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Editorial on the Research Topic 


Enhancing T cell function: innovations in cancer immunotherapy


Cancer immunotherapy has undergone great advancements over the past decade, with T cells emerging as central players in driving antitumor immunity. Despite remarkable clinical successes — particularly with immune checkpoint blockade (ICB) and adoptive T cell therapies like chimeric antigen receptor T (CAR-T) cells, T cell receptor T (TCR-T) cells, and tumor-infiltrating lymphocytes (TILs) — persistent challenges such as T cell exhaustion, limited persistence, and immunosuppressive tumor microenvironments (TME) continue to hinder therapeutic efficacy (1, 2).

This Research Topic compiles significant studies that address these barriers through effective strategies to enhance T cell function, offering new insights into molecular mechanisms, therapeutic engineering, and combinatorial approaches. We summarize key findings and their implications for the future of cancer immunotherapy as follows.




Cancer immunotherapies can be enhanced through T-cell subpopulation insights

Recent studies deepen our understanding of T-cell heterogeneity across tumors. In chronic lymphocytic leukemia (CLL), mass cytometry of treatment-naïve patients identified three clinically relevant T-cell subpopulations: ICOS+HLA-DR+PD1+TIGIT+Tbet+CD4+ helper cells and two CD8+ subsets (CD27+CD28-PD1+Tbet+Eomes+; CD27+CD28-GrzmB+Tbet+Eomes+ terminal effectors). These subsets predicted reduced risks of secondary malignancies and mortality, validated across cohorts. Functional assays revealed enriched polyfunctional cytokine production in these subsets, positioning them as predictive biomarkers and therapeutic targets for optimizing chemoimmunotherapy outcomes (Lim et al.). Similarly, in diffuse large B-cell lymphoma (DLBCL), CD73+CD8+ T cells exhibited enhanced cytotoxicity with reduced exhaustion markers, suggesting their role as reservoirs of functional antitumor immunity (Zhang et al.). These findings underscore the importance of dissecting T-cell heterogeneity to refine patient stratification and therapy design.





Chemotherapeutic agents potentiate long-term antitumor immunity by expanding stem-like CD8+ T cell populations

Stem-like CD8+ T cells play a pivotal role in sustaining durable immune responses (3). These cells, characterized by self-renewal capacity and the ability to differentiate into effector subsets, are critical for overcoming T cell exhaustion. Ruan et al. demonstrated that chemotherapeutic agents such as decitabine (DAC) and 5-fluorouracil (5-FU) expanded tumor-specific memory CD8+ T (TTSM) cells in tumor-draining lymph nodes and enhanced the differentiation of CD62L-expressing exhausted precursor CD8+ T (Tpex) cells into functional CX3CR1-expressing effector-like intermediate exhausted T (Tex-int) cells within tumors1(Figure 1). Notably, DAC’s effects were partially dependent on the transcription factor Eomes, highlighting a targetable pathway for amplifying stem-like T cell populations (Ruan et al.). These findings align with broader efforts to harness stem-like T cells, as seen in strategies combining epigenetic modulation or metabolic reprogramming with ICB (4).


[image: ]

Figure 1 | The distinct roles of chemotherapeutic agents (e.g., DAC, 5-FU) in enhancing antitumor immunity via expanding stem-like CD8+ T cell subsets. TTSM, Tumor-specific memory CD8+ T cells; Tpex, Precursors of exhausted CD8+ T cells; Tex-int, Transitory effector-like exhausted CD8+ T cells; DAC, Decitabine; 5-FU, 5-Fluorouracil.



Moreover, Liu et al. reviewed the discovery of RUNX family transcription factors as regulators of CD8+ T cell infiltration in colorectal cancer underscores the potential of targeting transcriptional networks to enhance T cell longevity and function. Such approaches could synergize with therapies aimed at preserving stem-like phenotypes, offering a dual mechanism to counteract exhaustion (Liu et al.).





Engineering next-generation T cell therapies are revolutionizing cancer immunotherapy

Adoptive cell therapies (ACT) have revolutionized oncology, yet limitations in persistence, scalability, and safety remain. This Research Topic showcases cutting-edge engineering solutions as follows.

First, Zhang et al. reported a universal CAR-T (UCAR-T) with self-activated protection. An anti-CD70 UCAR-T platform incorporating a “self-activated and protective” (SAP) module — comprising CD47 for immune evasion and IL-7Rα for survival — demonstrated enhanced persistence and reduced host rejection in preclinical models. This innovation addresses key hurdles in allogeneic therapies, paving the way for scalable “off-the-shelf” products (Zhang et al.).

Next, Wang et al. proved that integration of thermotherapy and Traditional Chinese Medicine (TCM) synergistically enhanced antitumor immune responses. Heating Jurkat T cells to 39°C augmented their cytotoxicity against tumors by inducing heat shock proteins and mitochondrial activation. Coupled with TCM components like Shengmai Injection, this approach amplified T cell proliferation and downregulated apoptotic pathways. Such combinatorial strategies highlight the untapped potential of integrating biophysical stimuli with pharmacologic agents (Wang et al.).

Then, Ye et al. substantiated that a kind of fusion protein for targeted IL-2 delivery, AWT020 fusion protein, which combines a PD-1-blocking nanobody with an engineered IL-2 mutein, selectively expanded tumor-infiltrating CD8+ T cells while minimizing systemic toxicity3. This precision delivery system exemplifies how modular designs can enhance therapeutic indices (Ye et al.).

These advances are complemented by broader trends in gene editing (e.g., CRISPR-based enhancements) and nanomedicine (5), which enable precise modulation of T cell behavior and microenvironmental interactions.





Immunomodulatory reprogramming of the tumor microenvironment potentiates antitumor immunity

The TME’s immunosuppressive nature remains a formidable barrier. Studies here emphasize dual strategies: disrupting inhibitory signals and reprogramming stromal components.

Targeting metabolic and mechanical cues. Dysregulated nucleotide metabolism in lung adenocarcinoma (LUAD) was linked to poor prognosis and immune evasion, with the oncogene AUNIP promoting tumor progression and suppressing CD8+ T cell infiltration. Similarly, tissue stiffness in solid tumors was shown to impede immune cell trafficking, underscoring the need for metabolic modulatory therapies (Luo et al.).

Repurposing natural immunomodulators. β-glucan, when combined with camrelizumab (anti-PD-1) and chemotherapy, enhanced IL-2 and IFN-γ levels in gastric cancer patients, correlating with prolonged survival (Chu et al.). This aligns with efforts to leverage innate immune activators as adjuvants for ICB.

Pericytes and immune Crosstalk. In esophageal squamous cell carcinoma (ESCC), heterogeneous cancer-associated pericytes (CAPs) were found to interact dynamically with immune cells, with specific subtypes serving as prognostic biomarkers and therapeutic targets (Xiong et al.). Such insights reveal the TME’s complexity and the need for multiplexed targeting.





Biomarkers drive personalized antitumor immunotherapy

The integration of multi-omics and single-cell technologies has accelerated biomarker discovery. For example, high RUNX1/3 expression in CD8+ and CD103+CD8+ T cells in colorectal cancer correlated with improved outcomes, suggesting their utility as predictive biomarkers for immunotherapy response (Liu et al.). In gastric cancer, NALCN loss impaired T cell proliferation and altered metabolite uptake, positioning it as both a prognostic marker and a modulator of immune cell recruitment (Li et al.).

These studies highlight the shift toward precision oncology, where patient stratification based on immune and molecular profiles will optimize therapeutic selection.

In summary, the innovations highlighted in this Research Topic collectively advance our understanding of T cell biology and its therapeutic manipulation. From engineering resilient CAR-T cells to reprogramming the TME, these studies exemplify the multidisciplinary effort required to overcome immunotherapy’s current limitations. As the field moves toward personalized, biomarker-driven regimens, the integration of synthetic biology, nanotechnology, and computational modeling will be indispensable. By bridging basic science and clinical translation, we inch closer to a future where durable remissions in solid and hematologic malignancies become the norm rather than the exception.
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Gastrointestinal stromal tumours (GISTs) are the most common mesenchymal tumours, arising mainly from the interstitial cells of Cajal (ICCs) of the gastrointestinal tract. As radiotherapy and chemotherapy are generally ineffective for GISTs, the current primary treatment is surgical resection. However, surgical resection is not choice for most patients. Therefore, new therapeutic strategies are urgently needed. Targeted therapy, represented by tyrosine kinase inhibitors (TKIs), and immunotherapy, represented by immune checkpoint inhibitor therapies and chimeric antigen receptor T-cell immunotherapy (CAR-T), offer new therapeutic options in GISTs and have shown promising treatment responses. In this review, we summarize the molecular classification and immune microenvironment of GISTs and discuss the corresponding targeted therapy and immunotherapy options. This updated knowledge may provide more options for future therapeutic strategies and applications in GISTs.
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Introduction

Gastrointestinal stromal tumours (GISTs) arise from gastrointestinal stromal cells, accounting for about 4% to 5% of gastrointestinal malignancies (1). The incidence of GISTs has been increasing worldwide over the years, reflecting in part improvements in diagnostic techniques and a clearer pathological classification (2). Over the past few decades, the treatment of GISTs has mainly relied on conventional therapies such as surgical resection and radiotherapy (3, 4). However, with in-depth research into the pathogenesis of GISTs, there have been significant breakthroughs in the treatment of GISTs, particularly in the areas of targeted therapy and immunotherapy (5, 6).

GISTs typically have mutations in the KIT proto-oncogene, receptor tyrosine kinase (KIT) or platelet-derived growth factor receptor alpha (PDGFRA) genes, leading to uncontrolled cell proliferation through abnormal signalling pathways, which in turn provide therapeutic opportunities to target these molecules (7, 8). Patients with KIT mutations usually respond well to targeted therapies such as imatinib (9). However, some patients may develop resistance after long-term treatment, which is one of the main challenges of targeted therapy.

In contrast to drug-targeted therapy, immunotherapy uses the body’s own immune system to attack cancer cells and includes immune checkpoint inhibitors such as programmed cell death 1 (PDCD1; also known as PD-1) and cytotoxic T-lymphocyte associated protein 4 (CTLA4) inhibitors (10). These inhibitors prevent cancer cells from evading the immune system, thereby increasing the immune system’s ability to kill cancer cells. Several preclinical studies have shown that immunotherapy can induce a positive therapeutic response in a subset of GIST patients (11, 12).

In this review, we summarize the molecular classification and immune microenvironment of GISTs. We also focus on targeted therapy and immunotherapy for GISTs. A comprehensive and updated knowledge of the characteristics and treatment strategies of GISTs may provide more appropriate options for subsequent therapeutic choices and research.





Molecular classification of GISTs

The molecular classification of GISTs is mainly based on the presence of specific mutations in their tumour cells (Figure 1), mainly including KIT, PDGFRA and succinate dehydrogenase complex iron sulfur (SDH) (Figure 2), which result in the structural activation of specific signalling pathways in a ligand-independent manner, driving the onset and progression of GISTs (Figure 3).




Figure 1 | Overview and approximate percentage of molecular typing of genes driving GISTs.






Figure 2 | Genetic characteristics and molecular classification of induced GISTs.






Figure 3 | Aberrant genetic alterations in GISTs activate multiple signalling cascades thereby preventing apoptosis and promoting cell survival and proliferation.






KIT

The KIT gene, located on chromosome 4q12, is a proto-oncogene that encodes a type III membrane-penetrating receptor tyrosine kinase protein (13). Under normal physiological conditions, KIT encoded proteins act as cell membrane surface receptors to regulate cell growth and differentiation and are present in a variety of cell types, including embryonic stem cells, haematopoietic stem cells, gastrointestinal stromal cells (interstitial cells of Cajal) and germ cells (14–18). In particular, KIT proteins play a key role in the regulation of gastrointestinal motility and muscle contraction (19). Thus, KIT mutations are a key driver of GISTs.

Depending on the location and type of mutation, KIT gene mutations can be divided into several subtypes. The most common type of mutation occurs in the juxtamembrane domain of the KIT gene, with KIT exon 11 mutations accounting for approximately 50-70% of GIST cases. KIT exon 11 mutations usually involve a deletion, insertion or point mutation in the region of the KIT protein enhancer, resulting in persistent activation of KIT protein kinase activity (20, 21). However, KIT exon 11 mutations are also usually associated with a better prognosis. For example, sequencing of tumour DNA from 104 GIST patients showed a significantly better trend for disease-free survival (DFS) in patients with exon 11 repeat mutations and point mutations compared to other mutations (e.g., deletions, insertions) (22). However, another study showed the opposite conclusion, which may indicate that tumour heterogeneity and the specific type of mutation are critical for prognosis (23). Another common mutant isoform of the KIT gene is KIT exon 9, which accounts for about 10-20% of cases. These mutations result in insertional mutations in the kinase region of the KIT protein, which in turn allows for sustained activation of the kinase activity of the KIT protein (24). In contrast, GISTs with KIT exon 9 mutations tend to have a higher tumour burden and a poorer prognosis (25).

In addition, there are some rare mutant subtypes of the KIT gene, such as KIT exon 13, exon 17 and exon 18 mutations (8, 26, 27). Mutations in each subtype may lead to different clinical features and prognosis of GIST. While KIT gene mutation-dependent aberrant signalling mainly involves mitogen-activated protein kinase (MAPK) and AKT serine/threonine kinase (AKT) (5, 28). In addition to mutations, copy number variation (CNV) in the KIT gene is an important genetic abnormality in the development of GISTs (29).





PDGFRA

PDGFRA TKR is homologous to KIT TKR (30). Similarly, under normal conditions, PDGFRA signalling maintains a normal balance between cell growth and apoptosis through ligand binding and kinase activity (31, 32). However, in GISTs, mutations result in sustained activation of the kinase activity of these receptors. PDGFRA mutations account for approximately 10-15% of GISTs (33). Their mutations mainly affect its kinase structural domain and the most common mutation site is site 842 of exon 18, including point mutations (e.g., D842V, D842Y), deletion and insertion mutations (34). Among these, PDGFRA D842V mutations are the most common, accounting for approximately 70-80% of PDGFRA mutant GISTs (34, 35).

In particular, PDGFRA-mutant GISTs tend to have some unique clinical features and prognosis. First, PDGFRA-mutant GISTs are often found in the stomach, particularly in the gastric antrum and pylorus (36). Second, PDGFRA-mutant GISTs often have lower histological grades and lower proliferation indices, factors associated with a better prognosis (37, 38). In addition, PDGFRA-mutant GISTs tend to have smaller tumour sizes, a lower incidence of metastases and longer survival (39). GISTs with PDGFRA D842V mutations have a better prognosis but are relatively insensitive to conventional KIT inhibitors (e.g., imatinib) and therefore require higher doses of the drug to achieve an effective therapeutic response. For example, a retrospective cohort study of GIST patients with PDGFRA exon 18 mutation showed that 16 GIST patients with D842V mutation received imatinib treatment, and only 2 patients had partial response, indicating that imatinib is not generally applicable to patients with this mutation (40). On the other hand, GISTs with other types of PDGFRA exon 18 mutations (e.g., non-D842V mutations) are usually sensitive to therapeutic agents such as imatinib, have a relatively better prognosis and require lower doses of drugs for maintenance therapy (40). Similar to KIT, CNV (gene dose changes caused by chromosome gain and loss) in the PDGFRA gene is associated with the prognosis of GISTs (41, 42). In addition, the development of GISTs is closely linked to the interaction of other cell types in the tumour microenvironment, such as tumour-associated mesenchymal stromal cells and immune cells (43, 44).





SDH

In addition to KIT/PDGFRA mutations. There is also a small percentage of GISTs (~5-7.5%) whose pathogenesis is closely linked to a deletion of the succinate dehydrogenase (SDH) complex (45). SDH is a mitochondrial enzyme that plays an important role in energy metabolism and oxidative stress in cells (46). Therefore, SDH mutations cause mitochondrial dysfunction, leading to abnormal intracellular energy metabolism and increased oxidative stress, which promotes the growth and division of tumour cells (47, 48). SDH mutations can be classified into four isoforms, namely SDHA, SDHB, SDHC and SDHD (49). Notably, SDH-mutant GISTs tends to occur in younger patients, and the tumours are smaller and less malignant, suggesting that it may have a better prognosis (50). However, SDH-mutant GISTs respond poorly to treatment with conventional targeted agents (such as imatinib) and are relatively sensitive to other treatments, such as chemotherapy (51). In a study based on the molecular and metabolic profiles of a patient-derived SDH-mutant (mSDH) GIST model, temozolomide induced tumour DNA damage and apoptosis in the mSDH GIST model. Importantly, five patients with SDH-mutant GISTs who received temozolomide showed an objective remission rate of 40% and a disease control rate of 100%, suggesting that temozolomide is a promising therapeutic approach (52).

In addition, there is a small percentage of GIST patients who do not have mutations and these patients are referred to as ‘wild-type’ GISTs (53). Therefore, the development of multidisciplinary (such as combined genetic testing and tissue dynamic imaging techniques) and accurate assays to determine the genomic background of different patients is essential for precision therapy.





GIST targeted drug therapy

Targeted therapies have revolutionized the treatment strategies for GISTs over the last few decades. Many drugs have been approved by the U.S Food and Drug Administration (FDA) for the treatment of GISTs, and these drugs mainly target mutant KIT and PDGFRA. In this section, we mainly focus on targeted therapy for KIT or PDGFRA mutations (Figure 4).




Figure 4 | From gene mutation to clinical refractory GISTs, the corresponding site mutation type, the sensitivity changes of imatinib, and the targeted drugs at each stage.







Targeting KIT or PDGFRA

Most GIST patients have acquired mutations in the KIT or PDGFRA genes. Typically, these patients show a favourable response to TKI-targeted therapy. Historically, GISTs were thought to be smooth muscle or neurogenic tumours. However, in 1998, researchers first identified the presence of mutations in the KIT gene in patients with GISTs (7). In subsequent studies, researchers also identified functionally acquired mutations in the PDGFRA gene, which are also strongly associated with the development of GISTs (54). These findings have led to a surge in the development of drugs that target KIT and PDGFRA mutations. Imatinib (IM) became the first FDA-approved first-line treatment for unresectable and metastatic GISTs in 2002 (55). Imatinib selectively inhibits the activity of KIT receptors. Preliminary clinical trial results show that imatinib has a significant therapeutic effect on KIT mutation-positive GISTs patients (55). For KIT/PDGFRA mutant GIST with a high risk of disease recurrence, 3 years of 400 mg/d imatinib adjuvant therapy may prolong relapse-free survival. In addition, for GIST patients at high risk of relapse, the duration of adjuvant therapy with IM (800 mg/d) (3 years) resulted in a longer progression-free survival (the hazard ratio 0.39; 95% CI; 0.22-0.71, P=0.0013) in patients with KIT exon 9 GISTs (56).

However, although imatinib showed good efficacy in most patients, some patients developed resistance or no response. For this reason, after relentless efforts and long-term preclinical studies, sunitinib (SU) was developed as a second-generation targeted agent for the treatment of drug-resistant GISTs patients (57, 58). A randomized controlled trial on the efficacy and safety of sunitinib in patients with advanced gastrointestinal mesenchymal stromal tumours who failed imatinib therapy was evaluated in 2006. The results showed that in 312 patients randomized 2:1 to receive sunitinib (n = 207) or placebo (n = 105), the median time to tumour progression was significantly delayed in patients in the sunitinib group (27.3 weeks) compared to the median time to tumour progression in the control group (6.4 weeks) (57). Subsequently, the FDA re-approved regorafenib as a third-line drug for the clinical treatment of advanced GISTs patients who failed in both IM and SU treatment (59).

In addition, due to the diversity of KIT and PDGFRA mutations in GISTs patients, therapeutic strategies need to be individualized according to the type of mutation (60, 61). For example, PDGFRA D842V mutant GISTs are usually resistant to IM (62). Therefore, ripretinib has been developed as an inhibitor targeting the PDGFRA D842V mutation (63–65). Moreover, several other targeted agents have been used to treat patients with IM-resistant GISTs, such as avapritinib (BLU-285) (66).

As research into GISTs has deepened, IM as the preferred drug has shown good responses in most patients with KIT or PDGFRA mutations, but not complete cures. Patients still have a high chance of developing resistance during follow-up, although SU or regorafenib are approved for the treatment of advanced or resistant GISTs. Thus, drug resistance remains a challenge. To address this problem, exploring different new inhibitors or by combining different drugs and individualized treatment regimens can maximize patient outcomes (67).





The immune microenvironment of GIST

In addition to gene mutations, the tumour immune microenvironment is increasingly considered to play a key role in tumours. In GISTs, tumour-associated macrophages (TAM) and CD3+ tumour-infiltrating lymphocytes (TIL) are the most common immune cells. In addition, natural killer (NK) cells, dendritic cells (DCs), and natural killer T (NKT) cells are also included. In this section, we mainly review how these immune cells are involved in the development of GISTs (Figure 5).




Figure 5 | The main immune infiltrating cells and corresponding functions of GISTs microenvironment.







Tumour-associated macrophages

Macrophages are an important class of cells in the immune system, mainly involved in non-specific and innate immune responses (68). In the tumour environment, tumour-associated macrophages can be classified into two main groups according to their surface molecules, origin and functional characteristics: M1 type macrophages and M2 type macrophages (69). Functionally, M1 type macrophages activate the immune response mainly through the production of pro-inflammatory cytokines (e.g., tumour necrosis factor-α [TNFα], interleukin-1β [IL-1β], interleukin-6 [IL-6]) and inhibit tumour growth and spread by phagocytosis and killing of tumour cells (70–73). In addition, M1 macrophages promote the activation of T cells, thereby enhancing specific immune responses (74, 75). In contrast, M2 macrophages produce anti-inflammatory cytokines (e.g., IL-10, transforming growth factor-β [TGFβ]) to modulate the immune response and inhibit T-cell activation and killing (76, 77), thereby promoting tumour evasion of immune surveillance (78). For example, cancer-associated fibroblasts activated by cancer cells release IL-6 and granulocyte-macrophage colony-stimulating factor (GM-CSF) to induce monocytes to differentiate into M2-like TAMs, activate the immunosuppressive tumour microenvironment and promote GISTs metastasis (79). However, although macrophage polarization in the tumour microenvironment of primary untreated GISTs is controversial, M2 macrophages predominate in metastatic or treated GISTs. For example, imatinib treatment of GISTs induces apoptosis in tumour cells, which further induces TAM M2-like polarization via CCAAT enhancer binding protein beta (CEBPB) (80).

Together, TAMs regulate the development and progression of GISTs through various mechanisms, including promoting tumour growth and dissemination and suppressing the immune response.





Tumour-infiltrating lymphocytes

Tumour-infiltrating T lymphocytes are a class of immune cells that have anti-tumour capacity and are present in tumour tissue (81). According to the phenotypic characteristics, they can be divided into CD4+ and CD8+ T cells (82). CD4+ T cells activate other immune cells and regulate the immune response mainly by releasing cytokines (83). In contrast, CD8+ T cells can directly recognize and kill cancer cells (84). Depending on their function in the tumour microenvironment, tumour-infiltrating T lymphocytes can be further classified into effector T cells (85), regulatory T cells and memory T cells (86), which play the functions of direct tumour killing, suppression of the immune response and recognition of resistance to tumours, respectively.

The presence of abundant tumour-infiltrating immune cells in GISTs has been implicated in the regulation of GISTs through mechanisms such as direct killing of GIST cells, stimulation of immune responses and modulation of immunosuppression. For example, imatinib treatment decreased the frequency of effector CD8+ T cells and increased the frequency of naive CD8+ T cells. Mechanistically, this was mainly due to the production of tumour chemokines and the reduction of intracellular phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic (PI3K) signalling in CD8+ T cells. In contrast, IL15 super-antagonist (IL15SA) in combination with imatinib significantly restored intratumoural effector CD8+ T cell function and intracellular PI3K signalling in CD8+ T cells, thereby enhancing tumour killing (87). Similarly, in spontaneous GISTs, imatinib inhibits the expression of the immunosuppressive enzyme indoleamine 2,3-dioxygenase (IDO), which activates CD8+ T cells in the tumour and induces apoptosis of regulatory T cells (T(reg) cells), thereby enhancing the immunotherapeutic effect in a mouse model (88). However, despite the presence of abundant CD8+ infiltration in GISTs, the effect of immune checkpoint inhibition in combination with TKI-targeted therapy in patients with advanced GISTs is rather limited (12).

Together, differences in response to imatinib between patients with early and advanced GIST suggest that there are also different populations of immune cells that play an immunomodulatory role.





Natural killer cells

Tumour-infiltrating natural killer (NK) cells are the first line of defence in the fight against infection and tumour (89). NK cells not only kill tumour cells directly by releasing cytotoxins and cytokines, such as perforin and interferon gamma (90, 91), but also recognize and interact with other immune cells, such as dendritic cells and macrophages, to modulate the GISTs immune response (92, 93). The molecular phenotype of tumour-infiltrating NK cells is closely linked to their function, and their surface molecules include activating and inhibitory receptors such as KIR (killer cell immunoglobulin-like receptor) and killer cell lectin like receptor C1 (KLRC1; also known as NKG2A) -mediated inhibitory signalling (94, 95). These receptors can interact with ligands on the surface of tumour cells to inhibit signalling pathways and prevent NK cell activation. In contrast, killer cell lectin like receptor K1 (KLRK1; also known as NKG2D) (96), CD226 molecule (CD226; also known as DNAM-1) and natural cytotoxicity triggering receptor 1 (NCR1; also known as NKp46) can bind to ligands on the tumour surface and activate NK cells, causing them to release cytotoxins (97, 98). For example, in addition to targeting KIT and PDGFRA, imatinib has also been shown to act on host dendritic cells to enhance anti-tumour effects in vivo by promoting NK cell activation (99).

In addition, NK cell infiltration is strongly associated with the prognosis of GISTs. For example, high expression of the immunosuppressive receptor for NK cells, natural cytotoxicity triggering receptor 3 (NCR3; also known as NKp30), in GISTs is negatively associated with patient survival. Mechanistically, NKp30 expression leads to a reduction in tumour necrosis factor-α (TNF-α) and CD107a release, as well as defects in interferon-γ (IFN-γ) and interleukin-12 (IL-12) secretion in the NK-DC cross-talk, which can be restored by blocking IL-10 (100). Similarly, the ligand for NKp30, natural killer cell cytotoxicity receptor 3 ligand 1 (NCR3LG1; also known as B7-H6), whose soluble form, sB7-H6, was negatively associated with DFS and prognosis in metastatic GISTs (101). While the production of IFN-γ by NK cells in patients treated with imatinib can also be considered an independent predictor of long-term survival in IM-treated advanced GIST (102). In addition, cytokine-secreting CD56 (NCAM1) NK cells were found to be enriched in tumour lesions of imatinib-treated patients and independently predicted progression-free survival (PFS) (103).

In summary, tumour-infiltrating NK cells are involved in the development and prognosis of GISTs through a variety of functions, including direct recognition and killing of tumour cells, production of cytokines and regulation of the immune response. However, the interactions and mechanisms between GISTs and tumour-infiltrating NK cells need to be further investigated in order to develop new immunotherapeutic strategies and improve the outcome of GISTs patients.






Immunotherapy for GIST

In the course of exploring the path of targeting GISTs, from the efficacy of first-line drugs to drug resistance and then continuous iterative updates. However, the efficacy in prolonging the PFS of patients is quite limited, and the targeted treatment of GISTs is in a therapeutic bottleneck. Therefore, immunotherapy, as a new generation of therapies, has begun to have a profound impact on the clinical management of solid tumours. In this section, we focus on immunotherapy based on immune checkpoint inhibition, CAR-T cells and antibody-dependent immunotherapy (Figure 6).




Figure 6 | (A) Immune checkpoint inhibition-dependent anti-GISTs immunotherapy and corresponding inhibitors. (B) ST3GAL1 inhibits the localization of CAR-T cells to tumour sites, whereas βII-spectrin enhances the localization of CAR-T cells to tumour sites. (C) DS-6157a targets non-tyrosine kinases GPR20 to inhibit the immunotherapy of drug-resistant GISTs.






Targeting immune checkpoint

Immune checkpoints are a class of inhibitory receptors and associated signals used by the immune system to maintain the body’s immune homeostasis, preventing damage to the body’s own tissues and maintaining tolerance to self-antigens (104). However, tumour cells can also use this mechanism to evade immune surveillance. Therefore, immune checkpoint inhibition can activate the immune system by blocking inhibitory signals at immune checkpoints to enhance its ability to attack tumour cells. Currently, the main immune checkpoints targeted in clinical trials include CTLA-4 (105), PD-1/PD-L1 (106), lymphocyte activating 3 (LAG3) (107), galectin-9 (LGALS9) and hepatitis a virus cellular receptor 2 (HAVCR2; also known as TIM3) (108, 109).

Typically, cancers that respond well to targeted immune checkpoints are characterised by an immune microenvironment infiltrated with high numbers of immune cells and pro-inflammatory cytokines such as CD4+ T cells, CD8+ T cells, interferon (IFN), IL12, IL2, IL23 and TNF-alpha. Cancer cells with this characteristic are called “hot tumours” (110). In contrast, “cold tumours” are characterized by low TIL counts, low PD-L1 expression and infiltration of large numbers of immunosuppressive cells and lack sensitivity to immunotherapy (110). GISTs are often considered to be “cold tumours” (111). Therefore, the use of immune checkpoint therapy in GISTs is relatively limited. However, some studies have shown that immune checkpoint inhibitors may have some benefit in a subset of GISTs patients (Figure 6A). For example, PD-1, LAG3 and TIM3 are significantly upregulated in tumour-infiltrating T cells compared to normal T cells. Importantly, In KitV558Δ/+ mice blockade of PD-1 and PD-L1 alone did not elicit an immune response, whereas the use of imatinib not only targeted KIT, but also inhibited IFNγ-induced upregulation of PD-L1 by inhibiting signal transducer and activator of transcription 1 (STAT1), significantly improving T cell effector function (112).

CD40 is a transmembrane protein that is widely expressed in DCs, B cells and monocytes, and is activated by binding to its ligand CD40LG (also known as CD154), mediating a variety of immune and inflammatory responses that limit therapeutic efficacy in GISTs (113). For example, CD40 is significantly inhibited in tumour-associated macrophages and tumour cells in GIST patients treated with imatinib. However, CD40 inhibition alone had no direct effect on human GISTs, whereas imatinib in combination with a CD40 antagonist significantly inhibited GISTs via the nuclear factor kappa B subunit 1 (NFKB1) pathway in mice carrying a mutation in Kit exon 11 (114).

In addition, the rate-limiting enzyme of human tryptophan metabolism, indoleamine 2,3-dioxygenase (IDO), has been identified as an immune checkpoint. For example, inhibition of IDO expression in tumour cells by imatinib activates CD8+ T cells in the tumour and induces T(reg) cell apoptosis, which, in combination with immunotherapy, significantly enhances the therapeutic effect of imatinib in mice (88). Similarly, a phase 2 clinical trial (NCT02406781) showed that PD-1 inhibition alone was not sufficient to control tumour growth and that a combination of inhibition of the colony stimulating factor 1 receptor and the IDO pathway resulted in more effective tumour control (12).

Together, immunotherapy for GISTs still faces many challenges and requires a better understanding of immune escape mechanisms and biomarkers that predict response to immunotherapy. In addition, individualization of therapy is an important challenge as pathological features and gene expression may differ from patient to patient. Therefore, in-depth analysis of patient data and integration of clinical trial results may improve maximum therapeutic efficacy.





Chimeric antigen receptor T-cell therapy

Chimeric antigen receptor T-cell (CAR-T) is a treatment that modifies a patient’s own T cells so that they can recognize and attack cancer cells (115). The first generation of CAR mainly consisted of structural combinations of CD4 and CD3 (116), but due to the lack of potency a second generation of CAR with co-stimulatory structural domains such as CD28 or TNF receptor superfamily member 9 (TNFRSF9; also known as 4-1BB) is developed (117). CAR-T revolutionized the treatment of haematological cancers in 2010 when Professor Carl June took CAR-T cell therapy into human clinical trials and successfully cured leukaemia patients (116).

Unlike some conventional immunotherapies, such as TIL, CAR-T is not dependent on MHC antigens, and protein-like or lipid antigens specific to the tumour surface can be used as CAR-T targets (118). Given the remarkable effect of CAR-T in the treatment of haematological tumours. Many studies have tried CAR-T in GISTs using KIT/PDGFRA as a target to overcome resistance (Figure 6B). For example, Katz’s team constructed a novel anti-KIT chimeric immune receptors (CIR) with mouse and human T cells and effectively reduced tumour growth rates in a GIST mouse model (119). However, advancing in vitro trials to clinical trials in humans is a long process. To date, CAR-T clinical results in solid tumours have been unsatisfactory. Therefore, research into the negative regulatory mechanisms that modulate CAR-T may provide a solution. For example, a recent study has shown that ST3 β-galactoside α-2,3-glycosyltransferase 1 (ST3GAL1) is a negative regulator of cancer-specific migration of CAR-T cells. ST3GAL1-mediated glycosylation induces spontaneous non-specific tissue chelation of T cells by altering endocytosis of integrin subunit alpha l (ITGAL; also known as LFA-1). In contrast, βII-spectrin, a cytoskeletal molecule expressed on CAR-T cells, enhances the tumour specificity of CAR-T cells to localize to the tumour site and is able to reverse ST3GAL1-mediated non-specific T-cell migration, thereby inhibiting tumour growth in mice (6).

Together, CAR-T may be a potential treatment to overcome GISTs resistance. However, current research is still in preclinical studies, and the exploration of more specific CAR-T targets may lead to further advances in clinical trials.





Antibody-based immunotherapy

TKIs are currently the only approved drugs for the treatment of GISTs, but GISTs are highly susceptible to secondary resistance. In contrast, monoclonal antibody therapy has shown promising therapeutic results in many tumours. Therefore, the development of new monoclonal antibodies targeting KIT, PDGFRA, CD40 and somatostatin receptor type 2 (SSTR2) is worth exploring. For example, a phase II clinical trial analysed the efficacy of nituzumab (N) or nituzumab + ibritumomab (N+I) in 36 patients with refractory GISTs. Results showed that benign responses to therapy and long-term disease control were observed with both N and N+I, but no new safety signals were observed (120). Specifically, the majority of patients treated with N or N+I showed some improvement in median progression-free survival (PFS) and clinical benefit rate (CBR) compared to imatinib treatment.

In addition, targeting non-tyrosine kinases is another important line of research for the treatment of GIST resistance (Figure 6C). For example, G protein-coupled receptor 20 (GPR20) has been identified as an important non-tyrosine kinase that is selectively expressed in GISTs. The anti-GPR20 antibody-drug conjugate DS-6157a showed GPR20 expression-dependent anti-tumour activity in a variety of resistant lines (e.g., imatinib, sunitinib and regorafenib) (121). These results suggest that the exploration of GIST-selective non-tyrosine kinases as therapeutic targets is a potential therapeutic option.






