruses (CRAds) (101) and recombinant adenovirus (Adp27-jab-d), expressing p27-jab-d (102), effectively enhanced cytotoxicity and inhibited tumor growth in both in vitro and in vivo CCA. Adenovirus AxdAdB-3 reduced subcutaneous GBC tumor growth in nude mice compared with placebo, while the addition of 5-fluorouracil to viral treatment resulted in complete tumor regression in nearly 50% of treated mice (121). Oncolytic vaccinia virus demonstrated pan-cancer-specific lytic potency in different human and mouse CCA cell lines, showing the highest virulence among several comparable recombinant viruses, including vSC20, vSC65, vAng1, vTRAIL, and WT (122).

GLV-1h68, a replication-competent lysogenic vaccinia virus, efficiently infected, replicated, and lysed three different CCA cell lines in culture (123). This armed MeV vector (MeV P-SCD) could efficiently replicate in three different human CCA cell lines, leading to the expression of viral-encoded proteins and severe cell death in two of the three cell lines studied (104). Zhu et al. (101) reported the construction of three new CRAds agents that effectively target CCA cells, induce strong cytotoxicity in vitro, and inhibit tumor growth in mouse xenograft models in vivo. However, the major limitations of adenovirus-based therapy to clinical application are its insufficient infectivity and specificity towards tumor tissues, halting significant progress using this treatment. Despite these issues, other treatments, such as cancer-favoring oncolytic vaccinia virus (CVV) therapies, may have more promising results for uncured CCA patients (103). Slow growth and complete lysis within CCA tumor blocks in CVV-treated nude mice in a xenograft model demonstrate the therapeutic effect of CVV on CCA tumors (103).




3.1.4 ICB for CCA

Immune checkpoint molecules, such as CTLA-4 (124), PD-1/PD-L1 (125), T cell immunoglobulin, mucin domain-containing 3 (TIM3) (126), lymphocyte activation gene 3 (LAG3) (127), and IDO (128) are currently being assessed for their immune inhibitory potential in the TME. PD-1/PD-L1 and CTLA-4 have attracted attention in clinical trials. Sabbatino et al. and Gani et al. reported that PD-L1 expression by CCA cells provides tumor cells with an efficient immune escape mechanism, leading to poor tumor differentiation, higher malignant tumor stage, higher levels of apoptotic CD8+ TILs, and eventually poor patient survival (10, 129). Meanwhile, Lu et al. (130) found that PD1/PD-L1 signaling was activated in a large group of iCCA tumor tissues and that elevated PD1/PD-L1 signaling was positively correlated with a malignant phenotype such as lymph node infiltration and high TNM stage. Nakamura et al. (131) found that the subgroup with the worst prognosis was characterized by an elevated expression of immune checkpoint molecules such as PD-L1, based on genomic and transcriptomic status. In addition, PD-L1 expression rates range from 17.7 to 72.2% in different ICC cohorts, with T cell infiltration present in most ICC samples (132). Zhou et al. observed that CTLA-4 is over-expressed on the surface of TILs in CCA (83). Furthermore, higher expression of both CTLA-4 at the tumor-host interface of iCCA correlates with tumor recurrence and chemo-resistance (74). Antagonistic targeting of CTLA-4 enhances effector T cell proliferation, which was observed in the ex vivo stimulation of TILs derived from CCA (83). These findings suggest that these molecules are ideal targets for therapeutic stimulation of immune cells in several clinical trials on CCA management (Table 3).


Table 3 | Immune-related biomarkers in microenvironment and clinical molecular target in CCA.



Although most clinical trials investigating ICB in advanced CCA have failed to produce significant clinical outcomes, modest but real responses in all subtypes and meaningful disease control were recorded in CCA treated with ICB, with objective response rates (ORRs) ranging from 5 to 20% (133). Moreover, the advancement in biomarker-based ICB has shed light on the complex biological heterogeneity within these tumors. Approximately 6% of patients with eCCA have overexpression of PD-1 and PD-L1 in the tumor area, which is linked to increased tumor progression and metastases, particularly when accompanied by low CD3+ or CD8+ T cell infiltration (134). Lu et al. reported that in a cohort of Hepatitis B Virus (HBV) infected patients with CCA, PD-1 T cells could be used as biomarkers to predict prognosis and assess the efficiency of ICB therapy (73). Furthermore, Montal et al. identified that the upregulation of PD-1/PD-L1 is associated with a favorable response to ICB in eCCA (135). Fontugne et al. (136) showed that PD-L1 expression in tumor tissue from patients with iCCA is a biomarker to predict the efficacy of PD-1 inhibitor therapy, while Ye et al. (73) reported a negative correlation between CD8+ T lymphocytes and PD-L1 expression in iCCA, with PD-L1 being a negative regulator of T lymphocytes.

Lee et al. (137) found that in Gem+Cis refractory CCA and PD-L1 positive patients, pembrolizumab monotherapy showed durable anti-cancer effects in approximately 10% of the study population with a manageable overall safety profile. In addition, upregulation of PD-L1 may promote ICC cell invasion and migration (138).

Although recent phase I clinical trials have shown limited overall efficacy of ICB in CCA, there have been promising aspects of this therapy on a substantial portion of CCA tumors (139). In a prospectively planned retrospective analysis of patients enrolled in a multicohort clinical trial (KEYNOTE-158, NCT02628067), pembrolizumab showed limited antitumor activity in 104 previously treated patients with advanced CCA. ORR was 5.8%, complete response (CR) was achieved in no patients, and partial response (PR) was achieved in six patients. KEYNOTE-028 (NCT02054806) is a non-randomized, phase Ib trial in which pembrolizumab showed limited antitumor activity in 23 previously treated patients with advanced CCA. ORR was 13.0%, CR was achieved in no patients, and PR was achieved in three patients. In this report of patients with advanced CCA enrolled in two clinical studies, patients with a typical response to pembrolizumab monotherapy had a persistent response, all lasting ≥ 6 months. A response duration of ≥ 24 months was estimated in at least half of patients with a manageable safety profile (140). Further research can help clinicians to accurately identify patients who will maximally benefit from ICB cell therapy for CCA.

Immunotherapy used as a solitary treatment is insufficient to treat solid tumor cancers such as CCA. Vaccines, upregulation of selected cytokines, agonistic activation of costimulatory receptors, oncolytic viruses, and other cellular therapies can encourage tumor inhibition, while their combination with ICB provides an immunostimulatory effect. As a result, there is a significant benefit of combination therapies using molecular treatments targeting immunotolerant cells.





3.2 Combination therapy



3.2.1 Combinations with other immunotherapies for CCA

Combinations of two or more ICBs make it possible to enhance the function of immunotherapy across a wide spectrum of malignancies (107). Some in-progress clinical trials further explore the effects of the anti-PD-1/PD-L1 and anti-CTLA4 combination (Table 2). The above clinical data have indicated that compared with monotherapy, dual or even triple ICB synergy presents the potential to improve outcomes. However, given the limited data, further Phase II/III clinical trials are necessary before combination ICB therapy sees widespread use. In addition, the combination of TIM-3, LAG-3, KIR, or several other novel immune checkpoint inhibitors (ICI) also shows potentially effective results (Tables 2, 3).

There is growing evidence that ICIs are effective, and these inhibitors are now FDA-approved for a small subset of patients with CCA, including those with tumors with deficient mismatch-repair (dMMR) or microsatellite instability (MSI-H) and high tumor mutational burden (TMB; ≥10 mutations/million bases) in treatment-refractory settings (141).

However, there are no convincing data on co-inhibitory checkpoint therapy for CCA. Further studies are desperately needed to further assess the safety and efficacy of these combination therapies in advanced CCA.




3.2.2 Immunotherapy plus chemotherapy for CCA

Sabbatino et al. showed that PD-1-expressing lymphocytes can only properly infiltrate the fibrous septa, while tumor lobule lymphocyte infiltration is almost nonexistent in iCCA (i.e., cold tumors) (10). This indicates that even if PD-1 blockade could partly overcome the tumor’s immune tolerance, the lack of cytotoxic T lymphocyte (CTL) activity within the tumor remains a barrier to achieving an effective anti-immune response against iCCA. The decreased immune infiltration of iCCA tumors potentially explains the poor efficacy of PD-1 monotherapy.

However, recent evidence suggests that standard chemotherapy (Gem+Cis) may stimulate beneficial changes in both the tumor and the immune system in the TME, thereby inhibiting immunosuppressive cells while increasing immunogenicity. Gem+Cis combination enhances the immunogenicity and antigenicity of different tumors, such as lung cancer, kidney cancer, colon cancer, breast cancer, and prostate cancer, by upregulating the expression of human leukocyte antigen (HLA) class I molecules on cancer cells (142). In CCA, Koido et al. demonstrated that gemcitabine induces expression of WT1, PD-L1, and calreticulin mRNA of the cancer cells (143). Recently, Sawasdee et al. demonstrated that gemcitabine also upregulates the immune functions of CTLs, resulting in a > 250% increase in their tumor cytotoxic effects when compared with untreated CCA cells in vitro (144). A Phase II clinical trial (NCT03951597) is currently testing gemcitabine in conjunction with PD-1 antibody ICB (JS001), while other clinical trials are investigating nivolumab or pembrolizumab plus Gem+Cis (145). In the TOPAZ-1 trial, phase III randomized, double-blind, placebo-controlled Gem+Cis combination plus durvalumab (GC-D) was compared with Gem+Cis plus placebo (146). Based on the recently announced increase in survival with GC-D compared with Gem+Cis alone in TOPAZ-1 trials, ICI-based systemic therapy is expected to be a new first-line treatment option regardless of the TMB and MMR/MSI status (147). Compared with the Gem+Cis group, the GC-D group had a median overall survival of 12.8 months versus 11.5 months (hazard ratio [HR], 0.80; 95% confidence interval [CI], 0.66-0.97; p = 0.021), median PFS of 7.2 months versus 5.7 months (HR, 0.75; 95% CI, 0.64-0.89; p = 0.001), and ORR 26.7% versus 18.7% (148). A clinically meaningful and statistically significant survival benefit was reported in treatment-naïve patients with CCA with reference to the combination of two-drug GC-D compared with chemotherapy alone (149). GC-D is expected to be a new first-line treatment option for ICI-based systemic therapy, regardless of the TMB and MMR/MSI status (141).

Gem+Cis is the standard chemotherapy for patients with unresectable iCCA, meanwhile, the combinational strategy of immunotherapy with chemotherapy shows potential against iCCA.




3.2.3 Immunotherapy plus radiotherapy for CCA

Radiotherapy may drive cancer immune alteration via several mechanisms, some of which trigger immune suppression, while others trigger immune activation within the TME. A team led by Sharabi and Drake from the Johns Hopkins Department of Oncology found that combining immunotherapy and radiotherapy increases the recruitment of CD8+ T cells against tumoral antigens (150). Radiotherapy releases tumor antigens, promotes regulation of immune pathways, increases tumor antigen presentation, initiates tumor-specific cytotoxic T cells, and enhances T cell homing (151). Ionizing radiation may activate the release of the nuclear protein HMGB1 and adenosine triphosphate, described as “damage-associated molecular patterns” (DAMPs), a process that enhances the uptake of tumor-derived antigens by antigen-presenting cells, including neoantigens, caused by RT-driven immunogenic mutations (152).

Stereotactic Body Radiation Therapy (SBRT) is a new radiotherapy method that delivers ablative radiation doses in a limited number of fractions, thereby limiting some of the side effects of traditional radiotherapy. In liver cancers, Kreidieh et al. reported that the combination of immunotherapy and SBRT can improve antitumor immune function by triggering type I IFNs and CD8+ T cells and reducing MDSCs in both hepatocellular carcinoma and CCA (153). Although late-stage iCCA with low TMB, microsatellite stable (MSS), proficient mismatch repair (pMMR), and poor PD-L1 expression present ineffective anti-PD-1 monotherapy, the combination of SBRT and ICB retains relative efficacy (154). Liu et al. reported a case of a 68-year-old male with a chemotherapy-resistant stage IV CCA primary tumor with low PD-L1 expression, deficient CD8+ cells in the TME, high MSI, and high TMB. The combination of anti-PD-1 immunotherapy and radiotherapy as first-line therapy resulted in the reduction of primary liver tumors and metastatic lymph nodes. Additionally, the combination of radiotherapy and immunotherapy for liver and lung lesions resulted in CR to the primary tumor and all metastases without treatment-related adverse effects (155). Zhao et al. reported four cases of refractory advanced iCCA or pCCA that were successfully controlled with anti-PD-1 antibodies after or in combination with SBRT, meaning that patients achieved CR, PR, or stable disease based on the Response Evaluation Criteria in Solid Tumors (156). In addition, a recent study reported the efficacy of SBRT combined with pembrolizumab in 79 solid tumors, including patients with CCA. Multilocus SBRT plus pembrolizumab was well tolerated and had acceptable toxicity, with a total ORR of 13.2%, a median overall survival of 9.6 months, a median PFS of 3.1 months, and a non-irradiated ORR of 26.9% (157). This indicates a potential for combined therapies to reinforce neoantigen exposure and enhance PD-L1 expression, providing alternative treatments to patients who are non-responsive to radiotherapy or immunotherapy alone (154).

While clinical evidence of the efficacy of immunotherapy and radiotherapy combination treatments in CCA is limited, much of the presented data show great promise (158).




3.2.4 Immunotherapy plus molecular target therapy for CCA

Identification of the drivers of genetic alterations, such as FGFR fusions, isocitrate dehydrogenase (IDH)-1 and -2 mutations, the HER family, neurotropic tyrosine kinase receptor (NTRK) fusions, BRAF mutations, and the Wnt pathway, have contributed to the discovery of more effective targeted therapies (3). Heterozygous mutations in the catalytic arginine residues of IDH-1 and IDH-2 are common in CCA, and the presence of IDH mutations appears to predict better overall survival (159). In patients with advanced IDH-1-mutated CCA that progressed on standard chemotherapy, treatment with ivosidenib, a potent targeted inhibitor of mutated IDH-1, significantly improved PFS and overall survival with a favorable safety profile, after adjusting for crossover (5). A randomized clinical trial (NCT02989857) found that ivosidenib was well tolerated and resulted in a favorable OS benefit vs placebo. The ivosidenib treatment resulted in a median overall survival of 10.3 months in 126 patients who had advanced CCA with IDH-1 mutations and a favorable safety profile (160). According to a systematic review of 5393 CCA cases, approximately 13% of iCCA cases have acquired functional mutations in the IDH-1 coding region (161). IDH catalyzes the conversion of isocitrate to α-ketoglutarate. Alterations in IDH, through accumulation of tumor metabolites, induce extensive epigenetic changes that have pleiotropic effects on differentiation, cell growth, and hypoxia signaling (162). Accumulating evidence suggests that IDH mutations may play an important role in altering the immune TME, manifested by inhibition of TILs, NK cells, and cytotoxic T cells (163). FGFR fusions are observed in approximately 5.7–14% of iCCA cases, and IDH-1 and -2 mutations are detected in approximately 20–30% of iCCA cases. These operable mutations were mainly found in the small ductal-type iCCA. Clinical trials of FGFR2- and IDH-1-targeted therapies have shown promising results (164).

CCAs harboring FGFR2 fusions have recently responded positively to FGFR inhibitors such as pemigatinib, highlighting their potential to be predictive biomarkers (4). However, these agents require further evidence to substantiate their efficacy, and a greater understanding of the ideal genomic subset of patients that would benefit from these treatments is necessary. As a result, other therapies are needed for patients with iCCA who do not respond to FGFR2 inhibitors. Recently, immunotherapy is emerging as a backbone of cancer therapy and is combined with other targeted agents in clinical trials. Chen et al. verified a synergistic effect of anti-PD-1 antibody and lenvatinib in a patient with recurrent iCCA (165). Clinical trials are ongoing to verify the efficacy of the immunotherapy and molecular target therapy combination, with some of them exhibiting promising results in several cancer types (Table 2).

With positive results from these trials, the combination of immunotherapy and target-based therapy may have the potential to transform the standard of care for CCA.