Discussion

GISTs are rare but challenging malignant tumours. Traditional treatments include surgical resection, radiotherapy and chemotherapy (122). However, in recent years, targeted therapy and immunotherapy, as emerging therapeutic strategies, have made some important advances in the treatment of GIST (123–126). First, targeted therapy is an important component of GIST treatment. Some targeted drugs, such as imatinib, sunitinib and regorafenib, block cancer cell proliferation and survival by inhibiting aberrant signal activation mediated by KIT or PDGFRA mutations. These drugs have shown significant efficacy in some GIST patients and are better tolerated than conventional chemotherapy. However, a significant proportion of patients are prone to secondary resistance, which has led to alternative regimens using immunotherapy as a tool. Immune checkpoint inhibitors are one of the most successful immunotherapeutic approaches available and have achieved significant clinical results in a variety of tumours (127).

However, studies in GIST are relatively limited. First, tumour adaptation to KIT/PDGFRA inhibition likely leads to apoptosis evasion and GISTs survival through two intertwined events. Second, GISTs are primarily composed of macrophages and T cells, followed by NK cells and B cells, and it is unclear what role the distribution of other immune cell subtypes plays in the clinical prognosis, evolution and immune evasion of GIST patients. Third, infiltration of M2 macrophages and Treg cells (12, 128), high expression of IDO on GIST cells and immunosuppressive receptors on NK cells, and defective expression of MHC-I on APC. Although CD8+ T cells were enriched in GISTs (111), the proportion of CD8+ T/Treg cells were relatively low. In addition, NK cells were found to be negative for CD69. These factors contribute to the formation of an immunosuppressive microenvironment, which may be responsible for the avoidance of immunotherapy in GISTs. Therefore, the development of a novel therapeutic modality for tumour treatment is needed, and the induction of non-apoptotic-dependent cell death in cancer cells is a promising modality, such as alkaliptosis, cuproptosis and ferroptosis (129–134). Finally, high Ki67 expression is an independent predictor of aggressiveness, malignant potential and poor survival prognosis in GISTs, whereas short-term administration of imatinib activates CD8+ T cells, DC cells and NK cells and inhibits Treg cells, thereby enhancing the host’s anti-tumour immune response. Whereas imatinib was used in the perioperative period and Ki67 index was assessed to improve surgical outcomes (135, 136).

This is despite the fact that at least five currently marketed drugs have resulted in improved prognosis for patients with GISTs. However, the clinical benefits of approved second-, third-, and fourth-line drugs are often unsatisfactory for drug-resistant patients. NB003 is a potent and selective small-molecule tyrosine kinase inhibitor targeting KIT/PDGFRA, which is designed to inhibit a broad spectrum of primary and acquired imatinib-resistant mutations in KIT/PDGFRA (137). Similarly, IDRX-42 has been shown to have significant effects on GISTs with KIT exon 13 mutations (138). However, it should be noted that there are differences in the efficacy of different drugs for different genotypes, and how to effectively differentiate between genotypes can provide the best treatment options for patients with advanced GISTs. And olverembatinib has significant efficacy in the treatment of TKI-resistant SDH-deficient GIST patients, filling the gap in the treatment of SDH-deficient GISTs (139).

In conclusion, the combination strategy of targeted therapy and immunotherapy is worth exploring to further improve the therapeutic efficacy of GISTs (16, 132). The identification of selectively expressed GISTs targets may further improve the response rate and durability of treatment. In addition, research into appropriate biomarkers for early detection is urgently needed to reduce the prevalence of GISTs.
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Background

Lung adenocarcinoma (LUAD), a predominant subtype of non-small cell lung cancers, continues to challenge treatment outcomes due to its heterogeneity and complex tumor microenvironment (TME). Dysregulation in nucleotide metabolism has been identified as a significant factor in tumorigenesis, suggesting its potential as a therapeutic target.





Methods

This study analyzed LUAD samples from The Cancer Genome Atlas (TCGA) using Non-negative Matrix Factorization (NMF) clustering, Weighted Correlation Network Analysis (WGCNA), and various machine learning techniques. We investigated the role of nucleotide metabolism in relation to clinical features and immune microenvironment through large-scale data analysis and single-cell sequencing. Using in vivo and in vitro experiments such as RT-qPCR, Western Blot, immunohistochemistry, and subcutaneous tumor formation in mice, we further validated the functions of key nucleotide metabolism genes in cell lines and animals.





Results

Nucleotide metabolism genes classified LUAD patients into two distinct subtypes with significant prognostic differences. The ‘C1’ subtype associated with active nucleotide metabolism pathways showed poorer prognosis and a more aggressive tumor phenotype. Furthermore, a nucleotide metabolism-related score (NMRS) calculated from the expression of 28 key genes effectively differentiated between patient outcomes and predicted associations with oncogenic pathways and immune responses. By integrating various immune infiltration algorithms, we delineated the associations between nucleotide metabolism signature genes and the tumor microenvironment, and characterized their distribution differences at the cellular level by analyzing single-cell sequencing dataset related to immunochemotherapy. Finally, we demonstrated the differential expression of the key nucleotide metabolism gene AUNIP acts as an oncogene to promote LUAD cell proliferation and is associated with tumor immune infiltration.





Conclusion

The study underscores the pivotal role of nucleotide metabolism in LUAD progression and prognosis, highlighting the NMRS as a valuable biomarker for clinical outcomes and therapeutic responses. Specifically, AUNIP functions as a critical oncogene, offering a promising target for novel treatment strategies in LUAD.
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1 Introduction

Lung cancer stands as one of the most prevalent forms of cancer worldwide, with lung adenocarcinoma (LUAD) being the predominant subtype among non-small cell lung cancers (1). Despite advances in therapeutic strategies in recent years, the long-term survival rates for patients with LUAD remain suboptimal. This challenge is partly due to the tumor heterogeneity and the complexity of the tumor microenvironment (TME), which collectively influence the biological behavior of tumors and response to treatments (2). Dysregulation of the cell cycle process is one of the fundamental mechanisms underlying tumorigenesis, making pathways closely associated with nucleotide metabolism viable targets for cancer therapy. Increasing evidence suggests that abnormalities in nucleotide metabolism coexist with other hallmarks of cancer, including metabolic reprogramming and immune evasion (3). Therefore, targeted therapy against key genes in nucleotide metabolism can not only inhibit the proliferation and progression of cancer cells but also reverse the aberrant metabolic state and restore immune surveillance. The rapid advancement of bioinformatics has provided new perspectives and tools for cancer research. Analyzing data from large-scale biomedical databases, researchers can unveil new characteristics of tumor biology, including alterations in tumor metabolism, the status of the immune microenvironment, and their correlations with patient prognosis (4).

This study utilizes LUAD samples from The Cancer Genome Atlas (TCGA) database, employing Non-negative Matrix Factorization (NMF) clustering, Weighted Correlation Network Analysis (WGCNA), and machine learning methods to explore the role of nucleotide metabolism in LUAD. It assesses its association with patient clinical features and the immune microenvironment. Through the analysis of single-cell sequencing data, this study further reveals the distribution of nucleotide metabolism feature genes across different cell subpopulations and their potential connections with immune regulation and the modulation of the tumor microenvironment. By integrating a variety of bioinformatics tools and algorithms, we aim to uncover the potential significance and prognostic value of nucleotide metabolism in the development of LUAD and explore its viability as a potential therapeutic target.




2 Materials and methods



2.1 Data acquisition

We obtained transcriptomic data in Transcripts Per Kilobase per Million mapped reads (TPM) format and corresponding clinical information for 539 lung adenocarcinoma samples and 59 normal samples from The Cancer Genome Atlas (TCGA) (access link: https://portal.gdc.cancer.gov/). We selected samples with a final diagnosis of lung adenocarcinoma and complete prognostic information (patients with a survival time not equal to 0 and a clearly defined survival status at the end of follow-up). Consequently, a total of 503 tumor samples were included in the subsequent analysis.

Clinical data and somatic mutation data for each patient were also downloaded (access link: https://portal.gdc.cancer.gov/). The Tumor Immune Dysfunction and Exclusion (TIDE) scores for this cohort were obtained from the TIDE website (access link: http://tide.dfci.harvard.edu/), and the Immune Phenotype Scores (IPS) were sourced from The Cancer Immunome Atlas (TCIA) database (access link: https://tcia.at/home) (5–7). We collected 28 gene sets related to nucleotide metabolism from the Molecular Signatures Database (MSigDB) on the GSEA website (access link: https://www.gsea-msigdb.org/gsea/msigdb/index.jsp) (8, 9). The single-cell sequencing dataset GSE207422, based on the GPL24676 platform (Illumina NovaSeq 6000, Homo sapiens), includes 15 non-small cell lung cancer samples pre- and post-immunotherapy combined with chemotherapy, and was sourced from the Gene Expression Omnibus (GEO) database (10).




2.2 NMF clustering for nucleotide metabolism subtypes

Expression profiles for 1070 genes associated with nucleotide metabolism were analyzed using non-negative matrix factorization (NMF) clustering. The NMF technique, alongside the ‘brunet’ method, was applied to categorize the samples. The cluster number (K) was varied from 2 to 10 to determine the best fit, ascertained through metrics such as cophenetic correlation, dispersion, and silhouette scores.




2.3 Weighted correlation network analysis

The ‘WGCNA’ R package was employed to analyze protein-coding genes in 503 LUAD samples (11). During this process, an appropriate power exponent was selected to convert the adjacency matrix (AM) into a topological overlap matrix. The cut height was set at 100,000, and the R2 at 0.9. A gene consensus module correlation matrix with phenotypes was established, selecting nucleotide metabolism subtypes, survival time, survival status, and tumor stage as associated phenotypes. Subsequently, modules significantly related to the phenotype were identified, and nucleotide metabolism genes were intersected with genes contained in selected modules for further analysis.




2.4 Machine learning for selecting nucleotide metabolism feature genes

Four machine learning algorithms (KNN, LogitBoost, RF, SVM), based on the R packages ‘caret’, ‘randomForest’, and ‘xgboost’, were used to further select feature genes predictive of nucleotide metabolism subtypes (12). Importance feature was employed for gene importance ranking.




2.5 PCA and PCA composite score

Based on the screened nucleotide feature gene expression, PCA dimension reduction was performed on LUAD samples using the ‘psych’ R package, and a principal component score matrix was calculated. Samples were grouped based on their principal component composite score NMRS, using the median.




2.6 Immune cell scoring and somatic mutations

Various immune scoring algorithms, based on the R packages ‘CIBERSORT’ and ‘immunedeconv’, were employed to calculate the relative abundance of various types of immune cells in each sample (13, 14). The ESTIMATE algorithm was used to assess tumor microenvironment scores (15). The TIDE algorithm evaluated the immune escape index of each sample, while the IPS algorithm estimated the IPS score of each sample and the potential immune response to PD-L1 and CTLA-4 immune checkpoint inhibitors.




2.7 Single-cell analysis

The 10x single-cell dataset GSE207422 was processed using the R package ‘Seurat’ (16). Cell filtering criteria included: gene count per cell greater than 500, mitochondrial gene percentage less than 20%, ribosomal gene percentage less than 50%, and housekeeping gene UMI value greater than or equal to 1. After data normalization, functions from Canonical Correlation Analyses (CCA) - ‘SelectIntegrationFeatures’, ‘FindIntegrationAnchors’, and ‘IntegrateData’ - were used for data integration, followed by centering. Clustering analysis was conducted using the ‘FindClusters’ function in Seurat, with R package ‘umap’ for dimensionality reduction. Cell types were annotated using a combination of automated annotation and manual labeling, with marker genes identified for each cell cluster as follows: B cell (‘CD79A’, ‘CD19’, ‘MS4A1’, ‘IGHM’), Epithelium (‘EPCAM’, ‘KRT19’, ‘KRT8’, ‘KRT7’), Stromal cell (‘COL1A2’, ‘DCN’, ‘COL6A2’, ‘VWF’), Mast cell (‘CPA3’, ‘MS4A2’, ‘KIT’), Myeloid cell (‘LYZ’, ‘MARCO’, ‘C1QB’), Neutrophil (‘FCGR3B’, ‘CXCR2’, ‘S100A8’, ‘S100A9’), NK cell (‘KLRD1’, ‘KLRF1’, ‘CD8A’), pDC (‘CLEC4C’, ‘LILRA4’, ‘IL3RA’), Plasma cell (‘IGHG1’, ‘JCHAIN’, ‘MZB1’), T cell (‘CD3E’, ‘TRBC2’, ‘TRAC’, ‘CD2’). The enrichment scores for nucleotide metabolism feature genes in different cell subpopulations were calculated using the R package ‘AUCell’ (17).




2.8 Gene set enrichment analysis

Gene Set Enrichment Analysis (GSEA) was conducted using the R package ‘clusterProfiler’ (18). The ‘org.Hs.eg.db’ package was used for gene ID conversion. The parameter ‘pvalueCutoff’ was set to 0.1, and ‘pAdjustMethod’ to “BH”. Functions or pathways with an adjusted p-value less than 0.05 were considered to have significant enrichment.




2.9 Cell culture

The LUAD cell lines, A549 (Cat No. SNL-257, Sunncell), H1975 (Cat No. SNL-087, Sunncell) and LLC (Cat No. SNL-119, Sunncell), have undergone rigorous authentication procedures, including short tandem repeat (STR) analysis, to ensure their authenticity and reliability. The cell lines were cultured in RPMI-1640 or DMEM medium (Gibco, USA), and enhanced with 10% fetal bovine serum (FBS) (Cat No. AC03L055, Shanghai Lifei Lab Biotech, China). Additionally, the cultures were supplemented with 1% antibiotics. The incubation process occurred at a constant temperature of 37 °C in a controlled environment of 5% CO2.




2.10 Western blotting

As previously reported, cells were lysed in RIPA on ice for 30 min, and then the lysate supernatant was collected by centrifugation and used to determine protein concentration using the BCA assay. The protein sample obtained shall undergo electrophoresis on a 10% SDS-PAGE gel for analysis. Subsequently, the target protein on the SDS-PAGE gel was transferred onto a 0.45 μm PVDF membrane using a blotting experiment. The overnight incubation procedure entailed the utilization of primary antibodies specific to AUNIP (Cat No. bs-15019R, Bioss, dilution 1: 1000), GAPDH (Cat No. 10494–1-AP, Proteintech, dilution 1: 10000), and β-actin (Cat No. 20536–1-AP, Proteintech, dilution 1: 5000). Subsequently, incubation of secondary antibodies was performed, followed by exposure in a darkroom utilizing ECL. The ensuing images were then analyzed for grayscale intensity via Image J software.




2.11 RT-qPCR

The extraction of total RNA from cells was carried out utilizing the TRIzol reagent (Cat No. AG21102, Accurate Biotechnology, Hunan, China). RT-qPCR was conducted through the utilization of a reverse transcription kit (Cat No. AG11728, Accurate Biotechnology, Hunan, China). Subsequently, PCR was executed employing a PCR kit (Cat No. AG11701, Accurate Biotechnology, Hunan, China) for the purpose of amplifying the cDNA generated during the reverse transcription process. All values were normalized relative to their respective β-actin values, and the quantification of fold change was performed using the 2-ΔΔCt method.

The sequence of primers for RT-qPCR as follows:

h-AUNIP forward: 5′-GCGGAAAGTGCAGACACATTT-3′;

h-AUNIP reverse: 5′-TCTCTGGTGAATGCCTGTAGAT-3′.

h-β-actin forward: 5′-AAAGACCTGTACGCCAACAC-3′;

h-β-actin reverse: 5′-GTCATACTCCTGCTTGCTGAT-3′.




2.12 Immunohistochemistry

Following the embedding of the LUAD tissue paraffin blocks, each with a thickness approximating 1 mm, the tissue sections were meticulously adhered to the slides. Subsequently, the tissues underwent the processes of deparaffinization and dehydration. After epitope retrieval, H2O2 treatment, and blocking of non-specific antigens, the LUAD tissues were incubated overnight at a temperature of 4 °C with monoclonal rabbit anti-human AUNIP (Cat No. bs-15019R, Bioss, dilution 1: 200). This was followed by incubation with a secondary antibody, and signal detection was accomplished utilizing a DAB staining kit sourced from Vector Laboratories in the United States. The Histochemistry Score (H-Score = ∑ (PI × I), calculated as the sum of (percentage of cells with weak staining intensity multiplied by 1), (percentage of cells with moderate staining intensity multiplied by 2), and (percentage of cells with strong staining intensity multiplied by 3)) was determined using the Quant Center Analysis tool. The staining intensity was objectively assessed through blind scoring.




2.13 Cell counting Kit−8 assay

The LUAD cells inoculated into 96 - well plates with ~1 × 104 cells/well and cultured at 37°C with 5% CO2. The experiment will be divided into multiple treatment groups, repeated ≥ 3 times. During culture, 10 μL of CCK-8 reagent (Cat No. C0037, Beyotime, China) will be added to each well and incubated for 1 h. Absorbance values will be measured at 450 nm using a spectrophotometer to calculate proliferation under different interventions. Monitoring will last for 5 days.




2.14 Transwell and colony formation assay

After the intervention, cells were divided into treatment groups. Cells diluted with serum-free medium were added to the upper chamber of a 24 - well Transwell plate (2 × 104 cells per well), while the lower chamber received 500 μL of 8% fetal bovine serum medium. The cells were cultured in a 37°C, 5% CO2 incubator for 24 h. On the second day, the cells were washed with PBS, fixed with methanol, stained with 0.1% crystal violet, and washed again with PBS. Finally, the microscopy-based cell counting was conducted.

Cells were seeded onto 6-well plates at approximately 1000 cells per well and incubated in a cell culture incubator. The cell culture medium was replaced every 2 days. In 14 days, wash the cells in a 6 - well plate once with PBS. Soak the cells in paraformaldehyde fixative for 30 min. Then stain the cells with crystal violet for 20 min. After washing twice with distilled water, let them dry and take photos.




2.15 Subcutaneous tumor formation in mice

Six-week-old male C57BL/6j mice were purchased from Hunan SJA Laboratory Animal Co., Ltd. (Hunan, China). LLC cells (stably transfected with shControl/shAUNIP 1#) in 100 μL PBS were injected subcutaneously into the right back of each mouse (5 × 106 cells per mouse). The length (L) and width (W) of the transplanted tumors were measured every 3 days, and the subcutaneous tumor volumes were determined by the formula of volume = L × W2/2. Mice were euthanized after 15 days, and the transplanted tumors were weighed and then subjected to immunofluorescence.




2.16 Statistical analysis

All tasks pertaining to data processing, statistical analysis, and visualization were executed utilizing R software, specifically version 4.2.0. The Kaplan-Meier method, alongside the log-rank test, were utilized to estimate and compare subtype-specific overall survival rates. Depending on the distribution of the data, either the analysis of variance (ANOVA) was employed to assess differences in continuous variables across groups. Categorical variables were analyzed using either the chi-square test or Fisher’s exact test. Additionally, Spearman’s correlation analysis was conducted to determine correlations among variables. All p-values were computed using a two-tailed approach, with a statistical significance threshold set at p < 0.05.





3 Results



3.1 Nucleotide metabolism subtypes and prognosis in lung adenocarcinoma

We collected gene sets related to nucleotide metabolism from the GSEA database, comprising 1070 genes closely associated with the synthesis, degradation, and transport processes of nucleotides. To further explore the potential pivotal roles of nucleotide metabolism genes in cancer, we employed univariate Cox analysis to select 297 genes significantly correlated with the overall survival (OS) and survival status of 503 patients with LUAD from TCGA. NMF clustering analysis indicated that these 297 genes could distinctly classify all LUAD patients into two different gene expression patterns (Figures 1A–D). Kaplan-Meier survival curves showed significant differences in both overall survival (OS) and progression-free survival (PFS) between the two cluster (Figures 1E, F).




Figure 1 | Nucleotide metabolism subtypes and prognosis in LUAD. (A–C) Cophenetic distributions, residual sum of squares (RSS), and dispersion indices for ranks 2–10. (D) Consensus map from non-negative matrix factorization clustering (K = 2). (E) Overall Kaplan-Meier survival curves for both subtypes. (F) Progression-free Kaplan-Meier survival curves for both subtypes.






3.2 Crosstalk between nucleotide metabolism subtypes and key metabolic pathways

To investigate the association between nucleotide gene expression patterns and genes related to carbohydrate, lipid, and amino acid metabolism, we gathered gene sets related to these three major metabolic processes from the GSEA database. Significant metabolic differences were observed between the two nucleotide metabolism subtypes; genes associated with glucose transport and gluconeogenesis, such as LDHA and LDHB, as well as most genes involved in amino acid synthesis metabolism, such as GOT1 and GOT2, were significantly upregulated in subtype C1 (Figures 2A, B) (19, 20). Conversely, a considerable proportion of lipid metabolism genes such as ALDH gene family, were upregulated in subtype C2, indicating a strong correlation between the three major metabolic processes and nucleotide gene expression patterns, while also suggesting potential crosstalk within the complex regulatory networks of metabolic-related genes (Figure 2C) (21). GSEA enrichment analysis showed that pathways such as immune function, drug metabolism and cell adhesion were generally downregulated in subtype C1 (Figure 2D). While numerous nucleotide metabolism pathways including cell cycle, DNA replication, alternative splicing, chromosomal homologous recombination, base mismatch, and nucleotide excision repair were significantly upregulated in C1 (Figure 2E). This result, linked with the poorer prognosis of the C1 subtype, further supports the notion that active cell cycle and DNA replication pathways, as well as enhanced glycolysis and amino acid synthesis metabolism, tend to indicate a worse tumor phenotype prognosis.




Figure 2 | Crosstalk between nucleotide metabolism subtypes and key metabolic pathways. (A) Differences in glycolysis-related genes between subtypes. (B) Differences in amino acid metabolism-related genes between subtypes. (C) Differences in lipid metabolism-related genes between subtypes. (D) Gene set enrichment analysis (GSEA) reveals pathways downregulated in subtype C1 relative to C2. (E) GSEA reveals pathways upregulated in subtype C1 relative to C2.






3.3 Identifying characteristic genes of nucleotide metabolism subtypes using WGCNA and machine learning

Using the WGCNA method, we established a scale-free topological network matrix of the transcriptomes of 503 LUAD samples, clustering 19,962 mRNAs according to their expression patterns into different gene consensus modules, and finally establishing a correlation matrix between gene consensus modules and clinical information (Figures 3A–E). We identified the ‘Blue module’, which was most strongly associated with the clinical staging, survival time, survival status, and nucleotide metabolism subtype of tumor patients, containing 2337 genes. After intersecting with the 297 prognostically relevant nucleotide metabolism genes, we obtained 163 genes. Subsequently, combining KNN, LogitBoost, RF, SVM - four machine learning algorithms, we further selected important feature genes representing the nucleotide metabolism gene expression pattern (Figures 3F–I). After merging the top 10 important genes selected by each algorithm and removing duplicates, we obtained 28 feature genes that could predict the metabolic subtype. Figure 3H demonstrates that the feature genes selected by each algorithm could distinctly differentiate between the two nucleotide metabolism expression patterns. Following PCA dimension reduction and comprehensive scoring, we calculated the PCA score for each sample based on the expression levels of the 28 genes, termed the nucleotide metabolism-related score (NMRS). The samples were divided into two groups based on the median NMRS, and Figure 3J shows that the two groups exhibit strong dissimilarity.




Figure 3 | Identifying characteristic genes of nucleotide metabolism subtypes. (A) Correlation matrix of WGCNA co-expression modules with various metrics. (B) Node frequency in a scale-free network. (C) Negative correlation between log(k) and the logarithm of probability [log(p(k))], conforming to the scale-free network topology. (D) Correlation between the soft threshold and R^2. (E) Mean connectivity under different soft threshold values. (F) Top 10 feature genes identified by each machine learning algorithm. (G) Reverse cumulative distribution of residuals for four machine learning algorithms. (H) The prediction accuracy of nucleotide metabolism subtypes using features identified by different algorithms. (I) Root mean square of residuals for different algorithms. (J) PCA of lung adenocarcinoma samples based on nucleotide metabolism characteristic genes.






3.4 Associations between NMRS scores, clinical features, and oncogenic pathways in lung adenocarcinoma

Panel A shows that C1 samples are concentrated in the high NMRS group, while C2 samples are predominantly in the low NMRS group (Figure 4A). The 28 genes can be broadly categorized into oncogenes and tumor suppressor genes based on previous literature, with oncogenes such as ABCC2 and PFKP upregulated in the C1 subtype, and tumor suppressor genes like BTG2 downregulated in C1 (Figure 4B). The function of some genes in lung cancer remains unclear, with AUNIP, notable for its significant p-value, warranting further validation in LUAD cell lines. Subsequently, using the R package ‘decoupleR’, we calculated the scores of classical cancer pathways for each sample (Figures 4C, K). The high NMRS group exhibited upregulation of oncogenic pathways such as EGFR, VEGFR, MAPK, PI3K, in contrast to the significant suppression of tumor-suppressor pathways like p53, Androgen, and Trail. This aligns with our earlier results linking nucleotide metabolism subtype C1 to a worse cancer phenotype prognosis. Moreover, we observed that patients with a high NMRS score tend to present with later tumor stages, and the NMRS score is significantly correlated with T, M, N stages, and gender (Figure 4D). Significant differences in overall survival (OS) and progression-free survival (PFS) were observed between patients in the high and low NMRS groups (Figures 4E, F). We then examined the relationship between the nucleotide metabolism score and genes related to tumor apoptosis and the cell cycle. Interestingly, the NMRS showed a negative correlation with most apoptosis-related genes and a positive correlation with most cell cycle-related genes, indicating that tumors with a higher NMRS score are more inclined to resist apoptosis and engage in more active cell cycle replication processes (Figures 4G, H). Compared to LUAD patients with high mutation frequency in TP53 and TTN genes, these nucleotide feature genes generally had a lower overall mutation frequency in the genome and were observed to have a higher mutation frequency in the high NMRS group (Figures 4I, J).




Figure 4 | Associations between NMRS scores, clinical features, and oncogenic pathways in LUAD. (A) Distribution of NMRS groups among nucleotide metabolism subtypes and survival samples. (B) Differential genes between nucleotide metabolism subtypes. (C) Activity differences in classic cancer-related pathways between nucleotide metabolism subtypes. (D) Relationships between NMRS and various clinical characteristics and gene expression levels. (E) Overall Kaplan-Meier survival curves for high and low NMRS groups. (F) Progression-free Kaplan-Meier survival curves for high and low NMRS groups. (G) Correlation of NMRS with apoptosis-related genes. (H) Correlation of NMRS with cell proliferation-related genes. (I) Frequency of characteristic gene mutations among different nucleotide metabolism subtypes in lung adenocarcinoma patients. (J) Distribution of the top 10 genes with the highest mutation frequencies across different subtypes. (K) Correlation of NMRS with enrichment scores of different classic tumor pathways.






3.5 NMRS as a potential predictor of microenvironment and immunotherapy response

We further explored the differences in the tumor microenvironment between NMRS groups. First, using the CIBERSORT algorithm for deconvolution, we obtained the relative abundance of 22 types of immune cells. We observed a high degree of consistency between nucleotide metabolism subtypes and NMRS grouping in the tumor microenvironment. Immune cells such as CD8+ T cells, activated memory CD4+ T cells, and Macrophages M0/M1 were significantly upregulated in the C2 type and low NMRS group, while Macrophages M2, Dendritic cells, etc., were significantly upregulated in the C1 type and high NMRS group, indicating that patients with C2 type and low NMRS group tend to have a more active tumor microenvironment (Figures 5A, B). Seven tumor microenvironment and immune cell calculation methods further supported this conclusion, with NMRS scores showing a significant negative correlation with the majority of immune cell contents calculated by various software systems, while showing a high positive correlation with suppressive immune cells, epithelial cells, and tumor purity (Figure 5C). The ESTIMATE algorithm indicated that patients in the low NMRS group have higher overall levels of immune cells, suggesting that LUAD patients with a low NMRS score may have a better immune therapy response (Figure 5D). The TIDE algorithm showed that patients in the high NMRS group have higher TIDE scores, indicating a higher possibility of immune escape and poorer immune therapy response in this group (Figure 5E). Correspondingly, TIDE predictions indicate a lower NMRS score in populations with an immune response, with a higher proportion of patients in the low NMRS group responding to the immune response (Figures 5F, G). The IPS score supports this result, with the IPS scoring system predicting that patients with a low NMRS score have higher IPS scores when using PD-L1 and CTLA-4 immune checkpoint inhibitors, implying a stronger potential therapeutic effect (Figure 5H).




Figure 5 | NMRS as a scoring criterion for the immune microenvironment. (A, B) Differences in infiltration levels of 22 immune cell types between nucleotide metabolism subtypes and between NMRS groups. (C) Correlation of NMRS with various immune cells as revealed by seven different algorithms. (D) Differences in tumor microenvironment scores between different NMRS groups as revealed by the ESTIMATE algorithm. (E) Differences in NMRS scores between populations responding and not responding to immunotherapy as predicted by the TIDE algorithm. (F) Differences in TIDE scores between different NMRS groups. (G) Distribution of immunotherapy beneficiaries among different NMRS groups. (H) Differences in IPS scores predicting effectiveness of PD-L1 or CTLA-4 inhibitor treatments between different NMRS groups.






3.6 Single-cell analysis of NMRS in LUAD pre- and post-immunochemotherapy

We explored the distribution of NMRS marker genes in GSE207422. This dataset aims to explore changes in the tumor microenvironment (TME) of non-small cell lung cancer (NSCLC) following targeted PD-1 immunotherapy combined with chemotherapy. Single-cell sequencing was performed on samples from 3 patients before treatment and 12 patients after receiving the combined therapy. Based on pathological response, the 12 post-treatment samples were divided into two groups: the major pathologic response (MPR) group (n = 4) and the non-major pathologic response (NMPR) group (n = 8). After excluding non-qualifying cells, a total of 92,003 cells were included in the subsequent analysis. Based on the marker genes of various cell types, we annotated the cells into nine distinct categories (Figures 6A–D). Compared to the treatment-naive (TN) group, the MPR and NMPR groups exhibited an increase in T/NK cells and B cells, while tumor epithelial cells decreased (Figure 6I). Using the ‘AUCell’ algorithm, we observed that there was no significant change in the distribution trend of NMRS characteristic genes across the TN, NMPR, and MPR groups. These genes predominantly localized within the epithelium, T/NK cells, and neutrophils both before and after treatment (Figures 6E–H, L). Interestingly, the relative abundance of NMRS in these three cell types significantly decreased in the MPR group (Figure 6J). Additionally, we found that the expression levels of NMRS characteristic genes were generally lower in the MPR group compared to the TN group, whereas the NMPR group showed a relatively higher abundance of these genes (Figure 6K).




Figure 6 | Single-cell analysis of NMRS in LUAD pre- and post-immunochemotherapy. (A–D) Single-cell analysis revealed the differences in cell subpopulations across all patients (A), the MPR group (B), the NMPR group (C), and the TN group (D). (E–H) The ‘AUCell’ algorithm revealed the differences in cell distribution of NMRS signature genes across different groups. (I) Differences in the abundance of cell types across different groups. (J) The differences in the abundance of NMRS signature genes among epithelial cells, T/NK cells, and neutrophils across different groups. (K) The transcriptional level differences of 28 NMRS signature genes. (L) The differences in the abundance of NMRS signature genes across different cell subpopulations in all patients. (M) Enriched pathways in cells with high versus low AUC scores. (N) Functional differences between cells with high and low AUC scores. (O) GSEA reveals significantly altered pathways in cells with high AUC scores compared to those with low scores.



Based on the GSEA algorithm, cells with high AUC scores in the total malignant epithelial cell subgroup significantly upregulated functions such as DNA replication, chromosomal reconstruction, and cell nuclear division, while immune-related functions were significantly downregulated (Figure 6N). Pathway analysis indicated that various key nucleotide metabolism pathways, such as cell cycle, alternative splicing, DNA replication, were significantly upregulated in cells with high AUC scores, while pathways like ‘Intestinal immune network for IgA production’ and ‘RIBOSOME’ were significantly downregulated (Figures 6M, O).




3.7 AUNIP promotes LUAD cell proliferation and modulates immune infiltration

After intersecting the top 10 genes predicted by four machine learning methods for subtype identification, only AUNIP and CYP4B1 remained. This indicates that AUNIP may be one of the most universally predictive genes. Additionally, the strong positive correlation between AUNIP expression levels and NMRS, along with its positive correlation with most NMRS characteristic genes, suggests AUNIP may not only serve as a classification marker for NMRS subtypes but also reveal its potential pro-oncogenic role in lung adenocarcinoma (Supplementary Figures 2A, I). Therefore, we have chosen to validate the biological function of AUNIP in lung adenocarcinoma. To investigate the expression level of AUNIP in LUAD tumors. The results of the Western blotting experiment demonstrated that the expression level of AUNIP is higher in LUAD cell lines compared to the normal alveolar epithelial cell line BEAS-2B (Figures 7A, B). Later, we discovered that the expression of AUNIP in LUAD tumor tissue was higher than in the adjacent non-cancerous tissue (Figures 7C, D). This finding was further validated through immunohistochemical staining (Figures 7E, F). Additionally, we knocked down the level of AUNIP in LUAD cells by transfecting shAUNIP (Figures 7G, H). Interestingly, we observed that knocking down AUNIP in LUAD cells significantly reduced their clonogenic and proliferative capabilities (Figures 7I–K). Furthermore, the TRANSWELL results demonstrate that silencing AUNIP can reduce the migratory capacity of LUAD cells (Figures 7L, M).




Figure 7 | AUNIP As an oncogene promoting the progression of LUAD. (A, B) The lung normal or LUAD cell lines were harvested for Western blot analysis. Data presents as mean ± SD with three replicates. *p < 0.05; ***p < 0.001; ****p < 0.0001. (C, D) The protein expression levels of AUNIP in the adjacent non-tumor lung tissues and LUAD tissues were analyzed by the western blot. The protein levels of AUNIP were quantified by the image J software. p value as indicated. (E, F) The IHC staining was performed in the LUAD and normal lung tissues by using the AUNIP antibody. p value as indicated. (G–M) A549 and H1975 cells were infected with shControl, shAUNIP #1, or shAUNIP #2 for 72 h. Cells were collected for Western blot analysis (G), RT-qPCR analysis (H), colony formation assay (I, J), CCK-8 assay (K), Transwell assay (L, M). Data presents as mean ± SD with three replicates. **p < 0.01; ***p < 0.001. (N-R) LLC cells were transfected with the described shRNAs for 72 h. Cells were collected and injected subcutaneously into the C57 mice. The tumors were removed (N) and measured for mass (O), growth curve (P), and immunofluorescence (Q, R). Data presents as mean ± SD with five or three replicates. **p < 0.01; ***p < 0.001.



In our research, based on the ‘ESTIMATE’ and deconvolution algorithms, AUNIP shows a significant positive correlation with tumor purity scores, and a negative correlation with immune scores, B cells, CD8+ T cells, and CD4+ T cells in the lung adenocarcinoma cohort from the TCGA database (Supplementary Figures 2C–H). Ma et al. also demonstrated that the expression of AUNIP is associated with immune infiltration in hepatocellular carcinoma (HCC) and LUAD (22). Next, we performed subcutaneous tumorigenicity experiments by LLC cells in C57 mice, and the results showed that knocking down AUNIP inhibited cell proliferation in vivo (Figures 7N–P). In addition, we found that knockdown of AUNIP increased the degree of infiltration of CD3+ CD4+ T cells and CD3+ CD8+ T cells in tumors (Figures 7Q, R). Thus, our experimental results suggest that AUNIP acts as an oncogene to promote the proliferation and migration of LUAD cells and correlates with the immune infiltration of T cells in LUAD.





4 Discussion

Lung cancer has become a major challenge in the field of global public health, causing a heavy burden on the global economy every year (23). Although there has been some progress in the treatment of lung cancer, the therapeutic effect still fails to meet expectations, seriously violating the rights and interests of patients’ lives and health (24). In order to more effectively evaluate the prognosis of lung cancer patients, it is particularly important to develop reliable predictive tools. Nucleotide metabolism, as a basic metabolic process closely related to tumor growth, plays a key role in cancer progression (25). Studies have shown that nucleotide metabolism has the potential to become a new indicator for evaluating the prognosis of lung cancer patients, and is expected to provide more scientific and accurate basis for clinical decision-making (26).

In this study, we conducted a Cox analysis by employing the coxph function in R, along with NMF algorithm based on nucleotide metabolism-related genes. Using this approach, we successfully identified two distinct clusters of LUAD. Furthermore, we characterized the gene expression profiles within each cluster.

The poor prognosis associated with tumor phenotypes is often closely related to the abnormally active cell cycle, overactive DNA replication pathways, as well as enhanced glycolysis and amino acid synthesis metabolism (27–29). These biological processes play crucial roles in the development and progression of tumors, which not only promote rapid proliferation and metastasis of tumor cells but also increase the challenges of treatment and the risk of poor prognosis (30). Interestingly, we discovered that the upregulated genes in subtype C1 are primarily associated with glucose transport, gluconeogenesis, and amino acid anabolic metabolism, key metabolic processes. On the other hand, subtype C2 has a focus on lipid metabolism. These findings unveil a strong correlation between nucleotide gene expression patterns and the three metabolic processes mentioned. Furthermore, upon performing GSEA enrichment analysis, we observed a significant upregulation of various nucleotide metabolism pathways in C1 compared to C2. These pathways encompass cell cycle, DNA replication, alternative splicing, homologous recombination, base mismatch repair, and nucleotide excision repair, among others. Additionally, we identified a general downregulation trend in genes associated with drug metabolism and cell adhesion pathways in the C1 subtype.

Next, we employed WGCNA to establish co-expression classification and identified genes significantly associated with clustering. Ultimately, we identified the “blue module”, a gene consensus module that is most correlated with clinical staging, survival time, survival status, and nucleotide metabolism subtypes in tumor patients. Moreover, by integrating four machine learning algorithms: KNN, LogitBoost, RF, and SVM, we identified 28 characteristic genes capable of predicting metabolic subtypes. Upon further analysis using PCA dimensionality reduction and a comprehensive scoring system, our findings revealed that C1 samples were primarily concentrated in the high NMRS group, whereas C2 samples were predominantly grouped in the low NMRS group.

Multiple studies have demonstrated that ABCC2 and PFKP play a carcinogenic role in the development of lung cancer. Additionally, patients with LUAD who have lower expression of the BTG2 gene in their tumor tissue tend to have a poorer prognosis (31–33). Consistent with these findings, our analysis revealed that in C1 samples, the expression levels of ABCC2 and PFKP were upregulated, while tumor suppressor genes such as BTG2 were downregulated. Subsequently, the R package ‘decoupleR’ was utilized to calculate the canonical cancer pathways for each sample. The results demonstrated that oncogenic pathways such as EGFR, VEGFR, MAPK, and PI3K were upregulated in the high NMRS group, whereas tumor suppressor pathways including p53, Androgen, and Trail exhibited significant suppression (34). Moving forward, we conducted a deeper analysis to explore the correlation between NMRS scores and T, M, N staging, as well as gender. Interestingly, we also observed that patients with higher NMRS scores tended to exhibit later tumor staging. Additionally, patients in the high NMRS group exhibited shorter overall survival (OS) and progression-free survival (PFS). Furthermore, our analysis indicates that tumors in the high NMRS group exhibit a more active cell cycle and possess stronger anti-apoptotic capabilities. These analytical results further corroborate the association between C1 nucleotide metabolism subtypes and the poor prognosis of LUAD cancer phenotypes.

The tumor microenvironment serves as one of the key driving factors for various malignant tumors (35). Previous studies have established a correlation between CD8A and the existence of CD8+ T cells, which exhibit anti-tumor activities, thereby suggesting more favorable immunotherapy outcomes (36). Conversely, PD-L1, an immune checkpoint protein, is associated with tumor cells evading immune responses, potentially resulting in poorer prognoses for patients (37). Therefore, we analyzed the relative abundance of 22 immune cell types using the CIBERSORT algorithm. The analysis reveals a strong correlation between nucleotide metabolism subtypes and NMRS groupings with the tumor microenvironment, where patients with subtype C2 and low NMRS scores have a more active tumor microenvironment. Further analysis using seven tumor microenvironment and immune cell calculation methods showed a significant negative correlation between NMRS scores and the majority of immune cell populations, but a strong positive correlation with suppressive immune cells, epithelial cells, and tumor purity. Furthermore, the results of ESTIMATE, TIDE, and IPS scoring suggest that LUAD patients in the high NMRS group have a poorer response to immunotherapy and a higher likelihood of immune evasion. Conversely, LUAD patients in the low NMRS group may be more sensitive to immunotherapy.

The single-cell RNA sequencing (scRNA-seq) is a powerful technique for characterizing the heterogeneity of immune and tumor cells in LUAD (38). The technique enables detailed gene expression analysis at the single-cell level, revealing rare cell populations and intercellular communication within the tumor immune microenvironment (TIME), which may lead to the development of novel therapeutic strategies against LUAD (39). Therefore, a comprehensive analysis was conducted on the distribution patterns of NMRS marker genes within a comprehensive dataset of resectable non-small cell lung cancer patients who underwent a combined immunotherapy and chemotherapy treatment protocol. It is well known that targeted immunotherapy of PD-L1 influence on immune cells within the tumor microenvironment is extremely important (40, 41). Of interest, studies have shown that targeting nucleotide metabolism enhances anti-tumor immune responses (26). Therefore, we selected the single-cell sequencing dataset GSE207422 for analysis to explore the changes in the distribution of NMRS marker genes in NSCLC patients before and after targeted PD-1 immunotherapy combined with chemotherapy. Before and after treatment, there was a significant decrease in malignant epithelial cells and an increase in the proportion of immune cells such as T/NK cells, which is consistent with clinical practice. The distribution characteristics of the major cell types of the nucleotide metabolism signature genes did not show significant changes, mainly malignant epithelial cells, followed by neutrophils and T/NK cells, and this relatively fixed localization implies that the NMRS signature genes may be characterized by both malignant tumor biology and immune-related functions. Interestingly, the transcript levels of most NMRS-characterized genes showed a general down-regulation in the MPR group, while the NMPR group showed insignificant down-regulation or even up-regulation, such as AUNIP and CDCA5. Comparing the TN and NMPR groups, the overall NMRS abundance in the MPR group was significantly decreased in malignant epithelial cells, neutrophils and T/NK cells. Notably, there is a significant upregulation of various nucleotide metabolism pathways, including cell cycle, alternative splicing, and DNA replication, specifically in the high-NMRS group of malignant epithelial cells. Conversely, a downregulation is observed in the IgA production of the intestinal immune network and the ribosome pathway. Thus, these results suggest that patients in the low NMRS group have a higher sensitivity to targeted PD-1 immunotherapy combined with chemotherapy, possibly through direct or indirect targeting of relevant genes characterized predominantly by nucleotide metabolism.

AUNIP (Aurora kinase A and ninein-interacting protein) plays a crucial role in preserving the integrity of the centrosomal structure and promoting spindle assembly (42). The study found a correlation between AUNIP and immune and stromal scores in oral squamous cell carcinoma (OSCC), indicating a potential role in recruiting infiltrating immune and stromal cells in the tumor microenvironment of OSCC (43). Interestingly, Ma et al. found that AUNIP is a potential diagnostic and prognostic biomarker for liver cancer and lung cancer (22). While the precise biological function of AUNIP in LUAD remains enigmatic, our study has identified it as an oncogene that demonstrates elevated expression in high NMRS. Based on the “ESTIMATE” and deconvolution algorithms, our results similarly showed that AUNIP was significantly positively correlated with tumor purity scores, and negatively correlated with immune scores, B-cells, CD8+ T-cells and CD4+ T-cells. In addition, we further showed by in vivo and in vitro experiments that AUNIP acts as an oncogene to promote the proliferation and migration of LUAD cells and is associated with immune infiltration of T cells.

Our research, despite its significance, is not without limitations. Presently, our model still has numerous risk factors yet to incorporate, thereby limiting its widespread practical application. To address this, we are committed to monitoring advancements in prognostic models and actively incorporating additional risk factors to further enhance and refine our model. Furthermore, recognizing that this study primarily relies on retrospective data, we intend to strengthen our focus on prospective research in the future to derive more precise and comprehensive conclusions.




5 Conclusion

Utilizing various databases and analytical techniques, we conducted a thorough investigation to assess the potential significance and prognostic implications of nucleotide metabolism in the progression of LUAD. Furthermore, we explored the feasibility of targeting nucleotide metabolism as a potential therapeutic approach.
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Supplementary Figure 1 | (A–D) Thresholds for NMRS signature gene abundance across different groups set by the ‘AUCell’ algorithm.

Supplementary Figure 2 | (A) Correlation between AUNIP transcription levels and NMRS. (B–E): The ‘ESTIMATE’ algorithm revealed the correlation between AUNIP transcription levels and tumor purity (B), immune score (C), stromal score (D), and the overall ESTIMATE score (E). (F–H) Correlation between AUNIP and the relative abundance of three different immune cell types revealed by deconvolution algorithm. (I) Correlation of AUNIP transcription levels with the other 27 NMRS signature genes.
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Background

β-glucan has been reported to be a potential natural immune modulator for tumor growth inhibition. We aimed to evaluate the efficacy and safety of β-glucan plus immunotherapy and chemotherapy in the first-line treatment of advanced gastric adenocarcinoma.





Methods

This is a phase IB, prospective, single-arm, investigator-initiated trail. Advanced gastric adenocarcinoma patients received β-glucan, camrelizumab, oxaliplatin, oral S-1 every 3 weeks. The curative effect was evaluated every 2 cycles. The primary endpoints were objective response rate (ORR) and safety, with secondary endpoints were median progression-free survival (mPFS) and median overall survival (mOS). The exploratory endpoint explored biomarkers of response to treatment efficacy.





Results

A total of 30 patients had been enrolled, including 20 (66.7%) males and all patients with an ECOG PS score of ≥1. The ORR was 60%, the mPFS was 10.4 months (95% confidence interval [CI], 9.52-11.27), the mOS was 14.0 months (95% CI, 11.09-16.91). A total of 19 patients (63.3%) had TRAEs, with 9 patients (30%) with grade ≥ 3. The most common TRAEs were nausea (53.3%). After 2 cycles of treatment, the levels of IL-2, IFN-γ and CD4+ T cells significantly increased (P < 0.05). Furthermore, biomarker analysis indicated that patient with better response and longer OS exhibited lower GZMA expression at baseline serum.





Conclusions

This preliminary study demonstrates that β-glucan plus camrelizumab and SOX chemotherapy offers favorable efficacy and a manageable safety profile in patients with advanced gastric adenocarcinoma, and further studies are needed to verify its efficacy and safety.





Clinical Trial Registration

Chinese Clinical Trials Registry, identifier ChiCTR2100044088
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1 Introduction

Gastric cancer (GC), including gastroesophageal junction cancer (GEJC), stand as one of the five leading causes of cancer-related deaths worldwide (1). Due to its insidious hidden onset and rapid progression, most patients are diagnosed in the advanced stages, leading to a 5-year survival rate of less than 10% (2). Although the survival rate of patients with advanced GC has improved in recent years, the prognosis remains bleak. Fluorouracil combined with cisplatin or oxaliplatin is the standard first-line chemotherapy for patients with advanced GC (3), but the mOS is still less than 1 year. For the past few years, immune checkpoint inhibitors (ICIs) have shown significant anti-tumor activity in the treatment of various malignant tumors (4, 5), though their efficacy in GC first line treatment remains inconclusive (6–9). For instance, the CheckMate 649 study combined a standardized chemotherapy regimen with immunotherapy (nivolumab), resulting in extended mOS, reduced risk of death, and increased ORR regardless of the level of PD-L1 expression (10, 11). Conversely, the KEYNOTE-062 study found that adding immunotherapy (pembrolizumab) to first-line chemotherapy did not significantly improve PFS or OS compared to chemotherapy alone (8). Therefore, there is an urgent need for more effective therapeutic approaches.

β-glucan, a macromolecular polysaccharide, is a major molecular pattern that stimulates innate and adaptive immune responses (12).As a natural immunomodulator, β-glucan has garnered attention in tumor immunotherapy studies (13–16). Its granular form reduces the inhibitory ability of myeloid-derived suppressor cells through the dectin-1 signaling pathway, activates of dendritic cells (DCs), down-regulates the immunosuppressive effect of regulatory T cells (Tregs), and promotes the proliferation of effector T cells, thereby impeding tumor growth and reducing metastatic ability (17, 18). β-glucan can also inhibit tumor growth by activating the src-Syk-PI3K pathway via iC3b through CR3-dependent cell-mediated cytotoxicity (19). Professor Chavakis’ team confirmed that adoptive transfer of neutrophils from β-glucan-trained mice to naive recipients suppressed tumor growth in the latter in a ROS-dependent manner (20). A recent study found that coupling anti-PD-L1 antibody with β-glucan can induce an earlier immune response, infiltration of DCs, and activation of pre-existing T cells in the tumor microenvironment in mice compared to anti-PD-L1 antibody (21).Additionally, our previous research has indicated that combining β-glucan with ICIs and chemotherapy improves median PFS among patients with advanced cancer exhibiting drug resistance and may even reverse drug resistance (22).

As far as we know, no research has explored β-glucan plus immunotherapy and chemotherapy as a first-line treatment for advanced GC. Hence, we sought to explore whether adding β-glucan to first-line standard chemotherapy plus immunotherapy could produce synergistic effects in patients with advanced GC. We aimed to assess the clinical efficacy and safety of this therapy regimen. Further, we conduct an exploratory cytokines, T-cell subsets and proteomics analysis with the aim of identifying promising biomarkers of treatment response. Here, we show the promising efficacy and manageable safety profile of β-glucan in combination with concurrent immunotherapy and chemotherapy for the first-line treatment of advanced G/GEJ adenocarcinoma.




2 Materials and methods



2.1 Study design

This phase IB, single-arm, investigator-initiated exploratory study was conducted at the Affiliated Changzhou No.2 People’s Hospital of Nanjing Medical University, Jiangsu, China. Experimental subjects were not randomized into groups and experimenters and patients were not blinded because our study was a pilot exploratory study.

This study received approval from the Institutional Review Board at study center and adhered to the principles of Good Clinical Practice and the Declaration of Helsinki, with monitoring by an academic steering committee. Informed written consent was obtained from each subject or independent witness prior to clinical trial enrollment. This study has been registered with the Chinese Clinical Trials Registry (ChiCTR2100044088).




2.2 Patient selection

Patients with advanced gastric or gastroesophageal junction adenocarcinoma were eligible for enrollment between April 2021 and October 2022. The key inclusion criteria were as follows: aged 18 to 85 years; confirmed diagnosis of advanced gastric or gastroesophageal junction adenocarcinoma confirmed by histology or cytology; HER2 negative status; ECOG score ≤2; no previous treatment with chemotherapy; and assessment of ≥ 1 measurable lesion according to Response Evaluation Criteria in Solid Tumors (RECISTv1.1) with sufficient organ function. The main exclusion criteria were as follows: treatment with radiotherapy within 14 days after enrollment; presence of active autoimmune diseases requiring systemic treatment in the past 2 years (excluding hormone replacement therapy); presence of pneumonia or history of noninfectious pneumonia requiring steroids; and presence of active infection requiring systemic treatment.




2.3 Treatment

Eligible patients received the following treatment regimen (1): SOX chemotherapy: intravenous oxaliplatin (day 1; 130 mg/m2; infusion time, 3-5 hours) + oral tegafur (twice daily on days 1-14; body surface area < 1.25 m2: 40 mg; body surface area 1.25-1.5 m2: 50 mg; body surface area > 1.5 m2: 60 mg); (2) ICI treatment: intravenous camrelizumab (day 2; fixed-dose 200 mg; infusion time, 45 min); and (3) oral whole glucan particle (WGP) β-glucan (500 mg; twice daily on days 1-14). All drugs were administered every 3 weeks as a cycle until the occurrence of disease progression, death, or intolerable toxicity occurred.




2.4 Study endpoints and assessments

The primary endpoints were ORR and safety, while secondary endpoints included mPFS and mOS. Imaging examinations were performed every 2 cycles, tumor response was assessed according to RECISTv1.1. CR was defned as complete disappearance of the tumor with no new lesions. PR was defned as≥30% decrease in the longest diameter of the target lesions and no progression in new lesions. SD was defned as<30% decrease or <20% increase in the target lesions and no progression in new lesions. PD was defned as≥20% increase in the longest diameter of the target lesions or the appearance of new lesions. ORR was defined as the sum of CR and PR, disease control rate (DCR) was defined as the sum of CR, PR, and SD. PFS was defined from the time from the first day of use of the regimen initiation to disease progression or death, and OS was defined as the time from the date of from enrollment to the last follow-up confirmation of death. Treatment response was assessed every 6 weeks (± 7 days), and treatment-related adverse events (TRAEs) were monitored and graded using the National Cancer Institute Common Terminology Criteria for Adverse Events (Version 4.0).




2.5 Detection of PD-L1 expression

For patients providing fresh tumor tissue or frozen specimens, the expression of PD-L1 was assessed via immunohistochemistry (PD-L1 IHC 22C3 antibody). The comprehensive positive score (CPS) was used to interpret the expression level of PD-L1. To obtain this score, the number of PD-L1–positive cells was divided by the total number of tumor cells, and this result was multiplied by 100. When this final number was ≥1, PD-L1 expression was defined as positive.




2.6 Biomarker analysis

Blood samples were collected after enrollment and at the first evaluation of treatment efficacy, with 8ml of blood collected each time. From these samples, cytokines were detected using the RAISECARE kit (Reskel Biotechnology Co., Ltd.). This panel allows simultaneous quantification of the detection of 12 key targets: IL-1β, IL-2, IL-4, IL-5, IL-6, IL-8, IL-10, IL-12p70, IL-17, IFN-α, IFN-γ, and TNF-α. The number of CD4+ T cells (CD3+, CD4+, CD8–) and CD8+ T cells (CD3+, CD4–, CD8+) in the peripheral blood was assessed using CD3FITC, CD8aPerCT, and CD4APC antibodies (Beijing Saitaike Biotechnology Co., Ltd.) and flow cytometry.

According to the guidelines provided by the manufacturer, plasma samples were analyzed using Olink Target Immuno-Oncology panel (Olink Proteomics, Sweden), which includes detection of 92 proteins by the Proximity Expansion Assay (PEA). The assay was performed by Jiangsu Simcere Diagnostics Co. Ltd. The procedure included sample addition, hybridization incubation, extension and amplification, and data analysis. The resulting cycling thresholds (Ct) were quality controlled and normalized using three negative controls for calculating the limit of detection (LOD) and three interplate controls (IPC) containing group 92 antibodies. Log2 was used to convert Olink data that had been extracted in Normalized Protein Expression (NPX) units. The expression levels of metabolism-related target proteins in patient serum were examined using Olink-targeted proteomics technology, and the obtained NPX was analyzed between groups.




2.7 Statistical analysis

The measurement data were tested for normality. If the data followed a normal distribution, a paired t test was used for comparisons. If the data did not follow a normal distribution, a Wilcoxon rank-sum test was used for comparisons. When P < 0.05, the difference was considered statistically significant. The Kaplan-Meier survival method was used to analyze PFS and OS. IBM SPSS software (V22.0) and GraphPad Prism (V9.0) were used for analysis and plotting. We did not check for sample sizes using a power analysis because our study does not report statistics on between groups or within group variables.





3 Results



3.1 Patient characteristics

A total of 36 patients with GC or GEJC were initially included in the study. Among them, three patients were ultimately excluded because of protocol issues, and another three patients were lost to follow-up after one or two treatment cycles. Consequently, the final study population consisted of 30 patients, with a median age of 67.5 years. Of these participants, 20 (66.7%) were male. None of the patients with an ECOG performance status score of 0, all had scores of 1 (77.3%) or 2 (26.1%). Most patients (80%) had GC, and nearly half (46.7%) had previously undergone radical surgery. In addition, the majority (93.3%) had metastasis disease, with liver metastasis accounting for 46.7%. PD-L1 expression was positive in 56.7% of patients (Table 1).


Table 1 | Baseline characteristics of patients (n = 30).






3.2 Treatment delivery

All 30 patients received at least 2 cycles of the prescribed treatment regimen, with 20 patients (66.7%) completed at least 6 cycles. At the time of data collection, the median follow-up time was 9.4 months (range, 3.7-18.6 months). The most common cause of treatment discontinuation was disease progression, noted in two patients (8.3%).




3.3 Treatment efficacy

Upon data collection, one patient (3.3%) demonstrated CR, 17 patients (56.7%) demonstrated PR, 10 patients (33.3%) demonstrated SD, and two patients (6.7%) demonstrated PD. The ORR was 18 (60.0%; 95% confidence interval [CI], 41.4%-78.6%), and the DCR was 28 (93.3%; 95% CI, 77.9%-99.2%). In 28 of the study patients (93.3%), the total target lesion diameter at the time of best overall response to treatment was smaller than the lesion diameter at baseline (Figure 1). The mPFS was 10.4 months (95% CI, 9.52-11.27), and the mOS was 14.0 months (95% CI, 11.09-16.91; Figure 2).




Figure 1 | Waterfall plot of the best overall response to treatment in the patients with gastric cancer. Each bar indicates the percentage change from baseline in the sum of the diameters of the target lesion.






Figure 2 | Survival outcome of all patients. Kaplan-Meier survival curves for (A) progression-free survival (PFS) and (B) overall survival (OS).



Two patients discontinued treatment because they met the criteria for surgical resection. One patient had GC with peritoneal lymph node metastasis, after 4 cycles of treatment, the gastric mass and peritoneal lymph node metastasis were both considerably reduced, with the response classified as PR. Subsequently, the patient underwent surgical resection, resulting in a disease stage of ypT1N0M0 (stage IA). The second patient had GC with peritoneal lymph node metastasis, after 4 cycles of treatment, the response to therapy was classified as SD, the primary lesion had reached the standard of surgical resection and radical gastrectomy was performed. The postoperative disease was staged as ypT1N1M0 (IIA). Both patients received maintenance therapy and adjuvant chemotherapy post-surgery, with continued monitoring of their OS.




3.4 Safety profile

During treatment period, 19 (63.3%) patients had ≥ 1 treatment-related adverse event, with 9 patients (30.0%) demonstrating AEs of grade 3 or higher (Table 2). The most common AEs were nausea (53.3%) and decreased appetite (50.0%). The most common AEs of grade 3 or higher were neutropenia (13.3%) and anemia (13.3%). Grade 3 or higher AEs were alleviated with appropriate clinical treatment. Ten patients (33.3%) had AEs specifically related to the use of camrelizumab, namely hemangioma; 1 of these patients underwent hemangioma resection. No patients terminated treatment because of AEs, and no adverse event–related deaths occurred. No AEs related to oral β-glucan were observed.


Table 2 | Treatment-related adverse events during treatment in patients (n= 30).






3.5 Detection of cytokines and T-cell subsets

Of the 30 study patients, 20 had blood samples obtained before enrollment and during the first efficacy evaluation (6 patients refused). Blood samples from 20 patients were analyzed for T-cell subsets (the remaining patients had substandard samples). After 2 cycles of therapy, the number of CD4+ T cells had increased significantly from baseline (P = 0.008; Figure 3A). Although the number of CD8+T cells trended higher after treatment, this difference was not significant (P = 0.964).




Figure 3 | (A) T-cell subset levels assessed before enrollment (pre) and after the first efficacy evaluation (post). ns, not significant. (B) Cytokine levels assessed before enrollment and after the first efficacy evaluation. * represent p ≤ 0.05, ** represent p ≤ 0.01.



Analysis of changes in cytokine levels from the 24 patients with blood samples available demonstrated significant increases in IL-2 (P = 0.0043) and IFN-γ (P = 0.015) levels after treatment (Figure 3B). Although trends were seen for changes in the remaining cytokine levels, these differences were not significant.




3.6 Serum GZMA expression at baseline was associated with patient response and PFS

Baseline and post-treatment blood samples from a total of 13 (17 patients had missing samples) patients were analyzed by Olink Target 96 Inflammation panel, which measures levels of 92 marker proteins in key immune and inflammatory pathways. Of the 13 patients, 1 patient had a CR and 2 patients achieved a PR were considered responders. Nine patients had SD and one patient obtained PD were considered non-responders. Patients with better response to treatment had a longer trend in PFS compared to non-responders (Supplementary Figure 1A, p = 0.101), but there was no statistical trend in OS (Supplementary Figure 1B, p = 0.49).

The comparison of protein levels before and after treatment showed a dynamic change in systemic immune proteomics. As shown in Supplementary Figures 1C, D, ten proteins were differentially expressed post-treatment versus pre-treatment (p<0.05), all differentially expressed proteins were downregulated after treatment (CXCL1, CXCL5, IL7, IL8, MCP-1, MCP-3, MMP12, PDGF subnitB, TNFRSF12A) were significantly lower in serum after treatment compared to prior treatment (p<0.05), except for the PDCD1 protein, it indicated that β-glucan combined with immunochemical therapy induced complex systemic immune response.

We further compared baseline serum protein levels in patients with different treatment responses in an attempt to find markers of therapeutic efficacy. Three proteins were differentially expressed in response and non-response group (p<0.05, Figures 4A, B). All differentially expressed proteins were significantly lower in response group (GZMA, GZMH and CD244) than that of non-response group. In order to identify possible predictors of survival, and the first quartile value of the cohort (n=13) is used as the critical value. As shown in Figure 4C of survival analysis using Kaplan-Meier method, patients with high GZMA expression had a tendency to have poorer OS (log rank test p = 0.001). Combined with clinical pathological factors, we performed univariate and multivariable COX analysis and found that high GZMA expression was associated with worse OS (p = 0.013, HR = 18.363, 95%CI 1.853-181.962, Supplementary Table 1). In summary, low expression of GZMA is a positive biomarker of response and prognosis in patients with advanced gastric cancer receiving first-line β-glucan combined immunochemical therapy.




Figure 4 | Serum immunoproteomics is associated with therapeutic response and prognosis. Volcanic (A) and box plot (B) of changes in baseline serum protein levels in responding and non-responding patients (R: NR= 3:11). (C) Kaplan-Meier curves of OS for patients with high and low baseline GZMA level.







4 Discussion

In this study, we assessed the efficacy and safety of a novel immunomodulator (β-glucan) plus immunotherapy and chemotherapy for patient with advanced GC. Our finding reveal that this treatment regimen yielded an ORR of 60%, an mPFS of 10.4 months, and an mOS of 14.0 months, with an acceptable safety profile. These preliminary results suggest the potential utility of this treatment regimen as a therapeutic option for advanced GC.

Patients demonstrated an ORR of 60% in our study. While this falls slightly below the 66.7% reported in ATTRACTION-4 study of nivolumab plus SOX chemotherapy (23), but 47.6% of the patients in ATTRACTION-4 study had an ECOG score of 0, and the remaining patients had an ECOG score of 1. In contrast, our study enrolled patients with poorer physical status, none of whom had an ECOG score of 0, and a notable proportion (26.7%) had an ECOG score of 2. Patients in the current our study demonstrated an mPFS of 10.4 (95% CI, 9.52-11.27) months, surpassing the mPFS of 7.7 reported in the CheckMate-649 study (24). Another phase III clinical study (the Orient-16 study) demonstrated that patients with a PD-L1 CPS >5 had an mPFS of 7.7 months, compared to only 7.1 months for the entire study population, with an ORR of 58.2% (25). These findings suggest potential advantages of the β-glucan plus immunotherapy plus chemotherapy over these other therapies for advanced GC. OUR previous research has shown that β-glucan combined with ICIs can delay tumor invasion in a mouse model of lung cancer, improve mPFS among patients with advanced cancer in whom drug resistance has developed, and even reverse drug resistance to some extent (22). This may partially explain the increased PFS and ORR we observed in this study. The mOS in the current study was 14.0 months compared to a mOS of 15.2 months in the Orient-16 study. The higher ECOG scores in patient population may have affected this result. Several studies have shown that the presence of liver metastasis alters the efficacy of immunotherapy, with these patients demonstrating a significantly worse prognosis than those without liver metastasis (26–29). Nearly half of patients (46.7%) in this study presented with liver metastasis at baseline, which may be another reason affecting mOS. Lee et al. (30) showed that the liver has a role in promoting long-term tumor antigen-specific immunosuppression, which may be the mechanism for the poorer mOS in patients with liver metastases in this study.

The number of AEs reported in this study was consistent with the number typically seen with first-line therapy in this patient population (31). The types of immune-related AEs in this study were consistent with those reported in the KEYNOTE-062 study (32), and no patients discontinued treatment or died due to AEs. The occurrence of special adverse reactions (hemangiomas) was mainly related to the use of camrelizumab. Grade 1 and 2 AEs responded well to appropriate clinical treatment, suggesting that the combination treatment used in this study is an appropriate option for patients with GC.

In this study, we analyzed cytokine and T-cell subset levels in patients. The number of CD4+ T cells also increased significantly after 2 cycles of treatment, but the change in CD8+ T cell levels was not significant. Berner et al. (33) suggested that oral β-glucan can significantly increase cytotoxic T lymphocytes (CTL) in spleen. A recent study also found that WGP β-glucan can induce up-regulation of CD4+ T cells, down-regulate Treg cells, and improve the immunosuppressive tumor microenvironment (34). IL-2 and IFN-γ levels were found to change significantly with treatment. Previous research has shown that β-glucan can be used to stimulate innate and adaptive immune responses (35, 36).β-glucan can bind to TLT/MR/Dectin-1/CR3 receptors; activate downstream MAPK, NF-κB, and other signaling pathways; activate and promote the proliferation of immune cells such as natural killer cells, DCs, and T cells; and increase the release of IFN-γ, IL-2, TNF-α, granzyme B, and perforin (37). Our results support these previous findings. However, other research has shown that IL-2 has a bidirectional immune regulatory function, that the signal transmission mediated by IL-2/IL-2R (IL-2 receptor) is important for the differentiation and development of Treg cells, and that IL-2 therefore has a negative immune regulatory effect (38). These findings suggest that changes in IL-2 levels and the potential effects of these changes require further analysis.

To further elucidate the predictive indicators for therapy efficacy and prognosis through systemic changes in the immune environment, we conducted serum proteomics testing. We have included clinical factors in COX univariate and multivariate regression model to analyze the effect of GZMA protein expression levels on survival. We found that high GZMA expression (top 25%) was associated with worse OS in Cox multivariate regression (forward: conditional). Therefore, high serum GZMA expression at baseline revealed to be an independent factor for first-line immunotherapy combined with chemotherapy for gastric cancer. However, the exact mechanism has not been clarified. A study found that GZMA expression increased in colon tissue of mice with CRC progression. In a mouse model, deficiency of extracellular GZMA both attenuate gut inflammation and prevent CRC development through cell transformation and epithelial-to-mesenchymal transition. Targeted inhibition of GZMA can improve the prognosis of CRC patients (39). Low expression of GZMA may still be a positive biomarker of response and prognosis in patients for first-line combination therapy with β-glucan in gastric cancer.

This study had several limitations. The results we obtained regarding changes in Serum samples cannot be directly linked to the use of β-glucan, as ICIs and chemotherapy can also alter the tumor immune environment. In addition, this was a single-arm exploratory study with a limited sample size, and no control group for comparative analysis. Comparisons were made for immune indicators obtained from blood samples after enrollment and at the time of the first efficacy evaluation may not capture all instances of immune activation, requiring dynamic analysis using multinode blood sample assays. PD-L1 expression was deficient in some patients in our study. Therefore, when we attempted to analyze the survival of the remaining patients based on negative or positive PD-L1 expression, we were unable to do so using log-rank due to the small number of patients and the fact that approximately half of the patients had not yet reached the PFS node. We intend to continue to follow up until all study patients have reached the PFS node to complete this analysis.




5 Conclusion

These preliminary results suggest that in patients with advanced GC, even those with poor ECOG performance, β-glucan combined with camrelizumab and SOX chemotherapy offers considerable clinical benefits and a manageable safety profile. Additional studies including control groups and larger patient populations are needed to further explore these initial findings.
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Melanoma, recognized as one of the most immunogenic malignancies in humans, holds paramount significance in the realm of immunotherapy. However, the emergence of drug resistance and the occurrence of adverse drug reactions underscore the pressing need to explore increasingly personalized immunotherapeutic modalities. Extracellular Vesicles (EVs), pivotal derivatives of immune cells, assume pivotal roles by encapsulating proteins, lipids, and nucleic acids within bilayer lipid structures, thereby facilitating targeted delivery to other immune cells. This orchestrated process orchestrates critical functions including antigen presentation, immune modulation, and the induction of apoptosis in tumor cells. A burgeoning body of evidence underscores the vast therapeutic potential of EVs in melanoma treatment. This comprehensive review aims to delineate the roles of EVs derived from immune cells such as dendritic cells, natural killer cells, macrophages, and T cells in the context of melanoma patients, thereby furnishing invaluable insights for the future direction of melanoma immunotherapy.
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Introduction

Melanoma arises from genetic defects or mutations in melanocytes originating from the neural crest, resulting in a malignant tumor notorious for its high invasiveness compared to other cutaneous malignancies (1, 2). Presently, melanoma incidence is gradually escalating worldwide, with a propensity towards younger onset (3). It is noteworthy that melanoma exhibits the highest somatic mutation rate among human tumors and features widespread expression of neoantigens, concomitant with extensive infiltration of immune cells, rendering it one of the most immunogenic tumors (4). Immunotherapy has progressively emerged as a primary modality for treating melanoma alongside surgical intervention, chemotherapy, and radiotherapy.