3.2.5 Immunotherapy plus antiangiogenesis for CCA

The altered vascularity of the TME limits the circulation of blood and cytotoxic immune cell recruitment, leading to tumor immunosuppression and resistance to immunotherapy. Improving vessel normalization will reverse some of these negative effects, thereby increasing immune cell infiltration and enhancing the efficacy of immunotherapy (166). In hepatocellular carcinoma, Shigeta et al. reported that dual programmed death receptor-1 and VEGF receptor-2 blockade, when administered in combination with various murine models, promote vascular normalization and enhance antitumor immune responses (167). Initial clinical data also support synergistic antitumor activity using the combinational treatment modality. A phase I clinical trial of dual blockade of CTLA-4 (ipilimumab) plus VEGF (bevacizumab) showed increased tumor antigen recognition, tumor-associated endothelial activation, and infiltration of T cells in melanomas (168). Another clinical study revealed that atezolizumab (an anti-PD-L1 antibody) combined with bevacizumab increased the number of intratumoral CD8+ T cells and antigen-specific T cell migration (169). Over 100 phase I/II clinical trials are currently testing combinations of anti-angiogenics with immunotherapy (170).

Traditionally, the increase in angiogenesis observed in CCA contributes to its abysmal survival rate after metastasis (171). The therapeutic potential of anti-angiogenesis was recently verified at various stages of development in CCA (3). IMbrave 151 is a randomized, double-blind, placebo-controlled, multicenter, international phase II study on atezolizumab (PD-L1 inhibitor) in combination with chemotherapy (Gem+Cis) and bevacizumab (anti-VEGF monoclonal antibody) as first-line therapy for advanced CCA. It is the first randomized study to evaluate the combination of PD-L1 inhibitor/anti-VEGF antibody to block the chemotherapy center of CCA (172). A combination of anti-angiogenesis and immunotherapeutic interventions that simultaneously perturb both processes may present promising strategies in CCA.






4 Discussion

Though considerable novel therapeutic strategies have been assessed, only a limited number of studies have shown promise for CCA therapy due to the intensive recruitment of innate and adaptive immunosuppressive cells, a functional component central to tumorigenesis and tumor progression, particularly in CCA featuring an exuberant desmoplastic reaction. Due to heterogeneity with different gene expression profiles for immune checkpoint pathways (173), the effects of immunotherapy may be limited to small numbers of patients.

Therefore, it is imperative to capture the heterogeneity of the TME among each disease subtype to gain a mechanistic understanding of how each immune cell interacts and functions. It is also critical to define the extent of cellular and molecular heterogeneity of the TME surrounding and infiltrating CCA on treatment outcome and disease progression. High-throughput technologies might provide a considerable amount of information regarding the genetic mechanisms of heterogeneity in CCA (174).

More than 31 studies have been registered on ClinicalTrial.gov to evaluate diverse immunotherapies in CCA patients, yet more preclinical and randomized clinical studies are needed to test immunotherapy in conjunction with other conventional or novel treatments such as chemotherapy, radiotherapy, molecular target therapy, anti-angiogenesis, and anti-lymphangiogenesis to overcome the immunosuppression of CCA. Moreover, with an enhanced understanding of the driver genetic mutations in each CCA subtype, it is critical to identify predictive biomarkers of effective therapy to stratify patients with CCA at the level of disease subtype, genetic drivers, and TME in future trials.
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All data were collected from studies with only NK cell treatment. Data from withdrawn, terminated, and suspended studies were excluded from the final summary.
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CRS Grade® mCRS (0-2)
Number of patients, n 44

% 7213
Age, years

Median, [IQR] 30 [19.35,44.75]
Range 9,73

Sex, n (%)

Male 20 (66.67)
Female 24 (77.42)
Genetic risk, n(%)

Poor 15 (55.56)
Good 29 (85.29)
Prior Lines of Therapy, n

Median, [IQR] 3.00 [2.00,4.75]
Range 1,10
Numbers of relapses, n

Median, [IQR] 1[L1]
Range 03
Prior Transplant, n (%)

Allogeneic 8 (66.67)
Auto 1 (100)
No 35 (72.92)
Lymphodepletion, n (%)

Cy/Flu based 43 (71.67)
Non-Cy/Flu based 1 (100)
Response, n (%)

CR 37 (71.15)
NR 7 (77.78)
ICANS, n (%)

Yes 0

No 44 (75.86%)
Marrow Disease Burden, %

Median, [IQR] 0 [1.5,16.63]
Range 0,91
MRD, %

Median, [IQR] 2.31[0.1,32.83]
Range 0,99.8

sCRS (3-4)

17
27.87

34 [20.50,47.00]
9,68

10 (33.33)
7 (22.58)

12 (44.44)
5 (14.71)

3 (24]
29

1[L1
02

4 (33.33)
0
13 (27.08)

7 (28.33)
0

15 (28.85)
2(2222)

3 (100%)
14 (24.14%)

21.20 [10.50,53.75]
0,835

24.2 [11.21,61.00]
0.01, 87.09

Total

61
100

2 [19.50,45.50]
9,73

30 (49.18)
31 (50.82)

27 (44.26)
34 (55.74)

3 [24]
1,10

1[11]
03

12 (19.67)
1 (1.64)
48 (78.69)

60 (98.36)
1(1.64)

52 (85.25)
9 (14.75)

3 (4.92%)
58 (95.08%)

10 [2.00,30.25]
0,91

9.52(0.27,49.14]
0,99.8

Univariate Analysis P-Value

0.540

0.402

0.020*

0.954

0.942

0.802

1.000

0.995

0.019*

0.002*

0.014*

Multivariable Analysis P-Value

0.025*

0.026*

0.843

CRS, cytokine release syndrome; Cy, cyclophosphamide; CR, complete remission; Flu, fludarabine; IQR, Interquartile; mCRS, mild CRS; MRD, minimal residual disease, NR, no remission;
SCRS, severe CRS; ssCAR-T-19, IL-6 knocking down CD19 chimeric antigen receptor T.
“The data for age conformed to a normal distribution, and a t-test was used; the data for prior lines of therapy, number of the relapse, marrow disease burden and MRD conformed to a non-
normal distribution, and a Mann-Whitney U test was used; the data for prior transplant, ssCAR-T-19 cell dose, and lymphodepletion were analyzed by Fisher Exact test; the data for sex,
genetic risk and response were analyzed by Chi-Square test.

"CRS was defined as mCRS if graded 0-2 and sCRS if graded 3-4.

*p-values <0.05.
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CRS Grade® mCRS (1-2) sCRS (3-4) Total Univariate Analysis P-Value®

Number of patients, n 33 17 50
% 66 34 100
Onset time of CRS, days

Median, [IQR] 2 [1,4] 1[1,2) 2(1,3] 0.002*
Range 1,10 12 1,10

Time of peak CRS, days

Median, [IQR] 4[27] 4[3,9] 4[3,7] 0.406
Range 1,10 2,14 1,14

Time of CRS remission, days

Median, [IQR] 8.00 [6.00,10.00] 8.00 [6.00,11.50] 8,00 [6.00,10.75] 0.665
Range 2,19 3,22 2,22

CRS treatment®, n (%)

Corticosteroids only 4 (36.40%) 7 (63.60%) 11 (25.00%) -
Tocilizumab only 0 1 (100%) 1 (2.27%)

Ruxolitinib only 0 1 (100%) 1(2.27%)

Corticosteroids and Tocilizumab 0 2 (100%) 2 (4.55%)

Corticosteroids and Ruxolitinib 0 2 (100%) 2 (4.55%)

Without above treatment 27 (100%) 0 27 (61.36%)

CRS, cytokine release syndrome; mCRS, mild CRS; sCRS, severe CRS.

*Eleven patients with grade 0 CRS were excluded to ensure the accuracy of the analysis results. CRS was defined as mCRS if graded 1-2 and sCRS if graded 3-4.
"The data for onset time of CRS, time of peak CRS and time of CRS remission were analyzed by Mann-Whitney U test.

“Six patients could not be assessed due to lack of CRS treatment information.

*p-values <0.05.
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Characteristics n (%)

Age (year)

Median (range), years 55(31-72)
Gender

Male 17(51.5)

Female 16(48.5)
Primary Diagnose

GCB 13(39.4)

Non-GCB 20(60.6)
Stage

I/ 6(18.2)

I/1v 27(81.8)
Status before leukapheresis

PR 11(33.3)

SD 1(3)

PD 21(63.7)
Prior lines of therapy before leukapheresis

1 2(6.1)

2 11(33.3)

3 13(39.4)

4 4(12.1)

>4 3(9.1)
Refractory/relapse

Refractory 26(78.8)

Relapsed 7(21.2)

GCB for germinal center B cell; PR or partial response; SD for steady disease; PD for
progression disease.
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Characteristic

Median age(range)
Age 2 60 yr

Gender

M

F

Systemic disease

Yes

No

Primary refractory or relapse
Primary refractory
Relapse

Prior lines of therapy
2-3

>4

Previous autologous hematopoietic stem-cell
transplantation

Karnofsky Performance score
20-40

50-60

70-80

90-100

Previous therapies
Rituximab
high-dose MTX
high-dose Ara-C
[brutinib
Temozolomide
Lenalidomide
intrathecal injection

Whole brain radiotherapy

Patients
(N=15)

51(31-66)
7

T I

@

o woe

Characteristic

Pathologic subtype
DLBCL

PMBCL

Burkitt

localization of CNS disease
Parenchymal
leptomeningeal
ocular

CSF infiltration
aalPI score

0-2

3-4

Double - or triple - hit rearrangement:Myc plus BCL2, BCL6, or
both - no

P53 mutation

Bridging treatment

Yes

No

Infused cells

CAR19

Sequential CAR19/20
CAR19/22

Average dose (*1076/kg)
<5

5~10

=10

aalPI, age-adjusted international prognostic index; DLBCL, diffuse large B-cell lymphoma; PMBCL, primary mediastinal large B-cell lymphoma.

Patients
(N=15)
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Anti-PD-1
Anti-CTLA4

Anti-PD-1
Anti-CTLA4

Anti-PD-1
Anti-PD-1
Anti-PD-1

Anti-PD-1
Anti-PD-L1

CAR target
MUCI1
EGFR
MSLN

MSLN
EGFR
EGFR
EGFRvIIT

Sponsor
Shanghai Cell Therapy Research Institute
Shanghai Cell Therapy Research Institute
Shanghai Cell Therapy Research Institute

Ningbo Cancer Hospital
Ningbo Cancer Hospital
Shanghai International Medical Center

Shenzhen Geno-Immune Medical Institute

Phase

12

172

172

1/2
1/2
172
12

ClinicalTrials.gov ID
NCT03179007
NCT03182816
NCT03182803

NCT03030001
NCT02873390
NCT02862028
NCT03170141

Report

(49)
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Secretory co-factor

Aim: To enhance efficacy
IL-12

IL-12
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IL-12

IL-12
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IL-18

IL-18

IL-12 or IL-18

IL-21

IL-15 & IL-21

IL-23 (IL-12p40)

IL-36y

IL-15

IL-15

IL-15

CD40 agonist

IL-7 & CCL19
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IL-7 & CCL21

Anti-PD-1 scFv (E27)
Anti-PD-1 scFv (E30)
Anti-PD-1 scFv
Anti-PD-1-TGF-BRII ectodomain
Anti-CD47, Anti-PD-L1, Anti-CTLA4
Anti-PD-L1 scFv

Aim: To protect CRS

IL-1RA

Anti-IL-6 and IL-1RA
Anti-IL-6 scFv and IL-1RA
Aim: To make circuit

BiTE EGFR-CD3

Various factors

Anti-AXL zipFv
CD19-anti-Her2 bridge protein
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Promoter

6x NFAT-RE
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LTR in RVV
LTR in RVV
6x NFAT-RE
6x NFAT-RE
LTR in RVV
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LTR, long terminal repeat; RVV, retroviral vector; NFAT-RE, nuclear factor of activated T cell response element; BiTE, bispecific T-cell engaging antibody; UAS, upstream activation
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Toxicities n (%)

Cytokine-release syndrome grade

0 8(24.2)
1-2 18(54.5)
35 7(21.2)
Immune effect or cell associated neurotoxic syndrome 3(9.0)
Hematological toxicity
Neutropenia (III/IV) 33(100)
Anemia (ITI/TV) 23(69.7)
Thrombocytopenia (III/IV) 30(90.9)
Hemagglutination abnormalities(ITI/TV) 12(36.4)
Non-neurological and non-hematological toxicity
Pyrexia 26(78.8)
Hypoxia 12(36.4)
Hypotension 1(3.0)
Cardiac failure 2(6.0)
Acute kidney injury 5(15.2)
Ascites/Hydrothorax 0(0)
Pneumonia 4(12.1)
Increase of alanine-aminotransferase 8(24.2)
Increase of Hyperbilirubinemia 1(3.0)

Tumor lysis syndrome 0(0.0)
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No. Study name Identifier Condition
or disease
1 A Study to Evaluate NCT00345163 Glioblastoma

Bevacizumab Alone or in
CombinationWith
Irinotecan for Treatmentof
Glioblastoma Multiforme
(BRAIN) (BRAIN)

2 A Study to Evaluate the
Efficacy of Bevacizumab

Plus Irinotecan in

Recurrent Gliomas

- Glioblastoma
- Astrocytoma

NCT00921167

Treatment

- Bevacizumab
- Irinotecan

- Bevacizumab
- Irinotecan

Study
Phase

Phase IT

Phase 1T

Status  Starting

date

Description

A Phase II, Multicenter, Randomized, Non-  Completed July 2006
Comparative Clinical Trial to Evaluate the
Efficacy and Safety of Bevacizumab Alone or
in Combination With Irinotecan for
Treatment of Glioblastoma Multiforme in

First or Second Relapse
A Phase II Study to Evaluate the Efficacy of =~ Completed June2009
BevacizumabPlus Irinotecan in Recurrent
Anaplastic Astrocytoma or Recurrent
Glioblastoma Multiforme

All data were collected from studies with only bevacizumab combined with irinotecan treatment. Data from withdraw, terminated, and suspended studies were excluded from the final summary.
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racteristics No. of

participant
(%, n=35)
Age =50 14 40.0%
<50 21 60.0%
7 Menopausal status Yes 17. 48.6%
No 18 51.4%
Primary tumor location GC | 5 | 14.3%
colon cancer 13 37.1%
sigmoid colon cancer 8 22.9%
rectal cancer 9 25.7%
T stage 1 1 2.9%
T3 5 14.3%
T4 29 82.9%
Unilateral/bilateral ovarian Unilateral metastases 16 45.7%
metastasis
Bilateral metastases 19 I 54.3%
MMR status pMMR 34 97.1%
dMMR 1 2.9%
RAS status Mutated 5 14.3%
Wild type 11 314%
NA 19 ' 54.3%
lymphatic metastases Yes 24 68.6%
No 11 31.4%
Peritoneal metastases Yes 18 51.4%
No 17 48.6%
Liver metastases Yes 16 I 45.7%
No 19 54.3%
BRAF (V600E) status Mutated 0 0
Wild type 18 | 514%
NA 17 48.6%
PI3K status Mutated 0 I 0
Wild type V 13 37.1%
NA 22 62.9%
Neoadjuvant therapy Yes 19 54.3%
No 16 45.7%
Adjuvant therapy Oxaliplatin+capecitabine 14 40.0%
Oxaliplatin+capecitabine 10 » 28.6%

+targeted drugs

Others 11 31.4%

MMR, mismatch repair; PI3K, phosphatidylinositol 3 kinase.
NA, no applicable.
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HFA (N = 8) No HFA (N = 8) B

Overall Characteristics

Median age (range)——yr 50 (34-63) 41.5 (27-66) 0.3074
Male sex ——no. (%) 4 (50.0) 6 (75.0) 0.6084
Histological subtype——no. (%)
DLBCL, NOS* 3(37.5) 5(62.5) 0.6193
DLBCL transformed from follicular lymphoma 1 (12.5) 1(12.5) >0.9999
DLBCL transformed from marginal zone lymphoma 0 (0.0) 1(12.5) >0.9999
High-grade B-cell lymphoma 2 (25.0) 1(12.5) >0.9999
Mantle cell lymphoma 1 (12.5) 0 (0.0) >0.9999
Marginal zone lymphoma 1(125) 0(0.0) >0.9999
Ann Arbor stage——no. (%)
Stage IIT 0 (0.0) 2(25.0) 0.4667
Stage IV 8 (100.0) 6 (75.0)
IPI——no. (%)
1-2 0 (50.0) 4(87.5) 0.0769
34 8 (50.0) 4(12.5)
Genetic abnormalities——no. (%)
Double-/triple-hit rearrangement 2 (25.0) 1(12.5) >0.9999
TP53 deletion/mutation 3 (37.5) 4 (50.0) >0.9999
Disease burden before treatment——no. (%)
Bulky > 7.5 cm 4 (50.0) 1(12.5) 0.2821
With extranodal involvement 7 (37.5) 4(12.5) 0.2821
‘With >2 sites of extranodal involvement 5 (25.0) 3(12.5) 0.6193
Previous therapies
Median (range) lines 3(2-4) 3(2-4) 0.2851
>3 prior lines of therapy——no. (%) 7 (87.5) 6 (75.0) >0.9999
>4 prior lines of therapy——no. (%) 3(37.5) 1(12.5) 0.5692

“diffuse large B-cell lymphoma, not otherwise specified.
*Central nervous system.
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Site Biological significance

CTLA-4 Treg cells. Immune checkpoint molecules:

Surface protein binding to CD80 on antigen-presenting cells to inhibit cytotoxic ~cells.