The essence of melanoma immunotherapy lies in initiating or augmenting the host’s passive or active immunity against malignant tumors, encompassing immune checkpoint inhibitors (ICIs), cancer vaccines, and adoptive cell transfer (ACT) (5, 6). However, owing to the heterogeneity of melanoma cells across different hosts and diverse evasion mechanisms, the efficacy of immunotherapy manifests significant interindividual variability (7). A comprehensive understanding of the immune system is imperative. Extracellular vesicles have recently garnered attention as a focal point of research, owing to their stable bilayer lipid structure. Initially characterized as a means of selectively eliminating proteins, lipids, and RNA from cells, EVs have gradually unveiled their pivotal role as carriers of intercellular cargo, regulating normal cell homeostasis, and facilitating pathological development (8). Nearly two decades ago, B cells and lymphocytes were found to modulate immune responses through exosome secretion (9, 10). Research on EVs has since expanded to encompass various immune cell types, and their presence in bodily fluids such as blood, urine, saliva, breast milk, amniotic fluid, and ascites has positioned them as novel biomarkers aiding in the diagnosis and prognostication of diverse diseases (11, 12). Herein, we focus on reviewing the roles of immune cell-derived EVs in mediating interactions among immune cells and the potential clinical applications of these derived EVs.





Generation and sorting of EVs

Based on the mechanisms and sizes of EVs, extracellular vesicles can be categorized into exosomes (with diameters ranging from 30 to 150 nm) and microvesicles (with diameters ranging from 100 nm to 1 μm). Exosomes are primarily secreted via the endosomal pathway, where cargo is transported from the Golgi apparatus to endosomes or internalized from the plasma membrane to form early endosomes (13). During the maturation process of multivesicular bodies (MVBs), intraluminal vesicles (ILVs) bud inward from the endosomal membrane within the MVBs. Eventually, mature MVBs fuse with the plasma membrane, directing exosome secretion into the extracellular space. Conversely, microvesicles are directly budded from the cell membrane outward (14).

It is important to note that while the term “extracellular vesicles” is commonly used to refer to all these secreted membrane vesicles, vesicles derived from different parent cells under different conditions carry various cargoes, leading to significant differences in the fate and function of EVs. This diversity underscores the crucial role of the endosomal sorting complex required for transport (ESCRT) machinery and related accessory proteins (ATPase VPS4, VTA-1, TSG101 and Alix) in cargo sorting (15). Additionally, ceramides and the tetraspanin protein family (CD63, CD81, CD82 and CD9) can also independently participate in cargo sorting via the ESCRT pathway (16).





Uptake of EVs

The internalization of EVs occurs through various endocytic pathways, such as clathrin-mediated uptake, macropinocytosis, phagocytosis, and lipid raft-mediated internalization (17–19). Additionally, tetraspanins, C-type lectin receptors, integrins, T cell receptors (TCRs), and LFA-1 are involved in regulating EVs recruitment and uptake (19). However, it has been observed that EVs internalization is not the sole prerequisite for eliciting phenotypic responses in target cells. EVs can directly induce phenotypic responses through receptor-ligand interactions. Experimental studies by Kerstin Menck and coworkers have demonstrated that the binding of EVs to the surface of target cells can stimulate changes in cellular activity independent of the exchange of EVs contents (20) (Figure 1).




Figure 1 | Typical pathways of exosome secretion and uptake. Exosomes are produced by sorting mechanism and endosome pathway. After fusion with cell membrane, exosomes are released to the outside of cells. After transport to target cells, EVs are internalized by cells through phagocytosis, clathrin and caveolin mediated endocytosis.







Isolation and recognition of EVs

The acquisition and identification of extracellular vesicles are fundamental for both basic research and clinical applications, yet pose challenges in introducing EVs into clinical practice. Presently, the most common acquisition method is ultracentrifugation (21). Additionally, size exclusion chromatography separates vesicles from other non-vesicular fragments, while immunoaffinity antibody capture selectively isolates vesicles displaying surface markers (22). Ultrafiltration, magnetic immunoprecipitation, and other methods are also employed for EVs isolation (23). Further analysis of EVs involves chemical and physical methods. Chemical analysis includes protein imprinting and flow cytometry, with common markers including tetraspanins (CD9, CD63 and CD81), the protein involved in multivesicular body biogenesis (Tsg101), and cytoskeletal-associated proteins. Physical analysis relies on morphological characteristics of extracellular vesicles, employing techniques such as scanning electron microscopy (SEM), transmission electron microscopy (TEM), dynamic light scattering (DLS), and tunable resistive pulse sensing (TRPS) (24). However, due to the high heterogeneity and diversity of EVs subtypes, there is currently no standardized extraction method.





Immunomodulatory effect of dendritic cell and its derived EVs in melanoma

Dendritic cells (DCs) serve as highly effective antigen-presenting cells, relying on receptors such as C-type lectin receptors, formyl peptide receptors (FPRs), Toll-like receptors (TLRs), and Fc receptors to mediate phagocytosis or macropinocytosis (25, 26). They recognize internalized antigens and assemble them into specific MHC-peptide complexes. Through direct presentation, cross-presentation, or via derived extracellular vesicles, DCs present antigens to T cells, thereby activating the immune system (25). In melanoma initiation and progression, DCs play a crucial role in coordinating both innate and adaptive immune responses. Additionally, Chen Wang et al. have found that DCs can regulate the tumor antigen-specific CD8+ T cell response in a circadian rhythm-dependent manner, controlled by the differential expression of co-stimulatory molecule CD80 (27). This circadian regulation has shown rhythmic patterns in controlling melanoma volume. DC-based immunotherapy has demonstrated effectiveness in melanoma patients (28, 29).

DC-derived extracellular vesicles (EVs) serve as vital mediators for DC communication, carrying a plethora of membrane proteins (including integrin α and β chains (αMβ2, ICAM-1, MFG-E8, lactadherin, CD1a, b, c and d proteins) to facilitate interaction and fusion with target cells (30). Furthermore, DC-derived small EVs (sEVs) possess the capacity to present antigen peptides derived from parent cells, inducing specific T cell responses, and are capable of accumulating in lymph nodes (31). Studies have demonstrated that compared to parent DCs, DC-derived EVs can transport a greater abundance of antigen peptides, homing specifically to target cells (32).

In experiments conducted by Mungyo Jung et al., it was found that the delivery of tumor antigen-presenting nanovesicles derived from dendritic cells to cytotoxic T lymphocyte-associated antigen 4 (CTLA-4) antibody secreting cells selectively activates tumor-specific T cells. This results in an enhanced anti-tumor efficacy of αCTLA-4 without triggering systemic immune-related adverse events (33). In an immunotherapy study involving postoperative melanoma patients, stimulation of bone marrow DCs with ovalbumin (OVA) antigen modified with CpG ODN led to the delivery of OVA antigen and CpG ODN to tumor-infiltrating dendritic cells (TIDCs) and dendritic cells in tumor-draining lymph nodes (TDLNs) via DC-derived small extracellular vesicles (sEVs). This enhanced DC maturation and anti-tumor immune response effectively overcame immune suppression (34).

DC-derived EVs address the associated drawbacks of DC vaccines, such as cost-effectiveness, stability, and sensitivity to the systemic microenvironment. They have demonstrated safety and good tolerability in phase I and II clinical trials for an increasing number of tumor diseases (35). Additionally, DC-derived EVs serve as transporters. In an experiment conducted by Jiecheng Lin et al., mature dendritic cell-derived exosomes (mDexos) containing BRAF siRNA (siBRAF) targeting mutated BRAF in melanoma were delivered to the melanoma microenvironment via electroporation. This enhanced the serum stability of siBRAF, increased uptake by B16-F10 melanoma cells, and suppressed BRAF gene expression, leading to more effective melanoma treatment (36). In checkpoint-resistant B16 melanoma mouse models, the use of bone marrow-derived dendritic cell-derived EVs loaded with α-galactosylceramide (αGC) and OVA in combination with anti-PD-1 or anti-PD-L1 therapy not only increased CD8+ T cell infiltration but also significantly enhanced the sensitivity of B16 melanoma cells to anti-PD-1 and anti-PD-L1 therapy (37). Furthermore, Anjali Barnwal et al. demonstrated that combined treatment with mDex TA and PLX-3397 in the 16-F10 mouse melanoma model not only increased CD8+T cell infiltration in the tumor microenvironment but also induced a shift from the Th1/Th2 balance to a Th1-dominant phenotype. This regimen depleted tumor-associated macrophages (TAMs) and myeloid-derived suppressor cells (MDSCs) to modulate the TME, reduced FoxP3 expression, and induced a robust systemic anti-tumor immune response in the spleen and lymph nodes (38). These findings highlight the potential of DC-derived EVs to offer new therapeutic strategies for refractory melanoma.

DC-derived extracellular vesicles can activate immune responses through various pathways and exhibit specificity based on different ligand modifications. For instance, dendritic cell-derived exosomes rich in RAE-1γ can specifically activate NK cells and T cells via the NKG2D/NKG2D-L pathway (39). Additionally, in an experiment conducted by Hongmei Cao et al., developed DEV-mimicking aggregation-induced emission (AIE) nanoparticles (DEV-AIE NPs) not only inherited immunomodulatory proteins from parent DCs, thereby activating T cells, but also carried AIE photosensitizer MBPN-TCyP. These photosensitizers selectively accumulated in the mitochondria of tumor cells, inducing advanced immunogenic cell death, thereby achieving synergistic photodynamic and immunotherapy effects to effectively eradicate primary tumors, distant tumors and tumor metastases (40).

DC-derived exosomes are influenced by various factors, and it has been demonstrated that exosomes derived from different maturation stages of DCs exert different effects (41). Additionally, factors such as INF and tumor cell factors also affect the production of DC-EVs. In a recent experiment, it was confirmed that 365 nm near-ultraviolet LED light can promote the efficient production of EVs from mouse bone marrow DC cell line JAWS II cells, and this productivity highly depends on light intensity and exposure time. Furthermore, this experiment also demonstrated that DC-EVs produced under light stimulation exhibit superior quality, high biocompatibility, and immunological functionality (42). DC-derived exosomes also guide the prognosis of melanoma patients. In another experiment, it was confirmed that plasma levels of uPAR+ EVs from both tumor and DC and CD8+T cell sources were higher in melanoma patients who did not respond to immune checkpoint inhibitor immunotherapy. This may represent a new biomarker for innate resistance to immune checkpoint inhibitor immunotherapy (43).





Immunomodulatory effect of natural killer cells and its derived EVs in melanoma

NK cells serve as frontline immune defense against melanoma, monitoring and controlling its growth and metastatic spread. They primarily kill cancer cells through two cytotoxic pathways: cytolytic granules (perforin, granzymes) and engagement with target cells. They express various molecules including Fas, NKG2D, CD94, perforin, granzymes, CD40L, and others, participating in cytotoxicity, homing, cell adhesion, and immune activation (44). Studies suggest that expansion of highly cytotoxic CD57+NK cells holds promise in adoptive immunotherapy for melanoma (45). Experimental evidence reveals that NK cells upregulate expression of the chemotactic factor HMGB1 upon interaction with melanoma cells, indicating tumor-mediated modulation of NK cell chemokine receptor patterns, thereby enhancing recruitment, movement and patrolling capabilities of NK cells within tumor tissue (46). Additionally, CD56+ NK and NKT cells show promising prognostic potential in metastatic melanoma patients responsive to PD-1 immunotherapy (47).

The exhaustion and dysfunction of NK cells are critical factors contributing to immune suppression and escape in melanoma (48). While melanoma cells have been shown to express various ligands for different NK cell activating receptors, they frequently evade immune therapy by downregulating major histocompatibility complex (MHC) class I molecules, upregulating human leukocyte antigen (HLA), and differentially downregulating expression of NK cell activating immune receptors (NKp30, NKp44, NKp46, NKG2D, DNAM-1), depending on disease stage and anatomical location (49). This impairs their inherent cytolytic activity. Additionally, the functional activity of NK cells can be suppressed by immunosuppressive molecules produced by immune cells and tumor cells in the tumor microenvironment. Experimental evidence by Jan P. Böttcher et al. confirms that tumor-derived prostaglandin E2 (PGE2) partially impairs NK cell viability and inhibits the production of chemotactic factors (CCL5, XCL1 and XCL2), leading to NK cell-cDC1 axis evasion and consequent inhibition of anti-tumor immunity (50). Hypoxia, a characteristic feature of solid tumor development, also diminishes the cytotoxic activity of NK cells (48).

Extracellular vesicles derived from NK cells exhibit constitutive secretion and biological activity. In melanoma patients, both NKExo and NKMV express specific biomarkers such as cytoskeletal proteins, heat shock proteins (HSP60, HSP70), tetraspanins (CD9, CD63, CD81, CD82), and several proteins involved in vesicle transport (Tsg101), synaptic fusion proteins including common markers (CD56, CD63, CD8), and cytotoxic proteins (perforin, granzymes and granulysin) (51, 52). NK-92-Exo tested in a melanoma xenograft mouse model demonstrated significant cytotoxicity against B16F10/effluc cells both in vitro and in vivo by carrying perforin and FasL functional proteins. Moreover, the abundance of FasL and perforin in NK-92-exo was higher than that in NK cells, and the experiment also showed that NK-92-exo could secrete tumor necrosis factor-α (TNF–α), thus affecting cell proliferation signaling pathways (53). Additionally, experiments conducted by Miriam Aarsund et al. revealed that NK cells or NK-92 cells stimulated with IL-12, IL-15, and IL-18 could more efficiently produce EVs containing cytolytic proteins and promote apoptosis of metastatic melanoma cells with poor responsiveness to NK cell cytotoxicity. This suggests that NK cell-derived EVs can target tumor cells independently of their parent cells. EVs from cytokine-stimulated NK cells also possess advantages in penetrating solid tumors (54).

NK-exo not only exhibits anti-tumor activity in vitro and in vivo, but also reflects the functionality of NK cells to some extent. In experiments conducted by Cristina Federici et al., ELISA testing of specifically labeled NK-Exo confirmed that the total amount of circulating NKExo in melanoma patients was lower than in healthy donors, with a significant reduction in tsg-101 + CD56 + NKExo. This difference precisely reflects the impairment of NK cell function by tumor cells (52).





Immunomodulatory effect of macrophages and its derived EVs in melanoma

Tumor-associated macrophages (TAMs), as one of the major infiltrating immune cell types in tumors, can express multiple subtypes under the influence of tumor cells and the tumor microenvironment (55, 56). M1/M2 represent the two extreme states of macrophages, and TAMs can undergo continuous conversion between the M1/M2 paradigms in a dynamic environment. Factors such as IFN-γ, macrophage colony-stimulating factor (M-CSF), CCL2, and CCL5 induce M1-like macrophages (also known as classically activated macrophages), which promote inflammation by producing various pro-inflammatory cytokines (such as IL-12, IL-23) and releasing cytotoxic mediators such as nitric oxide (NO) and reactive oxygen species (ROS), exhibiting effective antigen presentation. Conversely, M2 macrophages inherently possess immunosuppressive properties and can be induced by factors like IL-4, IL-13, IL-10, vitamin D3 and glucocorticoids. They secrete VEGF, IL-8, epidermal growth factor (EGF), platelet-derived growth factor (PDGF), and extracellular matrix (ECM), thereby promoting tumor initiation and metastasis.

In melanoma patients, the infiltration of macrophages often portends a poorer prognosis. Research has shown that melanoma releases high mobility group box 1 protein (HMGB1), a damage-associated molecular pattern, under hypoxic conditions, promoting the accumulation of M2-like TAMs and an intracellular environment rich in IL-10, which suppresses CD8+T cell cytotoxicity and promotes tumor growth (57). Additionally, experiments conducted by Oscar R Colegio et al. indicate that melanoma cells generate lactate via glycolysis under hypoxia, which not only induces the expression of vascular endothelial growth factor (Vegf) and Arg-1 mediated by Hypoxia-inducible factor-1α but also promotes the transformation of macrophages into an M2-like phenotype (58). Furthermore, the mitochondrial and lysosomal states of macrophages themselves can influence their polarization.

Extracellular vesicles derived from tumor-associated macrophages serve as crucial communication tools for exchanging microRNAs, long non-coding RNAs, and proteins with other immune cells and tumor cells, garnering increasing attention in melanoma immunotherapy. Animal cell-level experiments conducted by Kyung-Mi Lee et al. demonstrated that EVs derived from M1 macrophages induced by LPS and INF-γ in vitro can promote apoptosis of melanoma cells by upregulating the protein expression of caspase-3 and caspase-7 in melanoma cell lines, while downregulating the expression of immune-inhibitory genes such as Foxp3, CCR4 and CTLA-4, thus facilitating anti-tumor immune responses (59). Furthermore, M1-EVs carrying miR-29a-3p target the transcription factors MAFG and MYBL2 in melanoma cells, inhibiting the transformation of nevi to melanoma and the proliferation of melanoma cells, while downregulating the expression of the oncogene Bmi1, thereby suppressing tumor growth, migration, and invasion (60–62).

Macrophage-derived extracellular vesicles can guide the polarization state of other macrophages and achieve reversal. In one experiment, it was demonstrated that by utilizing exogenously polarized macrophage-derived EVs with similar miRNA content to their parent cells, tumor-associated macrophages treated with M1 nanovesicles were repolarized into M1 macrophages. This “re-education” of TAMs may be associated with differential miRNA expression profiles of M1-EVs (62). In experiments conducted by Gowri Rangaswamy Gunassekaran et al., IL4RPep-1-modified M1-EVs, enhanced with NF-κB p50 siRNA and miR-511-3p, were targeted to the IL-4 receptor of M2 macrophages, resulting in TAM reprogramming towards M1 macrophages. Although the experiment utilized breast cancer cells, IL4R, as a typical immunosuppressive cytokine receptor, is also highly expressed in melanoma patients and closely associated with prognosis (63). However, due to the current focus of TAM-EVs research mainly on cellular and animal levels, this approach only captures part of the tissue microenvironment background, leading to limitations in the study.





Immunomodulatory effect of CD4+T cells and its derived EVs in melanoma

Mature lymphocytes are primarily classified into CD4+T cells and CD8+ T cells based on their phenotype. Among them, CD4+T cells can be further subdivided into various subtypes, including Th1, Th2, Th3, Th17, Th22, Th9, T regulatory type 1 (Tr1) cells, and CD4 follicular helper T (Tfh) cells, based on their cytokine production and function. They mainly regulate and assist in immune responses (64). With the occurrence of immune escape due to tumor defects in MHC class I molecule expression and exhaustion of CD8+T cells, the cytotoxic role of CD4+T cells has gradually gained attention in melanoma therapy (65). A recent study has confirmed that CD4+ T cells, induced by transcription factors (T-bet, Eomes, runx3, Blimp-1), can differentiate into cytotoxic CD4+ T cells capable of secreting perforin and granzymes, and express protein markers such as CRTAM, CD38, NKG2D, CD26, NKGT, CX3CR1, which are associated with MHC class I-restricted T cell responses (65). In another experiment, tumor-reactive CD4+ T cells transferred into lymphocyte-depleted hosts were shown to expand in vivo and directly eliminate established melanomas in an MHC class II-dependent manner (66). Furthermore, experiments conducted by Emma G Bawden et al. have demonstrated that CD4+ T cells not only produce interferon-γ to directly act on melanoma cells but also induce nitric oxide synthase in bone marrow cells to achieve NO-dependent cytotoxicity against melanoma cells (67).

CD4+ T cells also possess the potential to predict the efficacy of melanoma treatment to some extent. Joshua R. Veatch et al. discovered that the local activation of CXCL13+CD4+ T and CD8+ T cells recognizing specific antigens in some melanoma patients, along with the activation of an immune-stimulating phenotype in macrophages and the presence and differentiation of B cells, are associated. They could predict the overall survival of melanoma by calculating the score of CXCL13+CD4+ T cells (68). However, due to the inability of this study to define the antigen specificity of all CD4+ T cells in the CXCL13+ subset and the assumed bystander subset in tumor infiltration, the results have certain limitations.

T cell-derived extracellular vesicles (EVs) play crucial roles in both immune activation and suppression. These vesicles express markers similar to their parent cells and carry constant proteins such as glyceraldehyde 3-phosphate dehydrogenase (GAPDH), enolase, specific heat shock proteins, CD81, CD63, as well as proteins involved in immune processes like human leukocyte antigen I (HLA-I), components of the TCR/CD3 complex, β2-microglobulin, and specific integrins. They achieve phagocytosis through receptor-mediated uptake or formation of immune synapses. EVs from activated CD4+ T cells can activate the STING pathway via IFNγ delivery, thereby reprogramming macrophages to enhance anti-tumor effects (69). Furthermore, Sanghee Shin et al. found that EVs derived from CD4+ T cells transport miR-25-3p, miR-155-5p, miR-215-5p, and miR-375 to CD8+ T cells, inducing proliferation and enhancing the anti-tumor response of CD8+ T cells, without affecting regulatory T cells (Tregs). Interestingly, compared to EVs derived from unstimulated CD4+ T cells, those derived from interleukin-2 (IL-2)-stimulated CD4+ T cells induce a more robust anti-tumor response in CD8+ T cells (70). Similar findings were confirmed in experiments conducted by Dokyung Jung et al., where IL-2-bound Jurkat T cells significantly increased the anti-cancer ability of CD8+ T cells by upregulating the content of miR-181a-3p and miR-223-3p carried by their derived EVs, and downregulating PD-L1 expression in melanoma cells (71).

It is noteworthy that EVs derived from CD4+T cells do not solely exert anti-tumor responses. Haifeng Zhang et al. discovered that extracellular vesicles released by ovalbumin pulsed CD4+T cells can reversely inhibit DC-OVA-mediated CD4+ T cell proliferation and CD8+CTL responses. This may be attributed to the downregulation or masking of pMHC II on DCs by OVA-specific CD4+T cell-derived exosomes or induction of apoptosis in DC-OVA cells expressing Fas via the Fas/FasL pathway (72). The experiment also confirmed that molecular transfer between DCs and T cells is no longer unidirectional but bidirectional.





Immunomodulatory effect of regulatory T cells and its derived EVs in melanoma

Regulatory T cell (Tregs), as a subtype of CD4+ T cells, play a crucial role in maintaining immune homeostasis in normal conditions. However, in melanoma patients, they inhibit activated cytotoxic T cells by expressing various immune checkpoints (CTLA4, PD1, Tim-3, LAG-3) and secreting inhibitory cytokines (TGF-β/TGF-b, IL-10, IL-35) to interact with other immune cells (73). Additionally, they can activate tumor microenvironment TGFβ by producing αvβ8 integrin (Itgβ8), promoting the development of an immunosuppressive microenvironment (74). Yufeng Xie et al. found that EVs derived from natural CD8+CD25+ regulatory T cells significantly inhibit DC-induced cytotoxic T lymphocyte responses and anti-tumor immunity in a mouse B16 melanoma model (75). Sim L Tung et al. confirmed that Tregs can also modulate other immune cells by transferring miR-150-5p and miR-142-3p via EVs, thereby regulating cytokine release and inhibiting phagocytosis (76). Furthermore, in another experiment, it was found that Treg-derived exosomes can promote their inhibitory function by converting extracellular 5’-AMP to adenosine through CD73 expression. Adenosine interacts with adenosine receptors expressed on effector T cells, triggering cAMP production inside the effector T cells, thus inhibiting cytokine production. However, further evidence is needed to demonstrate whether this potential immunosuppressive mechanism occurs in vivo (77).





Immunomodulatory effect of CD8+ T cells and its derived EVs in melanoma

CD8+T cells, as the most important effector cells among cytotoxic T cells, can specifically recognize and kill cancer cells. It is believed that CD8+T cells mainly induce cancer cell death through perforin and granzymes, as well as Fas-L/Fas binding. In recent years, research has found that CD8+T cells can also exert anti-tumor effects by promoting ferroptosis in cancer cells through the secretion of IFN-γ (78).

The process of the immune system eliminating tumors is not smooth. Although the immune escape mechanisms of melanoma are not yet clear, current research has confirmed that defects in antigen processing and presentation pathways, downregulation of MHC class I molecules, and increased expression of immune checkpoint molecules (PD-1/CTLA-4, TIM-3, LAG 3 and VISTA) can lead to abnormal antigen presentation, exhaustion of effector cells, and protection of tumor cells from attack (79). Additionally, the expression of certain transcription factors (ZEB1, PCSK9, HIF-1, AP-1 and NF-κB) and related enzymes (HSD11B1, ALDH2) also participate in driving tumor immune evasion (80).

Interestingly, the immune response mediated by CD8+T cell-2derived vesicles is largely dependent on the state of the parent cells and participates in various immune escape mechanisms. Research has shown that activated CD8+T cells secrete FasL+ exosomes, which can accelerate invasion of melanoma cells in vivo by activating ERK and NF-κB pathways and upregulating MMP9 expression (81).Additionally, studies by Xiaochen Wang et al. have confirmed that functional CD8+T cells can uptake exosomes derived from damaged CD8+T cells, leading to inhibition of normal CD8+ T cell proliferation, cell activity, and interferon-γ and interleukin-2 cytokine production through the transfer of lncRNA (82). Furthermore, experiments by Yufeng Xie et al. have also demonstrated that exosomes derived from activated CD8+ T cells can induce apoptosis of dendritic cells and suppress the anti-tumor activity of CD8+ T cells in melanoma models by downregulating MHC-I and Fas/FasL pathways in DCs (83). However, Naohiro Seo et al. found that activated CD8+T cells from healthy mice, rather than chronically exhausted CD8+T cells in tumor-bearing mice, release extracellular vesicles carrying cytotoxic miRNA (miR-298-5p). These vesicles induce apoptosis of stromal tumor cells through the surface expression of death ligands such as FasL, TNF-α, and PD-L1, leading to significant attenuation of tumor invasion and metastasis (84).

Extracellular vesicles derived from adaptive immune cells not only exert immunosuppressive and immunostimulatory effects but also hold great potential in predicting the efficacy of immunotherapy. Simona Serratì et al. demonstrated through experiments that high levels of PD1+ EVs from T cells and B cells, as well as high levels of PD-L1+ EVs from melanoma cells, serve as independent response biomarkers (85). In the study by Porcelli et al., it was found that melanoma patients resistant to immune checkpoint inhibitors had lower levels of uPAR+ EVs derived from CD8+ T cells in their blood, which could serve as an important predictor of immune therapy with checkpoint inhibitors in metastatic melanoma (43) (Figure 2).




Figure 2 | In addition to a part of constant structural proteins, immune cell-derived extracellular vesicles also carry plasma membrane proteins, RNA and lipids from parental cells. When combined with melanoma cells, they can induce tumor cell lysis, inhibit proliferation and reduce tumor volume. In addition, they crosstalk with other immune cells to regulate immune response and cytokine production.







Applications of immune cell-derived EVs in melanoma

Melanoma is one of the most immunogenic tumors, making immunotherapy significant in its treatment. The goal of immunotherapy is to modulate the host’s immune response to the tumor. Common immunotherapy approaches include exogenous supplementation of cytokines such as interleukin-2 (IL-2) and interferon-alpha (IFN-α), active and adoptive immunotherapy, targeted immune checkpoint inhibition, and vaccination (7, 86). However, with the emergence of resistance and side effects during treatment, there is a demand for safer and more effective therapies. Immunocyte-derived EVs have garnered attention in cancer immunotherapy due to their immunogenicity and molecular transfer capabilities. They can utilize surface molecules such as antibodies, proteins, peptides, or small molecules to actively target receptors expressed or overexpressed in cancer cells or the tumor microenvironment, thereby enhancing therapeutic efficacy, reducing side effects, and minimizing immunogenicity. Clinical trials have demonstrated the safety and scalability of Exo vaccines, which carry tumor-associated antigen (TAA) subunits, in patients with advanced melanoma).

In addition, the intrinsic and modified properties of EVs obtained through nanotechnology offer promising prospects for melanoma treatment. Loading the BRAF V600E mutation-specific drug (PLX4032) into BPLP-PLA nanoparticles results in the internalization of nanoparticles within macrophages, which further deliver the drug to melanoma cells through cell-cell binding, thus minimizing the toxicity of cancer drugs to immune cells and other healthy cells (87). Furthermore, studies have shown that PEG-PLGA nanoparticles coated with neutrophil membranes loaded with rapamycin exhibit significantly enhanced cytotoxicity and apoptosis rates in mouse melanoma cell line B16F10 (88). In another experiment, it was found that macrophage-derived extracellular vesicles carrying AO are more efficiently taken up by melanoma cells compared to free AO, enhancing AO’s tumor-killing effect by increasing the exposure time to biological targets (89). Antonella Barone et al. achieved a hybrid nano system by fusing M1 macrophage-derived extracellular vesicles (EVs-M1) with heat-responsive liposomes, resulting in a synergistic effect between the characteristics of liposomes and EVs-M1, thereby enhancing the therapeutic efficacy of the payload and achieving higher tumor accumulation (90). In a recent study, DNA hydrogels loaded with natural killer cell-derived extracellular vesicles exhibited enhanced efficacy in synergistic immunotherapy and photodynamic therapy, inhibiting tumor growth (91). It is evident that both naturally derived immune cell-derived EVs and engineered immune cell-derived EVs hold tremendous potential in the treatment of melanoma patients.





Conclusion

Immunotherapy holds significant importance in the treatment of melanoma patients, serving not only as adjuvant therapy after surgical resection but also as treatment for advanced (unresectable or metastatic) stages. However, existing immunotherapies have certain limitations, leading to increasing attention on the development of novel immunotherapeutic approaches in melanoma research. With the growing understanding of extracellular vesicles (EVs), emerging data suggest that immune cell-derived EVs possess remarkable abilities to modulate the tumor microenvironment immune response. Immune cell-derived EVs regulate the differentiation, maturation, proliferation, and function of other immune cells, including dendritic cells (DCs), CD8+ T cells, CD4+ T cells, macrophages, and NK cells, to control the progression of melanoma. Moreover, owing to their specific homing ability and stable double-layered lipid structure, EVs have become promising tools for drug delivery and carriers of tumor antigens. By reviewing relevant studies, a more comprehensive understanding of the role of immune cell-derived EVs in melanoma development is provided. However, it is imperative to overcome the need for more accurate methods of EVs extraction and identification, as failure to do so may impede the application of EVs in melanoma therapy. Our review offers insights into the potential mechanisms of immune cell-derived EVs in treating melanoma and provides insights into future research directions. In the future, more work is required to better understand the EVs mechanism of action and further advance its application in these melanoma immunotherapy fields.
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Immunotherapy for breast cancer is now being considered clinically, and more recently, the number of investigations aimed specifically at nano-biomaterials-assisted immunotherapy for breast cancer treatment is growing. Alterations of the breast cancer micro-environment can play a critical role in anti-tumor immunity and cancer development, progression and metastasis. The improvement and rearrangement of tumor micro-environment (TME) may enhance the permeability of anti-tumor drugs. Therefore, targeting the TME is also an ideal and promising option during the selection of effective nano-biomaterial-based immuno-therapeutic strategies excepted for targeting intrinsic resistant mechanisms of the breast tumor. Although nano-biomaterials designed to specifically release loaded anti-tumor drugs in response to tumor hypoxia and low pH conditions have shown promises and the diversity of the TME components also supports a broad targeting potential for anti-tumor drug designs, yet the applications of nano-biomaterials for targeting immunosuppressive cells/immune cells in the TME for improving the breast cancer treating outcomes, have scarcely been addressed in a scientific review. This review provides a thorough discussion for the application of the different forms of nano-biomaterials, as carrier vehicles for breast cancer immunotherapy, targeting specific types of immune cells in the breast tumor microenvironment. In parallel, the paper provides a critical analysis of current advances/challenges with leading nano-biomaterial-mediated breast cancer immunotherapeutic strategies. The current review is timely and important to the cancer research field and will provide a critical tool for nano-biomaterial design and research groups pushing the clinical translation of new nano-biomaterial-based immuno-strategies targeting breast cancer TME, to further open new avenues for the understanding, prevention, diagnosis and treatment of breast cancer, as well as other cancer types.
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1 Introduction of breast cancer and immunotherapy

Breast cancer, which is referred to as a complex and heterogeneous disease, is one of the most common malignant tumors in women with a high mortality rate (1, 2). Both genetic and external risk factors can contribute to its incidence (1, 2). The main risk factors for breast cancer include sex, age, genetic factors, hormone therapies, lifestyles and dietary habits etc. (3). The conventional treatment options for breast cancer include surgery, chemotherapy and radiotherapy in clinical practices (4, 5). However, in some instances, recurrence is inevitable due to the undetected or residual breast cancer tissues (4, 5). In addition, therapeutic resistance is also a significant obstacle for the effective treatment of breast cancer, due in part to the distinctive molecular profiles and biological characteristics of the different breast cancer subtypes (6).

Generally, based on the presence or absence of specific receptors on the cell surface, breast cancer can be classified into three main subtypes, estrogen receptor (ER) and/or progesterone receptor (PR) positive (Luminal A/B, based on Ki-67 expression), human epidermal growth factor receptor 2 (HER2) positive, and triple negative breast cancer (TNBC) (7). Therefore, different therapeutic approaches have been introduced to treat the distinctive breast cancer subtypes to prolong the progression-free survival and overall survival of the patients. Normally, endocrine therapy is used for breast cancer types that express hormone receptors. In addition, chemotherapy and inhibitor treatments, targeting the cell cycle or specific receptor-related signaling pathways, are also common for patients with hormone receptor-positive breast cancer (7). Monoclonal antibodies and chemotherapy are commonly used in HER2 positive breast cancer patients (8). However, TNBC, which accounts for 10%-20% of all breast cancer cases, has been considered to be the most aggressive subtype and the most challenging one to treat because of its deficiency of ER, PR and HER2 (9). Since TNBC cells lack the expression of druggable cell-surface target receptors, specific targeted therapy for TNBC cannot be proposed, instead, TNBC patients are often treated with neoplastic drugs and chemotherapies (10).

The immune system plays a vital role during the progression and regression of breast cancer (11). While the traditional radiotherapy and chemotherapy focuses on directly killing the tumor cells, immunotherapy works by activating the patients’ own immune systems to recognize and combat breast cancer cells (including the abscopal metastatic tumors) (12, 13). In addition, immunotherapy is also endowed with the ability to impede tumor metastasis and recurrence (12, 13). Recently, the application of immunotherapy exhibited the potential for improved clinical outcomes in cancer treatment (14, 15). As the most invasive type of breast cancer, TNBC was perceived as the most immunogenic type due to its high genome instability, increased mutation rates, enhanced tumor antigen production and frequent lymphocytic infiltration (4, 16). Programmed death-ligand 1 (PD-L1), which is a negative regulator in the immune system, has been shown to be highly expressed in TNBC (17, 18), indicating the feasibility of immunotherapy for TNBC.