PD-1 Immune cells. Immune checkpoint molecules:
surface protein binding to PD-L1 on cancer cells leading to immune escape.

PD-L1 Tumor  cells, Immune checkpoint molecules:

immune cells. surface protein binding to PD-1 on immune cells leading to immune escape.

LAG3 Immune ~cells. Immune checkpoint molecules:
reduce T cell proliferation and cytokine secretion.

TIM-3 T cells, Treg cells, plays a key role in inhibiting Th1 responses and the expression of cytokines such as TNF and INF-y

macrophages,
DCs.
DO DCs, suppression of CTL cells and NK cells as well as increased activity of Tregs and MDSCs.
‘macrophages, and
fibroblasts
1COs T cells. induction and regulation of Th1, Th2, and Th17 immunity.
VEGF/VEGFR | Endothelial cells. Activation of immunity by increasing the expression of endothelial cell adhesion molecules that directly interact with immune
cells for antigen recognition, rolling, adhesion and extravasation during immune responses. Inhibiting the maturation of DCs,
which suppresses immune activation.
PDGF Tumor  cells. PDGF-D released by tumoral ducts attracts and activates liver fibroblasts to secrete VEGF-C/VEGF-A leading to tumor-
associated lymphangiogenesis and lymphatic invasion.
TGF-B Tumor stroma. Pro-fibrogenic cytokine.
CSF1/CSFIR Monocytes, Mo- supports differentiation and survival of TAMs, tumor promoting and immune suppressive. Critical drivers of immune escape in
MDSCs, the TME include TAMs and MDSCs.
macrophages.

TIE2 TAM and Distinct paracrine inducers of angiogenesis, convert T cells into Tregs and suppress tumor-specific immune responses.
Monocyte.

FGFR Tumor cells. FGER fusions result in constitutive tyrosine kinase activity, which in turn led to downstream signaling pathways activation, PI3K
activation enhances immune suppressor and pro-angiogenic potentials of TAMs.

EGFR Tumor  cells. Remodels the TME to trigger immune escape by upregulation of PD-1, PD-L1, CTLA-4, and multiple tumor-promoting
inflammatory cytokines.

Mesothelin Tumor  cells. It is an attractive target for cancer
immunotherapy because its normal expression is limited to mesothelial cells, which are dispensable.

FIG/FIBL Hematopoietic increases the number of immune cells (lymphocytes (B cells and T cells)) by activating the hematopoietic progenitors. stimulates

stem cells / the development of NK cells and DC cells.
progenitor cells
IFN-y Activated T cells critical to both innate and adaptive immunity, and functions as the primary activator of macrophages, NK cells, a master

and NK cells

checkpoint regulator for many cytokines.





OPS/images/fonc.2022.912689/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2023.1037945/table2.jpg
Immunotherapy

Mode of
action

Application details

Immune checkpoint
blockade

Cell therapy

Vaccines

Oncolytic virus

Combinations with
other
immunotherapies.

Inhibit immune

checkpoints such
as PD-1, PD-LI,
CTLA-4, TIM3,

LAG3, IDO and

others.

Transfer of
tumor-specific
immune cells into
CCA patients.
Patient-derived
immune cells are
modified ex vivo
and retransferred
into the donor.

Tumor-associated
antigens are
targeted to
overcome
immune
tolerance.

Enhances
cytotoxicity and
inhibits tumor
growth

Inhibit multiple
immune
checkpoints such
as PD-1, PD-L1,
CTLA-4, TIM3,
LAG3, IDO and
others

Anti-PDLI: (atezolizumab, NCT03201458), anti-LAG3 (Sym022, NCT03489369).

Thi cells (78), Activated T-cell transfer (84), CART (85), allogenic gammadelta T cell (86), TAA-specific CTL (87),
Allogeneic NK Cell (NCT03358849), T Cells Modified With Chimeric Anti-CEA Immunoglobulin-T Cell Receptors
(IgTCR) (NCT00004178).

Antigenic peptides: WT1 (87), MUCI1 (88), MUC5AC (87), CEA (87), CEA RNA-pulsed DC cancer vaccine
(NCT00004604), PPV (89), Dendritic cell-based vaccines (90), TRICOM-CEA(6D) (NCT00027534), TRICOM-CEA(6D)
(NCT00027534), .

adenovirus (91, 92), vaccinia virus (93), measles vaccine virus (MeV) (94), herpes simplex virus (95, 96),

nivolumab plus ipilimumab (anti-PD-1 plus anti-CTLA-4) (NCT02923934, NCT03101566) (97), XmAb20717 (anti-PD-1
plus anti-CTLA-4, NCT03517488), LY3434172 (anti-PD-1 plus anti-PD-L1, NCT03936959), Durvalumab plus
Tremelimumab (anti-PD-L1 plus anti-CTLA-4, NCT02821754), LY3321367 plus LY3300054 (anti-TIM3 plus anti-PD-L1,
NCT03099109), REGN3767 plus REGN2810 (Anti-LAG-3 plus Anti-PD1, NCT03005782), Lirilumab plus an Nivolumab
(Anti-KIR plus Anti-PD1, NCT01714739), Durvalumab plus SNDX-6352 (anti-PD-L1 plus CSFIR, NCT04301778),
INT230-6 plus anti-PD-1 and anti-CTLA-4 (NCT03058289), recombinant fowlpox-CEA(6D)/TRICOM plus sargramostim
(vaccine plus GM-CSF, NCT00028496), XmAb22841(anti-CTLA-4 plus anti-LAG-3,NCT03849469), XmAb22841 plus
Pembrolizumab (anti-PD-1 plus anti-CTLA-4 plus anti-LAG-3, NCT03849469) , NK Cell plus Pembrolizumab(anti-PD-1)(
NCT03937895).
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Antigen  phase

NKG2DL  Early Phase 1
Phase 1
Phase 1
Phase 1
Phase 1

Phase 1
CEA Phase 1
Phase 1
Early Phase 1
Phase 1

Phase 1
Phase 2

Phase 1
Phase 1

Phase 1
Phase 2

Phase 1
Early Phase 1
Phase 1
Phase 1

Phase 1
Phase 2

Phase 1

MSLN
EpCAM

MUC1

HER2

B7-H3
EGFR

Phase 1
Phase 1
Phase 1
Phase 2
Phase 1
Phase 2
Phase 1
Phase 2

CD133

c-Met

Clinicaltrials. gov identifier

NCT05248048
NCT04550663
NCT03370198
NCT04107142
NCT03310008

NCT03692429
NCT02850536
NCT02416466
NCT04513431
NCT05240950
NCT04348643

NCT02349724
NCT03682744
NCT02959151

NCT05089266
NCT04503980
NCT05028933
NCT05239143
NCT02617134

NCT03740256

NCT05190185
NCT03542799
NCT03152435

NCT02541370

NCT03638206

NA, not available; d(s), dose(s); DL, dose levels.

CAR-T Cells Treatment

NA
NA
3 DL: 3 x 10%-3 x 10° cells/d(3ds)
3DL3 x 10°- 3 x 10° CAR-YS T cells/d(4ds)

3 DL: 10%-10%cells/d
(3 ds) and FOLFOX

3 DL:1-100x10%cells/d (3 ds) andFOLFOX
1 x 10" cells/d(3 ds) with IL2
1 x 10" cells/d(3ds) with IL-2
NA
3DL:1- 6x10°/kg anti-CEA CAR-T (+) cells(1d)
NA

5 DL: 10°-10° CAR+ cells/kg (split: 10%,30% and 60% per day)
NA
1.25~4x10” CAR+T cells/cm3 tumor bulk(1d)

NA
4DL:1x10°-3x10°0PD1 MSLN-CAR+ T cells/kg(1d)
3DL:3-10x10°EPCAM CAR-T/kg(1d)

NA
NA

7 DL: 1-100 x 10°Cells(1d) and oncolytic adenovirus CAdVEC intra-
tumor injection

3DL:1-100x10° CAR-T/kg(1d)
NA
NA

0.5-2 x 10° cells/kg(2ds)

NA

Recruitment Status

Recruiting
Not yet recruiting
Active, not recruiting
Unknown

Active, not recruiting

Recruiting
Completed
Completed
Not yet recruiting
Recruiting

Recruiting

Completed
Active, not recruiting

Unknown

Not yet recruiting
Recruiting
Recruiting
Recruiting

Unknown

Recruiting

Recruiting
Unknown
Unknown

Completed

Recruiting
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Innate immune

component

Macrophages M1
M2

Kupffer cells M1
M2

Natural killer cells
Natural killer T cells

Dendritic cells

Myeloid-derived suppressor cells
Tumor associated N1

neutrophils
N2

Tumor-associated embryonic substance

B lymphocytes Bregs
B effector
cells

T lymphocytes CTL cells
Th Cells

Tregs

Secret cytokines/ chemokines

IL-1, IL-12, CXCLI10, interferon (IFN)-y, TNF-o. and inducible nitric oxide synthase
(iNOS), etc.

IL-4, IL-6, IL-10, IL-13, TNF-0,, GM-CSF, ICAM-1, VEGF, EGF, CCL1, CCL3, CCL17,
CCL22, CCL24, etc.

NO, TNFa, IFNy, IL-1B, IL-6, COX-2, etc.
IL-4, IL-10, IL-13, TGF-p.

IEN-y, TNF-0, GM-CSF, CCL3, CCL5, etc.
perforin, Fas ligand, granzyme B, TNFo..

IL-12, CXCL9, CXCL10.

ARG, iNOS, TGFp, IL-10, COX2, IDO.
INFy, NETs, ICAMI, TNF-a, CXCL10, CCL7, CCL2, CCL3. etc.

IL-4, IL-8, IL-13, CCL2, CCL3, CCL4, CCLS5, CCL8, CCL12, CCL17, CXCL1, CXCL2,
CXCL8, CXCL16. etc.

VEGF, PGE2, TGFPand IL6 (15). Endothelial nitric oxide synthase (eNOS), arginase and
IDO (16).

IL-10, IL-35, TGEp, Lymphotoxin.

1gG, IgM, TEN-y, ILs, TNFs, IFNs, Fas/FasL, TRAIL/Apo2L.

perforin, granzymes, and granulysin, Fas/FasL.
IENY, IL-2.

TGF-p, IL-10, and IL-35.

Interaction with TME

Immunostimulation

immunosuppressive

Immunostimulation
Immunosuppressive
Immunostimulation
Immunostimulation

Immunostimulation/
immunosuppressive

immunosuppressive
Immunostimulation

immunosuppressive

immunosuppressive

immunosuppression

Immunostimulation

Immunostimulation
Immunostimulation

immunosuppression
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Overall Characteristics
Median age (range)——yr
Male sex——no. (%)

Cytogenetic features——no. (%)
Philadelphia chromosome-positive
Philadelphia chromosome-like (Ikaros 6)
Complex karyotype
E2A/PBXI fusion gene

Disease burden before treatment
Median bone marrow blasts (range)
CNS* involvement——no. (%)

Previous therapies
Median (range) lines

>3 prior lines of therapy——no. (%)

Previous allogeneic stem-cell transplantation——no. (%)

*the patient with 0% bone marrow blasts had an orbital mass and CNS involvement.

*Central nervous system.

HFA (N = 8)

34 (22-50)
3(37.5)

3(37.5)
1(12.5)
4(50.0)
1(125)

64.0% (6-99.5%)
4(50.0)

2 (2-5)
2(25.0)
1(125)

No HFA (N = 8)

34 (15-58)
1(12.5)

5(62.5)
0 (0.0)
1(12.5)
0 (0.0)

17.5% (0°-93.9%)
1(12.5)

2 (2-5)
1(12.5)
1(12.5)

0.8242
0.2821

0.6193
>0.9999
0.2821
>0.9999

0.1723
0.2821

0.8178
>0.9999
>0.9999
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Univariable Analysis Multivariable Analysis

Variable P value
HR (95%Cl) P value HR (95%Cl)

Overall survival

Qujing vs. TCGA+non-Qujing 5.24 (247 to 11.12) <0.001% 0.27 (0.11 to 0.64) 0.003°
EGER (mutation vs. wild type) 1.29 (0.67 to 2.45) 0.43 1 NA » NA
KRAS (mutation vs. wild type) 2.52 (1.10 to 5.74) 0.02° 0.36 (0.15 to 0.84) 0.019*
SMAD4 (mutation vs. wild type) 2.56 (0.76 to 8.60) 0.12 ‘ NA NA
TP53 (mutation vs. wild type) 1.46 (0.80 to 2.64) 0.20 NA NA
TMB-H vs. TMB-L 10.83 (4.05 to 28.94) <0.001* 6.18 (2.13 to 17.88) 0.001°
PD-L1 (= 1% vs. < 1%) 0.38 (0.14 to 1.01) 0.054 NA NA

Variables with a significance level of P < 0.05 in the univariable analysis were entered into the multivariable analysis. PD-L1, Programmed cell death ligand 1. tTMB-H, Tissue tumor mutational
burden-high (cutoff value > 10 mutations/Mb). NA, not applicable.
“P value indicates a statistically significant difference.
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Univariable Analysis Multivariable Analysis

Variable
HR (95%Cl) P value HR (95%Cl) P value

Progression-free survival

Qujing vs. non-Qujing 4.88 (1.63 to 14.57) <0.01* 436 (129 to 14.76) 0.01°
EGFR (mutation vs. wild type) 0.53 (0.21 to 1.31) 0.17 NA NA
KRAS (mutation vs. wild type) 257 (1.00 to 6.64) 0.05" 023 (0.08 to 0.66) <0.01°
SMAD4 (mutation vs. wild type) 2.04 (0.58 to 7.15) 026 NA NA
TP53 (mutation vs. wild type) 1.82 (0.75 to 4.43) 0.18 NA NA
TMB-H vs. TMB-L 3.83 (161 to 9.09) <0.01° 037 (0.14 t0 0.97) 0.04°
PD-L1 (2 1% vs. < 1%) 0.68 (0.22 to 2.08) 0.50 NA NA

Overall survival

Qujing vs. non-Qujing 6.20 (2.06 to 18.68) <0.01* 9.49 (2.32 to 38.72) <0.01*
EGFR (mutation vs. wild type) 0.60 (0.25 to 1.47) 0.27 NA NA
KRAS (mutation vs. wild type) 2.50 (0.97 to 6.44) 0.05" 0.22 (0.07 to 0.66) <0.01*
SMAD4 (mutation vs. wild type) 1.96 (0.56 to 6.79) 0.28 NA NA
TP53 (mutation vs. wild type) 1.94 (0.80 to 4.72) 0.14 NA NA
TMB-H vs. TMB-L 19.98 (4.28 to 93.16) <0.01* 0.05 (0.01 to 0.35) <0.01*
PD-L1 (= 1% vs. < 1%) 0.58 (0.18 to 1.83) 0.36 NA NA

Variables with a significance level of P < 0.05 in the univariable analysis were entered into the multivariable analysis. PD-L1, Programmed cell death ligand 1. tTMB-H, Tissue tumor mutational
burden-high (cutoff value > 10 mutations/Mb). NA, not applicable.
“P value indicates a statistically significant difference.
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0os PFS

Characteristics Univariate analysis ~ Multivariate analy- Univariate analysis Multivariate
sis analysis
HR (95% Cl) P HR (95% Cl) P HR (95% Cl) B HR (95% Cl) P
Age (<50 vs 250) 35 1673 (0.708- 0241 1.632 (0.735- 0229
3.956) 3.621)
Ovarian metastasis (One vs Two) 35 0.423 (0.182- 0.046  0.316 (0.084- 0.089 | 0.606 (0.285- 0.194
0.985) 1.193) 1.289)
Primary tumor location (GC vs 35 4053 (1.344- 0013 0.795 (0.097- 0832 | 1485 (0555 0431
CRC) 12.226) 6.545) 3971)
Differentiation® 35 0494 (0.218- 0.091 0.786 (0.367- 0535
1.119) 1.682)
Resection range (RO vs Palliative 35 1.693 (0.711- 0.235 1.981 (0.895- 0.092 = 3.283 (1.054- 0.040
resection) 4.032) 4.383) 10.224)
Neoadjuvant therapy (Yes vs No) 35 0.897 (0.401- 0.791 0.931 (0.440- 0.851
2.006) 1.970)
CD68 in TN of PT ® 28 0318 (0.103- 0047 | 1287 (0.182- 0801 | 0355 (0.127- 0049 | 1182 (0.180- 0.862
0.984) 9.107) 0.994) 7.738)
CD68 in TN of PT ® 31 0.200 (0.068- 0004 0.099 (0.010- 0.044 | 0742 (0.318- 0.489
0.594) 0.941) 1.729)
CD1lcin TN of PT® 28 0.197 (0.060- 0.007 = 0.415 (0.066- 0350 | 0328 (0.124- 0024 0224 (0.036- 0.109
0.647) 2.625) 0.865) 1.393)
CD1lcin TS of PT * 28 3704 (1.149- 0028 | 2.205 (0.443- 0334 | 1317 (0.541- 0.544
11.940) 10.974) 3.206)
CD163 in TN of PT® 28 0.691 (0.263- 0451 1.103 (0.446- 0832
1.810) 2.727)

TAMs, Tumor-associated macrophages; OS, Overall survival; N, Number of patient; KT, Krukenberg tumor; GC, Gastric cancer; CRC, Colorectal cancer; *High/medium differentiation vs Poor
differentiated/mucous/signet ring cells; ®1-2 score vs 3-4 score.