The current approaches for cancer immunotherapy include adoptive cell therapy (e.g., tumor-infiltrating lymphocyte (TIL), chimeric antigen receptor (CAR) T-cell, T-cell receptor-engineered (TCR) T-cell, chimeric antigen receptor-natural killer cell (CAR-NK) therapies), and immune checkpoint blockade and cancer vaccine therapies (7, 12). Specifically, the current immunotherapies utilized in breast cancer treatment comprise of tumor-targeting antibodies, adoptive T cell therapy, cancer vaccines and immune checkpoint blockade (4). Among those different strategies, monoclonal antibodies, such as trastuzumab and pertuzumab targeting HER2, have shown efficacy, and been widely applied clinically (19). In addition, cancer vaccines including DNA and peptide vaccines have been reported to exhibit their efficacy by activating the immune system in breast cancer therapeutic regimens (20–22). Although the latter breast cancer immunotherapies have shown promise, limitations and challenges have also been identified. For example, the frequent and unpredictable mutations in breast tumor cells may decrease the drug response and targeting efficiency of monoclonal antibodies (4). Moreover, the lack of appropriate tumor antigens and the immunosuppressive tumor microenvironment can limit the application of tumor vaccines (4). To enhance the therapeutic efficacy of breast cancer treatments, the combination of multiple immunotherapies may offer an alternative option.

Immune checkpoint inhibition, such as the monotherapy targeting the negative immune checkpoint molecules, programmed cell death protein 1 (PD-1) or cytotoxic T-lymphocyte-associated protein 4 (CTLA-4), have great efficacy in the treatment of solid tumors (23). CTLA-4 is a specific target in antibody-based immunotherapy due to its competition with CD28 (on T cells) for the binding with CD80/B7-1 and CD86/B7-2 on the antigen-presenting cells (APCs), inhibiting the T-cell function (24–27). Additionally, the PD-1/PD-L1 axis also plays an inhibitory role in T-cells’ activation. The antibodies targeting this axis could enhance T-cells’ anti-tumor activity (28). In a recent phase II clinical trial for breast cancer, simultaneous inhibition of PD-1 and CTLA-4 by durvalumab and tremelimumab respectively, exhibited clinical beneficial effects in 71% of the enrolled TNBC patients (28). Further, the combination of immune checkpoint inhibition and conventional cancer therapeutic approaches provide another option to boost the treatment effects. For instance, the combination of atezolizumab (anti-PD-L1 antibody) and nab-paclitaxel (chemotherapeutic agent) demonstrated better effects in treating metastatic TNBC vs. antibody treatment or chemotherapy alone in clinical trials (23). This combinatorial treatment has also recently been approved by the U.S. Food and Drug Administration (FDA) for locally advanced or metastatic PD-L1+ TNBC (23). Similarly, pembrolizumab (anti-PD-1 antibody) plus chemotherapy was tested for treating locally recurrent, unresectable, or metastatic TNBC. The latter was also approved by the FDA (23). Further, the combined application of trastuzumab (monoclonal antibody targeting HER2) and HER2 vaccine showed better effects in treating HER2+ breast cancer patients vs. trastuzumab or HER2 vaccine treatment alone (29). However, it has been noted that the systemic long-term use of monoclonal antibodies targeting immune checkpoint inhibition can cause immune-related adverse effects in a large number of patients, reducing the immune therapy efficacy (30). Consequently, the adequate delivery and the stable release of the drugs are key factors to consider for efficiently activating the anti-tumor immune responses in the breast cancer microenvironment.

Currently, there are review articles that have discussed the drug-delivery technologies designed to improve the effectiveness of in situ vaccine-based anti-breast cancer therapies (31). In addition, review papers have also covered the application of nano-biomaterials that could respond to physiological stimuli within breast tissue, and how they can be loaded with both drugs and gene products (e.g., siRNAs, RNAi and noncoding RNAs) and have controlled release at the tumor target site to improve the conventional strategies for treating breast cancer (32). However, the existing review papers have not yet discussed the important role that breast cancer tumor-micro-environment (TME), which contains both breast tissue cells and immune cells that reside within the local breast tissue niche (e.g., macrophages, cancer-associated fibroblasts, myeloid-derived suppressor cells, dendritic cells, natural killer cells and T lymphocytes) and the growth factors/cytokines produced/released, could have played in regulating breast cancer progression and metastasis. The lack of appreciation of the importance of targeting breast cancer TME and the specific immune cell types within the different subtypes of breast cancer could significantly hinder the effectiveness of current anti-breast cancer therapeutics. As a result, this manuscript thoroughly discusses the mechanisms underlying how breast cancer TME, as well as the different immune cells can modulate breast tumor progression/metastasis. Additionally, some of the most advanced progress regarding the use of innovative biomaterials for targeting the immunosuppressive cells and immune cells in the TME, to improve the breast cancer treating outcomes are thoroughly examined. Further, the manuscript critically evaluates the limitations of the current biomaterial-based immunotherapy targeting breast cancer and the potential future research directions of the field have been pointed out.

This current paper would significantly enhance the field’s understanding of how breast cancer TME (tissue cells, immune cells, growth factors/cytokines/chemokines) could lead to the development of the various breast cancer subtypes and modulate the breast cancer progression characteristics, as well as provide great insights into innovative biomaterial and drug designs to precisely target specific cell types to boost immunotherapy efficiency.




2 The tumor micro-environment (TME)

TME is referred to as the special ecosystem that surrounds a tumor inside the body, which includes the resident and recruited host cells (such as cancer-associated fibroblasts (CAFs) and immune cells), cell products (such as pro-inflammatory cytokines and chemokines), growth factors, extracellular matrix (ECM), stromal cells, blood vessels, lymphatic vessels and other cells or biomolecules closely associated with the tumor cells (33–35). The complex cellular and non-cellular components in TME not only participate in the initiation, progression and metastasis of cancers, but also respond to the specific therapeutic regimen (36). For the different cell types within the TME, inflammatory cells and fibroblasts have been found to participate in key processes such as angiogenesis and ECM remodeling, resulting in the uncontrolled growth and metastasis of tumor cells (37, 38). Stromal cells, immune cells and non-stromal factors, could promote the resistant phenotype and affect the efficacy of chemotherapy during chemotherapy for breast cancer (35). Alterations of the breast cancer micro-environment can play a critical role in antitumor immunity and cancer development, progression and metastasis (39). And the improvement and rearrangement of TME may enhance the permeability of anti-tumor drugs (40). Therefore, targeting the TME is also an ideal and promising option during the selection of effective therapeutic strategies excepted for targeting intrinsic resistant mechanisms of the breast tumor (41).

In recent years, nanotechnology has opened up a new avenue for breast cancer treatment (42). Specifically, biomaterials-based nanoparticles (NPs) that exhibit both drug delivery and stimulative functions hold great promise for breast cancer therapeutics and there are some nano-platforms that have been approved by the FDA (6, 43). Many NP-based cancer medications have been evaluated or applied in clinical trials, for example, NP albumin-bound-paclitaxel is one of the most widely used nano-medication in cancer treatment (44). Some properties of NPs such as small sizes, large surface area, high surface-volume ratio, high surface reactivity, unique physicochemical properties, enhanced permeability and retention (EPR) effects and superior reactivity over their bulk counterparts enable their application potential in the early diagnosis and improved treatment of breast cancer (6, 43). Since NPs could increase tumor immunogenicity by generating free radicals, NP-based therapeutics delivery systems can enhance the immunotherapy efficacy of breast cancer (45, 46). NPs can also be designed to have good biocompatibility, minimal cytotoxicity, targeted accumulation in solid tumors and enhanced drug delivery efficiency (13, 47–49). Specifically, the anti-breast cancer drug and the assisted NP delivery system could be designed based on the tumor tissue pathological characteristics (50, 51). The distinct physical, chemical and biological properties between the normal and tumor tissues, such as pH of the tissue micro-environment, oxidation-reduction (redox) state, temperature, oxygen level and the differently expressed genes and proteins, endow the possibility of the targeted delivery of biomaterial-carried anti-tumor drugs (50, 51).

Biomaterials, designed to specifically release loaded anti-tumor drugs in response to tumor hypoxia and low pH conditions, have emerged in recent years (52). What is more, the diversity of TME components also supports a broad targeting potential for anti-tumor drug designs (53, 54). Encouragingly, TME-targeting therapeutic strategies, enabled with specific biomaterials, could potentially exhibit advantages such as precise targeted delivery for anti-tumor drugs or biomacromolecules, and reduced risks of side effects from the treatments, paving a new way for more effective cancer treatments when compared to the traditional chemotherapy or radiotherapy. Consequently, biomaterial-assisted immunotherapies have been considered as an alternative strategy to effectively treat cancer patients and need to be extensively explored. Some current progress regarding the use biomaterials for targeting immunosuppressive cells and immune cells in the TME, for improving the breast cancer treating outcomes are discussed in Sections 3&4.




3 Biomaterials targeting immunosuppressive cells in breast cancer TME

The solid TME is often very complex due to the presence of immunosuppressive cells and factors (55, 56). The immunosuppressive cells in TME, such as tumor-associated macrophage (TAMs), CAFs, regulatory T cells (Tregs), myeloid-derived suppressor cells (MDSCs) could influence the immunotherapy effects in the tumors (57). The application of biomaterials toward specifically targeting those immunosuppressive cells or factors in the TME could be a powerful strategy to augment the breast cancer treatment outcomes. For example, biomaterials can be designed to be effective cargo carriers to deliver specific drugs to enhance immunogenicity, improve antigen presentation or T cell infiltration, to eventually contribute to the remodeling of the tumor TME. In this section, how biomaterials have been designed to target the different immunosuppressive cells of the breast cancer TME, toward boosting the therapeutic effects, are discussed in greater detail.



3.1 M2-like tumor-associated macrophages (TAMs)

Macrophages are distributed in all tissues across the human body and play a vital role in innate immunity (58, 59). Macrophages originate from monocytic precursors in blood and differentiate in the presence of cytokines and growth factors in tissues (58, 59). Macrophage abnormalities can result in disease progression such as tissue fibrosis, diabetes, and different cancers (60). In tumors, the TME influences the recruitment and polarization of macrophages and determines the pro-tumorigenic outcomes (58, 60, 61). During breast tumor progression, macrophages can cause inflammatory responses, promote tumor cell growth, angiogenesis, migration and invasion of breast cancer cells, ultimately progressing to malignancy (58, 60, 61).



3.1.1 M2-like TAMs in breast cancer TME

Macrophages can change their phenotypes in response to tumor microenvironmental cues and become TAMs (61). As a major cellular component of TME, TAMs have recently been found to be present in multiple malignant tumor types (60, 62, 63). Generally speaking, M1 macrophages play an anti-tumor role, while the TAMs are more of a M2 polarization phenotype and have tumor-promoting properties (64). Therefore, M2 TAMs were regarded as an attractive therapeutic target for cancer immunotherapy, due to their pivotal role in cancer progression phases including angiogenesis, immune suppression, hypoxia induction, invasion, and metastasis (58, 65, 66).

Tissues isolated from TNBC patients have demonstrated a high infiltration of M2-like TAMs, and those patients typically have poor prognosis (35, 66). Considering the relationship between TAMs’ abundance and breast cancer patients’ prognosis, removal of the M2-like TAMs, restoration of TAMs’ immunostimulatory phenotype or inhibition of TAMs’ tumor-promoting functions might be effective breast tumor targeting therapies (6, 60). However, it should be noted that the extensive distribution of macrophages and the multifaceted roles that those cells play in different tissues across the body increases the difficulty for the effective delivery of therapeutic drugs specifically to the tumor-promoting M2-like TAMs (64).




3.1.2 Biomaterial-assisted immunotherapeutic approaches targeting M2-like TAMs

Some biomaterial-assisted immunotherapeutic approaches have been developed to specifically block the survival of M2-like TAMs, switch the cells’ phenotypes from M2- to M1-like, or directly kill the M2-like TAMs, to achieve better breast tumor control outcomes. More specifically, the switch of TAMs’ polarization states (M2 to M1) can be achieved by modulating the signaling pathways associated with macrophage activation (67, 68).

The binding of macrophage colony stimulating factor (MCSF) secreted by cancer cells with colony stimulating factor 1 receptor (CSF1-R, a class III tyrosine receptor) expressed on macrophages can promote the M2 polarization of TAMs (67). Ramesh et al. reported a stable supramolecular nano-assembly formed by CSF1-R, Src homology region 2 (SH2) domain-phosphatase (SHP2) inhibitors and co-lipid based phospholipid-polymer conjugates (1, 2-distearoyl-sn-glycero-3-phosphoethanolamine-poly(ethylene-glycol) (DSPE-PEG) and phosphatidyl choline) (67). The self-assembled dual-inhibitor-loaded NPs (DNPs) could target M2 TAMs to inhibit the MCSF-CSF1-R and CD47-signal regulatory protein α (SIRPα) pathways simultaneously, resulting in their repolarization to anti-tumorigenic M1 phenotypes, and enhancing their phagocytic function (67). What is more, DNPs showed high anti-tumor efficacy, minimal normal tissue toxicity in breast cancer mouse models, indicating their future promise for applications in breast cancer immunotherapy (67).

Additionally, the mitogen-activated protein kinase (MAPK) signaling pathway, a downstream signaling pathway of CSF1R, also plays a vital role in modulating the proliferation, survival and functional activity of M2 macrophages (68). Ramesh et al. also achieved the concurrent inhibition of CSF-1R and MAPK signaling pathways by synthesizing NPs using supramolecular self-assembly, to further improve the anti-breast cancer effects of macrophage-based immunotherapy (68). The NPs were synthesized in the presence of phosphatidyl choline and DSPE-PEG2000-amine with amphiphilic dual-kinase inhibitors targeting CSF1R and MEK (68). These supramolecular NPs could accumulate in TAMs at a high concentration and reprogrammed the polarization of immunosuppressive M2-like macrophages to M1-like phenotype in a highly aggressive 4T1 breast cancer model (Figure 1) (68). The design of those NPs carrying inhibitors, targeting specific signaling pathways that can modulate M2-like TAMs’ phenotypic switches, showed effectiveness in remodeling of the immunosuppressive breast cancer TME (68).




Figure 1 | Mechanism of the action of dual-kinase inhibitor-loaded supramolecular nanoparticles (DSN) targeting CSF1R and MEK in macrophages (A), confocal images (B) and flow cytometry plots (C) showed the repolarization of M2 to M1 phenotype of the macrophages, tumor cell deaths in DSN treatment by confocal analysis (D). Reprinted with permission from Ramesh A, Brouillard A, Kumar S, et al. (68). Copyright 2019, Elsevier. ns means not significant, ****p<0.0001 (one-way ANOVA).



The intratumoral injection of stimulators of interferon gene (STING) agonists could have some benefits for inhibiting breast cancer progression, however, the uneven diffusion and distribution of agonists limited the treatment efficiency (69). It can be seen that liposomal NPs can improve the diffusion and distribution of loaded drugs in tumors for better treating outcomes. Since cyclic guanosine monophosphate–adenosine monophosphate (cyclic GMP-AMP, cGAMP) is an intracellular second messenger that can activate the innate immune STING pathway, Cheng et al. designed liposomal NPs to deliver cGAMP for STING receptors in TNBC (70). Liposomal NP-delivered cGAMP reprogrammed the M2-like macrophages into M1-like macrophages in the TME, which was also accompanied with increased major histocompatibility complex (MHC) expression and CD4+ and CD8+ T cell infiltration for enhanced anti-breast tumor immunity (70). This NP-assisted delivery strategy exhibited more effectively activated STING than direct loading of cGAMP, without NP assistance in the treatment of PD-L1 insensitive TNBC.

In addition to the liposomal NPs, a hydrogel was also developed to improve the TME. Huo et al. reported the development of a CaCO3 biomineralized silk fibroin hydrogel-based dendritic cell vaccine, to further improve the immunogenicity and remodel the immunosuppressive TME for efficient TNBC immunotherapy (71). This silk fibroin-based dendritic cell vaccine was generated by fixing the 4T1 cells-DCs fusion cells’ (FPs’) membrane proteins into biomineralized CaCO3 silk fibroin hydrogel (71). The CaCO3 dendritic cell vaccine presented defined tumor-associated antigens and achieved sustained membrane protein release, which enhanced the immunogenicity and promoted the maturation and activation of dendritic cells and T cells within the TME (71). Additionally, the effective incorporation of CaCO3 in the hydrogel vaccine, promoted the polarization of M2-like macrophages to M1-like macrophages, increased pH of TME, reversed the immune-inhibitory state of the TME, and reduced the immunosuppression of T cells (Figure 2) (71).




Figure 2 | Illustration of FP-containing biomineralized hydrogel vaccine (SH@FP@CaCO3) that inhibited tumor recurrence (A), effects of SH@FP@CaCO3 on tumor metastasis (B, C), reduction of M2-type macrophages with SH@FP@CaCO3 treatment confirmed by flow cytometry (D, E) and IHC (F). Reprinted with permission from Huo W, Yang X, Wang B, et al. (71). Copyright 2022, Elsevier. *p<0.05 vs. control, #p<0.05 vs. SH@FP@CaCO3.



On the other hand, strategies for deleting M2-like TAMs in the TME were also explored in other cancer types. For example, M2-like TAM dual-targeting NPs (M2NPs), which were biocompatible fusion peptide-functionalized lipid NPs, were fabricated to specifically inhibit the survival of M2-like TAMs, and eventually delete them (64). Specifically, anti-CSF1-R siRNA (siCD115) was loaded on M2NPs, which structure and function were controlled by α-peptide (a scavenger receptor B type 1 (SR-B1) targeting peptide) linked with M2pep (an M2 macrophage binding peptide) (64). M2NPs efficiently delivered siCD115 into M2-like TAMs, which blocked the survival signaling pathway of M2-like TAMs and eliminated them (64). Further, M2NP-siCD115 exhibited the ability to reprogram the cytokine profile in the breast cancer TME (inhibited immunosuppressive IL-10 and transforming growth factor beta (TGF-β) production and boosted the immunostimulatory IL-12 and IFN-γ expression) and restored the IFN-γ secretion of tumor-infiltrated CD8+ T cells (64). Similarly, Jin et al. developed a melittin-RADA32-doxorubicin (DOX) hydrogel (MRD hydrogel) that exhibited interweaving nanofiber structures and provided good biocompatibility to actively regulate TME (72). The MRD hydrogel offered a melittin and DOX-based direct effect to specifically delete M2-like TAMs, activate dendritic cells of the draining lymph nodes, and produce more active cytotoxic T cells within the immunosuppressive TME (72). Due to its effects on tumor inhibition or ablation, the MRD hydrogel has shown great potential to be applied as a powerful immunotherapy in the prevention of local tumor recurrences after surgical resections in breast cancer.

Moreover, except the reverse of immunosuppressive TME, Song et al. reported the significance of adjusting the lymph nodes’ immunosuppressive microenvironment for effective anti-breast cancer immunotherapy (73). The researchers designed albumin NP, Nano-PI, containing phosphatidylinositol 3-kinase γ (PI3Kγ) inhibitors IPI-549 and paclitaxel (PTX) (73). Nano-PI achieved immunomodulator delivery to macrophages in both tumor sites and the lymph nodes, with the combination of α-PD1. M2 to M1 macrophage repolarization occurred in the microenvironment of both the tumor tissue and the lymph nodes (73). At the same time, increased infiltration of CD4+ and CD8+ T cells, B cells, and dendritic cells, and T cell exhaustion prevention, was demonstrated. The combination of Nano-PI and α-PD1 achieved the modulation of the immune microenvironment in both tumors and lymph nodes (73). Aimed at breast cancer bone metastases, biomaterials have represented a promising approach. For instance, a multi-functional CePO4/chitosan (CS)/graphene oxide (GO) scaffold was formed by hydrated CePO4 nanorods, bioactive CS and GO NPs, which promoted the switch of M2 macrophages to M1 phenotype by releasing Ce3+ ions (74). As a result, this CePO4/CS/GO scaffold-based treating method induced the apoptosis of breast cancer cells, inhibited angiogenesis, bone metastases and promoted tissue with osteo-inductive capabilities (74).

Finally, NP according to the specific biological properties of macrophages, to enhance treating performance for lung metastasis of breast cancer, was designed. Isolated macrophage membranes were coated on emtansine liposome, conferring the biomimetic functions of macrophage. This system promoted the targeting specificity to tumor metastatic sites, and improved the delivery efficiency (43).

Overall, TAMs play a significant role in immuno-regulation and breast tumor developmental phases (75, 76). Different biomaterial-based strategies could be considered according to the specific characteristics of TAMs in a given breast cancer TME. For example, repolarizing M2 TAMs into M1 phenotypes, blocking M2 TAMs tumor-promoting activities or directly killing the M2 TAMs can be used alone or together for treating different breast cancer patients. The application of multifarious biomaterials, such as different liposomal NPs, biocompatible hydrogels (e.g., silk fibroin), graphene-modified nanorods combined with biomolecules specifically targeting M2 TAMs in breast cancer TME, holds great potential for treating breast cancer clinically in the future. The representative studies that explored the use of biomaterials targeting M2 TAMs for breast cancer treatments are summarized in Table 1.


Table 1 | The use of biomaterials targeting M2-like tumor associated macrophages in breast cancer.







3.2 Cancer-associated fibroblasts (CAFs)

CAFs possess a myofibroblastic phenotype and could be found both in primary and metastatic tumors, occupying a great proportion in the tumor stromal cell population (77–79). In breast cancer, CAFs could originate from breast tissue resident fibroblasts, bone marrow-derived fibroblasts, adipocytes, mesenchymal stem cells or pericytes (80, 81). Generally speaking, CAFs can be activated by tumor cell-derived TGF-β and their activation could be sustained by more TGF-β released from the activated CAFs in the whole population (36, 41). The activated CAFs could further secrete a series of growth factors and cytokines/chemokines to modulate the tumor cells and TME, including hepatocyte growth factor (HGF), epidermal growth factor (EGF), TGF-β, interleukins (such as IL-1, IL-4, IL-6, IL-8, IL-10), chemokines (such as CXCL1, CXCL12, CXCL14, CCL2, CCL5, CCL7) (80–82).



3.2.1 CAFs’ interactions with other cell types within breast cancer TME

CAFs could participate in ECM remodeling by producing ECM proteins or matrix metalloproteinases (MMPs) such as several types of collagens, fibronectin, MMP2, MMP9 (41, 80). This indicates the enabling role of CAF-mediated ECM to remodel in tumor cell migration, invasion and metastasis (41, 80). The complex interactions between CAFs and components in the tumor TME, including cancer cells, T cells, myeloid cells, and endothelial cells, has enabled their critical role in the progression of cancer, ECM remodeling, and metastasis, and has also made them an important potential targeting point for cancer immunotherapy (80).

What is more relevant, is that it has been found that CAFs and the immune cells in the TME can regulate each other’s functions via paracrine signaling pathways (41). Therefore, strategies targeting CAFs to enhance the infiltration and activation of T-cells could be effective to reverse the immunosuppressive TME and achieve good treatment outcomes for cancer patients. At present, the CAF-targeting therapeutic strategies in breast cancer could be achieved via multiple pathways, including blocking the activation of CAFs via TGF-β and Hedgehog signaling pathway inhibition, applying fibroblast-activation protein (FAP) vaccine, FAP-CART cells and inhibitors to target the activated CAFs, and targeting the different growth factors, chemokines, cytokines secreted by CAFs (83).

Overall, the remodeling of the immunosuppressive TME, by ablating the CAFs, reprogramming the activated CAFs, and targeting CAFs’ growth factor/cytokine production and secretion networks, hold great promise for effective breast cancer immunotherapy.




3.2.2 Different biomarkers expressed by CAFs

The activated CAFs express some biomarkers at a significantly different level when compared to normal fibroblasts, such as α-SMA, vimentin, fibroblast-specific protein 1 (FSP1), FAP, caveolin-1, desmin, discoidin domain-containing receptor 2 (DDR2), and platelet-derived growth factor receptors alpha and beta (PDGFRα/β) (41, 84, 85). CAFs expressing different markers participate in different pathways (84, 85). For example, the FAP+/Vimentin+ CAFs could secret MMP1, collagen and TGF-β could modulate the ECM remodeling and tumor cell metastasis, while α-SMA+/FAP+/CD29+/PDPN+/PDGFRβ+ CAFs could secrete TGF-β and CXCL12 to affect tumor cell proliferation, migration and epithelial-mesenchymal transition (EMT) (83).

Some researchers have explored CAFs-targeted therapeutic strategies according to the specific biomarkers expressed on the CAFs (81, 86, 87). FAP, a membrane-bound serine protease, can act as a tumor targeting antigen, with relevant clinical drugs targeting FAP (81, 86, 87). However, since FAPs are extensively expressed in both tumor tissues and normal tissues [e.g., embryo (88), bone marrow (89) and placenta (90)], serious side effects or even death can be caused by systematic FAP-targeted therapy. As a result, biomaterial-based strategies targeting biomarkers expressed by CAFs have been explored for more effective cancer treatments, as compared with systematic biomarker-targeted therapies.




3.2.3 Biomaterial-based strategies targeting CAFs for breast cancer treatments

Both biomaterial-based NPs and hydrogels have been explored to target CAFs for more effective breast cancer treatments. For instance, in order to selectively kill CAFs without leading to systemin toxicity, Zhen et al. developed a NP-based, FAP-targeted photo-immunotherapy that could selectively kill CAFs in breast tumors (81). Specifically, ZnF16Pc (a photosensitizer) was physically entrapped within ferritin (FRT, a compact nanoparticle protein cage), and a FAP-specific single chain variable fragment (scFv) was conjugated on the surface of FRT (81). This nanoparticle-based photoimmunotherapy (nano-PIT) approach could efficiently target and eliminate CAFs in breast tumors but exhibited little damage to healthy breast tissues. Further, CXCL12 secretion and ECM deposition was suppressed (81), and the tumor suppressive environment was reversed with enhanced cytotoxic T cell infiltration (81). Therefore, this photo-immunotherapy supplied a new approach for selectively targeting CAFs toward enhancing immunity and modulating the breast cancer TME to better treat breast cancer patients. Additionally, Sitia et al. engineered H-ferritin nanocages, loaded with navitoclax (Nav, a Bcl-2 inhibitor pro-apoptotic drug), could specifically bind to FAP+ CAFs in a mouse model of TNBC by conjugating the FAP antibody fragments on H-ferritin nanocages (91). Nav-loaded nanocages achieved efficient targeted delivery and yielded controlled drug release profile in FAP+ CAFs toward improving the breast cancer TME (91).

Moreover, CAF-targeted drug delivery nano-systems were also investigated in a xenograft mouse model of MCF-7 breast cancer (87). A cleavable amphiphilic peptide (CAP) containing a TGPA sequence that can be digested by FAP-α was designed to specifically respond to FAP-α expressed on the CAFs’ surfaces in tumor (87). CAP could self-assemble into fiber-like nanostructures in solution, while the self-assemblies can be transformed into stable drug-loaded spherical NPs (CAP-NPs), in the presence of hydrophobic chemotherapeutic drugs such as DOX, irinotecan (Iri) and paclitaxel (Tax) (87). It was found that cleavage enabled by FAP-α being expressed on the surface of CAFs, can rapidly disassemble the NPs to yield the efficient release of the encapsulated drugs specifically targeting at breast cancer sites. Such a transformer-based system can significantly increase local drug accumulation by disrupting the stromal barrier (87). Since FAP-α is commonly expressed and activated in most human tumors (92, 93), this FAP-α-targeted drug delivery nano-system has great application potential.

Aside from NPs, hydrogel was also explored for regulating CAFs in 4T1 breast tumors. The peptide C16-GNNQQNYKD-OH (C16-N), which can self-assemble into supramolecular long filaments with hydrophobic cores, was co-assembled with losartan to form a hydrogel (94). This injectable peptide hydrogel inhibited the activity of CAFs, reduced the growth factor secretion of CAFs, and perturbed collagen synthesis. Further, it improved the efficacy of PEGylated DOX-loaded liposomes (Dox-L) toward inhibiting breast tumor growth, demonstrating the potential of an injectable hydrogel in regulating CAFs toward enhancing the chemotherapy effectiveness for breast cancer (94). In addition, puerarin nano-emulsion (nanoPue), with the ability of CAFs targeting by modifying with aminoethyl anis amide (AEAA) was developed. The AEAA-modified NPs were able to accumulate in CAFs and down-regulate reactive oxygen species (ROS) production to deactivate CAFs and improve the stromal microenvironment in murine TNBC model (with approximately a 6-fold reduction of CAFs in the nanoPue treatment group vs. control group), which also significantly enhanced the chemotherapy efficacy of paclitaxel (95). It was demonstrated that nanoPue effectively removed the intra-tumoral physical barrier formed by the dense ECM components produced by CAFs. As well, it increased the intra-tumoral infiltration of cytotoxic T cells and the activated immune activities in TME that further enabled nanoPue to synergize PD-L1 blockade therapy (Figure 3) (95).




Figure 3 | Illustration of TME remodulation by targeted puerarin delivery (A), reduction of α-SMA positive TAFs in tumors by immunofluorescence staining (B) and flow cytometry analysis (C), reduction of collagen by Masson’s trichrome staining (D) and TGF-β by RT-PCR (E), higher apoptosis (F) and down-regulated Ki67 expression (G) by the nanoPue in combination with α-PD-L1. Reprinted with permission from Xu H, Hu M, Liu M, et al. (95). Copyright 2020, Elsevier. **p<0.01, ***p<0.001, ****p <0.0001.



Further, site-specific release of anti-breast cancer drugs, triggered by special proteins expressed in TME, has been investigated to remodel the immunosuppressive TME and improve the breast cancer immunotherapy efficiency. For instance, considering the high MMP2 expression level in breast cancer TME, Zhang et al. developed MMP2-sensitive lipid layer constructs, and demonstrated controlled release of LY3200882 (a TGFβ inhibitor) in MMP2-abundant TME (96). In addition, the combined release of LY3200882 and PD-L1 siRNA was achieved by the site-specific liposome-based delivery system to further enhance the anti-TNBC immunotherapy efficacy (96). The PD-L1 expression on CAFs decreased with the PD-L1 siRNA treatment, and LY3200882 caused reduced production of breast cancer ECM which promoted the nanomedicine and immune effector cells’ penetration into the tumor tissues (96). The dual inhibition of TGF-β and PD-L1 for both breast cancer cells and CAFs can effectively reverse the immunosuppressive TME for TNBC, suppress breast cancer cell proliferation and metastasis with minimal side effects, paving a new therapeutic strategy targeting breast cancer in the future (97).

Although some biomaterial-based strategies targeting CAFs for breast cancer treatments have shown some promise, there are still limitations. One of the significant challenges for targeting CAFs is their heterogeneity in the breast cancer TME and the lack of in-depth understanding of the specific biomarkers expressed, as well as signaling pathways triggered by the different CAF subtypes (41). As a result, clinical therapies targeting CAFs or the related signaling pathways sometimes do not show desirable treatment efficacy due to the presence of complicated tumor-restraining CAF subtypes that exhibit a suppression role in tumor progression (98–100). Thus, distinct therapeutic regimens could be considered for targeting the different subtypes of CAFs in the future breast cancer drug designs (80). Several biomarkers that have been regarded as being “specific” to CAFs, and utilized in previous anti-cancer drug designs, have recently been shown to be expressed on other cell types (36, 80). For example, FAPα is not only expressed on CAFs, but is also highly expressed in mesodermal cells (80). Similarly, α-SMA is not specific to CAFs either, but is abundantly present on normal fibroblasts, pericytes and smooth muscle cells (80). Those findings implied that anti-breast cancer therapies targeting those unspecific biomarkers can result in limited drug efficacy and future studies need to spend more efforts to identify the unique proteins or signaling molecules associated with the different CAF subtypes (36). Representative studies which have explored the use of biomaterials targeting CAFs for breast cancer treatments are summarized in Table 2.


Table 2 | The use of biomaterials targeting cancer-associated fibroblasts in breast cancer.







3.3 Myeloid-derived suppressor cells (MDSCs)

MDSCs are a class of bone marrow-derived inflammatory progenitor cells that play immunosuppressive roles in tumors. They are incapable of differentiating into dendritic cells, granulocytes, or macrophages (101). MDSCs could impair the normal function of effector immune cells to influence the TME (102).



3.3.1 Interactions between MDSCs and breast tumor cells within TME

Release of breast tumor-derived inflammatory factors and chemokines within the TME can significantly stimulate MDSCs’ proliferation and infiltration in cancer tissues (103, 104). A series of proinflammatory cytokines such as interferon-γ (IFN-γ), IL-1β, IL-4, IL-13, PGE2, as well as STAT1, STAT6, nuclear factor-κB (NF-κB) signaling pathways all participate in MDSC activation (105). Once the MDSCs are activated, they could accelerate breast tumor growth and metastasis by generating more ROS, nitric oxide (NO) and immunosuppressive factors such as IL-10, impairing the anti-tumor immunity via deleting arginine and inhibiting CD8+ T cells (96, 106–108). Studies have shown the correlation between the MDSCs levels in peripheral blood/primary tumor tissues and the progression/metastasis status of breast cancer patients (109, 110). As a result, considering the MDSCs’ immunosuppressive characteristics, therapies targeting MDSCs’ recruitment, proliferation, and differentiation could be effective in terms of treating breast cancer patients.




3.3.2 Biomaterial-based strategies targeting MDSCs for breast cancer treatments

Clinically, MDSCs-targeted strategies involved depletion, differentiation, modulation, and immunosuppressive activity inhibition of the MDSCs (105). In order to increase breast cancer immunotherapy efficacy, some researchers have developed biomaterials to improve the immunosuppressive TME via targeting MDSCs. Considering the fact that inflammatory reactions are often inevitable after surgical resection, Lu et al. developed hyaluronic acid (HA)-coated chitosan oligosaccharide-all-trans-retinoic-acid (COS-ATRA) micellar NPs, loaded with DOX (HA@CA/DOX) to modulate TME and alleviate the inflammatory responses after resection in 4T1 breast cancer model (104). In the HA@CA/DOX NP system, it was demonstrated that the hydrophilic COS and hydrophobic ATRA blocked the NF-κB pathway in breast cancer cells/MDSCs to reduce inflammation after resection, while HA shielded the excessive positive charge and enhanced breast cancer cell targeting via CD44 expressed on the cell surfaces (104). Additionally, ATRA eliminated the MDSCs not only in the breast tumor tissues, but also in the lung tissues after metastasis, thus inhibiting the formation of a pre-metastatic niche (PMN) (104). Moreover, to improve the MDSC deletion efficiency, they also developed NPs using low molecular-weight-heparin-all-trans-retinoic-acid (LMWH-ATRA) modified by a tumor targeting c(RGDfk) peptide and loaded with DOX, and immune adjuvant (α-galactosylceramide, αGC) (103). Such RLA/DOX/αGC NPs improved the immunosuppressive breast cancer TME, with αGC significantly enhancing the anti-tumor immunity in the breast and lung tissues (103). Specifically, it was found that the hydrophilic segment LMWH could tightly bind with P-selectin expressed on vascular endothelial cells (VECs), which inhibited MDSC recruitment, while the hydrophobic ATRA induced MDSC differentiation and depletion (103).