OPS/images/fonc.2023.1006183/table2.jpg
PT (n=28) KT (n=39)

score  3score  4score  Iscore  2score | 3score  4score

RS 2 n 3 2 5 n s 5 19| oaso
™ s s s o ) 0 f f 03| ozsr
Iy 4 10 u f u w9 . s am ose
cone i 6 s s u 5 . 2 o0 060
™ n 5 f . % s . o 268 0009
iy n s 5 0 " s s 228 oos
SN s 10 5 ' w0 i 5 5 03 09
w s ; w0 s u w0 o f am oo
S 1 2 7 5 W 1 s 2 276 oo

b oo amsattetnd scserhames T

e o satiia B Koakibias wtact Wil N s





OPS/images/cover.jpg
& frontiers | Research Topics.

Adoptive cellular
therapies in
immunoregulation
and cancer






OPS/images/fimmu.2023.1012166/table3.jpg
Variable Univariable Analysis Multivariable Analysis

HR (95%Cl) P value HR (95%Cl) P value

Progression-free survival

Qujing vs. non-Qujing 0.45 (029 t0 0.70) <0.01° 1.83 (L.11 to 3.00) 0.01°

EGFR (mutation vs. wild type) 0.98 (0.64 to 1.50) 0.94 NA NA
KRAS (mutation vs. wild type) 0.29 (0.16 to 0.53) <0.01* 0.50 (0.26 to 0.98) 0.04°
SMAD4 (mutation vs. wild type) NA NA NA NA
TP53 (mutation vs. wild type) 0.53 (0.34 to 0.81) <0.01* 0.66 (0.40 to 1.07) 0.09
bTMB 26 vs. <6 0.41 (0.26 to 0.63) <0.01* 0.59 (0.36 to 0.99) 0.04*

Overall survival

Quijing vs. non-Qujing 2.19 (141 to 3.39) <0.01° 1.86 (1.13 to 3.07) 0.01°
EGFR (mutation vs. wild type) 1.03 (0.67 to 1.57) 0.87 NA NA
KRAS (mutation vs. wild type) 0.28 (0.15 to 0.52) <0.01* 0.48 (0.25 to 0.93) 0.03*
SMAD#4 (mutation vs. wild type) NA NA NA NA
TP53 (mutation vs. wild type) 0.50 (0.32 to 0.77) 0.02° 0.62 (0.38 to 1.01) 0.06
bTMB = 6 vs. <6 0.39 (0.25 to 0.60) <0.01* 0.58 (0.35 to 0.96) 0.03"

Variables with a significance level of P < 0.05 in the univariable analysis were entered into the multivariable analysis. bTMB-H, blood tumor mutational burden-high (cutoff value > 6 mutations/Mb).
NA, not applicable.
“P value indicates a statistically significant difference.
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Cancer type

Metastatic melanoma

Non-small cell lung cancer

Ovarian cancer

Head and neck squamous cell
carcinoma

Breast cancer

Advanced Colorectal cancer

Pancreatic cancer

Cervical carcinoma

Cervical, vaginal,
Anal carcinoma

Advanced RCC

Metastatic/Recurrent Advanced
Solid Tumors

Metastatic or unresectable
epithelial tumors

Endocrine Tumors

Osteosarcoma and other Bone
and Soft Tissue Sarcomas

Thyroid cancers

NA. Not available.

Intervention

TIL +IL2 + Non-myeloablative Lymphodepletion (NMA)
chemotherapy + total-body irradiation (TBI)

TIL + NMA + IL2

TIL (LN-144) + IL2 + NMA + Pembrolizumab
TIL (LN-145-S1) + IL2 + NMA
TIL (IOV-4001) + IL2 + NMA

TIL (LN-145) + IL2 + NMA + Pembrolizumab/
Ipilimumab/Nivolumab

TIL (LN-145) + IL2 + NMA + Nivolumab

TIL (LN-145) + IL2 + NMA
TIL (IOV-4001) + IL2 + NMA
TIL + IL2+ cyclophosphamide

TIL + IL2+ cisplatin

TIL (MDA-TIL) + IL2 + NMA

TIL + NMA
Young TIL + IL2 + NMA + Pembrolizumab

TIL (LN-145/LN-a45-S1) + IL2 + NMA + Ipilimumab/
Nivolumab

TIL + IL2 + NMA
TIL (LN-145) + IL2 + NMA + Pembrolizumab

Neoantigen-specific TIL
+
NMA+ Pembrolizumab < 4 doses

Young TIL
+ NMA + Pembrolizumab + 1L-2

TIL (LN-145) + NMA + IL-2
TIL + NMA

TIL (LN-145/LN-a45-S1) + IL2 + NMA + Ipilimumab/
Nivolumab

TIL+ 5-Fluorouracil-based
chemotherapy

TIL (MDA-TIL) + IL2 + NMA

TIL+ pembrolizumab

Young TIL + IL2 + NMA + Pembrolizumab
TIL (MDA-TIL) + IL2 + NMA

Young TIL + IL2 + NMA + Pembrolizumab

TIL+
Arml: LN145 + IL2
Arm2: LN145 + pembrolizumab, 112

TIL + IL2 + Nivolumab

TIL+ HPV E6/E7 target + IL2

CD8+ TILs + IL2

TIL + IL2 + NMA
TIL + IL2 + NMA
TIL + IL2

CD8+ TIL + IL2

CD8+ TIL + IL2
TIL + IL2

TIL (GT201) + IL2 + NMA

NEXTGEN-TIL +

Non-myeloablative Lymphodepletion regimen +

12

Young TIL + IL2 + NMA + Pembrolizumab

TIL (LN-145/LN-a45-S1) + IL2 + NMA + Ipilimumab/
Nivolumab

TIL (LN-145/LN-a45-S1) + IL2 + NMA + Ipilimumab/
Nivolumab
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Meta-
analysis of 7
trials
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72%
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Recruiting
Recruiting
Recruiting

21.4%
3.5% CR
17.8% PR

10% CR
60% PR with reduced tumor
burden

Recruiting
Recruiting

14.2% CR
57.1% PR

40% CR
50% PR

No responder

82%
Recruiting

Recruiting

Completed- No result yet

Recruiting

50% Tumor regression
16% CR (5.5 years)
33% PR

Recruiting

Recruiting
Recruiting

Recruiting

24-months survival rate=
55.6% vs 17.5% in controls

No responder
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Recruiting

20%

Recruiting
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28%
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Completed- No result yet
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29%
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Recruiting
Recruiting
Recruiting

Recruiting

Recruiting

Clinical trial
identifier/Ref

1)

(13)

NCT03645928
NCT03645928
NCT05361174
NCT03645928

NCT03215810
17)

NCT04614103
NCT05361174
(22)

(22)

NCT03610490
(23)

(22)
NCT01174121
NCT03449108

NCT02482090
NCT03645928

NCT01174121
(18)

NCTO01174121

NCT04111510
NCT05142475
NCT03449108

(19)

NCT03610490
(23)

NCT02757391
(24)

NCTO01174121
NCT03610490
(23)
NCT01174121

NCT03108495
(15)

(14)
NCT01585428

(25)
(26)

NCT02482090
@27)
(28)
(29)

(26)
(30)

NCT05430360

NCT05141474

NCT01174121

NCT03449108

NCT03449108
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Genes

Selectin ligand
VLA-4

LFA-1
TNF-alpha
IL-6

CXCR 1/2
CXCR 3/4

Function

Rolling
Adhesion
Adhesion

Extravasation
Extravasation
Chemotaxis

Chemotaxis

Correspondent partner

Vascular E/P selectin
Vascular VCAM-4
Vascular ICAM-1
Vascular epithelium
Vascular epithelium
Tumor location (CCL)
Tumor location (CXCL)
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Gene AA  Pancreas Colorectal ESCC Liver  Lung adenocar- Lung squamous cell Ovarian Stomach Cervical

change cinoma carcinoma
(QCMG (TCGA) (UCLA (TCGA) (TCGA) (TCGA) (TCGA) (TCGA) (TCGA)
2016) 2014)
TP53 R175H 3.9% 6.3% 0.7% - 1.3% - 2% 2.8% -
R173H 2% 3.1% - 0.4% 0.6% 3.2% 2.3% -
R273C 2.1% 2% 0.7% - 0.4% 1% 2.2% 2.5% -
R248W 1% 3.6% 0.7% 0.3% 1% 1.6% 1%
R2480 1.8% 0.4% - 1% - 0.6% 2.5% 1.5%
R282W 3% 1% 0,4% 1% 1.6% 1.8%
Y220C 1% 0.7% 1% 0.4% 1.1% 3% 1%
VIS7F 0.8% 1.5% 1% 0.4% 1.7% 1.6%
G2455 1.6% 2% - - 1% 0.9% 0.5% -
Y163C 0.8% 1.5% - 2% 1% - -
R2495 0.5% - - 3% - 0.6% - 1% -
KRAS 012D 35.5% 13.9% 0.5% 22% 2.8% 2.1%
G12v 27.9% 10.3% - - 9% - 0.6% 0.8% 1%
GI12C 1.6% 3% 0.3% 15.7% - 03% 1%
GI2R 15.7% 0.4% - - - - - - -
G130 0.3% 4.5% 3% 1%
Q61H 5% 0.6% 0.5%
012A 0.5% 1% 2.6%
0128 1.3% - 1% 1%
PIK3CA  E542K 03% 0.9% 0.7% 0.3% 1.3% 1.7% - 1.8% 6.2%
E545K 03% 3.6% 2.9% 03% 22% 5.6% 03% 3% 12.9%
HI1047R 0.5% 2.2% 1.5% 0.8% 0.4% 1.1% 0.3% 3.3% 0.5%
CTNNBI $45P - - - 3% - - - - -
T41A 1.6% 0.4%
EGFR  L858R - - - - 3.5% - - - -
T790M - 0.4% - - - -
BRAF  V600E - 9% - 2.2% - - - -
GNAS  R201C 1% 1.1°%0 0.3%
R201H 0.8% 0.4% 0.9% 0.8% 0.5%

Incidence of mutated antigens in each tumor.
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Gene

Tob
KLF2
Ski
Sno-A
TGF-beta
ERF
REST
TCF-1
Bach-2
FOXO1
STAT3

Discovery of quiescent T-cell

Source/year/journal

Quiescent T-cells/2001/Nat Immunology
Quiescent T-cells/2001/Nat Immunology
Oncoimmune Response/2021/Front Immunology
Mice Model/2003/MCB
TGF-beta pathway/1991/JEM
Quiescent T-cells/1990/PNAS
Quiescent T-cells/2018/Mol Science
Quiescent T-cells/2018/Mol Science
Quiescent T-cells/2018/Mol Science
Quiescent T-cells/2011/JBC
Quiescent T-cells/2011/JBC

N/Y is "unclear".

Source

Hepatic Ca
Hepatic/Colorectal cancer
Hepatic Ca
Hepatic Ca
Hepatic Ca
Hepatic Ca
Hepatic Ca
Ovarian cancer/Pancreatic Ca
GC
Lung Ca
N/Y

Discovery of quiescent TIL

Publication year

2007
2007/2019
2007
2007
2007
2007
2007
2019
2021
2018
N/Y

Journal

Immunology
Immunology/Cancer Immunology Research
Immunology
Immunology
Immunology
Immunology
Immunology
J. Immunology Cancer
Aging
Cancer

N/Y
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Factor Univariate Analysis Multivariate Analysis

P value * Hazard Ratio 95% CI P value
ISS Stage TIT 0.761
High-risk cytogenetic # 0675
Previous ASCT 0.182
Extramedullary disease 0.893
High tumor burdens 0.158 1.739 0.259-11.681 0.569#
Time since diagnosis 0.635
=5 yrs. versus <5 yrs.
Previous therapy lines 0219
>3 versus < 3
Severe HT after lymphodepletion chemotherapy 0.001 0.054 0.008-0.457 0.002#
Severity of CRS 0.279
Grade of CRS 0.022 2.099 0.608-7.253 0.241#
Cytokines, (pg/mL)
IL-6 0.025 1.006 0.997-1.015 0.198#
IL-8 0.019 1.007 0.990-1.024 0.450#
I[FN y 0.040 1.046 1.002-1.093 0.042#
MIPlo. 0.049 1.026 0.964-1.092 0.425#

PHT, prolonged hematological toxicity; CI, confidence interval; ISS, International Staging System, ASCT, autologous stem cell transplantation; H'T, hematological toxicity; CRS, cytokine
release syndrome. # The cytogenetic risk profile was reported by investigators on the basis of fluorescence in situ hybridization. A high-risk cytogenetic profile was defined by the presence of
the following abnormalities: del(17p), t (414), or t (14;16). ¢ High tumor burden was defined as at least 50% clonal plasma cells or bone marrow plasma cells. * Two-sided P values were
calculated on the basis of logistic regression. # A logistic regression model was used for multivariate analysis. The variables in which the P value was < 0.1 by univariate analysis or the
variables that may have affected the results were included.
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Characteristic PHT (n = 28) Non-PHT (n = 26) P value

Adverse events

CRS, no. (%) 0.480

Grade 1-2 23 (82) 24 (92)

Grade 3-5 5(18) 2(8)

Median time to CRS onset, median (range) 6 (0-13) 7 (0-13) 0.875

Median duration, median (range) 5 (1-20) 4 (1-8) 0.463

Neurotoxicity, no. (%) 2(7) 0 0.491

Infection, n (%) 18 (64) 8 (31) 0.014

Unspecified pathogen 6 (21) 1(4)

Viral 4 (14) 3(12)

Bacterial 9 (32) 4(15)

Fungal 207) 1)

Hemorrhage, n (%) 2(7) 0 0.491

Interventions

G-CSF, n (%) 27 (96) 18 (69) 0.021

PRBC transfusions, n (%) 17 (61) 2(8) < 0.001
Platelet transfusions, n (%) 16 (57) 2(8) < 0.001

PHT, prolonged hematological toxicity; CRS, cytokine release syndrome; G-CSE, granulocyte colony-stimulating factor; PRBC, packed red blood cell. Data are described as n (%). P values
were tested by the chi-square test and Fisher’s exact test for categorical variables.
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Characteristic

Age, y, median (range)

Male sex - no. (%)

ISS stage - no. (%)

Tor IT

11

High tumor burden - no, (%) €
High-risk cytogenetic #
Extramedullary disease, no. (%)
Previous therapy lines, median (range)
Median time since diagnosis (mos., range)
Previous ASCT - no. (%)
Prelymphodepletion

Median ANC, x10°/L

Median hemoglobin, g/L

Median platelet count, x10°/L

All MM patients (N = 54) Patients with PHT (N = 28) Patients without PHT (N = 26)

58 (30-67)
26 (48)

30 (56)
24 (44)
13 (24)
15 (28)
15 (28)
4(2-17)
40 (8-167)
15 (28)

2.1 (0.37-6.87)
99 (47-158)
115 (13-329)

Percentages may not total to 100 because of rounding
PHT, prolonged hematological toxicity; ISS, International Staging System; ASCT, autologous stem cell transplantation; ANC, absolute neutrophil count; HT, hematological toxicity; ORR,
overall response rate; sCR, stringent complete response; CR, complete response; VGPR, very good partial response; PR, partial response; SD, stable disease. § High tumor burden was defined
as at least 50% clonal plasma cells or bone marrow plasma cells. # The cytogenetic risk profile was reported by investigators on the basis of fluorescence in situ hybridization. A high-risk
cytogenetic profile was defined by the presence of the following abnormalities: del(17p), t (4;14), or t (14;16). Two-sided P values were calculated using the Mann-Whitney U test for
continuous variables and Pearson’s chi-square or Fisher’s exact test for categorical variables.

58 (30-67)
11 (39)

15 (54)
13 (46)
9 (32)
8 (29)

8 (29)
4(2-17)
39 (8-167)
10 (36)

1.82 (0.37-6.87)
91 (47-149)
81 (13-230)

57(43-67)
15 (58)

15 (58)
11 (42)
4 (15)
7 (27)
7(27)
427
40 (8-113)
5(19)

2.42 (0.97-3.98)
108 (59-158)
153 (79-329)

P

0.812
0.176
0.761

0.262
0.893
0.893
0.083
0.901
0.177
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Pt Typeof Mas Pertinent laboratory results CRS ICANS ‘Treatment Outcome
disease
Baseline Peak  Lowest Grade > 3 Steroid Tocilizumab  Plasma- Maximum
value of  values  value of pulmonary utilization (Total utilization pheresis  respiratory
ferritin FIB edema dose) support

I DLBCL Y 896 AST = 0.8 Y Grade3 No 333 mg Y Y High flow oxygen Full resolution with treatment
192 (5 L/min)
Ferritin
= 16479
SIL2R >
7500

2 MZL Y 23376 ALT = 103 Y Graded Grade 3 573 mg N X BIPAP Full resolution with treatment
190
Ferritin
=24185
SIL-2R >
7500

3 HBCL ¥ 981 AST = 082 Y Grades No 213 mg Y Y High flow oxygen Died of complications of CRS
390 (7 L/min)
TBili =
35213
Ferritin
27370
SIL2R >
7500

4 HBCL N 49439 Ferritin 157 N Grade2 No 40 mg Y Y Medium flow oxygen  Died of tumor progression
= 19082 (3 L/min)
SIL2R >
7500

5 DLBCL Y 27426 AST = 104 Y Grades No 2153 mg Y Y Invasive mechanical  Died of complications of CRS
1670 ventilation
T.Bili =
147.4
Ferritin
> 50000
SIL2R >
7500

6 MCL N 1599 AST = 129 N Grade2 No 160 mg N ¥ Medium flow oxygen  Full resolution with treatment
168 (3 L/min) (Proceeded to ibrutinib)
Ferritin
> 50000
SIL-2R >
7500
DIBCL Y 1611 ALT = 094 Y Grade3 No 400 mg N Y High flow oxygen Full resolution with treatment
277 (5 L/min) (died of tumor progression)
AST =
393
TBili =
89.93
Ferritin
= 26328
SIL-2R >
7500

§ DLBCL Y 1600 AST = 093 Y Grade 2 Grade 3 733 mg Y ¥ High flow oxygen Full resolution with treatment
180 (5 L/min) (Proceeded to auto-HSCT)
T.Bil
285
Ferritin
= 20349
SIL-2R >
7500

9 B-ALL Y 1390 ALT = 1.87 Y Grade5 No 4447 mg N Y Invasive mechanical  Died of complications of CRS
431 ventilation
AST =
782
T.Bili =
1966
Ferritin
> 50000
SIL-2R >
7500

10 B-ALL Y 1410 AST = 068 Y Grade5 No 400 mg N Y BIPAP Died of complications of CRS
466
Ferritin
> 50000
SIL-2R >
7500

11 B-ALL N 2789 Ferritin 0.98 N Grade 2 No 146 mg N 5 Low flow oxygen Full resolution with treatment
= 16147 (2 Limin) (Proceeded to HSCT and died of
SIL-2R > complications of Allo-HSCT)
7500

12 PhlikeB- Y 3928 ALT = 109 Y Grade3 No 307 mg N Y High flow oxygen Full resolution with treatment

ALL 135 (6 L/min) (Died of tumor progression)

Ferritin
= 18000
SIL-2R >

7500

13 Ph+ 3603
ALL

083 N Grade2 No 167 mg N 26 Without oxygen Full resolution with treatment

14 Phs N 4244 27 N Grade3 No 80 mg N N Low flow oxygen Full resolution with treatment
ALL 84.18 (2 L/min) (Proceeded to dasatinib)
Ferritin
= 35488
SIL-2R >
7500

15 B-ALL 21939 TBili 094 N Grade 2 No 916 mg N Y Without oxygen Full resolution with treatment
74.98 (Died of tumor progression)
Ferritin
= 46919
SIL-2R >
7500

16 Phe N 2358 Ferritin 223 N Grade 2 No 40 mg N Y Low flow oxygen Full resolution with treatment
ALL = 15650 (2 L/min)
SIL-2R >
7500

MAS, macrophage activation syndrome; DLBCL, diffuse B-cell lymphoma; MZL, marginal zone lymphoma; HBCL, high-grade B-cell lymphoma; MCL, mantle cell lymphonma; B-ALL, B-cell acute lymphoblastic leukemia; Ph+ALL, Philadelphia chromosome
positive acute lymphoblastic leukemia; Ph-like ALL, Philadelphia chromosome-like acute lymphoblastic leukemia; Y, yes: N, no; ALT, alanine aminotransferase (U/L); AST, aspartate aminotransferase (U/L), Ferritin reported as ng/ml; T.Bili, total bilirubin
(umol/L); sIL-2R, soluble IL-2 receptor (w/ml); FIB, fibrinogen (g/L) nmune effector cell-associated neurotoxicity syndrome; No, did not occur.

cytokine-release syndrome; ICANE
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Characteristics

No. of patients (%)

Age, median, years (range)
Gender
Male
Female
ECOG performance status
0
1
Child-Pugh class
A
B
BCLC stage
B
C
Tumor size
<6cm
5-10cm
>10cm
Number of tumors
2-5
25
210
Macrovascular invasion
Yes
No
Etiology
HBV/HCV/unknown
Extra-hepatic spread
present/absent
Prior therapies
Surgery plus TACE
Surgery plus RT
TACE plus sorafenib
TAGE alone
No
Morphology of HCC
Multinodular
Infiltrative
o-fetoprotein
> 400 ng/L
< 400 pg/L

56.6 (43-71)

10 (90.9)
1(9.1)

6 (54.5)
5 (45.5)

4(36.4)
4(36.4)
3(27.9)

3(27.3)
5 (45.5)
3(27.9)

5 (45.5)
6 (54.5)

6 (54.5)/3 (27.3)/2 (18.2)
0(0.0/11 (100)

4(36.4)
1(.1)
19.1)

3(27.3)

2(18.2)

8 (72.7)
3(27.9)

6 (54.5)
5 (45.5)

BCLC, Barcelona clinic liver cancer; ECOG, Eastem Cooperative Oncology Group; HCC,
hepatocellular carcinoma; HBV, hepatitis B virus; HCV, hepatitis C virus; TACE,

transarterial chemoembolization; RT, radiotherapy.
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Patient no. Purity (%) CD3CD56™ Cell Surface Markers (%) Cytotoxicity (%)

(others)
CD3°CD56" CD3*CD56" CD3*CD56™ CD16" CD69* CD94* NKG2D*
(NK cells) (T cells) (NKT cells) CD3°CD56* (NK cells)
1 90.4 6.4 24 0.6 99.2 792 98.3 94.2 74
2 90.0 6.6 1.4 1.7 96.5 81.4 98.1 99.1 79
3 89.8 6.0 24 1.9 927 83.3 98.8 97.2 70
4 89.5 55 2.1 26 98.9 94.3 96.4 100 74
5 89.3 6.3 24 18 99.9 97.3 98.8 90.8 80
6 90.2 57 2.1 18 98.2 923 98.3 99.2 78
7 92.6 4.1 3.0 0.2 99.6 95.0 99.6 100 90
8 91.7 54 25 0.3 99.6 971 99.6 100 84
9 96.9 14 1.3 0.1 99.9 822 93.3 100 85
10 90.7 6.6 1.7 0.8 98.4 94.3 99.5 99.4 82
11 91.1 5.4 17 1.7 99.3 799 98.5 99.3 94

NK, natural killer: NKT, natural killer T.





OPS/images/fimmu.2022.879452/fimmu-13-879452-g001.jpg





OPS/images/fimmu.2022.879452/fimmu-13-879452-g002.jpg
et 53
103 monis (95 C168-13) P
s
El e
02 i osictisnsrs

_\—l "

I

R ] T E 5% &
Months. Months

Nomberatrisk Gnberarisk





OPS/images/fimmu.2022.879452/fimmu-13-879452-g003.jpg
Patients

5
Months

0000 e

ENTIN
2800 e
A oo
© Compiee rsporse
* Pogin





OPS/images/fimmu.2022.879452/fimmu-13-879452-g004.jpg





OPS/images/fonc.2022.893928/table1.jpg
Date After WBC Hb Pit  ALT(UL) AST
CART (10°/L) (g/L) (10°L)  (Ref: 5-40) (U/L)
(Ref: 4-10)  (Ref: (Ref: (Ref:

110-150) 150-390) 8-40)

Day30 4.48 102 184 32 27
Day41 5.67 116 150 28 15
Day43 2.89 78 46 35 18
Day45 2.79 61 15 78 86
Day47 2.34 53 4 - -
Day49 2.27 60 10 150 134
Day51 207 66 10 - -
Day53 1.95 57 6 143 126
Day56 1.87 52 12 - -

CRP
(mg/L)
(Ref: 0-5)

214
1.39
3.13
217

1.87

1.54

PCT
(no/L)
(Ref:
0-0.5)

0.12
0.16
0.34
0.21

0.31

0.21

PT (s)
(Ref:
11-14)

135
16.6
174
18.2
18.0
19.6
18.8
16.2

APTT
(s)(Ref:
25-37)

34.1
35.7
56.2
47.2
47.2
50.3
57.2
53.2

FIB
(g/)
(Ref:
2-4)

3.29
2.96
1.24
0.98
0.75
1.10
1.53
2.18

D-Dimer
(mg/L)
(Ref: 0-0.55)

0.73

23.13

20.7

19.9

Ferritin
(ng/ml)

(Ref: 15-200)

68.2

178,678.1

256,741.0

356,495.0

IL-6
(pg/ml)
(Ref:
0.37-0.46)

395.96
489.43
3366.65

3576.75

2437.32
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Date After WBC (10%/L) Hb (g/L) Plt (10°/L) ALT (ULL) AST (UNL) CRP (mg/L) PCT (ug/L) Ferritin (ng/ml) IL-6 (pg/ml)

CART (Ref: 4-10)  (Ref: 110-150) (Ref: 150-390) (Ref: 5-40) (Ref: 8-40) (Ref: 0-5) (Ref: 0-0.5) (Ref: 15-200) (Ref: 0.37-0.46)
Day163 10.16 103 98 9 18 14.32 0.15 508.4 3568.34
Day166 9.36 95 95 = - 5.65 0.14 495.3 2453.86
Day171 6.19 85 97 35 28 3.42 0.16 432.6 385.67
Day176 8.02 92 102 - E 4.01 0.20 741 40.90
Day181 7.81 101 95 - - - = - -

Day186 9.30 107 104 = o = 53.2 22.38
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Name

LIVE/DEAD™ Fixable Dead Cell Stain Kits
Pacific Blue"™ anti-mouse CD45 Antibody
PE/Cyanine7 anti-mouse CD3 Antibody
PE Rat Anti-Mouse CD4

PE Rat Anti-Mouse CD8a

PE Rat Anti-Mouse CD49b

FITC Hamster Anti-Mouse CD69

APC Monoclonal Antibody CD44

Alexa Fluor® 647 anti-Mouse Foxp3

FITC Monoclonal Anti body CD279 (PD1)
FITC Rat Anti-Mouse CD25

FITC Rat Anti-Mouse CD62L
APC/Cyanine7 Anti-mouse IFNy

PE Rat Anti-Mouse CD274

Catalog #

134966
103126
100220
557308
553033
553858
553236
17-0441-82
560401
11-9985-82
558689
553150
505850
558091

Clone

30-F11
17A2
GK 15
53-6.7
DX5
HI1.2F3
M7
MF23
J43

3C7
MEL-14
XMG 1.2
MIH5

Company

Invitrogen
BioLegend
BioLegend
BD Pharmingen™
BD Pharmingen™
BD Pharmingen™
BD Pharmingen™
Invitrogen
BD Pharmingen™
Invitrogen
BD Pharmingen™
BD Pharmingen™
BioLegend

BD Pharmingen™
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Cell lines CD337/CD123" % positive cells Expression of S/R % Cytotoxicity (E:T 1:2)
CD33%/CD123"
(MFI)

CD33" CD123* CD33*/CD123" CD33* CDI123" GOSor R CD33GO BATs CD123 BATs 33GO/123 BATs

TF1 72.14 0.05 27.86 327,500 2,300 R 25 24 21
NoMol 34.32 0.09 65.68 66,100 4,900 S 33 29 44
EOL1 21.08 0.21 78.92 118,200 5,100 S 61 56 54
KG1 41.14 0.01 58.86 79,200 3,700 R 41 34 40
HL60 98.58 0.0 L16 136,800 1,100 S 57 50 64
HL60/VCR 99.27 0.01 0.58 155,500 1,200 R 51 48 66

GO, gemtuzumab ozogamicin; BATS, bispecific antibody armed activated T-cell; S, GO-sensitive cell lines; R, GO-resistant cell lines; MFI, mean fluorescence intensity.
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Combination
strategy With
TILs

Chemotherapy

Immune Checkpoint
Inhibitors
(ICIs)

Oncolytic Virus

(oV)

Cancer Vaccine

NA. Not available.

Structure

Cisplatin

Methotrexate + Cisplatin + Doxorubicin

Anti-PD1-TIL therapy
Anti-PD1-TIL therapy

Anti- CTLA4-TIL therapy

Anti PD1- & Anti-CTLA4- TIL therapy

Adenoma Virus-TIL therapy
Herpes simplex Virus (HSV-1)
Pox Virus

Adeno Virus

Reo Virus

Vaccinia Virus
Herpes Simplex Virus

Mutant Peptide

Mutant intracellular Protein

Whole Tumor Lysate of Dc Vaccine

Matured Dc Vaccine in Presence of IL-12 & Toll

Like Receptor Agonists

Function

Increased the CR rate from 30% to 70% with RFS of 15 months

Significantly increased DFS and OS compared to monotherapy
with no additional adverse effect

Improved prognosis and enhanced survival time

Reduced adverse effects and enhanced safety

Improved antitumor immune response and increased survival
time

Manageable cytotoxicity and sizable tumor regression

Desired TILs delivery system and increasing its cytotoxicity
Increased T cell activation
Enhance TILs selectivity by TME altering

Choosing the best virus to increase the performance of TIL
therapy

Increasing Survival Rate

Durable Tumor Regression

Increase Viability and Safety of Treatment

Allogenic T Cell Activation Correlated With IL-12 Production

Type of tumor

Ovarian

Osteosarcoma

Cervical

metastatic
osteosarcoma

Metastatic
Melanoma

Heavy and neck
cholangiocarcinoma

Pancreatic cell line
Oral cancer
Colon

Solid tumors

Melanoma

Metastatic
Melanoma

Metastatic

Melanoma

Melanoma

Ref

(22)
(189)

(14)
(190)

(191)

(72)

192)
193)
194)
195)

(196)
(197)

(198)

(199)
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Induction method

Photodynamic ~ Conventional

therapy photodynamic

therapy

Infrared light-
mediated
targeted
therapy

Nano-pulse stimulation

technology

Carrier- Exogenous

mediated ICD  vector-

induction mediated
induction of
ICD
Endogenous
vector-
mediated

induction of
ICD

Induction Cell
medium line
Conventional Bl6-
photosensitizers OVA;
such as porphyrins ~ MCA205
(PZ 1/T1I) and 8-
methoxypsoralen (8-
MOP)
IRDye700DX and NIH3T3;
other targeted TE4
photosensitizers OE19
—— 4T1
CN@PHF 4T1
HPMA copolymer 4TL;
MDA-
MB231;
CT26;
Hepal-6;
Bl6
Cell membrane Mouse
carrier lung
cancer
cell line
Exosomes BM-
MsC
Liposomes MCF7;
CT26;
CT26-
Lug
PC3;
Bl16

Characteristics and mechanism

Activation of PERK signaling pathway;
elF2a. phosphorylation; ROS-related
endoplasmic reticulum-based stress
response; CRT translocation exposure;
ATP, HMGBI, and other DAMPs release

Targeted recognition of tumor cell surface-
specific monoclonal antibodies; irreversible
cell damage; CRT and HSP translocation
exposure; release of DAMPs such as ATP
and HMGB1

Alteration of tumor cell membrane
permeability; rearrangement of Ca2*;
endoplasmic reticulum stress response;
CRT, HSP translocation exposure; release
of DAMPs such as ATP, HMGB1

Under neutral conditions, the carrier has
high drug loading capacity, stability, and
targeting. Also, the drug accumulates faster
in the tumor and has a high concentration.