Indoleamine 2,3-dioxygenase (IDO), which is a rate-limiting enzyme of tryptophan catabolism, was revealed to be unregulated in tumor-infiltrating MDSCs and could hinder the anti-tumor immunity (109). Qiao et al. (111) developed a folated pH-degradable poly (vinyl alcohol) (PVA)-based nanogel (FA-NG) to simultaneously deliver docetaxel (DTX) and IDO1 inhibitor NLG919 (N9) to modulate the MDSCs’ infiltration in breast cancer tissues (111). For the FA-NG, PVA was modified with vinyl ether acrylate (VEA) groups for UV-crosslinking and degradation in response to low pH in TME (111). The study showed that FA-NG could be efficiently taken up by breast cancer cells followed by endo/lysosomal pH-triggered intracellular drug release, in which DTX induced cytotoxicity effects and immunogenic cell death (ICD), while N9 inhibited the IDO1-mediated immunosuppression and led to enhanced infiltration of CD8+ T cells/NK cells and reduced infiltration of MDSCs (111). This PVA-based degradable nanogel system provided a potential avenue for combining chemotherapy and immunotherapy to re-activate anti-tumor immunity in breast cancer treatment.

Aiming at reducing MDSC infiltration in breast cancer and pulmonary metastasis, Luo et al. designed a cathepsin B/pH dual-sensitive block copolymer conjugated with DOX, which was then loaded with nifuroxazide (NFX) to self-assemble into co-prodrug-loaded micelles (CLM) (112). This micelle could be delivered to the tumor site, and DOX was released upon pH/enzyme stimuli, which caused tumor cell apoptosis, reduced expression of MMPs, and decreased MDSC infiltration (Figure 4) (112). DTX@VTX NPs (DTX: Docetaxel and VTX: VTX-2337 or Motolimod) with a core/shell structure were developed to address the immunosuppressive character of the breast cancer TME by depleting MDSCs and repolarizing the macrophages from M2-like phenotype to M1-like phenotype (113). Interestingly, it was found that the simultaneous application of DTX@VTX NPs with BMS-1 (a small-molecule PD-1/PD-L1 nano-inhibitor) NPs achieved synergistic chemo-immunotherapeutic anti-breast cancer effects when compared to the use of any single type of NPs (113).




Figure 4 | Illustration of CLM formation and stimuli-responsive drug release and degradation (A), tumor growth curves (B), tumor growth inhibition rate (C), mean lung metastasis nodule numbers (D), body weight changes (E), visualized lung metastatic nodules (F). Reprinted with permission from Luo L, Xu F, Peng H, et al. (112), Copyright 2019, Elsevier. ***p< 0.001.



Chemokine CCL2 is positively associated with increased numbers of M2-like macrophages and MDSCs (114). Liu et al. fabricated a targeted lipid-protamine-DNA (LPD) NP to deliver the plasmid DNA encoding CCL2 trap into TME, which can significantly reduce the numbers of M2-like macrophages and MDSCs in TNBC by blocking the CCL2/CCR2 signaling pathway (114). The LDP NPs was constructed by cationic protamine with plasmid DNA (pDNA) coated with DOTAP (1,2-dioleoyl-3- trimethylammonium propane chloride salt) liposome, and polyethylene glycol (PEG) was coated on the surface of LPD NPs, DSPE–PEG and the target ligand DSPE–PEG–AEAA were grafted onto the surface of liposomes. Specifically, the CCL2 trap could bind to CCL2 with a high affinity and specificity, which led to a significant reduction of CCL2 levels within breast cancer tissues, and increased infiltration of cytotoxic T cells (114).

Finally, it has been observed that complicated growth factor/cytokine/chemokine networks are responsible for regulating the proliferation, differentiation and activation of MDSCs, and that the latter cells are oftentimes heterogeneous populations that could modulate the TME via different mechanisms (115, 116). For example, in TNBC, monocytic-MDSCs (HLA-DR−CD33+CD14+) occupied predominant subsets when compared to granulocytic-MDSCs (HLA-DR−CD33+CD15+) (117). Therefore, different strategies based on MDSCs’ heterogeneity in distinct breast cancer subtypes could be considered in the future biomaterial-based immunotherapies targeting MDSCs. The representative studies that explored the use of biomaterials targeting MDSCs for breast cancer treatments are summarized in Table 3.


Table 3 | The use of biomaterials targeting myeloid-derived suppressor cells in breast cancer.








4 Biomaterials targeting other immune cells in TME to improve breast cancer immunotherapy

The number and composition of infiltrated innate and adaptive immune cells varies significantly in the TME of different breast cancer subtypes, and the infiltrated immune cell ratios could influence the anti-cancer immunotherapy outcomes (118, 119). Breast tumor infiltrating lymphocytes (TILs), such as helper T cells (CD3+/CD4+), cytotoxic T lymphocytes (CTL, CD3+/CD8+) and Tregs cells, were observed in breast tumors, and they were key indicators for breast tumor immunogenicity (107, 120). It was shown that high CD8+ T cells/Tregs ratios indicated favorable prognosis in primary breast tumors (121). Currently, facilitating the infiltration of beneficial immune cells to improve the immunosuppressive TME to achieve better breast cancer treatment efficiency remains a challenge. In the following, biomaterial strategies targeting other beneficial immune cells, including dendritic cells, natural killer (NK) cells, and T lymphocytic cells in the TME to improve breast cancer immunotherapies are discussed.



4.1 Dendritic cells (DCs)

Robust activation of tumor-specific antigen-presenting cells (APCs) warrants the efficiency of cancer immunotherapy (122, 123). DCs are representative APCs that are capable of capturing, processing, and presenting tumor antigens, and are crucial for inducing and regulating the innate and adaptive immune responses by activating T cells (124, 125). Thus, DCs typically play a positive role in inducing cancer immunity, and they could be classified into conventional DCs (cDCs), plasmacytoid DCs (pDCs) and monocyte-derived DCs (MoDCs), according to their ontogeny, phenotype and anatomical location (126). In TNBC, the ratio of cDCs:pDCs was higher when compared with other breast cancer subtypes (127) and it has been revealed that high levels of pDCs and cDCs are related with better survival outcomes for breast cancer patients (127, 128). It has also been reported that the abundancy of DCs is related to the sensitivity of chemotherapy drugs in breast cancer (129).



4.1.1 DCs in breast cancer immunotherapy

It is known that DCs are vital targets in breast cancer immunotherapy and DCs-based vaccines have been developed as one of the main strategies to boost the anti-tumor immunity (130, 131). Currently, DC-based cancer vaccines mainly include MoDCs generated in vitro, DCs derived from CD34+ hematopoietic precursors, DCs isolated from the circulating blood, as well as allogeneic pDCs and pDC-derived exosomes (132). At present, DC-based immunotherapies used to potentiate host effector and memory CD8+ T cell responses have been widely studied and started to be applied clinically as DC vaccines (133). However, those different sources of DCs and DC-derived exosomes have shown limited anti-breast cancer efficacy in clinical applications due to DC population heterogeneity, high complexity of the breast cancer TME (133) and low DC targeting specificity for different subtypes of breast cancer tissues (132).




4.1.2 Biomaterial-based DC strategies for breast cancer treatments

Recently, biomaterials have been explored to enhance the anti-breast-cancer effects of DCs. For example, Poly-lactide-co-glycolic acid (PLGA) is a biodegradable and relatively biocompatible material approved by FDA with great potential in vaccine delivery. PLGA NPs can enhance breast cancer antigen presentation (134). PLGA NPs that encapsulated tumor lysate antigens, derived from breast cancer tissues, can significantly enhance DC maturation and T cell immune response activation, with high targeting specificity, controlled release of antigen and improved antigen stability (135). At present, the main strategy for efficient and specific delivery of PLGA NPs to DCs within the TME include the coupling of NPs with monoclonal antibodies against DC specific receptors or natural ligands associated with DC endocytic receptors (e.g., mannan, a ligand for mannose receptor (MR) of DCs) (134). Mannan-incorporation of PLGA NPs resulted in their increased uptake by DCs vs. the non-modified control (134). Further, in breast tumor-bearing mice, Sanaz et al. investigated the effects of mannan-coupled PLGA NPs that contained both breast tumor cell lysate and poly-riboinosinic polyribocytidylic acid (poly I:C), which is a synthetic analog of dsRNA that can stimulate DC activation (124). It was found that simultaneous use of breast cancer cell lysate and DC-stimulating adjuvant in this PLGA NP system achieved efficient activation of DCs, with a large quantity of concomitant tumor associated antigens (TAAs) and C-type lectin receptor (CLR) ligands, causing elevated T cell responses and improved the breast cancer TME (124).

Antigen-based strategies targeting MRs of DCs showed some effectiveness in boosting the immunological effects of DCs in treating breast cancer. As well, other therapeutic avenues for DCs modulation were also exploited for breast cancer treatment. For instance, Wu et al. prepared the N-alkyl-PEI2k-LAC/SPIO nanocomposites that aided the transfection of siRNA targeting indoleamine 2, 3-dioxygenase (IDO) and enhanced MRI labeling efficiency in DCs (133). It was found that this N-alkyl-PEI2k-LAC/SPIO system minimized the degradability of exogenous siRNAs in vivo by loading and protecting those gene fragments, achieving the anti-tumor function by modulating DC vaccines (133). Additionally, chitosan-shelled nanobubbles (NBs) were functionalized with anti-CD1a antibodies to target DCs in breast cancer TME (136). The antiCD1a-functionalized NBs induced DC activation and enhanced their immune responses to inhibit tumor growth, showing great potential for breast cancer treatment (136). The representative studies that explored the use of biomaterials targeting DCs for breast cancer treatments are summarized in Table 4.


Table 4 | The use of biomaterials targeting immune cells in breast cancer.







4.2 Natural killer (NK) cells

NK cells, which belong to the innate lymphoid cell family (145), are derived from the multipotent CD34+ hematopoietic progenitors in bone marrow and they mature in the bone marrow and lymphoid organs (146). As a type of natural cytotoxic lymphocyte, they can recognize and kill MHC I-low or MHC I-negative breast cancer cells that have escaped from CD8+ cells with minimal damage to healthy tissues due to their expression of specific stimulatory and inhibitory receptors (145, 147). Therefore, NK cells are important anti-tumor agents to be considered in cancer immunotherapy (145, 148).

Human tissues mainly consist of two NK subpopulations (CD56bright and CD56dim) with different functional and metabolic characteristics (149). 80%-90% of CD56dim NK cells are present in human blood, bone marrow, lung and spleen, and only less than 20% of them exist in the lymph nodes (149). Allogeneic NK cells have great potential for cancer immunotherapy because they can be easily accessed from peripheral blood, umbilical cord blood or post-partum placenta (150). In addition, it was found that gap junctions, membrane nanotubes and exosomes are key mediators enabling the effective intercellular communications between NK cells and cancer cells, which are critical for the accumulation of ions, proteins and cytokines in cancer cells, enabling the induction of their apoptosis or necrosis (151).



4.2.1 Interactions between NK cells and other immune cells within the TME

Moreover, cross-talk between NK cells and other immune cells enables the cooperation between them in order to regulate their anti-tumor immunity (152–154). Some factors produced by NK cells, such as IFN-γ, CCL5, XC-chemokine ligand 1 (XCL1) and FMS-related tyrosine kinase 3 ligand (FLT3L) could interact with T cells and DCs in the TME to enhance the T cell responses, and NK cells could also directly kill the inhibitory MDSCs (152–154). Immunosuppressive TME played a negative role for NK cell activation and limited their anti-tumor effects by disturbing their energy consumption and metabolism patterns (148). Some soluble factors in the TME, such as TGF-β, prostaglandin E2, L-kynurenine and picolinic acid, could reduce NK cells’ proliferation, activation and cytotoxicity effects (150). What’s more, Tregs can also inhibit NK cell function via TGF-β-related signaling pathways (155, 156). Therefore, modulating the abundance and activation of NK cells at tumor sites is critical for effective anti-tumor treatments. It has been well-acknowledged that the NKs’ anti-tumor activity can be modulated via altering the balance of stimulatory and inhibitory signals in the TME, including cytokines/receptors’ expression patterns (157).




4.2.2 Biomaterial-based NK strategies for breast cancer treatments

Since the hypoxic and nutrient-lacking TME could suppress NK cell metabolism and their cytotoxic function (158), improving TME hypoxia with the help of biomaterials has been investigated to enhance the potency of NK cells. For instance, PLGA-encapsulated-MnO2 NPs were designed to sustain high oxygen level in the core of cancer spheroids, in order to boost NK cell cytotoxicity (137). Specifically, the MnO2 NPs were used to catalyze the degradation of tumor-produced H2O2, producing oxygen in the TME. It was found that PLGA encapsulation endowed MnO2 NPs with improved biocompatibility, enabled a first-order oxygen production profile and sustained high oxygen tension when compared to bare MnO2 NPs, in the presence of H2O2 (137).

To enhance the expansion and activation of NK cells in tumor sites, degradable biomaterials were explored to deliver immune stimulating molecules and improve the anti-breast tumor immune responses. For example, acetylated dextran (Ace-DEX) microparticles (MPs) were designed to deliver pathogen associated molecular patterns (PAMPs) to induce immune response (138). Cyclic GMP-AMP (cGAMP) MPs exhibited the most effective anti-tumor efficacy, causing an increase in NK cell number in the TME. These MPs activated NKs and T cells-dependent anti-tumor immune responses and exhibited significant tumor inhibition effects in both melanoma and TNBC models (138). In other work, an immuno-NP made of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and methoxy-poly (ethylene glycol)-1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N (mPEG2000-DSPE) was investigated for treating breast cancer (139). Cyclic diguanylate monophosphate (cdGMP, an agonist of the STING pathway) and mono-phosphoryl lipid A (MPLA, a toll-like receptor 4 agonist) were both encapsulated into the DOPC-DPPC-mPEG2000-DSPE NPs, which significantly upregulated the expression of IFN-β and boosted the activity of APCs and NK cells in blood, and tumor tissues in the TNBC model (139). When considering the high expression pattern of PD-L1 and CD155 in TNBC cells, Chen et al. developed the PD-L1 and CD155 asynchronous blockade NP system (140). Specifically, CD155 siRNA (siCD155) was loaded in mPEG-PLGA-PLL (PEAL) NPs coated with PD-L1 blocking antibodies (P/PEALsiCD155), which modulated CD155-mediated immune surveillance in the immune escape TNBC model, causing increased NK cell number, reduced percentage of Tregs, significant inhibition of breast cancer cell growth and metastasis and induction of ICD (140). The representative studies that explored the use of biomaterials targeting NKs for breast cancer treatments are summarized in Table 4.





4.3 T lymphocyte cells

T lymphocyte cells refer to the immune cells that are derived from bone marrow and mature in thymus. These cells could specifically recognize antigens via the TCR on their cell surface in order to exhibit robust lethality for infected cells (159). The infiltration of CD8+ T cells is associated with breast cancer patient survival (160), while CD4+ T helper cells also play a critical role in anti-tumor immune response (161). Immune checkpoints and receptors, which exhibit their suppressive role to inhibit or exhaust T lymphocyte cells and prevent the potential damage from excessive immune responses, are promising immunotherapeutic targets in cancer treatment (101, 162). These include PD-1 and its ligand PD-L1, cytotoxic T lymphocyte antigen 4 (CTLA-4), T cell immunoglobulin and mucin domain-containing 3 (TIM3), IDO, lymphocyte activation gene 3 (LAG3) and V domain Ig suppressor of T cell activation (VISTA) (101, 162). PD-1, which acted as a suppressive factor in TME, is a potent therapeutic target in breast tumor immune therapy (163). The interactions between PD-1 (expressed on tumor-infiltrating T cells surface) and PD-L1 (expressed on the cancer cells or antigen-presenting cells), negatively regulate the activation of cytotoxic T cells and can lead to T cell exhaustion and suppress the immune responses against tumor cells (164). Therefore, targeting PD-1 or PD-L1 could effectively improve the immunosuppressive TME. The antibodies that bind to the above inhibitory receptors or ligands to enable T cell activation could enhance the anti-tumor activity.

Currently, several immune checkpoint-targeting antibodies have been approved by the FDA, such as monoclonal antibodies pembrolizumab (KEYTRUDA) and nivolumab (OPDIVO, anti-PD-1), atezolizumab, avelumab, durvalumab (anti-PD-L1) and ipilimumab (anti-CTLA-4), which could increase overall survival of patients for different cancers (162, 165). However, the different immune status of patients and their specific immune checkpoint blocker expression levels can affect the treatment efficacy for immune checkpoint targeting antibodies (166).

In addition to the traditional approaches that indirectly promote the activation of T cells, biomaterial-based breast cancer immunotherapies which stimulate proliferation, differentiation, activation and infiltration of T cells and induce the tumor-specific T cell responses have been explored.



4.3.1 Biomaterial-based strategies targeting T cells for breast cancer treatments

At present, biomaterials have been used to design some antibody-free molecules targeting for PD-1/PD-L1 blockade and T cell-mediated anti-tumor immunity, for enhancing the effectiveness of breast cancer treatments. For example, a liposome system was designed to co-deliver chidamide (CHI, a novel subtype-selective histone deacetylase inhibitor) and BMS-202 (a small-molecule PD-L1 inhibitor) in order to enhance T-cell recognition for treating TNBC (141). CHI, the epigenetic modulator, increased the expression level of PD-L1, MHC I and MHC II on cancer cells and improved the immune cell infiltration by inducing tumor cell apoptosis and ICD (141). The steady release of BMS-202 in tumors induced the dimerization of PD-L1 to inhibit the interaction of PD-1/PD-L1 and boosted the T cell-mediated anti-tumor immunity. This combined treatment of epigenetic regulation and immune checkpoint blockade (ICB) for TNBC exhibited effective inhibition of breast tumor growth and metastasis (141). Although ICB is an efficient treatment strategy for cancer, inflammatory side effects, which are termed immune-related adverse events including vitiligo, encephalitis, pneumonitis and colitis, can often occur clinically (165). Additionally, some chemotherapeutic agents have been reported to cause the overexpression of PD-L1 on cancer cells and inhibit the activation of CD8+ T cells at tumor sites, which can assist the cancer cells to evade the T cell immune surveillance, since the deletion of PD-L1 can activate the function of CD8+ T cells, indicating the combination of chemotherapy and ICB could exhibit promising treating outcome for cancer patients (167).

Hu et al. developed a ROS-responsive synergistic delivery system (pep-PAPM@PTX) that combined immunotherapy (ICB therapy) and chemotherapy in a TNBC model (142). This micelle integrated physically-encapsulated paclitaxel and surface-modified anti-PD-L1 peptide, in which the PD-L1-targeting D-peptide on the micelle surface could multivalently bind the PD-L1 on breast cancer cell surface and downregulate PD-L1 by driving it into lysosomal degradation, and then alleviate its immunosuppression to cytotoxic T cells (142). What’s more, the micelle could respond to elevated ROS levels by releasing PTX, and this micelle-mediated combined therapy exhibited significant efficacy in TNBC model, by improving the immune-microenvironment with the enhanced T cell infiltration and increased release of tumor immune activation factors (Figure 5) (142).




Figure 5 | The illustration of pep-PAPM@PTX micelle (A), schematic illustration of the ROS-responsive synergistic delivery system (B), pep-PAPM@PTX micelle increased CTLs’ infiltration and contents of inflammatory cytokines (C-F), tumor volume changes (G) and pictures of resected tumors (H), H&E staining of tumors (I) in different groups. Reprinted with permission from Hu D, Zhang W, Xiang J, et al. (142). Copyright 2022, Elsevier. *p<0.05, **p<0.01, ***p<0.001.



In addition, conventional biomaterial-based NPs such as ZrC NPs were used in photothermal and radiotherapies for breast cancer treatment (143). Firstly, ZrC NPs were modified by bovine serum albumin (BSA) and folic acid (FA) to improve the overall biocompatibility of the particles, as well as their tumor-targeting capability. The engineered ZrC NPs possessed radiosensitizer and photosensitizer potential without obvious systemic toxicity, and endowed more curative efficiency for radiation therapy (RT) and photothermal therapy (PTT) in breast cancer treatment (143). This strategy resulted in improved immune responses by raising the tumor-infiltrating cytotoxic T cells and helper T cells, and also achieved lower dose PTT and RT for TNBC treatment and minimized the associated side effects (143).

Furthermore, strategies for increasing the proliferation and anti-tumor activity of T cells were also investigated. A2aR is one of the adenosine receptors and its inhibition could improve the T cell anti-tumor activity (168, 169). SPION (superparamagnetic iron oxide)-chitosan lactate (CL)-TAT NPs loaded with PD-1/adenosine-A2A receptor (A2aR) specific siRNA combined with DC vaccines were used for breast cancer treatment (144). This combined therapy efficiently delivered the siRNA to tumor-derived T cells at the breast tumor site and then suppressed PD-1 and A2aR expression. On the other hand, the DC vaccination significantly increased the anti-tumor responses in A2aR−/− and PD-1−/− T cells (144). It was also noted that IL-17 and IFN-γ secretion, T cell proliferation, and anti-tumor activities were enhanced, while the breast tumor growth, metastasis and angiogenesis were inhibited (144). The representative studies that explored the use of biomaterials targeting T cells for breast cancer treatments are summarized in Table 4.






5 Discussion and future perspectives

Breast cancer is one of the most prevalent malignancy worldwide and its distal metastasis (such as lymph nodes, lung, bone, liver) can seriously threaten the health and life quality of patients and significantly lower their survival rate (170). Although there are various subtypes of breast cancer, TNBC has been identified to be the most aggressive form with limited treatment options due to its unique molecular characteristics (171). The main purpose of breast cancer therapy is to eradicate the primary tumor tissue, inhibit the growth and metastasis of cancer cells, and avoid the risks of breast cancer recurrence (172). Traditional therapies for breast cancers, such as chemotherapy, radiotherapy and photodynamic therapy could directly kill cancer cells accompanied with the cancer-associated ICD and lead to the release of antigens to initiate immune responses (57, 141, 173). However, these traditional strategies also have some unavoidable drawbacks such as the non-specific killing of normal proliferating cells within the breast tissue or in the neighboring tissues and patients who are diagnosed at an advanced stage appear to be resistant to the traditional strategies (173). As a result, a more immunogenic TME needs to be induced to precisely attack the tumor cells, appreciating that the immune-suppressive TME is a major barrier for effective breast cancer therapy (174, 175). Recently, it has been noted that delivering effective amounts of immunostimulatory agents/tumor antigens into immune cells is critical for inducing robust immune response against breast cancer. However, insufficient transfer of breast tumor antigens and adjuvants into desired regions (e.g., lymph nodes, APCs), as well as enzymatic degradation of those molecules are significant obstacles of typical breast cancer immunotherapies.

Over the most recent few years, biomaterials have been designed and applied for mainly improving breast cancer immunotherapy efficacy and minimizing the anti-cancer side effects (12). Biomaterial-based NPs have been designed as anti-breast cancer drug carriers due to their biocompatibility, lower toxicity and the relatively small sizes that allow them to be easily taken up by the breast cancer cells (124). In addition to being anti-cancer drug carriers, since NPs can be designed to be selectively accumulate in breast tumor tissues, they can also act as imaging agents as well (176). Targeting breast cancer TME has become a promising strategy for breast cancer treatments. The inhibitory factors and inflammatory cells in the TME can promote breast tumor growth by reducing anti-tumor responses (144).

Multiple studies have indicated that biomaterials could play important roles in breast cancer treatments, including modulating the M2 TAMs, CAFs, MDSCs and activating DCs, NKs, and multiple T cell types, as discussed in Sections 3&4. Although biomaterial-based strategies targeting those cell types have shown some promise, there are still limitations. For example, one of the significant challenges for targeting M2-TAMs and CAFs is their significant heterogeneity in the breast cancer TME (84, 177) and the lack of in-depth understanding of the specific biomarkers expressed, and signaling pathways triggered by the M2-TAMs and different CAF molecular subtypes (41). Specifically, the biomarkers for M2-TAMs and CAFs may lack specificity and sensitivity due to their population heterogeneity (84, 177). As a result, clinical therapies targeting M2-TAMs and CAFs, or their related signaling pathways sometimes do not show desirable treatment efficacy due to the presence of complicated tumor-restraining M2-TAMs and CAF subtypes (98–100). Future biomaterial-based therapeutic strategies need to be designed to target specific biomarkers expressed by the M2-TAMs and different CAF subpopulations in the breast cancer tissues (80, 178, 179) in order to advance more effective treating outcomes.

Additionally, it has been observed that complicated growth factor/cytokine/chemokine networks are responsible for regulating the proliferation, differentiation, and activation of MDSCs, and the latter are oftentimes heterogeneous populations in different cancer subtypes and could modulate the TME via different mechanisms (105, 116). For example, in TNBC, monocytic-MDSCs (HLA-DR−CD33+CD14+) occupied the predominant subsets compared to granulocytic-MDSCs (HLA-DR−CD33+CD15+) (117). Therefore, different strategies based on MDSCs’ heterogeneity in distinct breast cancer subtypes could be considered in future biomaterial-based immunotherapies targeting MDSCs.

Further, within the breast cancer TME, it was also found that the DCs play a vital role in initiating and regulating antigen-specific immune responses by acting as the sentinels of the immune system (129). Recently, Zhao et al. revealed new biomarkers of DCs for the breast cancer treatment and prognosis, including BCL9 (B-cell lymphoma 9), TPR (tetra-tripeptide repeat), and RBBP5 (Retinoblastoma-binding protein 5) (129). For the first time, the group found that HNRNPU and PEX19 were closely related with the prognosis of DCs (129). Future studies can consider those biomarkers as potential targets in designing biomaterial-based drug delivery systems for breast cancer immunotherapy. Additionally, biomaterial-based strategies targeting NKs/multiple T cell types showed some promises, however, there is still lack of deep understanding for the molecular signaling pathways underlying the interactions between NKs, or different types of T cells, with the breast tumor cells and other types of tissue cells within the breast tumor niche environment. Therefore, future studies need to spend more effort on revealing the detailed interaction networks involving NKs, various T cell types, breast tumor cells, cancer stem cells, epithelial cells and fibroblasts etc.

Recently, it was also found that tumor-associated adipocytes can play a vital role in the TME of TNBC tissues and promote breast tumor growth and metastasis (114). NPs have been designed to inhibit tumor-associated adipocytes to remodel the TME of TNBC (114). However, studies using NPs to target tumor-associated adipocytes for TNBC treatment are still very limited. Future studies are needed to more deeply investigate the mechanisms involved in the remodeling of the breast cancer TME by the tumor-associated adipocytes, and to enable more effective biomaterial-based strategies targeting tumor-associated adipocytes.

Biomaterial-based immunotherapies targeting breast cancer TME have shown some effectiveness in treating breast cancer patients. However, complete eradication of breast cancer, especially the TNBC, still remains a great challenge. As multiple cell types (e.g., breast cancer cells, epithelial cells, M2 TAMs, CAFs, MDSCs, DCs, NKs and multiple T cell types) are involved in the breast cancer TME and they share intertwining signaling mechanisms controlling the breast cancer development and progression, future biomaterial-based strategies need to consider those different cell types and their interaction mechanisms, to enable more effective treating outcomes. Several of the biomaterial-assisted treatment therapies discussed above are depicted in Figure 6.




Figure 6 | Biomaterial-assisted treatment therapies targeting breast cancer.



Since suppressive TME hinders effectiveness of anti-breast cancer immunotherapy, nanomaterials have been designed to be used in combination with anti-breast cancer drugs (e.g., mRNA drugs) to activate immune cells within the breast cancer TME to achieve enhanced biocompatibility and targeting specificity. However, efficient permeation and accumulation of cargo-loaded-NPs in breast cancer TME are still challenging to accomplish. Both physical and chemical properties need to be well-considered for the nanomaterials designed for anti-breast cancer applications. Specifically, in terms of physical properties of the nano-biomaterials, the shape and structure of the NPs (Spiky, Spherical DNA or RNA, polyhedral, sphere-nanosheet shape transitions etc.), size of NPs (100-1000 nm), surface charge of NPs (cationic, anionic, zwitterionic), mechanical strength of NPs (such as elastic modulus) as well as the hydrophobicity/hydrophilicity of the NPs can all directly or indirectly affect the functions of immune cells and immune responses within the breast cancer TME (180). Additionally, the chemical properties of nano-biomaterials such as possession of specific functional groups or bioactive ingredients can influence the biomaterials’ biocompatibility, biodegradability, specific interactions with immune cell types and endocytosis efficiency (181). Therefore, future biomaterial designs for anti-breast cancer immunotherapies need to put great emphasis on developing biomaterials with both appropriate physical and chemical properties that can be biocompatible with the drugs (e.g., mRNA) and the breast cancer TME, and more importantly, can efficiently penetrate into the desired immune cells (e.g., T cells, dendritic cells, NK cells) to load the immunostimulatory agents/tumor antigens/anti-breast cancer drugs (e.g., mRNA), in order to activate the immune cells for enhanced anti-breast cancer activities.

In addition, novel receptors that are overexpressed in the different subtypes of breast cancer need to be identified in future research and new nano-biomaterials can be designed to have surface modifications according to the unique expression pattern of those novel receptors to achieve specific and efficient interactions between cargo-loaded nano-biomaterials and breast cancer cells to boost the effectiveness of the anti-breast cancer treatment. For instance, a recent study designed a self-assembled nanoplatform named GENP by using amphiphilic molecule of stearic acid-modified EGFR-targeting peptide GE11 with DOX and GENP exhibited high loading efficiency and sustainable DOX release (182). GENP itself suppressed TNBC cell proliferation via EGFR-downstream PI3K/AKT signaling pathways, contributing to the synergistic treatment with its drug release (182). In addition to design nano-biomaterials that can target specific receptors expressed within breast cancer tissues, biomaterials that are responsive to the specific physiological stimuli (pH, enzymes and redox potential) of the breast cancer TME and exogenous energetic stimuli (light, magnetics and ultrasound) could be designed (183) for breast cancer treatments.

Liposomes could exhibit adjuvant effects for breast cancer treatments by regulating the accumulation and release of cargos to elicit host immunity (184). Previous study has demonstrated that both cationic and anionic liposomes with good biocompatibility could exhibit highly-efficient adjuvant effect in colorectal cancer treatment (185). Those liposomes functioned by mobilizing DCs via the MyD88-TRAF6 pathways, which could further activate T helper cells and CD8+ T cells and enhance host immunity by regulating Th1, Th2 and Tregs (185). In addition, a library of antigens and adjuvant-free liposomes with variable surface charges (via changing the composition of cationic, anionic and zwitterionic lipids) has been developed (185). With those interesting findings, it can be seen that an alternative strategy that the field can pursue for future anti-breast cancer treatments is utilizing liposomes (e.g., anionic, anionic) to enhance DC maturation and mobilize the immune responses in the TME.

Further, with in-depth research of the literature, it was found that more anti-breast cancer drugs/biosimilars have been developed recently and they have been approved to work alone or in combination with others to target different breast cancer subtypes (Table 5). For example, ENHERTU (fam-trastuzumab deruxtecan-nxki) has been approved to be used in patients with unresectable or metastatic HER2- breast cancer, while the combination of Abemaciclib with endocrine drugs can be used for adjuvant treatment of HR+HER2- breast cancer. Further, it was found that the triple combination of Inavolisib, palbociclib and fulvestrant could treat HR+HER2-, locally advanced or metastatic breast cancer. With the success of using multiple anti-breast cancer drugs simultaneously, it can be expected that future studies can design nano-biomaterials that can efficiently incorporate multiple types of anti-breast cancer drugs to further enhance targeted delivery to the breast cancer TME and boost immunotherapeutic treatment outcomes.


Table 5 | FDA-approved drugs/biosimilars used in the different types of breast cancer.






6 Conclusion

Overall, it can be stated that biomaterial-based immunotherapeutic strategies have shown great promise in breast cancer treatments, however, more investigations are needed to better design the biomaterials to achieve more precise treatment regimens for breast cancer patients possessing unique characteristics.
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Glossary

TNBC triple negative breast cancer

ER estrogen receptor

PR progesterone receptor

HER2 human epidermal growth factor receptor 2

PD-L1 programmed death-ligand 1

TIL tumor-infiltrating lymphocyte

CAR chimeric antigen receptor

TCR T-cell receptor

PD-1 programmed cell death protein 1

CTLA-4 cytotoxic T-lymphocyte-associated protein 4

APCs antigen-presenting cells

FDA U.S. Food and Drug Administration

TME tumor micro-environment

CAFs cancer-associated fibroblasts

ECM extracellular matrix

NPs nanoparticles

EPR enhanced permeability and retention

Redox oxidation-reduction

TAMs tumor-associated macrophages

Tregs regulatory T cells

MDSCs myeloid-derived suppressor cells

MCSF macrophage colony stimulating factor

CSF1-R colony stimulating factor 1 receptor

SH2 Src homology region 2

DSPE-PEG 1, 2-distearoyl-sn-glycero-3-phosphoethanolamine-poly(ethylene-glycol)

SIRPα signal regulatory protein α

MAPK mitogen-activated protein kinase

STING stimulators of interferon gene

cyclic GMP-AMP cyclic guanosine monophosphate–adenosine monophosphate

MHC major histocompatibility complex

M2NPs M2-like TAM dual-targeting NPs

SR-B1 scavenger receptor B type 1

M2pep M2 macrophage binding peptide

TGF-β transforming growth factor beta

DOX doxorubicin

MRD melittin-RADA32-doxorubicin

PI3Kγ phosphatidylinositol 3-kinase γ

PTX paclitaxel

CS chitosan

GO graphene oxide

HGF hepatocyte growth factor

EGF epidermal growth factor

MMPs matrix metalloproteinases

FAP fibroblast-activation protein

FSP fibroblast-specific protein 1

DDR2 discoidin domain-containing receptor 2

PDGFRα/β platelet-derived growth factor receptors alpha and beta

EMT epithelial-mesenchymal transition

scFv FAP-specific single chain variable fragment

CAP cleavable amphiphilic peptide

Iri irinotecan

C16-N peptide C16-GNNQQNYKD-OH

Dox-L DOX-loaded liposomes

nanoPue puerarin nano-emulsion

AEAA aminoethyl anis amide

ROS reactive oxygen species

IFN-γ interferon-γ

NF-κB nuclear factor-κB

NO nitric oxide

HA hyaluronic acid

COS-ATRA chitosan oligosaccharide-all-trans-retinoic-acid

PMN pre-metastatic niche

LMWH-ATRA low molecular-weight-heparin-all-trans-retinoic-acid

αGC α-galactosylceramide

VECs vascular endothelial cells

IDO Indoleamine 2,3-dioxygenase

PVA poly(vinyl alcohol)

NG nanogel

DTX docetaxel

VEA vinyl ether acrylate

ICD immunogenic cell death

NFX nifuroxazide

CLM co-prodrug-loaded micelles

LPD lipid-protamine-DNA

pDNA plasmid DNA

DOTAP 1,2-dioleoyl-3-trimethylammonium propane chloride salt

PEG polyethylene glycol

NK natural killer cells

DCs Dendritic cells

cDCs conventional DCs

pDCs plasmacytoid DCs

MoDCs monocyte-derived DCs

PLGA Poly-lactide-co-glycolic acid

MR mannose receptor

TAAs tumor associated antigens

CLR C-type lectin receptor

NBs nanobubbles

XCL1 XC-chemokine ligand 1

FLT3L FMS-related tyrosine kinase 3 ligand

Ace-DEX acetylated dextran

MPs microparticles

PAMPs pathogen associated molecular patterns

DOPC 1,2-dioleoyl-sn-glycero-3-phosphocholine

DPPC 1,2-dipalmitoyl-sn-glycero-3-phosphocholine

mPEG2000-DSPE methoxy-poly (ethylene glycol)-1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N

cdGMP Cyclic diguanylate monophosphate

MPLA mono-phosphoryl lipid A

TIM3 T cell immunoglobulin and mucin domain-containing 3

LAG3 lymphocyte activation gene 3

VISTA V domain Ig suppressor of T cell activation

CHI chidamide

ICB immune checkpoint blockade

BSA bovine serum albumin

FA folic acid

RT radiation therapy

PTT photothermal therapy

CL chitosan lactate

SPION superparamagnetic iron oxide

EGFR epidermal growth factor receptor
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The physical characteristics of the tumor microenvironment (TME) include solid stress, interstitial fluid pressure, tissue stiffness and microarchitecture. Among them, abnormal changes in tissue stiffness hinder drug delivery, inhibit infiltration of immune killer cells to the tumor site, and contribute to tumor resistance to immunotherapy. Therefore, targeting tissue stiffness to increase the infiltration of drugs and immune cells can offer a powerful support and opportunities to improve the immunotherapy efficacy in solid tumors. In this review, we discuss the mechanical properties of tumors, the impact of a stiff TME on tumor cells and immune cells, and the strategies to modulate tumor mechanics.
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1 Introduction

Advanced solid tumor patients have poor responses to surgical and conventional treatments (1, 2). The emergence of cancer immunotherapy has significantly increased both the quality of life and survival rates of patients. However, its efficacy in solid tumors has been hampered by significant obstacles such as immunosuppression and targeted delivery challenges (3).