Good biocompatibility, good water
solubility, non-toxic, passive targeting;
inhibition of PI3K signaling pathway; CRT
translocation exposure; ATP, HMGBI, and
other DAMPs release

Extremely stable; high biocompatibility;
tumor homing properties; CRT
translocation exposure; release of DAMPs
such as ATP, HMGB1

Contains biologically active substances;
low immunogenicity, able to avoid
accidental phagocytosis; CRT translocation
exposure; release of DAMPs such as ATP
and HMGB1

ROS-based endoplasmic reticulum stress
response; CRT translocation exposure;
release of DAMPs such as ATP and
HMGBI; ability to load hydrophilic/
hydrophobic drugs

Effectiveness References

ICD response onset; cytotoxic T
lymphocyte recruitment; DC

(190, 191)

maturation/activation; decreased
immunosuppressive regulatory T cells;
increased CD80 and 86 expression

ICD response onset; cytotoxic T
lymphocyte recruitment; DC
maturation/activation;
immunosuppressive regulatory T cell
reduction

(192, 193)

ICD response onset; DC maturation/ (194)
activation; reduction in

immunosuppressive regulatory T cells

ICD response onset; DC maturation/
activation; immunosuppressive
regulatory T cell reduction; massive
release of proinflammatory cells;
proliferation of cytotoxic T
lymphocytes

ICD response onset;

(195)

(196, 197)
immunosuppressive regulatory T cell
reduction; massive release of
proinflammatory cytokines;
proliferation of cytotoxic T
lymphocytes

ICD response onset; DC maturation/
activation; immunosuppressive
regulatory T cell reduction; cytotoxic T
lymphocyte proliferation

(198, 199)

ICD response onset; massive release of
proinflammatory cytokines;
proliferation of cytotoxic T
lymphocytes

(200, 201)

ICD response onset; cytotoxic T
lymphocyte proliferation

(202)

MCA205, mouse fibrosarcoma; B16, mouse melanoma; TE4, HER2-positive squamous cell carcinoma; OE19, HER2-positive adenocarcinoma; 4T1, mouse triple-negative breast cancer cell
line; MDA-MB231, human triple-negative breast cancer cell line; Hepal-6, mouse hepatocellular carcinoma cell line; MCF, 7 human breast cancer; CT26, Luc-luciferase labeled mouse
colon cancer; PC3, human prostate cancer; NIH3T3, mouse fibroblast cell line; MDA-MB-23, human breast cancer cells; BM-MSC, mouse bone marrow mesenchymal stem cells.
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Inducer Inducer

classification

Type IT Alternol

Type II Mitomycin
o}

Type 11 Oncolytic
virus

Cell
lines

LNCaP;
22RV1;
PC-3;
RM-1
5637

A549;
HOS

Induction mechanism

ER stress response based on ROS stimulation; CRT exposure;
release of DAMPs such as ATP, HMGBI; EIF20.
phosphorylation.

Mitochondrial metabolic reprogramming based on oxidative
phosphorylation; CRT exposure; release of DAMPs such as
ATP, HMGBI; activation of PERK, IRE signaling pathways
CRT exposure; release of DAMPs such as ATP, HMGBI;
irreversible cellular damage.

Induction effect

Increased CD80 and CD86; ICD induction;
decreased immunosuppressive regulatory T
cells (Tregs); increased expression of
proinflammatory cytokines

DC maturation; ICD induction; increased
expression of proinflammatory cytokines;
increased expression of CD80 and CD86

ICD induction; cytotoxic T lymphocyte
recruitment; increased expression of CD86
and CD80; DC maturation; increased
secretion of proinflammatory cytokines

References

(163)

(164)

(166, 167)

A549, human lung epithelial carcinoma cells; LNCaP, 22RV1, PC-3, human prostate cancer cells; RM-1, mouse prostate cancer cells; 5637, human bladder cancer cells; HOS, human

osteosarcoma cells.
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Inducer
classification

Type I

Type I

Type I

Type IT

Type IT

Induction
method

Infrared light
heat therapy

Oncology
treatment
field

Radiation
therapy

High
hydrostatic
pressure

CAP Cold
atmospheric
plasma

Cell Induction mechanism
lines

BI16F10 Increased release of DAMPs such as ATP, HMGBI, and
heat shock proteins; cell injury

LLC-1,  EIF 20 phosphorylation; ER stress response; disruption of
CT-26, cytokinesis; enhanced autophagic response; CRT

HepG2, exposure; ATP and HMGBI release

H520,

MOSE-L

PC3; Increased release of DAMPs such as ATP and HMGBI.
DU145;
LNCAP

OV-90; ER stress response based on ROS stimulation; EIF 20
CT-26; phosphorylation; PERK signaling pathway activation;
ALL; caspase-2, 3, 8 activation, CRT exposure; HSP protein
LNCAP expression; ATP, HMGBI, and other DAMPs release,

HCT-116; CRT exposure; release of DAMPs such as HMGBI, heat
BCPAP;  shock proteins; activation of MAPK and NF-kB pathways
CT26;

A431

Induction effect

ICD induction; massive T cell proliferation;
significant upregulation of CD80, CD86,
MHC-II, CD40; DC maturation;
inflammatory cytokine release

ICD induction; in vitro DC maturation; in
vivo leukocyte recruitment; increased IFN-y
production; enhanced antitumor immune
function

ICD induction; DC maturation; elevated
GM-CSF levels; inflammatory response

DC maturation; proliferation of antigen-
specific T cells; ICD induction; significant
upregulation of CD83, CD86, and HLA-DR;
production of inflammatory substances such
as IL-1, IL-6, and TNF-o.

ICD induction; G-CSF elevation; IL-4
decrease; IL-1, IL-6, and TNF-o.
inflammatory factor release; enhanced
antitumor immune function

References

(128)

(129)

(130)

(124, 131)

(125, 132)

LLC-1, Lewis lung cancer; CT-26, mouse colon cancer cells; HepG2, human liver cancer cells; H520, human lung squamous cell carcinoma cells; MOSE-L, mouse ovarian surface epithelial
cells; PC3, DU145, LNCAP, human prostate cancer cells; ALL, acute lymphoblastic leukemia; B16F10, mouse melanoma cells; HCT-116, human colorectal cancer cells; BCPAP, human
thyroid cancer papillary cells; Ad31, human epidermoid cancer cells.
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Inducer
classification

Type I

Type I

Type I

Type I

Type I

Type I

Type I

Type I

Type I

Type I

Type I

Type I

Type IT

Type IT

Type IT

Type IT

Type IT

Inducer

Platinum-
based

anticancer
substances

Anthracycline
anticarcinogens

Taxanes

Cardiac
glycosides

5-Fluorouracil

CDK12/13
specific
inhibitors

AXL Inhibitors

PLK1 inhibitor

ADI-PEG20

BET-targeting
agents
Mitochondrial
uncouplers

Belantamab
mafodotin

Iridium-based
anticancer
substances

Ruthenium-
based
anticancer
substances
Copper
anticancer
substances

Non-steroidal
anti-
inflammatory
substances

PKHB1

Cell lines

LLC; KLN 205;
H22; HepG2;
CT26; HCT116

LNCaP; 22RV 15
PC-3; RM-1

1D8; MDA-MB-
231

MDA-MB-231;
mcf7; t47d

HepG2; KYSE 30

MDA-MB-231;
MCF7; T47D;
4T1

HCC827; H1975.

LLC

MC38; MDA-
MB-231

HCT-116

EOC

NCI-H929; EL4

A549; A549R;
LLC; MDA-MB-
231; CT-26; HLF;
BEAS-2B

HCT-15; HCT-
116; HT-29

CT26; 4T1;
HCT116

HCT-116; H29

CCL-119CCRF-
CEM; CRL-
1582MOLT-4;
MDA-MB-231;
MCF7; 4T1

Induction mechanism

CRT exposure; release of DAMPs such as
HMGBI, ATP.

CRT exposure; ATP, HMGBI, and other
DAMPs release; EIF20. phosphorylation;
PERK/GCN2 pathway activation; P53 protein
non-dependent pathway

Irreversible cell damage; IKK2
phosphorylation; SNAP23 phosphorylation;
activation of TLR4/IKK2 signaling; CRT
exposure; release of DAMPs such as ATP,
HMGBI1

CRT exposure; release of DAMPs such as
ATP, HMGBI, and heat shock proteins;
PERK axis activation; ER stress response.

CRT exposure; release of DAMPs such as
ATP, HMGB1.

IREI phosphorylation; EIF20.
phosphorylation; ER stress response; PERK
pathway activation; CRT exposure; ATP,
HMGBI, and other DAMPs release

EGFRI resistance; CRT exposure; release of
DAMPs such as ATP, and HMGBI;
irreversible cellular damage; inhibition of
cellular transcription

Irreversible cell damage; blocked division
cycle; CRT exposure; release of DAMPs such
as ATP, HMGBI1

CRT exposure; release of DAMPs such as
ATP, HMGBI; blocking cell cycle

Degradation of DR5; CRT exposure.

CRT exposure; release of DAMPs such as
ATP, HMGBI; ER stress response.

CRT exposure; release of DAMPs such as
ATP, HMGBI, and heat shock proteins; eif20
phosphorylation; PERK pathway activation;
ER stress response.

CRT exposure; HMGBI1, ATP and other
DAMPs release; CHOP upregulation; elF20;
phosphorylation; ROS-induced ER stress-
based response; activation of caspase 3/7
signaling

PERK signaling activation; enhanced
autophagy; irreversible cellular damage; CRT
exposure; release of DAMPs such as HMGBI,
ATP, and heat shock proteins.

CRT exposure; ER stress response based on
ROS stimulation; ATP, HMGBI, and other
DAMPs release; INK, NF-kB, PI3K signal
transduction

CRT exposure; NSAID-induced ER stress; DR
signaling activation

Activated caspase signaling; CRT exposure;
ATP, HMGBI, and other DAMPs release;
Ca2"-dependent cell death; ROS-stimulated
ER-based stress response

Induction eftect References

ICD induction; altered immunogenic TME; (60, 67, 68)
cytotoxic T lymphocyte recruitment; DC

maturation; increased CD80 and CD86;

decreased number of Tregs; inhibition of TGF-B

secretion

ICD occurrence; enhanced P53 protein stability; (62, 69)

enhanced antitumor immunity

ICD induction; CXCL10 upregulation; (70, 71)
significantly higher expression of MHC II and
CD86; DC maturation; altered TME; increased
IEN-y production

DC maturation and activation; cytotoxic T (66)
lymphocyte recruitment; ICD induction;

increased CD80 and CD86; significantly

increased IL-2 and IFN-y levels; decreased IL-10
expression.

ICD induction; DCs maturation; increased
proliferation of cytotoxic T lymphocytes;
elevated HLA class I surface expression;
upregulation of CD80 and CD86

ICD induction; DCs maturation; CD80, CD86
upregulation; infiltrating cytotoxic T
lymphocyte activation; IL-1B, TNF-0,, IL-6 level
elevation; alteration of the TME

(65, 72)

(73)

ICD induction; cytotoxic T lymphocyte (74, 75)

recruitment; antitumor immune enhancement

ICD induction; DCs maturation; increased (76)
surface expression of CD80, CD86, and MHCIJ;

cytotoxic T lymphocyte recruitment.

ICD induction; alteration of the TME. 77)

ICD induction; increased cytotoxic T cell (78)
infiltration; decreased immunosuppressive Tregs

ICD induction; increased proportion of (79)
cytotoxic T lymphocytes; proinflammatory
cytokine production; antitumor immune

enhancement

NK cell increase; ICD induction; activation of (80)
tumor-specific cytotoxic T cells; enrichment of
tumor-infiltrating lymphocytes; DCs

maturation; CD40, CD86 increase

ICD induction; cytotoxic T lymphocyte
recruitment; significant reduction in Foxp3* T
cells (CD3"CD4"Foxp3* T lymphocytes)

(81)

ICD induction; DCs maturation; cross-
presentation to cytotoxic T cells.

(82, 83)

ICD induction; activation of cytotoxic T-cells; (84, 85)

reduced tumor size

ICD induction; increased tumor-infiltrating (86)
lymphocytes (TILs); decreased

immunosuppressive regulatory T cells (Tregs)
ICD induction; promotion of cytotoxic T cell (87, 88)
infiltration; DC maturation; reduction in

immunosuppressive Tregs

A549, human lung epithelial carcinoma cells; A549R, cisplatin-resistant human lung epithelial carcinoma cells; LLC, Lewis lung cancer; MDA-MB-231, MCF7, T47D, triple-negative human
breast cancer cells; CT-26, MC38, mouse colon cancer cells; HLF, normal human lung fibroblasts; BEAS-2B, normal human lung epithelial cells; KLN 205, mouse lung squamous carcinoma
cells; H22, mouse hepatocellular carcinoma cells; HepG2, human hepatocellular carcinoma cells; HCT-15, RKO, HCT-116, HT-29, human colon cancer cells; 411, mouse breast cancer cells;
SKOV3, A2780, human ovarian cancer cells; KYSE 30, human esophageal squamous carcinoma cells; HCC827, H1975, human non-small cell lung adenocarcinoma cells; CCL-119 CCRE-
CEM, CRL-1582 MOLT-4, human acute lymphoblastic leukemia; EOC, human epithelial ovarian cancer cells; NCI-H929, human myeloma cells; EL4, mouse lymphoma cells; TME, tumor

microenvironment.
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Targeting
antigen

HER-2
EpCAM
MUC1
HER2/GD2/
CD44v6
cMet

MLSN
NKG2DL
MUC1
cMET
HER2

CEA

CEA
ThMUCI
HER-2
ROR1

CD70

HER2

MSLN
C7R/GD2
CD133

CD44v6

Study Title

Chimeric Antigen Receptor-Modified T Cells for Breast Cancer

EpCAM CAR-T for Treatment of Nasopharyngeal Carcinoma and
Breast Cancer

Autologous huMNC2-CAR44 T Cells for Breast Cancer Targeting
Cleaved Form of MUC1 (MUC1)

Multi-4SCAR-T Therapy Targeting Breast Cancer

cMet CAR RNA T Cells Targeting Breast Cancer

T-Cell Therapy for Advanced Breast Cancer

Haplo/Allogeneic NKG2DL-targeting Chimeric Antigen Receptor-
grafted 3 T Cells for Relapsed or Refractory Solid Tumor

Phase I/II Study of Anti-Mucinl (MUC1) CAR T Cells for Patients
with MUC1+ Advanced Refractory Solid Tumor

Autologous T Cells Expressing MET scFv CAR (RNA CART-cMET)

Safety and Activity Study of HER2-Targeted Dual Switch CAR-T
Cells (BPX-603) in Subjects with HER2-Positive Solid Tumors

A Clinical Research of CAR T Cells Targeting CEA Positive Cancer

Safety and Efficacy of CEA-Targeted CAR-T Therapy for Relapsed/
Refractory CEA+ Cancer

A Study of CART-TnMUCI in Patients with TnMUCL-Positive
Advanced Cancers

A Clinical Research of CAR T Cells Targeting HER2 Positive Cancer

Genetically Modified T-Cell Therapy in Treating Patients with
Advanced ROR1+ Malignancies

Administering Peripheral Blood Lymphocytes Transduced with a
CD70-Binding Chimeric Antigen Receptor to People with CD70
Expressing Cancers

Binary Oncolytic Adenovirus in Combination with HER2-Specific
Autologous CAR VST, Advanced HER2 Positive Solid Tumors
(VISTA)

Treatment of Relapsed and/or Chemotherapy Refractory Advanced
Malignancies by MSLN targeted CAR-T

C7R-GD2.CART Cells for Patients with Relapsed or Refractory
Neuroblastoma and Other GD2 Positive Cancers (GAIL-N)
Treatment of Relapsed and/or Chemotherapy Refractory Advanced
Malignancies by CART133

4SCAR-CD44v6 T Cell Therapy Targeting Cancer

30

69

100

186

10

20

77

220

75

40

112

60

45

20

94

20

100

Estimated Phase
Enrollment

Phase
1/2

Phase
1

Phase
1

Phase
1/2

Phase
1

Phase
1

Phase
1

Phase
1/2

Phase
1

Phase
1

Phase
1

Phase
1/2

Phase
1

Phase
1/2

Phase
1

Phase
172

Phase

Phase

Phase

Phase
12
Phase
1/2

Indication

Breast Cancer

Recurrent Breast Cancer

Metastatic Breast Cancer

Breast Cancer

Metastatic Breast Cancer/
Triple Negative Breast
Cancer

Breast Cancer

Triple Negative Breast
Cancer

Triple Negative Breast
Cancer

Breast Cancer
HER2-positive Breast
Cancer

Breast Cancer

Breast Cancer

Triple Negative Breast
Cancer

Breast Cancer

Stage IV Breast Cancer

Breast Cancer

Breast Cancer

Triple Negative Breast
Cancer

Breast Cancer

Breast Cancer

CD44v6-Positive Breast
Cancer

Clinical
Trials ID

NCT02547961

NCT02915445

NCT04020575

NCT04430595

NCT01837602

NCT02792114

NCT04107142

NCT02587689

NCT03060356

NCT04650451

NCT02349724

NCT04348643

NCT04025216

NCT02713984

NCT02706392

NCT02830724

NCT03740256

NCT02580747

NCT03635632

NCT02541370

NCT04427449

Status

‘Withdrawn
Recruiting
Active, not
recruiting

Recruiting

Completed

Active, not
recruiting
Unknown
Unknown
Terminated
Recruiting
Unknown
Recruiting
Recruiting
Withdrawn

Recruiting

Suspended

Recruiting

Unknown

Recruiting

Completed

Recruiting
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Targets

HER2

HER3/4

EGFR

MSLN
ICAM1
AXL
MUC1

GD2
FRo.