Solid tumors possess unique tumor microenvironment (TME). The primary drivers of this tumor microenvironment include a highly fibrotic stroma and extensive infiltration of immunosuppressive cell populations (4, 5). Owing to the abundance of collagen, the dense fibrous stroma leads to high stiffness of the tumor tissue, in terms of mechanical properties. From a macroscopic perspective, the highly stiff extracellular matrix (ECM), which is equivalent to a physical barrier, which can block the delivery of anticancer drugs and the infiltration of immune killer cells, thus affecting the efficacy of immunotherapy. At the microscopic level, mechanical stiffness can involve signaling pathways that mediate cell mechanics and affect cell phenotypes, behaviors and functions to promote tumor progression. On the basis of these characteristics, we introduce the physical characteristics, especially ECM stiffness of the TME in solid tumors, and discuss how the increased tissue stiffness affects tumor cells as well as the immune cells. In addition, we explore the strategies for altering the tumor stiffness to improve cancer therapy.




2 The mechanical properties of the ECM



2.1 ECM stiffness and its key regulators

Stiffness, also known as the modulus of elasticity, is the resistance to deformation of a material in response to a force applied at a very slow rate (6). Stiffness is an inherent physical property of tissue and has been used as a diagnostic marker for several solid tumors (7) and a prognostic indicator (8, 9), such as breast cancer, pancreatic cancer, prostate cancer, and colorectal cancer.

During the tumor initiation process, cancer cells release a range of growth factors, including TGF-β, IL-6, and IL-13, which play a crucial roles in the activation of fibroblasts into cancer-associated fibroblasts (CAFs) (10). CAFs are the main contributors to ECM deposition. CAFs are believed to originate from normal resident fibroblasts or quiescent stellate cells. They gradually transform into CAFs when stimulated by chemokines and cytokines (11–13). These activated fibroblasts have enhanced capabilities to synthesize and secrete ECM components. They promote the synthesis of collagen I, II, and V, and the assembly of collagenous fibers, thus remodeling the ECM and increasing tumor stiffness (14). On the other hand, tumor associated macrophages (TAMs) can induce the reprogramming of fibroblasts to CAFs by releasing TGF-β (5). Owing to excessive cell proliferation and tumor growth, the core region becomes hypoxic, thereby inducing the stable expression of HIF-1 (15, 16). Tumor cells, CAFs and TAMs activate LOX and transglutaminases in response to hypoxia and promote the assembly and cross-linking of collagenous fibers with the participation of cross-linkers such as fibronectin and tenascins, resulting in the deposition of large amounts of collagen and ECM proteins, leading to increased stiffness of the ECM (17). Moreover, stiffness activates TGF-β signaling (18, 19) and downstream Smad3, PI3K/MAPK and other signaling pathways to activate LOX to induce ECM remodeling (5, 20). Meanwhile, proteoglycans play a crucial role in ECM organization, cell adhesion, and signaling. In the ingredient of the tumor microenvironment, proteoglycans contribute to the physical barrier created by the ECM, influencing drug delivery and immune cell infiltration (21). Additionally, proteoglycans can bind to and modulate the activity of cytokines and growth factors, including inflammatory cytokines. This can create gradients of inflammatory cytokines within the tumor microenvironment, influencing the recruitment, activation, and polarization of immune cells (22, 23). These activities ultimately result in epithelial mesenchymal transformation of tumor cells, tumor cell migration and invasion, immune escape and therapeutic resistance (Figure 1).




Figure 1 | The primary causes of matrix stiffness and its effect on tumor microenvironment.



Owing to the excessive proliferation of tumors, hypoxia in the core region induces the stable expression of HIF-1, activating and accelerating the synthesis of intracellular lysine oxidases (LOXs) and transglutaminases, especially LOX-1, LOXL-2 and transglutaminase-2, which further increases ECM stiffness (17).

Within this rigid and hydrated ECM network, various soluble factors are stored, such as growth factors, angiogenic factors, and chemokines, are stored, which collectively trigger a sustained inflammatory milieu. This inflammatory environment further promotes the generation of myofibroblasts and macrophages, leading to the deposition of significant amounts of growth factors and ECM proteins. Consequently, this process escalates the stiffness of the ECM, perpetuating a dynamic cycle of ECM remodeling and reinforcement (24, 25).




2.2 Cell response to increased mechanical stiffness

Tumor cells, immune cells and other cells share conserved pathways to sense and respond to mechanical cues. Many cell adhesion molecules, which are crucial for cell-matrix interactions and cell-cell communication, can function as mechanosensors, including integrins, selectins, and cadherins (26). Additionally, mechanosensitive ion channels that regulate the passage of ions such as Ca2+, Na+, and K+ also act as mechanosensors (27). For example, Piezo1 has been identified as a key mediator in the deletion of mechanical signals in both macrophages and T cells (28). Moreover, within lymphocytes, T cell receptors (TCRs) and B cell receptors (BCRs) play a critical mechanical roles in antigen recognition and the initiation of effector functions (29–31). These mechanosensors transmit signals that result in Ca2+ flux and the assembly of actin filaments (32, 33), which activate myosin to generate traction force. The active myosin assembles with filamentous actin and forms the skeleton of the actomyosin filament bundle.

Traction is transmitted along the chain of protein molecules to the ECM, which generates counterforces to balance the traction generated by myosin (34). The actin filament skeleton links the cell nuclear membrane to the linker of the nucleoskeleton and cytoskeleton (LINC complex) to transduce traction into the nucleus, activate YAP/TAZ to promote nuclear expression, and ultimately regulate gene and protein expression as well as cell phenotypes (35).

When the traction force reaches a certain threshold, some structural proteins are activated successively (36). First, talin exposes the active site and binds to the N-terminus of FAK, resulting in rapid phosphorylation of Tyr397. Activated FAK binds to a variety of downstream molecules and activates downstream RhoA and ROCK (37), which transmit signals to the nucleus and ultimately promote collagen synthesis of cancer associating fibrobrasts, leading to matrix remodeling and stiffening. These processes, which involve the conversion of cellular mechanical signals into biochemical signals, are known as mechanical transduction (38).




2.3 Other mechanical cues of the TME

There are other physical characteristics of the tumor, including solid stress (compression and tension), interstitial fluid pressure, and physical microstructure characteristics (6), in which abnormal changes contribute to tumor progression and resistance to treatment (39).



2.3.1 Solid stress

Solid stress is the mechanical force (compression, stretching, and shearing) contained in the ECM and cells and is transmitted through solid and elastic elements. The solid stress increases with increasing tumor size. The increase in tissue volume is a result of cell infiltration, cell proliferation, and matrix deposition. This augmented volume exerts pressure, consequently generating solid stress in the tumor and surrounding tissues. Helmlinger et al. first proposed the effect of solid stress on cancer cell biology and reported that accumulated solid stress inhibited the growth of tumor spheres (40). These pressures are large enough to compress or even destroy the blood and lymphatic vessels (41–43). Vascular compression leads to hypoxia (43, 44) and interferes with the efficacy of radiotherapy, chemotherapy and immunotherapy (45–47). Solid stress may also have additional direct effects on tumor biology, such as promoting the aggressiveness of cancer cells (48) and stimulating tumorigenic pathways in the colon epithelium (49). Elevated solid stress can regulate fluid stress by compressing the blood and lymphatic vessels within the tumor. Vascular compression reduces tumor perfusion, whereas compression of lymphatic vessels impedes the tumor’s ability of tumors to expel excess fluid from the interstitial space, resulting in an even increase in interstitial fluid pressure (50).




2.3.2 Interstitial fluid pressure

Normal interstitial fluid pressure homeostasis generally involves blood entering through arteries and veins, blood arriving through veins through arteries and lobes, and excess tissue fluid being expelled through lymphatic vessels. The presence of tumor tissue disrupts this homeostasis, showing high resistance to blood flow, low resistance to transcapillary fluid flow, and impaired lymphatic discharge (45, 51), resulting in increased interstitial fluid pressure (IFP). A high IFP hinders drug penetration to tumor sites, reduces the utilization rate, increases drug resistance, and affects the efficacy of radiotherapy, chemotherapy and immunotherapy (52).




2.3.3 Tissue microstructure

In the human body, from every organ to every cell, there is a specific arrangement of microstructures, and constant normal evolution optimizes the stability, efficiency and function of tissues. Pathological changes disrupt these microstructures, leading to disturbances in homeostasis and facilitating the onset of various diseases. For example, the occurrence of atherosclerosis prevents the normal flow of blood, possibly leading to a lack of normal fluid shear force, eventually resulting in changes in the morphology and function of endothelial cells, and promoting vascular proliferation (53). Throughout the epithelial-mesenchymal transition process, epithelial cells undergo a loss of cell polarity. This results in a shift from the epithelial phenotype, which is anchored to the basement membrane, to a mesenchymal phenotype characterized by enhanced invasion and migration capabilities (54). In addition, excessive tumor growth eventually leads to abnormal collagen cross-linking, persistent stiffening of the stroma, and alterations in the TME, and ultimately facilitating immune evasion and resistance to therapy (55).






3 Matrix stiffness regulates the tumor microenvironment



3.1 Effects of matrix stiffness on tumor cells



3.1.1 Increased tumor cell proliferation and survival

A stiff ECM activates signaling pathways, such as the FAK, MAPK, and PI3K/Akt pathways in tumor cells, and enhances their proliferation and survival capabilities (56, 57).




3.1.2 Promotion of tumor cell migration and invasion

Increased matrix stiffness can promote the migration and invasion of tumor cells, making it easier for them to penetrate the ECM and enter blood or lymph vessels, leading to tumor metastasis (58, 59). Stiffness-mediated downregulation of the antiangiogenic isoform of VEGF, which results in the alternative splicing of more proangiogenic isoforms (60), could play an important role in regulating angiogenesis. The presence of laminin β1 chains in the ECM increases cell–cell contact during tube formation (61). In contrast, collagen I ensures the disruption of cell–cell connections (62). Notably, since collagen I fis the main component of many surrounding tissues, it promotes the migration behavior of the cells.





3.2 Effects of matrix stiffness on the behavior of immune cells

Interestingly, within the TME, particularly in solid tumors, immune cells experience comparable physical and mechanical conditions characterized by specific pressure and stiffness. Research has focused primarily on elucidating the impact of various biochemical signals on immune cells (63, 64), and the specific implications and underlying mechanisms of mechanical stiffness on immune cell behavior remain unclear. Here, we summarize the influence of physiologically related mechanical cues on the polarization, function, and activity of various immune cells.



3.2.1 Monocytes

Monocytes and their derived macrophages, which are involved in tissue repair and remodeling, are responsive to various mechanical microenvironments. The expression of proinflammatory genes and cytokines, such as NOS2, IL-12β, IL-6, and IL-8, is upregulated in human monocytes encapsulated in agarose and exposed to a combination of shear and compression conditions. Monocyte activation tends to be associated with more M1-like phenotypes, highlighting the response of human monocytes to mechanical stimuli (65).

Hypertension and endothelial mechanical stretching have been reported to regulate the phenotype and function of monocytes. Coculture of human monocytes with fused human aortic endothelial cells under cyclic stretching of 5% or 10%, similar to hypertension, affected the distribution of human circulating monocytes, with the percentage of classical monocytes decreasing and the proportion of intermediate and nonclassical monocytes increasing. Additionally, the expression of IL-6, IL-1β, IL-23, CCL4 and TNF-α were increased in monocytes, leading to the promotion of monocyte differentiation and activation (66).




3.2.2 Macrophages

Macrophages are among of the most predominant immune cells within the TME and promote tumor growth and immune suppression (67, 68). They facilitate tumor growth by promoting neoangiogenesis, remodeling the matrix, and inhibiting tumor immunity and other mechanisms (67). While they promote ECM remodeling, macrophages are affected by changes in substrate stiffness. In addition, macrophages exhibit mechanical sensitivity to the hardening mechanical microenvironment and can respond to variations in matrix stiffness by altering the area, phenotype, migration rate and mode, function and actin tissue regulation. On rigid (150 kPa) substrates, the stiffness and phagocytosis capacity of macrophages increase, and further studies have indicated that the function of macrophages is regulated by actin polymerization (68).

Studies have shown that substrate stiffness strongly influences the phagocytic function and polarization phenotype of macrophages, and the specific influence is mainly determined by the origin of the macrophages, the biomaterial model used and the different chemical stimuli used (63, 68–71). Rukmani Sridharan et al. showed that the phagocytosis and migration of macrophages were impaired by stiff gel, and the migration mode was mainly mesenchymal, which was different from that of a softer matrix, and involved mainly ROCK-dependent deformation (63). Cougoule et al. suggested that there were differences in the migration patterns of macrophages in different substrate forms, such as amoeba migration in a porous matrix (e. g., fibrillary collagen type I) and mesenchymal migration in a dense matrix (e.g., matrix gel) accompanied by matrix proteolysis (72). Moreover, the migration rate of human monocyte-derived macrophages on flat fibronectin-coated PA gel was positively correlated with stiffness (73).




3.2.3 T cells

T cells are mechanically sensitive throughout their life cycle and are always exposed to different mechanical microenvironments, ranging from soft tissues such as the thymus or bone marrow to rigid tissues such as inflammatory and tumor tissues, which affects the function of T cells.

TCRs act as essential mechanical sensors in T cells, and mechanical forces initiate TCR signaling by acting directly on the TCR complex rather than on other surface receptors (74–76). ECM stiffness can greatly increase the activation of T cells (29) by extending the lifetime of the ligand-T cell receptor (TCR) bond, and triggering the influx of calcium ions (77, 78).

The migration, cytokine secretion, metabolism and cell cycle progression of human CD4+ T cells vary with substrate stiffness (76, 79). Migration was monitored on PA-hydrogels of various stiffness coated with biotinylated ICAM-1. CD3 and CD28 antibodies were used to activate T cells. The mean instantaneous velocity and migration distance of T cells on 100 kPa PA gels were significantly greater than those on 0. 5 kPa and 6. 4 kPa gels. With increasing rigidity, TCR/CD3, the main rigid sensing receptor, induced stronger signal transmission and gene expression. The expression of cytokines, T-cell surface markers, T-cell-specific transcription factors (TBX21 and Foxp3), and the proliferative transcription factor MYC increased with increasing stiffness in the presence of the CD3. However, it is interesting to note that some T-cell functions such as cytokine signaling, and T-cell activation, can be triggered at a lower stiffness value range (0.5– 6.4 kPa), whereas others (respiratory electron transport and glycolysis) require greater stiffness (6.4 –100 kPa). Moreover, the TCR activation induced glycolytic metabolism, the cell cycle, and the proliferation of T cells increase in response to stiff substrates (79).

The induction of human Treg cells is mechanosensitive and dependent on oxidative phosphorylation (OXPHOS). Specifically, Treg induction and metabolism are enhanced on stiffer substrates (80). In aged skin, a more aligned ECM resulting from the loss of the hyaluronic and proteoglycan link protein HAPLN1 impedes CD8+ T cell migration while promoting Treg infiltration in melanoma (81). Additionally, activation of integrin α4β1 has been shown to enhance the immunosuppressive capacity of Treg cells, whereas the loss of talin—an integrin-binding protein—can lead to severe systemic autoimmunity (82). Notably, collagen, a primary component of the ECM, can increase the expression of Treg biomarkers such as CD4, FOXP3, and CD25, thereby supporting the immunosuppressive TME (83).

Furthermore, the inducible co-stimulatory molecule (ICOS), a member of the CD28/CTLA4 family, is expressed on activated T cells (84, 85). ICOS-mediated costimulation facilitates the production of cytokines such as IL-4 and IL-10, suggesting the role of ICOS in supporting secondary, memory, and effector T cell responses (86, 87).




3.2.4 B cells

B cells sense antigens through B-cell receptors (BCRs) and react differently, contributed by the varying rigidity of antigens presented on substrates (88, 89). For example, virus particles exhibit greater stiffness (45–1,000 MPa) (90), most mammalian cells have medium stiffness (0.01–1,000 kPa) (91), and the secreted soluble pathogen antigens have a low stiffness of less than 100 Pa (92). Substrate stiffness guides B cell activation, proliferation, class switching and the antibody response in vivo (88, 93).




3.2.5 Dendritic cells

Dendritic cells (DCs), specialized immune cells, scan for foreign bodies or abnormal cells in the surrounding tissue. Once they recognize this danger signal, they travel to the lymph nodes to activate T cells and then trigger an immune response. To do this, dendritic cells travel long distances in the body and encounter a variety of microenvironments with different mechanical properties, such as tissue stiffness (94).

Studies have shown that mechanical stiffness is a key physical cue affecting DC differentiation/maturation, phenotype, metabolism, quality and function (94, 95). The expression of C-type lectins on immature DCs (IDCs) is regulated by substrate rigidity, leading to the internalization of different antigens. In addition, substrate rigidity impacts β-2 integrin expression and foot formation in IDCs, thus affecting cell functions (94).

DCs respond to increased stiffness through both functional and metabolic reprogramming. Higher stiffness upregulated glucose metabolism in DCs to support their inflammatory phenotype. Stiffness bolstersBMDC differentiation in vitro. Tension effects on DCs are potentially transient and reversible, to allow for the regulation of DC activation. In the course of immunotherapy, high-tension DC cells enhance the main adaptive immune capacity for tumor clearance. This effect does not require pattern-recognition receptor (PRR) ligation. In addition, rigid substrates can result in crosstalk of the adaptive immune system, contributing to diseases such as diabetes and pancreatitis. A major hippo signaling factor, TAZ, and a mediator of ion homeostasis, including PIEZO1, a potential tension sensor in DCs, regulate the metabolic function of DCs. Tension also influences the phenotype of human monocyte-derived DCs (95).






4 ECM stiffness affects the immune therapy response



4.1 Stiffness of the ECM affects drug infiltration

Many immunotherapies, such as immune checkpoint inhibitors, cancer vaccines, and tumor microenvironment modulators, exert their effects through drugs. The physical and biochemical properties of the tumor ECM can influence the ability of drugs to enter and diffuse within the tumor microenvironment. In particular, the stiffness of the ECM plays a significant role in the infiltration and delivery of drugs. As the tumor progresses, the ECM becomes dense and rigid. This rigidity and compactness act as a physical barrier, impeding the effective infiltration of drugs (96). The cross-linking and accumulation of collagen and other fibers within the ECM might restrict the penetration of drug molecules (97). Moreover, the increased stiffness of the ECM alters the morphology and function of tumor microvessels, thereby affecting the transport of drugs from blood vessels to tumor tissue (98). Additionally, the increased stiffness and density of the ECM can increase interstitial fluid pressure, which might further hinder the invasion and dispersion of drugs. Owing to this elevated hydrostatic pressure, the driving force for drugs to move from blood vessels into the tumor tissue may decrease (99).




4.2 The stiffness of the ECM mediates the formation of an immunosuppressive microenvironment

Increased stiffness of the ECM can promote the formation of an immunosuppressive TME in various ways. The increased stiffness of the ECM can act as a physical barrier, limiting the migration and infiltration of immune cells, such as T cells, NK cells, and macrophages, thereby reducing their presence within the tumor tissue (100–102). The stiffness of the ECM can influence the activation and differentiation of immune cells through mechanical signaling pathways. For instance, T cells experience reduced stimulation in a high-stiffness ECM, leading to their functional suppression (63). Increased ECM stiffness can also favor the differentiation of certain immune cells, such as macrophages, toward an immunosuppressive phenotype. Variations in ECM stiffness may promote the accumulation of regulatory T cells (Tregs) and myeloid-derived suppressor cells (MDSCs) in the tumor microenvironment (103). The immunosuppressive environment mediated by ECM stiffness substantially hampers the application of adoptive cell therapies, such as CAR-T cells, in solid tumors (104).




4.3 ECM stiffness affects the immune cells

ECM stiffness represents a significant factor driving macrophage polarization toward the M2 phenotype. A notably higher proportion of M2-like macrophages was identified in the stiffer ECM of mouse mammary tumor by single-cell RNA sequencing (105). It has been reported that CAFs are highly correlated with tumor-associated macrophages. In patients with poorer clinical prognosis, there is a concomitant high expression of both CAF and TAM markers, such as α-SMA, FAP, and CD163 (106, 107). Furthermore, CAFs are able to facilitate monocyte migration into tumors and polarize into the M2 phenotype. For instance, CAF-derived M-CSF1, IL-6, and CCL2 in monocyte recruitment increased the M2/M1 TAM ratio in pancreatic cancer (108).

ECM stiffness affects T cell migration and infiltration. One study found that T cells stranded in condensed fibrotic collagen areas surrounding human hepatocellular carcinoma highly express both PD-1 and TIM-3, markers for late exhausted CD8+ T cells. It suggested that high environmental stiffness can promote CD8+ T cell exhaustion (109). In 20 resected triple-negative breast cancer samples, immunostaining for CD8 and picrosirius red staining for fibrous collagen were performed. The results showed that samples with high collagen density usually had fewer infiltrating CD8+ T cells (110). In mice models, in soft tumors those induced by LOX inhibition, T cells are able to migrate. On the contrary, in stiff non-treated control tumors, T cell migration is hindered (111).

The implications of ECM stiffness also extend to other immune cell types. The protein STEAP3, whose activity is influenced by matrix stiffness, facilitates neutrophil infiltration (112). Additionally, SOX9, by increasing collagen deposition and thereby intensifying ECM stiffness in Kras+G12D-driven murine LUAD, leads to reduced infiltration of DCs within tumors, thereby suppressing CD8+ T cell and NK cell infiltration and activity (102).




4.4 ECM architecture changes affect immune therapy

In lung cancer, high collagen correlates with reduced anti-PD-1/PD-L1 efficacy. Anti-PD-L1 resistance in lung cancer mouse models is associated with enhanced collagen deposition and fewer exhausted tumor-infiltrating CD8+ T cells. Therapeutic targeting of the LAIR-1 pathway in tumor models promoted the activation and function of T cells, NK cells, macrophages, and DCs (113). Blockade of LAIR-1 enhances anti-PD-L1 efficacy (114–116). Blockade of LAIR-1 also works in humanized murine xenograft models (115, 117). LOX-inhibitor reduces tumor stiffness, increases tumor-infiltrating T cells, and improves anti-PD-1 response (111). Inhibition of FAK in pancreatic cancer murine models reduces collagen deposition, decreases anti-inflammatory immune cells, increases CD8+ T cells, and improves the efficacy of TIL-based and checkpoint inhibitor therapy (118). A bacterial-based agent delivering collagenase to murine pancreatic tumors reduces collagen levels and enhances checkpoint inhibitor treatment (119).

Overexpression of matrix metalloproteinases (MMPs) is associated with a poor prognosis in cancer. Anti-MMP-9 treatment can increase certain T cell-related factors, including IL-12p70 and IL18 (120). MMP2/9 is correlated with tumor-infiltrating lymphocytes (TILs), T cell exhaustion, and inhibitory immune checkpoints. An MMP2/9 inhibitor called SB-3CT enhances T cell-mediated cytotoxicity. Moreover, SB-3CT improves the efficacy of anti-PD-1 and anti-CTLA4 treatment in mouse models of melanoma and lung cancer as well as in metastatic melanoma in the lung (121). Knockdown of MMP-1 expression in TNBC cells inhibits breast cancer growth and brain metastasis in a xenograft model (122). MMP-1 is also involved in tamoxifen resistance in breast cancer. Downregulation of MMP1 in tamoxifen-resistant breast cancer cells induces tamoxifen sensitivity in vitro and retards tumor growth in vivo (123).





5 Substrate mechanics: potential therapeutic targets and drugs

As we mentioned above, increased ECM stiffness has been associated with increased cancer cell proliferation, enhanced cell survival, and the induction of an immunosuppressive microenvironment. Addressing this stiffness through targeted therapies may enhance the penetration of drugs into tumor cells, potentially improving treatment outcomes. On the other hand, ECM degradation has been correlated with cancer cell migration, invasion, and the angiogenesis induction (124). Therefore, a meticulously planned strategy to target both ECM stiffness and processes such as cell migration and angiogenesis is paramount for optimizing therapeutic effectiveness while minimizing unintended side effects. Here we focus on strategies that target ECM stiffness (Table 1).


Table 1 | Targeting ECM components.





5.1 Targeting ECM components to reduce mechanical stiffness



5.1.1 Myofibroblasts

Preclinical experiments have shown that targeting myofibroblast apoptosis is an effective antifibrotic treatment. The monoclonal antibody C1-3 specifically targets transmembrane proteins expressed by hepatic myofibroblasts, and when combined with gliotoxin, it can induce the apoptosis of myofibroblasts and significantly reduce the severity of fibrosis (125). In addition, the abnormal transformation of fibroblasts into myofibroblasts can be inhibited. In this process, signals such as reactive oxygen, microRNAs, chemokines, and cytokines, which are important mediators of the phenotypic transformation of myofibroblasts, can be used as potential therapeutic targets (126–129) to inhibit the formation of myofibroblasts. MRG-201, a drug similar to miR-29, was recently tested in a phase 1 clinical trial for antifibrosis therapy (129) (NCT02603224). However, normal wound healing and other physiological functions require the critical involvement of myofibroblasts, and it has also been shown that depletion of myofibroblasts in the stroma leads to increased tumor aggressiveness and decreased survival (130), which is counterproductive.




5.1.2 TGF-β

TGF-β is widely involved in the occurrence and development of fibrosis in different organs. TGF-β is also a well-studied profibrotic cytokine. During the initiation of fibrosis, the overproduction of TGF-β or the enhancement of its profibrotic effect leads to an abnormal wound healing response. Moreover, TGF-β within the TME has been implicated in promoting immunosuppression, promoting angiogenesis, and epithelial-mesenchymal transition (EMT) (131–133). By targeting TGF-β, not only can the ECM be remodeled, but the TME can also be optimized to facilitate more effective cancer therapy outcomes. At present, many drugs targeting TGF-β, such as drugs prepared from peptides, antisense oligonucleotides, small molecule inhibitors, monoclonal antibodies and vaccines, have been developed and have entered phase I, II, and III clinical trials (134).

The ability of pirfenidone to inhibit TGF-β has been confirmed in clinical trials (135, 136), and it was the first drug approved for idiopathic pulmonary fibrosis (IPF) treatment in Europe and was in phase III trials in the United States (134, 137, 138) (NCT01366209, NCT00287729, NCT00287716, and NCT01504334). Belagenumatucel-L is an antisense prepared as an enhanced tumor vaccine that is actually a genetically engineered non-small cell lung cancer tumor cell line with better activity than a conventional tumor vaccine vaccination (139, 140). Significantly increased survival was found in patients treated with each dose of this vaccine, who entered a phase II/III clinical trial (141) (NCT00676507). In addition, the angiotensin receptor 1 blocker losartan reduces collagen I and HA by inhibiting TGF-β (44). In a preclinical model of PDAC, the strategies of losartan in reducing solid pressure, decompressing blood vessels, enhancing chemotherapy, and improving overall survival are currently being tested in a randomized clinical trials (142) (NCT01821729).




5.1.3 CTGF

CTGF mediates the expression and signaling of TGF-β, which circulates through the TGF-β pathway and subsequently induces additional TGF-β production (143). CTGF, which is essential for TGF-β-mediated fibrosis, binds directly to TGF-β to enhance receptor association (144). Therefore, CTGF promotes ECM remodeling and fibrosis pathology by indirectly regulating ECM synthesis and MMP expression in myofibroblasts.

FG-3019 is a full-human monoclonal antibody against CTGF. Preclinical studies have shown that FG-3019 can penetrate tissues and reduce the effective tissue level of CTGF, thereby reducing profibrotic factors, rebalancing ECM secretion and processing, and restoring tissue homeostasis (144, 145). FG-3019 has been evaluated for the treatment of pulmonary fibrosis and has shown good safety and tolerability, as well as good results in imaging changes in pulmonary function and the degree of pulmonary fibrosis (144, 146) (NCT01262001, NCT00074698, NCT01890265, NCT04419558, and NCT03955146). In preclinical trials, FG-3019 combined with gemcitabine was found to promote tumor stability and prolong survival, with better efficacy than any single treatment (147). Therefore, FG-3019 was added to gemcitabine and erlotinib in a follow-up study in which naive patients with locally advanced or metastatic pancreatic cancer were recruited, and the results revealed good safety with significantly better overall survival (148) (NCT01181245). In addition, the research results support that FG-3019 has a good effect on the treatment of skin fibrosis, but it has not entered into clinical trials (145).




5.1.4 LOX

Lysyl oxidase (LOX), a typical member of five secretory copper-dependent enzyme families, promotes covalent cross-linking through the oxidative deamination of peptidyl lysine residues in collagen and elastin, thereby reshaping the stiff extracellular matrix (149, 150). LOX is now being recognized as a promising therapeutic target because of its dual involvement in the tumor stroma and premetastatic niche formation (151). β-Aminopropenitrile (β-APN) is a nonspecific, irreversible inhibitor of the lipoxygenase family that covalently binds to the active site of the lipoxygenase family of enzymes and is the first widely used LOX family inhibitor; however, its use was discontinued because of its high toxicity in clinical trials (152). GS-6624, a monoclonal antibody against LOX 2 (LOXL2), was well tolerated in the first half of the phase II safety study, but patients with cancer and fibrosis disease did not benefit from the phase II clinical trial (153–155) (NCT01362231, NCT01769196, NCT01479465, and NCT01472198).

In the race to create effective LOX inhibitors, a considerable challenge is that the complete crystal structure of mammalian LOX remains unknown (156). Therefore, other approaches have been proposed, including inhibition of LOX transcription factors or prevention of BMP-1 posttranslational cleavage of precursor peptides (156). The depletion of copper LOX catalytic sites in the nonspecific copper chelator tetraithiomolybdate reduced the serum LOXL2 concentration in patients with moderate- to high-risk primary breast cancer in a phase II clinical trial (157) (NCT00195091). Tetrathiomolybdate has also been used to treat idiopathic pulmonary fibrosis (NCT00189176), primary biliary cirrhosis (NCT00805805) and non-small cell lung cancer (NCT01837329). Overall, compared with β-APN, tetrathiomolybdate therapy is favorable because of its simple oral administration route, excellent tolerability, and stronger LOX inhibition (156, 157). PXS-5120A (158) and PXS-5153A (159), which are halinated allylamine drugs, have been shown to reduce collagen cross-linking, reduce the degree of liver and pulmonary fibrosis, and improve liver and lung function (158, 159). A phase I clinical trial of an oral LOXL2 inhibitor, PXS-5382A, was completed in healthy adults (NCT04183517). PAT-1251, a highly specific small molecule inhibitor of LOXL2 based on benzylamine and 2-substituted pyridine-4-methylamine, has not been tested in a phase II clinical trial to date, although it was found to be well tolerated and successfully passed a phase I clinical trial (NCT02852551). A preclinical study of the aminomethiophene-based LOX inhibitor CCT365623 demonstrated that inhibition of LOX led to delayed tumor development and reduced lung metastasis in a mouse model of breast cancer (160–162). Furthermore, CCT365623 has been shown to have good stability and specificity for LOX (160–162) but has not yet been tested in a clinical setting.




5.1.5 MMPs

MMPs, which are secreted by tumor cells, stromal cells and other cells, play crucial roles in selectively cleaving ECM components. Their capacity to cleave and activate growth factors, chemokines, cytokines, and receptors is closely linked to the metastasis cascade and tumor angiogenesis processes, ultimately driving cancer progression (163, 164). MMPs can activate TGF-β, CTGF, KGF, macrophage inflammatory protein (MIP), bone morphogenetic protein (BMP), and other factors that are crucial for tumor progression and immune regulation. Additionally, MMPs can cleave proteoglycans, such as syndecans and glypicans, which are important for cell adhesion, signaling, and ECM organization. The release of these factors can further modulate the immune response and influence the infiltration and function of immune cells within the tumor microenvironment (165–167).

Efforts to target MMPs to combat cancer metastasis have been extensively pursued in clinical trials but have ultimately been proved unsuccessful in patients. Hence, strategies that involve modifying MMP activity to reduce ECM stiffness should be approached with caution (168, 169).





5.2 Blocking abnormal mechanical transmission signals



5.2.1 Integrin

Integrins, as the connecting proteins, play direct connections from the matrix to the intracellular space (Table 2). In general, integrins serve as bridges for cell-ECM interactions, and their activity is influenced by ECM stiffness. As initiators of the mechanical sensing signaling pathway, activated integrins are able to activate myosin to generate force and then transduce mechanical signals to the nucleus to activate YAP/TAZ. Moreover, it can activate the mechanical sensor FAK and initiate downstream signaling cascades such as Src and Rho/ROCK, acting as a feedback loop to promote stromal stiffening and further worsen tumors (170). Preclinical studies have also shown that integrins can promote the progression of malignant tumors, including invasion, metastasis and drug resistance. Therefore, the specific targeting of integrins to directly block mechanical sensing in and out of cells is an attractive target.


Table 2 | Blocking abnormal mechanical transmission signals.