PD-L1

PTK7
Trop2
SLC3A2

B7-H3
CD70

VEGEFR 2/
3

TEM8

NKG2DLs
ovp6
CD32A'®
RORI1

Targets site

Tumor

Tumor
Tumor

Tumor
Tumor
Tumor

Tumor
Tumor
Tumor

Tumor
Tumor
Tumor
Tumor
Tumor

Tumor
Tumor

Tumor
Tumor
Tumor

Tumor/vascular
endothelial cells

Tumor/vascular
endothelial cells

Tumor
Tumor
Antibody Fc fragment

Tumor

Experimental
model

In vitro/SCID mice
model

In vitro/NSG mice
In vitro/NSG mice

In vitro/Balb/c
nude mice

In vitro/SCID mice
model

In vitro/nude mice

In vitro/NCG mice
In vitro/NSG mice
In vitro/NSG mice
In vitro/NSG mice

In vitro/NSG mice
In vitro

In vitro/C57BL/6
mice

In vitro/NSG mice

In vitro/NSG mice
In vitro/NCG mice
In vitro/NSG mice

In vitro/NSG mice
In vitro/NSG mice
In vitro/nude mice
In vitro/SCID mice

In vitro/NSG mice
In vitro/NSG mice
In vitro

In vitro/NSG mice

Research Progress

HER2-targeted CAR-T cells recognized and eliminated trastuzumab-resistant tumor
cells.

CAR-T cells penetrate the tumor matrix against HER2 antibody-resistant tumors.
CAR-T cells is a prospective treatment in breast cancer brain metastases patients.

CAR-T cells can damage breast cancer with HER family expression and overcome
HER2-targeted therapy resistance.

The potential of EGFR CAR-T therapy for TNBC was demonstrated.

CAR-T is a promising treatment strategy for TNBC patients with high EGFR
expression.

CAR-T cells significantly inhibited the proliferation of MLSN - positive breast cancer.
CAR-T cells have high therapeutic potential against ICAM1-positive TNBC tumors.
CAR-T cell are a promising therapeutic strategy against TNBC.

CAR-T cells have high therapeutic potential against tMUCI-positive TNBC tumors
with minimal damage.

CAR-T is a promising novel approach for GD2-positive breast cancer, especially in
disseminated and metastasis tumor cells.

The feasibility of FRoi-targeted CAR-T cells therapy was confirmed in breast cancer.
The chPD1 T cells can reduce the tumor burden in breast cancer and release cytokines.

CAR-T cells can trigger the expression of PD-L1 on target cells, and enhance the
cytotoxicity of PD-L1 CAR-T cells.

PTK7-targeted CAR-T cells significantly prevented the growth of breast cancer.
CAR-T cells enhanced the CAR-T cell tumor-killing effect.

SLC3A2-targeted CAR-T cell is a novel, efficacious, and potentially safe approach for
tumor cell therapies.

A low dose of SAHA significantly enhanced the antitumor activity of B7-H3-targeted
CAR-T cells in breast cancer.

TanCAR-T cells targeting CD70 and B7-H3 exhibit enhanced antitumor functionality in
breast cancer.

VEGFR-2/3 CAR-T cells showed cytotoxicity against tumor cells and umbilical vein
endothelial cells.

TEM8-targeted CAR-T cells enhanced the secretion of cytokines and killed tumor cells
and endothelial cells.

Self-enriched CAR-T cells effectively recognized and eliminated TNBC cell lines.
awvP6-targeted CAR-T cells exhibited strong cytotoxicity to breast cancer cells.
CD32A""™® CAR-T cells recognize and damage cetuximab-bound tumor cells.

Oxaliplatin and anti-PD-L1 synergistically improved RORI-targeted CAR-T cell anti-
tumor ability.

Researcher

Gabor et al. (37)

Szoor et al. (38)
Saul et al. (39)
Zuo et al. (40)

Xia et al. (31)

Liu et al. (41)

Zhang et al. (42)
Wei et al. (43)
Wei et al. (44)
Zhou et al. (45)

Seitz et al. (46)
Luangwattananun
etal. (32)
Parriott et al. (47)

Bajor et al. (48)

Jie et al. (49)
Chen et al. (25)
Pellizzari et al. (50)

Lei et al. (51)

Yang et al. (35)

Xing et al. (52)

Byrd et al. (53)

Han et al. (30)
‘Whilding et al. (54)
Caratelli et al. (55)

Srivastava et al.
(56)
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Variable

Age (250 vs.<50)

Treatment (CIK vs. CIK+NK)
Tumor size (<20 vs. >20)
Clinical stage (1 vs. 2 3)
TNBC (yes vs. no)

Pathologic grade (1 vs. 2 3)
ER (pos vs. neg)

PR (pos vs. neg)

Her2 (pos vs. neg)

Univariate analysis

HR (95%CI)

1.056 (0.489-2.280)
3.244 (1.343-7.833)
1.193 (0.518-2.749)
1.326 (0.313-5.613)
0.328 (0.098-1.092)
0.769 (0.352-1.676)
1.563 (0.723-3.376)
2.124 (0.958-4.710)
1.756 (0.738-4.177)

P value

0.890
0.009*
0.678
0.702
0.069
0.508
0.256
0.064
0.203

Multivariate analysis

HR (95%CI)

3.244 (1.343-7.833)

P value

0.009*

HR, Hazard ratio; CI, confidence interval; CIK, cytokine-induced killer; NK, natural killer; TNBC, triple-negative breast cancer; ER, estrogen; PR, progesterone; HER2, human epidermal
growth factor receptor 2. *Statistically significant, p < 0.05.
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Variable Univariate analysis Multivariate analysis

HR (95%CI) P value HR (95%CI) P value
Age (250 vs.<50) 1.657 (1.014—2.708) 0.044* 1.900 (1.115—3.240) 0.018*
Treatment (CIT vs. control) 0.472 (0.290-0.771) 0.003* 0.400 (0.197—0.812) 0.011*
Tumor size (>20 vs. <20) 1.415 (0.996-2.021) 0.056
Clinical stage (1 vs. 2 3) 1.214 (0.581—2.537) 0.606
TNBC (yes vs. no) 0.654 (0.357-1.196) 0.168
Pathologic grade (1 vs. 2 3) 1.365 (0.858-2.171) 0.190
ER (pos vs. neg) 1.474 (0.911-2.385) 0.114
PR (pos vs. neg) 1.308 (0.813-2.105) 0.268
Her2 (pos vs. neg) 1.056 (0.657-1.698) 0.822

HR, Hazard ratio; CI, confidence interval; CIT, cellular immunotherapy; TNBC, triple-negative breast cancer; ER, estrogen; PR, progesterone; HER2; human epidermal growth factor
receptor 2. *Statistically significant, p < 0.05.
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Category

Fever
Palpitation
Fatigue

Rash

Pruritus
Arthralgia
Anorexia
Nausea/vomiting
Allergic reaction
Hypertension
Pneumonitis
Hepatitis

Colitis

CIK, cytokine-induced killer; NK, natural killer; NA, not applicable.

Total

NA
NA
3
NA
2
NA
3
NA
NA
NA

Patient no.

CIK group (n = 59)

NA
NA

NA
NA
NA

NA
NA

CIK+NK group (n = 48)

NA
NA

NA
NA
NA

NA
NA
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Variables CIK group (n = 59) CIK+NK group (n = 48) p value

Age (years) 48.61 + 11.07 49.48 + 10.48 0.680

Tumor Size 0.150
<20 24 14
>20 35 34

Pathologic grade 0.051
1 2 4
2 35 29
3 26 11

Tumor stage 0.107
TO-1 24 13
T2 31 29
T3 4 6

Node stage 0.984
NO 8 8
N1 24 17
N2 20 17
N3 7 6

TNM stage 0.802
I 5 6
I 25 16
I 29 26

Hormone receptor

ER 0.696
Positive 26 19
Negative 33 29

PR 0.173
Positive 32 19
Negative 27 29

HER2 1.000
Positive 36 29
Negative 23 19

TNBC 0.659
Yes 14 14
No 45 34

Therapy

Chemotherapy 1.000
Yes 53 43
No 6 5

Radiotherapy 1.000
Yes 54 44
No 5 4

Endocrine therapy 0.555
Yes 37 27
No 22 21

CIK, cytokine-induced killer; NK, natural killer; TNM, tumor-node-metastasis; ER, estrogen; PR, progesterone; HER2, human epidermal growth factor receptor 2; TNBC, triple-negative
breast cancer.
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Variables Control group (n = 107) CIT group (n =107) p value

Age (years) 51.74 £ 11.58 49.00 + 10.77 0.075

Tumor Size 0.336
<20 42 38
>20 65 69

Pathologic grade 0.485
1 11 6
2 61 64
3 35 37

Tumor stage 0.717
TO-1 39 37
T2 51 60
T3 17 10

Node stage 0.067
NO 19 16
N1 50 41
N2 34 37
N3 4 13

TNM stage 0.340
I 15 11
I 43 41
I 49 55

Hormone receptor

ER 1.000
Positive 44 45
Negative 63 62

PR 1.000
Positive 52 51
Negative 55 56

HER2 0.407
Positive 58 65
Negative 49 42

TNBC 0.088
Yes 26 28
No 81 79

Therapy

Chemotherapy 1.000
Yes 97 96
No 10 11

Radiotherapy 1.000
Yes 98 98
No 9 9

Endocrine therapy 0.779
Yes 67 64
No 40 43

CIT, cellular immunotherapy; TNM, tumor-node-metastasis; ER, estrogen; PR, progesterone; HER2, human epidermal growth factor receptor 2; TNBC, triple-negative breast cancer.
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Tumor types

Hematological malignance
Leukemia

Solid tumor

Liver cancer

Pancreatic cancer

Gastric cancer

Breast cancer

Breast cancer

Urinary cancer

CSC target

CDY0, CD34, CD123, CLL-1, ALDH, CD38

CD44, CD133, CD90, EpCAM, ALDH, CD13, OV-6, 0281, ICAM-1
CD44, CD133, CD73, DCLK1, CXCR4, ABCBI, STAT3, CD47
CD44, CD133, CD24, CXCR4, ALDH, EpCAM, LGR5

CD44, CD133, CD29, CD90, DLL1

CD44, CD133, LGR5

CD44, CD133, CD105

Reference

(11-16)

(17-23
(24-30;
(31-37,
(38-41
(42-44;

)
)
)
)
)
(45-47)

DLLI, delta-like canonical Notch ligand; STAT, signal transducer and activator of transcription; CXCR4, C-X-C chemokine receptor type 4; LGR5, leucine-rich repeat containing G
protein-coupled receptor 5; ICAM-1, intracellular adhesion molecule 1; DCLK1, doublecortin-like kinase 1; CLL-1, C-type lectin-like molecule-1; OV-6, oval cell marker antibody; ABCBI1,

ATP-binding cassette subfamily B member 1.
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2015
2015
2017
2018
2018
2018
2019
2019
2019
2021
2021
2021
2017
2019
2019

AML, acute myelocytic leukemia; CRC, colorectal cancer.

Author

Zhu et al.

Deng et al.

Vita Golubovskaya
Song et al.

‘Wang et al.

An et al.

Hu et al.

Zhou et al.

Zhang et al.

Anna Stornaiuolo et al.

Fuetal

Nian et al

Ridiger Klapdor et al.
Riidiger Klapdor et al.
Zhang et al.

CSC target

CDI133
EpCAM
CD47
CD44/Her-2
CLL-1
CD38
CD133
EpCAM
EpCAM
CD44
EpCAM
EpCAM
CD133
CD24
EpCAM

Immune cell

T cell
T cell
T cell
T cell
T cell
T cell
T cell
T cell
T cell
T cell
T cell
T cell
NK92 cell
NK92 cell
NK92 cell

Tumor

Glioblastoma
Prostate cancer
Pancreatic cancer
Gastric cancer
AML
Myeloma
Glioma
Solid tumor
CRC
Solid tumor
Ovarian cancer
AML
Ovarian cancer
Ovarian cancer

CRC

References

(57)
(81)
(82)
(83)
(14)
(84)
(85)
(61)
(62)
(73)
(60)
(86)
(63)
(64)
(87)
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NCT
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NCT03473457
NCT02541370
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Not yet recruiting
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AML, MM
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AM

AML
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MM
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AML
Nasopharyngeal/Breast cancer
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Digestive system cancers
Liver cancer

AML

Sarcoma

Solid tumors

Cancers (ROR1")

MM

AM, advanced malignancies; MM, multiple myeloma; NA, not available; RORI, receptor tyrosine kinase-like orphan receptor 1.
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fourth —generation (IL-23)
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Eloah Rabello Suarez et al, 2016 (23)
Huizhong Li et al, 2020 (24)

Jun-ich Mori et al, 2021 (25)
Christopher C. Kloss et al, 2018 (26)
Saul J. Priceman et al, 2018 (27)
Jamal Alzubi et al, 2020 (28)

Dawei Wang et al, 2020 (29)

Yida Zhang et al, 2021 (30)
Geoffrey Parriott et al, 2020 (31)

Lei Yu et al, 2021 (32)

Camilla M. Grunewald et al, 2021 (3!
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Conditions Targeted Phase Number Enrolled NCT Number Locations Status
antigen

Renal AXL/ROR2 n 66 NCT03393936 Shanghai Public Health Clinical Center Active, not

Carcinoma , Shanghai, China recruiting

Renal VEGFR2 ] 24 NCT01218867 National Institutes of Health Clinical Center, Maryland, United Terminated

Carcinoma States

Renal ¢ -MET ] 73 NCT03638206 The First Affiliated Hospital of Zhengzhou University Recruiting

Carcinoma Zhengzhou, Henan, China

Prostate PSCA | 33 NCT03873805 City of Hope Medical Center Recruiting

Carcinoma Duarte, California, United States

Prostate PSMA | 40 NCT04249947 City of Hope Comprehensive Cancer Center Duarte, California, Recruiting

Carcinoma United States

Prostate PSMA | 18 NCT04768608 The First Affiliated Hospital, Zhejiang University Not yet

Carcinoma Hangzhou, Zhejiang, China recruiting

Prostate PSMA | 50 NCT04227275 Moffitt Cancer Center Active, not

Carcinoma Tampa, Florida, United States recruiting

Prostate PSCA n 151 NCT02744287 Moffitt Cancer Center Tampa, Florida, United States Recruiting

Carcinoma

Prostate EpCAM ] 60 NCT03013712 |IEC of Chengdu Medical College Unknown

Carcinoma Chendu, China

Prostate NKG2DL | 10 NCT04107142 Landmark Medical Centre Not yet recruiting

Carcinoma Johor Bahru, Johor, Malaysia

Prostate PSMA | 18 NCT03089203 University of Pennsylvania Active, not

Carcinoma Philadelphia, Pennsylvania, United States recruiting

Bladder Cancer  PSMA 7] 20 NCT03185468 Shenzhen Second People Hospital Recruiting
Shenzhen, Gongdong, China

Bladder Cancer ROR2 | 18 NCT03960060 Shanghai Zhongshan Hospital Active, not
Shanghai, Shanghai, China recruiting

Bladder Cancer HER2 | 45 NCT03740256 Baylor St. Luke's Medical Center Recruiting
Houston, Texas, United States

Bladder Cancer HER2 | 18 NCT04660929 Abramson Cancer Center Philadelphia, Pennsylvania, United Recruiting

All clinicaltrials were download at www.clinicaltrials.gov (access date: April 3, 2022).

States
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Preclinical research: EGFRVIII

First preclinical study of
CAR-T cell therapy (50).

CAR-T cell in GBM,

the target is IL-13Ra2 (55).

Preclinical research: HER2

Published the results of The role of endogenous Preclinical research:
CAR-T cell therapy (37).

the first clinical trial in immune response in 1. BiCAR-T cell therapy
GBM:s, regarding to the CAR-T cell treatment simultaneously targeting
first-generation IL- has been evaluated (71). HER2 and IL-13Ra2 (41).
13Ro2 CAR-T cells (2). 2. EphA2 CAR-T cells (56).

1. Results of clinical trial on the 1. Results of clinical trials on 1. Results of clinical trial of the Preclinical research: p32
second-generation IL-13Ro2 the second-generation CAR-T third-generation EGFRVIII CAR-T CAR-T cells (52).
CAR-T cells were published (20). | | cells targeting EGFRVIII and cells were published (21).

2. Preclinical research: TanCAR HER?2 were published (22, 26). | | 2. Preclinical research: BiTEs

was designed to simultaneously 2. Preclinical research: CD70 secretory CAR-T cells and B7-H3,

target HER2 and IL-13Ro2 (42). CAR-T cell therapy (47). CAIX CAR-T cells (40, 46, 57).

Preclinical research: Preclinical research: CLTX and
1. Trivalent CAR-T cells (39). CD133 CAR-T cells (48, 54).

2. CSPG4, NKG2D, GD2 CAR-T
cells (49, 51, 53).
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A. Hematologic adverse events

Adverse events Any Grade
number (%)

Grade > 3
number (%)

Anemia 5 (45.5)
Hyperkalemia 4 (36.4)
Neutropenia 2(18.2)
Thrombocytopenia 1(9.1)
Increased creatinine 1(9.1)
Hypomagnesemia 1(9.1)
B. Non-hematologic adverse events
Adverse events Any Grade
number (%)
Nausea 7 (63.6)
Fatigue 3(27.3)
Rhinorrhea 2(18.2)
Ascites 19.1)
Pain 1(9.1)
Headache 1(9.1)
Myalgia 19.1)
Vomiting 19.1)
Dizziness 1(9.1)

1(9.1)

1(9.1)

2(18.2)
0(0)
0(0)
0(0)

Grade > 3
number (%)
00)
2(18.2)
00

HAIC, hepatic arterial infusion chemotherapy; HCC, hepatocellular carcinoma; NK, natural killer.
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Number of patients (%)

Best overall response

Complete response 4(36.4)
Partial response 3(27.3)
Stable disease 2(18.2)
Progressive disease 2(18.2)
Objective response rate 7 (63.6)
Disease control rate 9(81.8)

HAIC, hepatic arterial infusion chemotherapy; HCC, hepatocellular carcinoma; NK,
natural killer.
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Date

Sept., 2015
Sept.~May, 2016
Oct., 2021

Nov., 2021

Dec. 2021~Jan.,2022
19th~21st, Feb.,2022
24th, Feb., 2022
24th, Mar., 2022
24th, May, 2022
24th, July, 2022

Clinical event

Initial diagnosis
Chemotherapy

Relapse

“R-COPP” at local hospital
2 cycles of “R-Gemox”
Lymphodepleting regimen
pbCAR T cell infusion
Day 28 evaluation

3 month evaluation

At follow-up

CR, complete response; NR, no response; CMR, complete metabolic remission.

Clinical results

CR
NR

NR

Nearly CMR

Response ongoing
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chimeric antigen receptors, are engineered receptors, which graft an
arbitrary specificity onto an immune effector cell (T cell). Typically, these
receptors are used to graft the specificity of a monoclonal antibody
onto a T cell, with the transfer of their coding sequence facilitated by
retroviral vectors. The receptors are called chimeric because they are
composed of parts from different sources. CARs are under investigation
as a therapy for cancer, using a technique called adoptive cell transfer.
T cells are extracted from a patient and modified so that they express
receptors specific to the patient&rsquo;s particular cancer. CARs are
synthetic molecules composed of an extracellular domain, a
transmembrane domain, and an intracellular signaling domain. The
extracellular component is an scFv, which recognizes and binds
specific TAAs. The transmembrane domain is typically derived from
CD8 molecules, and the intracellular signaling domain consists of
CD3&zeta; and one or two co-stimulatory domains (CD28 and/or 4-
1BB).

T-cell receptor, is a protein complex found on the surface of T cells or T
lymphocytes that is responsible for recognizing fragments of antigen as
peptides bound to major histocompatibility complex (MHC) molecules.
The binding between TCR and antigen peptides is of relatively low
affinity and is degenerate: that is, many TCRs recognize the same
antigen peptide and many antigen peptides are recognized by the same
TCR.

tumor-infiltrating lymphocytes, which include B cells, T cells, and natural
killer (NK) cells, form an important component in antitumor immune
responses.

dendritic cells, are any of the various white blood cells that have long
projections from the cell body and function in the immune response by
taking in and processing antigens and presenting them to T cells in
lymph nodes, thus activating the T cells. Immature dendritic cells are
found chiefly in the skin and mucosal surfaces.

natural killer cells, are large granular lymphocytes that do not express
markers of either T- or B-cell lineage. These cells kill target cells through
antibody-dependent cell-mediated cytotoxicity. NK cells can also use
perforin to kill cells in the absence of antibody

single-chain variable fragment, consists of a variable heavy (VH) and a
variable light (VL) antibody chains linked with a peptide linker.
Chemokine receptors are a superfamily of G-protein coupled receptors
that control immune cell behavior via the promotion of chemotaxis, cell
adhesion, and mediator release.

tumor microenvironment, is the environment surrounding a tumor and
consists of protean components, such as immune cells, blood or
lymphatic vessels, fibroblasts, endothelial cells, pericytes, and
extracellular matrix (ECM); the tumor closely interacts with its TME,
which contributes to the generation of therapy resistance, metastasis,
and immune escape.
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15t CAR 2" CAR 3™ CAR 4" CAR

*Discovery of new tumor-specific antigens
*Design of intracellular and extracellular domains of CAR
*Orchestration of T cell signaling
“f;’ao‘ oCe ; . : .
o0 P *Understanding of immunosuppressive TME

*Investigation of chemokine receptors in solid tumors

=Co-stimulation of other immune cells

Signaling
domain

Costimulatory
domain

*Tumor site directed delivery (e.g., nanotechnology)

Further improved generation of CARs for solid tumor






OPS/images/fimmu.2022.1002361/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2022.896685/table1.jpg
Region Agency in Government policy Year of pro- Classification Reference

charge mulgation

European EMA (European  Guideline on Human Cell- 2008 1. The European Medicines 1. Human cell-based https://www.ema.

Union Medicines Based Medicinal Products Agency’s scientific medicinal products are europa.eu/en/human-
Agency) (Doc. Ref. EMEA/CHMP/ guidelines on cell therapy heterogeneous with cell-based-medicinal-

410869/2006) and tissue engineering regard to the origin and products
help medicine developers type of the cells and to
prepare marketing the complexity of the
authorization applications product.
for human medicines. 2. Cells may be self-

2. Cellular therapy products renewing stem cells, more
fall into the category of committed progenitor
advanced therapy cells, or terminally
medicinal products. differentiated cells exerting
a specific defined
physiological function.

3. Cells may be of
autologous or allogeneic
origin.

4. Cels may also be
genetically modified.

5. Cells may be used alone,
associated with
biomolecules or other
chemical substances, or
combined with structural
materials that alone may
be classified as medical
devices.

Japan PMDA Act on Securing Quality, 2014 1. PMDA offers consultations 1. Products intended for use http://www.
(Pharmaceuticals  Efficacy and Safety of to give guidance and in human or animal japaneselawtranslation.
and Medical Pharmaceuticals, Medical advice on clinical trials of healthcare, which are go.jp/law/detail_main?
Devices Agency)  Devices, Regenerative and drugs, medical devices, obtained after culturing or  re=8vm=28id=3213

Cellular Therapy Products, and cellular and tissue- other processes using
Gene Therapy Products, and based products as well as human or animal cells.
Cosmetics (abbreviated as the on data for regulatory 2. Products intended for use
PMD Act) submissions. in the treatment of
2. Cellular therapy products disease in humans or
fall into the category of animals, which are
regenerative medical introduced into the cells
products. of humans or animals and
contain genes to be
expressed in their bodies.

United FDA-CBER (The  Considerations for the Design 2015 1. CBER regulates cellular Cellular therapy products https://www.fda.gov/

States Center for of Early-Phase Clinical Trials of therapy products, human  include: vaccines-blood-
Biologics Cellular and Gene Therapy gene therapy products, 1. Cellular immunotherapies  biologics/cellular-gene-
Evaluation Products Guidance for and certain devices 2. Cancer vaccines therapy-products
Research) Industry (FDA-2013-D-0576- related to cell and gene 3. Other types of both

0019) therapy. autologous and allogeneic

2. CBER wuses both the cells for certain
Public Health Service Act therapeutic indications
and the Federal Food 4. Hematopoietic stem cells
Drug and Cosmetic Act as and adult and embryonic
enabling statutes for stem cells
oversight.

China CFDA (China Technical Guidelines for the 2017 1. Human-derived alive cell 1. Cell therapy products http:/Awvww.nmpa.gov.
Food and Drug Research and Evaluation of products to treat human derived from human cells  cn/WS04/CL2138/
Administration) Cell Therapy Products (Trial diseases are investigated, are used to treat human 300457 .html

version, 2017-NO216) developed, and registered diseases.
in accordance with the 2. Excluding:
policy of drug a.
administration. Blood components used for

2. The source, processing, blood transfusions

and investigating clinical
trials of these products
meet the ethics.

b.
Hematopoietic stem cell
transplantation without in-
vitro treatment

c.
Reproductive cells

d.

Tissues or organs
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ltems Type CAR n (%) TCR n (%) Stem n (%) Vaccine n (%) Other n (%) Total n (%)

Phase | 78 (69.6) (50 6) 8(47.1) 49 (26.1) 49 (29.2) 228 (39.9)
7] 30 (26.8) 8 (32.2) 4 (23.5) 46 (24.5) 34 (20.2) 142 (24.8)
Il 3(2.7) (16 1) 5 (29.4) 76 (40.4) 80 (47.6) 178 31.1)
11/V/other 1(0.9) 1(1.1) 0 17 (9.0) 5(3) 24 (4.2)
Trial status Open 71 (63.4) (42 5) 11 (64.7) 38(20.2) 8 (34.5) 215 (37.6)
Closed 18 (16.1) 6 (29.9) 4(23.5) 57 (30.3) 54 (32.1) 1569 (27.8)
Completed 23 (20.5) 4 (27.6) 2(11.8) 93 (49.5) 6 (33.3) 198 (34.6)
Totally (n/572*%) 112 (19.6) (15 2) 17 (3.0 188 (32.8) 168 (29.4) 572 (100)
Primary endpoint Safety 96 (85.7) 66 (75.9) 13 (76.5) 98 (52.1) 87 (51.8) 360 (62.9)
Efficacy 16 (14.3) 21 (24.1) 4 (23.5) 90 (47.9) 81 (48.2) 212 (37.1)
Patient population Biomarker selected 30 (26.8) 36 (41.4) 0 12 (6.4) 18 (10.7) 96 (16.8)
Unselected 82(73.2) (58 6) 17 (100) 176 (93.6) 150 (89.3) 476 (83.2)
Area China 60 (53.6) 0 (23.0) 2(11.8) 6(3.2) 52 (31.0) 140 (24.5)
USA 42 (37.5) (65 5) 9 (52.9) 9 116 (61.7) 55 (32.7) 279 (48.8)
Europe 6 (5.4) 2(2.3) 3(17.6) 39 (20.7) 27 (12.5) 71 (12.4)
Other 4(36) 8(9.2) 3(17. ) 27 (14.4) 40 (23.8) 82 (14.3)
Therapy method Neoadjuvant 3(2.7) 2(2.3) 0 15 (8.0 3(1.8) 23 (4.0)
Adjuvant 6(5.4) 5(5.7) 0 42 (22.3) 18 (10.7) 71 (12.4)

NA, not applicable/available.
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ltems Classification CAR n (%) TCR n (%) Vaccine n (%) Stem n (%) Other n (%) Total n (%)
Phase | 36 (60.0) 16 (80.0) 1(16.7) 0 12(23.1) 65 (46.4)
] 22 (36.7) 3(15.0) 1(16.7) 1(50.0) 14 (26.9) 41(29.3)
Il 2(3.3) 1(5.0) 3(50.0) 1 (50.0) 22 (42.3) 29(20.7)
I/\V/other 0 0 1(16.7) 0 4(7.7) 5(3.6)
Trial status Open 40 (66.7) 13 (65.0) 2(33.3) 1 (50.0) 8(34.6) 74 (52.8)
Closed 6(10.0) 1(6.0) 0 0 2(23.1) 9(13.6)
Completed 14 (23.3) 6(30.0) 4(66.7) 1 (50.0) 22 (42.3) 47 (33.6)
Totally (n/140*%) 60 (42.9) 20 (14.3) 6 (4.3 2(1.4 52 (37.1) 140 (100)
Tumor types top 5 Liver 12 (20.0) 9 (45.0) 4 (66.7) 0 12 (23.1) 37 (26.4)
Pancreas 9(15.0) 3(15.0) 1(16.7) 0 17 (32.7) 30 (21.4)
Lung 15 (25.0) 0 3(50.0) 0 9(17.3) 27 (19.3)
Gastric 7(11.7) 3(15.0) 1(16.7) (50.0) 7(18.5) 19(13.6)
Esophageal 14 (23.3) 0 0 0 4(7.7) 18(12.9)
Unspecified solid tumor 11 (18.3) 3(15.0) 1(16.7) 0 4(7.7) 19(13.6)
Primary endpoint Safety 48 (80.0) 17 (85.0) 2(33.3) 1(50.0) 16 (30.8) 84 (60.0)
Efficacy 12 (20.0) 3(15.0) 4 (66.7) (50.0) 36 (69.2) 56 (40.0)
Patient population Biomarker selected 18 (21.7) 7 (35.0) 0 0 7(13.5) (19.3
Unselected 47 (78.3) 13 (65.0) 6(100) 2 (100) 45 (86.5) 113 (80.7)

NA, not applicable/available.
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on memory
T cells
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(4-1BB) CAR
on CD8+ T
cells

Third-
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+CD28) CAR
on T cells

Second-
generation
(CD28) CAR
on virus-
specific T
cells

Dosage of CAR-

T cells and
route of
administration

107-10° for 11-
12 intra-cavitary
inj.; 108 for 5
intratumoral inj. in
one patient.
(2-10) x 10° for
16 inj. (6 intra-
cavitary inj., 10
intra-ventricular
inj).

(1.75-5) x 10° for
single intravenous
inj.

6.3x10°%-
2.6x10' for
single intravenous
inj.

10%-10%/m2 inj.
for 1-6
intravenous inj.

Adverse effects (> CTCAE grade 3) that
possibly related to CAR-T therapies

Headache, gait disturbance, tongue
deviation, fatigue

Not reported

Nervous system disorders (facial muscle
weakness, epilepsy, headache, brain
edema, and intracranial hemorrhage), left
ventricular systolic dysfunction, skeletal
muscle weakness

Two cases developed fatal dyspnea (one
died of it) after receiving a high-dose
CAR-T cell injection (=3x10'° in terms of
CD3+ T-cell number);

Others: thrombosis, bacteremia,
temporary motor dysfunction and urinary
incontinence, etc.

Fatigue, headache, cerebral edema,
hydrocephalus, neutropenia,
lymphopenia, etc.

Clinical outcomes

Median overall survival of 10.3 months

Complete remission for 7.5 months

Median overall survival of 8.4 months; one
case stayed in stable disease for at least 8
months

Median progression-free survival of 1.3
months, median overall survival of 6.9
months; one case achieved a progression-
free survival of 12.5 months and overall
survival of more than 59 months

Median overall survival of 11.1 months; one
case achieved a partial remission for 9
months, seven cases stayed in stable
disease for 2-29 months
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