Immune cells utilize integrins to facilitate interactions with cell adhesion molecules, which is essential for communication with other cells and the ECM (Figure 2). Notably, the integrin α4β1 acts as the primary receptor for VCAM-1 on leukocytes (171). Moreover, α4β1 and αxβ2 can collaborate to bind VCAM-1, significantly enhancing leukocyte adhesion (172). Additionally, macrophage integrins α4 and α9 are pivotal in promoting both macrophage migration and survival (173). On the other hand, the activation of integrin αVβ3 in macrophages can sustain chronic inflammatory responses in pathological conditions. Conversely, the loss of αVβ3 ligation allows macrophages to exit the inflammatory state, highlighting its role in inflammation modulation (174).




Figure 2 | Immune cells utilize integrins to facilitate interactions with cell adhesion molecules.



Integrins also play a vital role in T cell functionality. For instance, blocking αvβ6 can inhibit SOX4 expression and enhance T cell-mediated cytotoxicity in response to immune checkpoint inhibitors, particularly in triple-negative breast cancer mouse models (175). Furthermore, integrin αvβ8 is predominantly expressed in CD4+CD25+ T cells within tumors. The specific deletion of β8 from T cells can mitigate TGFβ-mediated inhibition of CD8+ T cells, thereby restoring their tumor-killing capacity and synergizing with immunotherapies (176).

Monoclonal antibodies, such as LM609, are among the first integrin antagonists to be developed and have been reported to have antiangiogenic effects in preclinical models (177). Its humanized version, etaracizumab (MEDI-522), is one of the first integrin antagonists to enter clinical trials because of its efficacy in preclinical studies and has completed a phase II clinical trial in malignant metastatic melanoma (178) (NCT00066196). The human Avintegrin-specific monoclonal antibody CNTO95 against the αVβ3 and αVβ5 integrins exhibited good safety in phase I and II clinical trials and demonstrated antitumor activity (179–181) (NCT00888043, NCT00246012). CNTO95 and etaracizumab are being evaluated in further clinical trials. Cilengitide, an inhibitor of the αVβ3 and αVβ5 integrins, has completed phase II trials in patients with recurrent prostate cancer (182) (NCT00103337, NCT00121238) and NSCLC (183) (NCT01118676, NCT00842712) and is currently undergoing phase II and III trials in glioblastoma (184, 185) (NCT00813943, NCT00093964, NCT00689221). In nonclinical studies, αVβ6 integrins have been shown to inhibit the activation of TGF-β in nonclinical studies (186). GSK3008348, a small molecule inhibitor of αVβ6 integrin and the first inhaled compound of this class of drugs, is safe and well tolerated by inhalation administration. A phase I clinical trial of GSK3008348 for the treatment of idiopathic pulmonary fibrosis has been completed (187) (NCT03069989, NCT02612051).




5.2.2 FAK

FAK, a cytosolic nonreceptor tyrosine kinase, is activated by integrin clustering and functions as a key regulator of focal adhesion dynamics (Figure 3, Table 2) (188). It plays a critical role in cellular responses to ECM stiffness, making it a promising target for inhibiting such mechanotransduction pathways (189). The phosphorylation of FAK is increased in response to increased matrix stiffness, with constitutive phosphorylation observed in myofibroblasts (188, 190). In addition, our previous data revealed that FAK inhibition alters the fibrotic and immunosuppressive TME in pancreatic cancer and renders tumors responsive to immunotherapy (191). As such, FAK is also a potential target to mediate matrix stiffness responses.




Figure 3 | Targeting ECM stiffness for improved cancer therapy.



The first FAK inhibitor, PF-562271, was tested in a phase I clinical trial with tolerable results and controllable safety. A total of 99 patients with advanced malignant tumors were treated with PF-562271. After treatment, two-thirds of the patients were stable (approximately 6 weeks after the end of cycle 2). This first clinical trial revealed FAK as a promising therapeutic target (192) (NCT00666926). The FAK inhibitor VS6063, acquired by Verastem, has good pharmacodynamic characteristics (192) and has completed a phase I clinical trial in combination with paclitaxel in patients with advanced ovarian cancer (193) (NCT01778803). The inhibitors VS-4718 and VS-5095 also effectively target FAK kinase activity. Furthermore, the VS-4718 inhibitor is currently in clinical trials for patients with metastatic nonhematological malignancies (NCT01849744). The recently developed FAK inhibitor GSK2256098 has also been tested in clinical trials (194, 195) (NCT01138033, NCT02428270) and has completed phase II clinical trials in pancreatic cancer (194) (NCT02428270).

The FAK inhibitors examined in clinical trials to date have controlled toxicity and good safety and have shown extended progression-free survival as monotherapy inhibitors without clinical or radiological effects. Trials are underway to increase the efficacy of treatment by combining FAK inhibitors with cytotoxic chemotherapy, targeted therapy or immunotherapy.







Conclusion

While the biological signals within the TME have been well studied, the specific physical cues and mechanisms of mechanical signals remain unclear. This article discusses the impact of mechanical factors, particularly the stiffness of the matrix, on the tumor immune microenvironment. Furthermore, we explored potential targets for modifying the stiff TME. By illuminating these concepts, our goal is to raise awareness about the crucial role of the physical environment in cancer and offer strategies to manipulate the TME to improve cancer therapy outcomes.
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While biomarkers have been shown to enhance the prognosis of patients with colorectal cancer (CRC) compared to conventional treatments, there is a pressing need to discover novel biomarkers that can assist in assessing the prognostic impact of immunotherapy and in formulating individualized treatment plans. The RUNX family, consisting of RUNX1, RUNX2, and RUNX3, has been recognized as crucial regulators in developmental processes, with dysregulation of these genes also being implicated in tumorigenesis and cancer progression. In our present study, we demonstrated a crucial regulatory role of RUNX in CD8+T and CD103+CD8+T cell-mediated anti-tumor response within the tumor microenvironment (TME) of human CRC. Specifically, RUNXs were significantly differentially expressed between tumor and normal tissues in CRC. Patients with a greater proportion of infiltrating CD8+RUNX1+, CD103+CD8+RUNX1+, CD8+RUNX2+, CD103+CD8+RUNX2+, CD8+RUNX3+, or CD103+CD8+RUNX3+ T cells demonstrated improved outcomes compared to those with lower proportions. Additionally, the proportions of infiltrating CD8+RUNX1+T and CD8+RUNX3+T cells may serve as valuable prognostic predictors for CRC patients, independent of other clinicopathological factors. Moreover, further bioinformatic analysis conducted utilizing the TISIDB and TIMER platforms demonstrated significant associations between the members of the RUNX family and immune-infiltrating cells, specifically diverse subpopulations of CD8+TILs. Our study of human colorectal cancer tissue microarray (TMA) also revealed positive and statistically significant correlations between the expressions of RUNX1, RUNX2, and RUNX3 in both CD8+T cells and CD103+CD8+T cells. Our study comprehensively revealed the varied expressions and prognostic importance of the RUNX family in human colorectal cancer tissues. It underscored their potential as vital biomarkers for prognostic evaluation in colorectal cancer patients and as promising targets for immunotherapy in treating this disease.




Keywords: RUNX, tumor-infiltrating CD8+T cells, multi-color immunohistochemical staining, colorectal cancer, prognosis





Introduction

Colorectal cancer (CRC) is a leading cause of morbidity and mortality worldwide. Traditional treatment including surgery, chemotherapy, and radiotherapy could provide benefits for early-stage patients, but side effects and tumor recurrence due to their non-specificity, cytotoxicity, and incompleteness remain significant challenges in treating CRC (1, 2). Immunotherapy is an emerging treatment that leverages patients’ own immune cells to fight tumor cells. It is regarded as a valuable and essential supplementary approach to conventional standard treatments. Certain therapies, such as immune checkpoint inhibitors targeting PD-1/PD-L1 and CAR-T cell therapy, have shown notably effective outcomes in specific tumor types (3, 4). Due to tumor heterogeneity and the immunosuppressive tumor microenvironment, there is still significant potential for enhancing the responsiveness and overall remission rate of immunotherapy in malignant tumors. The current efficacy of immunotherapy in CRC is closely tied to patient-specific biomarkers, such as microsatellite instability, programmed cell death ligands expression and so on. There is a pressing necessity to discover novel biomarkers that can assist in evaluating the prognostic implications of immunotherapy and in devising individualized immunotherapy protocols. Various subtypes and quantities of infiltrating immune cells, particularly tumor-infiltrating T cells (TILs), are valuable indicators for assessing the effectiveness of immunotherapy and predicting patient outcomes (5, 6). Among these subsets, CD8+ T cells are deemed essential and preferred for their role in anti-tumor immune responses. Despite their importance, the dysfunction and depletion of these cells can result in tumor immunosuppression and tolerance, allowing tumor growth and progression (7). Addressing these challenges is essential for advancing the role of immunotherapy in the treatment of CRC.

The signature profiles of transcription factors, activating receptors or inhibitory receptors expressed by these tumor-infiltrating CD8+T cells play a crucial role in the regulation of their own anti-tumor immune functions. For example, the abundance of intratumorally infiltrating CXCL13+CD8+T in renal clear cell carcinoma correlates with poor clinical prognosis (8), and the abundance of infiltrating PD-1+CD8+T cells in gastric carcinoma correlates with improved prognosis (9). In our prior investigation, it was observed that CD226 exhibited elevated expression levels in CD8+T cells present within gastric cancer tumor infiltrates. Furthermore, the CD226+CD8+T cell subset was identified as a significant prognostic indicator for favorable outcomes in gastric patients (10). Therefore, further identification of more effective biomarkers through well-defined CD8+ T-cell subpopulations will certainly be beneficial in assisting clinical evaluation of tumor patients.

RUNX, a transcription factor family member, plays a crucial role in regulating mammalian cell proliferation, differentiation, lineage development, osteogenesis, and neurogenesis (11–13). The RUNX gene family comprises three members: RUNX1, RUNX2, and RUNX3. The functionality of RUNX proteins varies depending on the cellular context and is influenced by pathways such as transforming growth factor beta (TGF-β), BMP, WNT, hedgehog, Notch, receptor tyrosine kinase 6, and Yes-associated protein 1 (YAP1), which are associated with major developmental pathways (14–17). Dysregulation of RUNX family gene can lead to a variety of diseases, including tumors (18, 19). Knockout studies show that RUNX1 is crucial for the development and upkeep of the blood system. Runx1-deficient mice die before birth from bleeding in the brain and blood system failure, and RUNX1 is closely linked to leukemia and myelodysplasia in human (20). The fusion oncogene RUNX1/RUNX1T1 could reprogram a large transcriptional network to establish and maintain acute myeloid leukemia (AML) via intricate PPI interactions and kinase-driven phosphorylation events in both adult and pediatric patients (21). RUNX2 plays a critical role in the differentiation of osteoblasts and chondrocytes, and mice lacking functional Runx2 alleles perish shortly after birth as a result of impaired ossification and respiratory failure (22). RUNX2 is thought to be associated with human osteosarcoma progression (23), breast cancer-mediated bone metastasis (24) and has also been reported to related with poor prognosis in cervical (25), bladder (26) and pancreatic (27) cancer. RUNX3 plays an important role in neurogenesis and thymogenesis. It is associated with the development of gastric epithelial cells; the majority of Runx3-deficient mice die of gastric epithelial hyperplasia shortly after birth, and those that survive tend to develop spontaneous inflammatory bowel inflammation (28, 29). The inactivation of RUNX3 in a variety of solid tumors has also been identified as an important tumor oncogenic factor.RUNX3 has been reported to act as a tumor suppressor in melanoma (30), gastric cancer (31) and lung cancer (32), inhibited tumor progression and metastasis. The RUNX family has important regulatory roles in both lineage development and differentiation effects of T cells, but there are fewer studies related to how RUNX family members enhance T lymphocyte function in the tumor microenvironment to treat tumors.

In this study, we aimed to examine the clinical correlations and prognostic significance of RUNX family gene expressions in CD8+TILs and CD103+CD8+TILs in human CRC tissues. We conducted a thorough analysis of RUNX genes across various cancers using TCGA data. Additionally, we explored the regulatory role of RUNX genes in CD8+TIL effector function using TIMER and TISIDB databases. We showed that the intensity of CD8+RUNX1+TILs, CD8+RUNX2+TILs and CD8+RUNX3+TILs could be useful prognostic predictors for CRC patients. Additionally, we investigated the interactions between RUNX family genes and immune cells within the colorectal cancer (CRC) tumor microenvironment.





Materials and methods




Patients and tissue specimens

The CRC tissue microarray (TMA, HColA180Su21) was provided by Shanghai Outdo Biotech Co. Ltd and contained tumor tissues and corresponding paracancerous tissues from 94 patients. All patients did not receive preoperative neoadjuvant radiotherapy, chemotherapy and immunotherapy, and were operated from February 2012 to September 2014, and were diagnosed with colorectal carcinoma by pathology after surgery. A total of 89 cases were included in this study excluding factors such as core point detachment during the experiment and incomplete clinical follow-up data. Clinical parameters are detailed in Tables 1–4 and the experiment protocol was approved by the ethics committee of the Third Affiliated Hospital of Soochow University.


Table 1 | Correlation between the infiltrating CD8+T and CD103+CD8+T cells in CRC tissues and clinical parameters of patients.




Table 2 | Correlation between the infiltrating RUNX1+T, CD8+RUNX1+T and CD103+CD8+RUNX1+T cells in CRC tissues and clinical parameters of patients.




Table 3 | Correlation between the infiltrating RUNX2+T, CD8+RUNX2+T and CD103+CD8+RUNX2+T cells in CRC tissues and clinical parameters of patients.




Table 4 | Correlation between the infiltrating RUNX3+T, CD8+RUNX3+T and CD103+CD8+RUNX3+T cells in CRC tissues and clinical parameters of patients.







Multi-color immunohistochemically staining

The multi-color immunohistochemically staining (mIHC) was performed using the Opal 5-color fluorescent IHC kit (catalog No. NEL811001KT, PerkinElmer, USA) and automated quantitative analysis (PerkinElmer, USA) to detect CD8, CD103, RUNX1, RUNX2, and RUNX3 in tumor tissues. The 4’, 6-diamidino-2-phenylindole (DAPI) was utilized for nuclear staining. Subsequently, the concentrations of the six antibodies listed above were individually optimized against the markers, and a spectral library was established using single-stained slides. The PC TMA slide underwent dewaxing and rehydration via a sequence of xylene-to-alcohol washes prior to immersion in distilled water. Heat-induced antigen retrieval was done in citric acid solution (PH=6.0), followed by mIHC staining with primary antibodies including anti-CD8A (1:200, CST70306, Cell Signaling Technology), anti-CD103 (1:1000, ab224202, Abcam), anti-RUNX1 (1:1000, ab240639, Abcam), anti-RUNX2 (1:1000, ab192256, Abcam), and anti-RUNX3 (1:500, ab40278, Abcam). The PC TMA slide was then incubated with HRP-conjugated secondary antibodies in Opal working solution (PerkinElmer, USA) and mounted with ProLong Diamond Antifade Reagent with DAPI (Thermofisher, USA).





Imaging analysis

The TissueFAXS system, developed by TissueGnostics Asia Pacific Limited in Austria, was utilized for panoramic multispectral scanning of PC TMA slides. The resulting images were analyzed using StrataQuest software (Version No. 7.0.1.165, TissueGnostics Asia Pacific Limited, Austria), wherein each fluorophore was spectrally unmixed into distinct channels and saved as individual files. DAPI was employed to create a binary mask representing all viable cells within the image. The expressions of RUNX1, RUNX2, and RUNX3 were utilized in conjunction with DAPI to generate binary masks representing cells expressing these biomarkers. Furthermore, binary masks of CD8 and CD103 were employed to assess the infiltration intensity of lymphocytes. Each slide was reviewed independently by two senior pathologists who were unaware of the patients’ clinical characteristics. The immunohistochemical staining was evaluated utilizing the H-score methodology, consistent with our prior publications (33, 34).





Databases applied to analyze RUNX expression in human tumor and immune estimation

The gene expression analyses of the RUNX family in various cancer types were conducted utilizing the publicly available web resources GEPIA (http://gepia.cancer-pku.cn/) and UALCAN (http://ualcan.path.uab.edu/), which analyze cancer transcriptome data from TCGA and MET500 (35). Additionally, the web-based interactive platform TIMER2.0 (https://cistrome.shinyapps.io/timer/) was utilized to systematically analyze immune infiltration in different malignancies (36, 37). The TIMER2.0 database utilizes six sophisticated algorithms to conduct a comprehensive assessment of tumor-infiltrating lymphocyte (TIL) levels in The Cancer Genome Atlas (TCGA) or other tumor-related datasets. Furthermore, the database is capable of accurately estimating tumor purity. Our study examined the expression of RUNXs in different types of cancers and explored the correlation between RUNXs expression and TILs using gene modules. Moreover, an examination of the correlation between the expression of RUNXs and gene markers associated with tumor-infiltrating lymphocytes (TILs), such as CD8+/CD4+ T cells, B cells, monocytes, natural killer (NK) cells, dendritic cells (DCs), tumor-associated macrophages (TAMs), M1 macrophages, M2 macrophages, neutrophils, T cells, and their respective subtypes, has been conducted using correlation modules. The TISIDB database, accessible at http://cis.hku.hk/TISIDB/index.php, serves as an online integrated repository portal that aggregates numerous human cancer datasets from the TCGA database. In the TISIDB database, RUNX gene expression was correlated with immune subtypes or molecular subtypes of different cancer types. Differences with a P value 0.05 were considered statistically significant.





Statistical analyses

Statistical analyses were conducted using Prism 9 software and RStudio 6.3 to compare disease-related factors in patients with varying levels of RUNX1, RUNX2, and RUNX3 expression. The fluorescence intensity of each protein between different patients was truncated using the surv_cutpoint function in the survminer package of the R software package, and the patients were divided into two groups of high and low expression according to the cutoff point truncation value. The survival curve was plotted using the R package survival. Cox model analysis was conducted using the coxph function for both uni-variate and multi-variate analysis. Log-rank survival analysis was used to predict postoperative overall survival (OS) with significance set at P < 0.05.






Result




RUNXs are significantly differentially expressed between tumor and normal tissues in various human cancers

The RUNX gene family exhibited abnormal expression patterns in various human cancers. Analysis of TCGA data through TIMER, UALCAN, and GEPIA databases showed distinct expression profiles for RUNX family members across different tumor types, generally indicating upregulation in most tumors (Figure 1). RUNX1 and RUNX2 had similar cancer expression profiles, with overexpression in most cancer types and downregulation in prostate adenocarcinoma (PRAD). In contrast, RUNX3 was more frequently downregulated in several cancer types, including BLCA, COAD, LIHC, LUAD, THCA, and THYM. Notably, RUNX1 was upregulated, while RUNX3 was downregulated in COAD tumor tissues, with statistical significance. However, RUNX2 showed no significant difference in expression between tumor and normal tissues in COAD (refer to Figures 1A–C). These results suggest a progressive downregulation trend of RUNX1, RUNX2, and RUNX3 in COAD tumor tissues, indicating a potential role for RUNX3 and RUNX2 as tumor suppressors in COAD, in contrast to RUNX1.




Figure 1 | A comparison of expression levels of RUNX genes in human cancers of different types. (A–C) RUNX1, RUNX2 and RUNX3 gene levels in different cancer types (red) and normal tissue (blue) available in TIMER database. (D–F) RUNX1, RUNX2 and RUNX3 gene levels in different cancer types (red) and normal tissue (blue) available in UALCAN database. (G–I) RUNX1, RUNX2 and RUNX3 gene levels in different cancer types (red) and normal tissue (blue) available in GEPIA database. (J) Pan-cancer landscape of differential expression of RUNX1, RUNX2, and RUNX3 across three different TCGA databases. *P< 0.05, **P< 0.01, and ***P< 0.001.







Expressions and localization of CD8, CD103 and RUNX family genes in CRC tissues and normal colorectal tissues

In our previous study, we have already found that CD8+T and tissue-resident CD103+CD8+T cells were prognostic factors for colorectal cancer (38). In this study, we further explored the expression levels of RUNX family members on these two types of tumor-infiltrating lymphoid cells. We examined the localization of CD8, CD103, RUNX1, RUNX2 and RUNX3 in the CRC TMA slide by mIHC. Figure 2A showed that the RUNX1 (green), RUNX2 (red) and RUNX3 (yellow) could be predominantly detected in the nucleus while CD8 (blue) and CD103 (pink) were expressed on the membrane and cytoplasm. Based on the H-score analysis, CRC cancer tissues exhibited a significantly elevated presence of CD8+ cells in comparison to adjacent paracancerous tissues (Figure 2B). Furthermore, the expression levels of RUNX1 were notably higher in cancerous tissues as opposed to paracancerous tissues (Figure 2D), whereas the expression of RUNX3 was comparatively lower in cancerous tissues relative to paracancerous tissues (Figure 2F). Conversely, there was no discernible distinction in the levels of CD103+ cells and RUNX2 expression between cancerous and paracancerous tissues (Figures 2B, E, respectively). These results of RUNX family members between cancer and paracancer were consistent with the previous results in the TCGA database (Figures 1A–C).




Figure 2 | The expressions of CD8, CD103, RUNX1, RUNX2, and RUNX3 in human CRC TMA. (A) Multi-spectral immunohistochemistry (mIHC) was utilized to obtain images from human colorectal cancer tissue and adjacent paracancer tissue. (B–F) H-scores of CD8+ (B), CD103+ (C), RUNX1+ (D), RUNX2+ (E), and RUNX3+ (F) cells. **P < 0.01, ****P < 0.0001 and ns for no significance.



Tumor-infiltrating cytotoxic CD8+ T cells effectively inhibited tumor growth. Based on mIHC and imaging analysis (Figure 2A), membrane staining of CD103 could be found on infiltrating immune cells. The tissues-resident CD8+T cells, which were defined as CD103+CD8+T cells, were found in both adjacent normal and tumor tissues. In the present study, we also found that the proportions of CD8+ T cells and CD103+CD8+ T cells were significantly higher in human CRC tissues than in paraneoplastic tissues (Figures 3A, B). Herein, we also investigated the relationship between the frequency of tumor-infiltrating CD8+T and CD103+CD8+T cells and CRC patients’ survival. Figures 3C, D showed that patients with high frequency of CD8+ TILs (HR=2.917, 95% CI: 0.8615-9.874, P=0.0103, Figure 3C) and CD103+CD8+ TILs (HR=9.093, 95% CI: 3.845-21.51, P=0.0082, Figure 3D) had a better prognosis.




Figure 3 | The expressions and prognostic values of CD8+TILs and CD103+CD8+TILs in human CRC TMA. (A, B) The populations of CD8+TILs and CD103+CD8+TILs were compared between CRC tissue and paracancer tissue. (C, D) The prognostic value of CD8+TILs and CD103+CD8+TILs were compared between CRC tissue and paracancer tissue. **P < 0.01, ****P < 0.0001.







Prognostic value of RUNX1, RUNX2 and RUNX3 expression in CD8+TILs and CD103+CD8+TILs in human CRC

Figures 4A–C, 5A–C and 6A–C showed the percentages of RUNX1+ cells, CD8+RUNX1+T/CD8+T cells, CD103+CD8+RUNX1+T/CD8+T cells, RUNX2+ cells, CD8+RUNX2+T/CD8+T cells, CD103+CD8+RUNX2+T/CD8+T cells, RUNX3+ cells, CD8+RUNX3+T/CD8+T cells and CD103+CD8+RUNX3+T/CD8+T cells comparison between paracancer tissues and cancer tissues in CRC. The percentages of RUNX1+ cells, CD8+RUNX1+T/CD8+T cells, and CD103+CD8+RUNX1+T/CD8+T cells were all higher in cancer tissues than in paracancer tissues (Figures 4A–C). The percentage of RUNX2+ cells was lower in cancer tissues than in paracancer tissues (Figure 5A), while the percentage of CD103+CD8+RUNX2+T/CD8+T cells was higher in cancer tissues than in paracancer tissues (Figure 5C). These two differences were both statistically significant. Interestingly, the difference in the percentage of CD8+RUNX2+T among CD8+T cells between cancer or paracancer tissues was not statistically significant (Figure 5B). We also observed that patients with higher density of CD8+RUNX2+T cells or CD103+CD8+RUNX2+T cells proportion tend to have a better OS than lower density (HR=2.629, 95% CI: 1.097-6.302, P=0.0999, Figure 5B; HR=2.827, 95% CI: 1.198-6.672, P=0.0752, Figure 5C). The percentages of RUNX3+ cells (Figure 6A) and CD8+RUNX3+T/CD8+T cells (Figure 6B) were all lower in cancer tissues than in paracancer tissues. These two differences were both statistically significant, while the difference in the percentage of CD103+CD8+RUNX3+T among CD8+T cells between cancer or paracancer tissues was not statistically significant (Figure 6C).




Figure 4 | The expressions and prognostic values of RUNX1+TILs, CD8+RUNX1+TILs and CD103+CD8+RUNX1+TILs in human CRC TMA. (A–C) The populations of RUNX1+TILs, CD8+RUNX1+TILs and CD103+CD8+RUNX1+TILs were compared between CRC tissue and paracancer tissue. (D–F) The prognostic significance of RUNX1+TILs, CD8+RUNX1+TILs and CD103+CD8+RUNX1+TILs were assessed between CRC tissue and paracancer tissue. **P < 0.01, ****P < 0.0001.






Figure 5 | The expressions and prognostic values of RUNX2+TILs, CD8+RUNX2+TILs and CD103+CD8+RUNX2+TILs in human CRC TMA. (A–C) The populations of RUNX2+TILs, CD8+RUNX2+TILs and CD103+CD8+RUNX2+TILs were compared between CRC tissue and paracancer tissue. (D–F) The prognostic value of RUNX2+TILs, CD8+RUNX2+TILs and CD103+CD8+RUNX2+TILs were compared between CRC tissue and paracancer tissue. **P < 0.01, and ns for no significance.






Figure 6 | The expressions and prognostic values of RUNX3+TILs, CD8+RUNX3+TILs and CD103+CD8+RUNX3+TILs in human CRC TMA. (A–C) The populations of RUNX3+TILs, CD8+RUNX3+TILs and CD103+CD8+RUNX3+TILs were compared between CRC tissue and paracancer tissue. (D–F) The prognostic value of RUNX3+TILs, CD8+RUNX3+TILs and CD103+CD8+RUNX3+TILs were compared between CRC tissue and paracancer tissue. *P < 0.05, and ns for no significance.



Interestingly, we observed that patients with a higher density of CD8+RUNX1+T cells, CD103+CD8+RUNX1+T cells, CD8+RUNX2+T cells, CD103+CD8+RUNX2+T cells, CD8+RUNX3+T cells, or CD103+CD8+RUNX3+T cells proportion all presented a better OS than those with lower density (HR=2.773, 95% CI: 1.254-6.135, P=0.0063, Figure 4E; HR=2.928, 95% CI: 1.249-6.862, P=0.0649, Figure 4F; HR=2.629, 95% CI: 1.097-6.302, P=0.0999, Figure 5E; HR=2.827, 95% CI: 1.198-6.672, P=0.0752, Figure 5F; HR=4.112, 95% CI: 1.011-16.72, P=0.0134, Figure 6E; HR=8.202, 95% CI: 3.364-20.00, P=0.0134, Figure 6F).





Correlations between patients’ clinical parameters and the intensities of tumor-infiltrating CD8+T cells, CD103+CD8+T cells, CD8+RUNXs+T cells and CD103+CD8+RUNXs+T cells in human CRC tissues

In the current investigation, we sought to examine the associations between clinical parameters of patients and the levels of tumor-infiltrating CD8+T cells, CD103+CD8+T cells, CD8+RUNXs+T cells and CD103+CD8+RUNXs+T cells in human CRC tissues. Table 1 showed the frequency of CD8+T cells was positively associated with tumor grade (P=0.029, Table 1). Additionally, Table 3 demonstrated a significant association between the frequencies of CD8+RUNX2+TILs and CD103+CD8+RUNX2+TILs with AJCC stage (P=0.044, P=0.030, respectively, Table 3), as well as a negative and significant association between the frequency of CD8+RUNX2+TILs and N stage (P=0.020, Table 3). However, based on the data presented in Tables 2, 4, there was no significant correlation observed between the frequencies of various cell types (RUNX1+, CD8+RUNX1+T, CD103+CD8+RUNX1+T, RUNX3+, CD8+RUNX3+T, and CD103+CD8+RUNX3+T cells) and clinical parameters in colorectal cancer tissues.

Moreover, Table 5 revealed that individuals with a pathological grade of III+IV exhibit a markedly higher risk of mortality (multi-variate: HR=2.416, 95% CI: 1.085-5.398, P=0.031) in comparison to those with a pathological grade of I+II, even after adjusting for variables such as gender, age, tumor size, infiltration of CD8+T, infiltration of CD103+CD8+T, and other relevant factors. Patients with an AJCC stage of T3+T4 demonstrated a significantly elevated risk of death (multi-variate: HR=3.566, 95% CI:1.558-8.160, P=0.003) when compared to patients with an AJCC stage of T1+T2. Table 5 illustrated that patients exhibiting elevated levels of infiltrating CD8+T, CD103+CD8+T, RUNX1+T, CD8+RUNX1+T, CD8+RUNX2+T, CD8+RUNX3+T and CD103+CD8+RUNX3+T cells demonstrated a reduced risk of mortality in comparison to patients with lower levels (uni-variate: HR=0.342, 95% CI: 0.144-0.809, P=0.015; HR=0.348, 95% CI: 0.162-0.744, P=0.006; HR=0.390, 95% CI: 0.157-0.968, P=0.0.42; HR=0.359, 95% CI: 0.166-0.775, P=0.009; HR=0.467, 95% CI: 0.168-1.297, P=0.031; HR=0.240, 95% CI: 0.101-0.571, P=0.001; HR=0.362, 95% CI: 0.158-0.828, P=0.016, respectively). Besides, the percentages of infiltrating CD103+CD8+T cells, CD8+RUNX1+T cells and CD8+RUNX3+T cells could also serve as significant prognostic indicators for predicting the survival outcomes of CRC patients, irrespective of other clinicopathological variables including gender, age, tumor size, pathological grade, and AJCC stage (Table 5).


Table 5 | Cox model analysis for the correlation between the expression of RUNX, infiltrating CD8+T, CD103+CD8+T cells and clinical parameters of patients.







Correlation between the expression levels of RUNX1, RUNX2, RUNX3 and immune infiltration in colorectal cancer

Immune infiltration plays a vital role in tumor progression. The TIMER and TISIDB platforms were utilized to examine the association between RUNX family genes and immune cell infiltration in COAD. Figure 7 showed a significant correlation between the expression of RUNX1, RUNX2, and RUNX3 and the abundance of TILs in COAD, according to the TIMER database. For instance, RUNX1 expression was positively correlated with infiltrating degree of CD8+T cell (rho=0.24), CD4+T cell (rho=0.467), B cell (rho=0.037), macrophage (rho=1.401), neutrophil (rho=0.36) and dendritic cell (rho=0.384) (Figure 7A). RUNX2 expression was positively correlated with infiltrating degree of CD8+T cell (rho=0.371), CD4+T cell (rho=0.445), B cell (rho=0.22), macrophage (rho=0.553), neutrophil (rho=0.477) and dendritic cell (rho=0.479) (Figure 7B). RUNX3 expression was positively correlated with infiltrating degree of CD8+T cell (rho=0.27), CD4+T cell (rho=0.483), B cell (rho=0.145), macrophage (rho=0.391), neutrophil (rho=0.482) and dendritic cell (rho=0.51) (Figure 7C). All the P-values were significantly less than 0.001. Furthermore, an examination was conducted on the correlation between RUNX family genes and various biomarkers of TILs (including CD8+ T cells, CD4+ T cells, NK cells, B cells, monocytes, DCs, TAMs, M1/M2 macrophages, neutrophils, T cells, and related subtypes) in COAD using data from the GEPIA database (refer to Table 6). The findings suggest that the RUNX1, RUNX2, and RUNX3 genes are correlated with a significant portion of tumor-infiltrating lymphocyte markers in colorectal adenocarcinoma. Various subsets of T cells, such as Th1, Th2, Tfh, Treg, resident, cytotoxic, exhausted, and effector memory T cells, were also analyzed. The RUNX family genes are implicated in the regulation of immune infiltration in colorectal cancer, as shown in Table 6.




Figure 7 | The association between RUNX family gene and cell subsets in human colorectal cancer based on TIMER platform. (A) The scatter plots showed the association between RUNX1 expression and B cell, CD8+T, CD4+T, macrophage, neutrophil, dendritic cell and tumor purity. (B) The scatter plots showed the association between RUNX2 expression and B cell, CD8+T, CD4+T, macrophage, neutrophil, dendritic cell and tumor purity. (C) The scatter plots showed the association between RUNX3 expression and B cell, CD8+T, CD4+T, macrophage, neutrophil, dendritic cell and tumor purity.




Table 6 | Correlation analysis between RUNX family genes and related gene markers of monocyte, macrophages, and T-cell exhaustion in Gene Expression Profiling Interaction Analysis (GEPIA).







Correlation between the expression levels of RUNX1, RUNX2, RUNX3 and tumor infiltrating CD8+T cells in colorectal cancer

Upon closer examination of the relationship between the RUNX family gene and infiltrating CD8+T cells, it was observed that the values of Spearman’s correlation test rho exhibited a gradual increase from RUNX1 to RUNX3 on the TISIDB platform (Figures 8A, E, I). For instance, the spearman correlation rho was -0.133 between RUNX1 and active CD8+T (Act_CD8), data statistically significant, revealed a negative correlation between RUNX1 and active CD8+T cells (Figure 8B). While the rho value was 0.039 between RUNX2 and active CD8+T with a 0.401 P value, while revealed a none significant statistically correlation (Figure 8F). And the rho value became 0.309 between RUNX3 and active CD8+T, with statistically significant data again (Figure 8J). Similarly, the Spearman correlation coefficient rho between RUNX1, RUNX2 to RUNX3 and central memory CD8+T (Tcm_CD8) cells showed a stepwise increase (Figures 8C, G, K), so did the effector memory CD8+T (Tem_CD8) (Figures 8D, H, L). Besides, the Spearman’s correlation test rho value also presented that the correlation between RUNX genes with active CD8+T, central memory CD8+T and effector memory CD8+T were progressively increased, respectively (Figures 8B–D, F–H, J–L). These results indicated that RUNX family genes might be more relevant to effector CD8+ T than to central memory CD8+ T cells and activated CD8+ T cells and RUNX3 showed more relevant to effector CD8+ T than to central memory CD8+ T cells and activated CD8+ T cells than RUNX2 and RUNX1.




Figure 8 | The association between RUNX family gene and immune infiltrating CD8+T cell subsets in human colorectal cancer based on TISIDB platform. (A, E, I) Heatmap showed the correlation of RUNX1 (A), RUNX2 (E) and RUNX3 (I) expression and immune infiltration in pan-cancer. (B–D) Correlation between RUNX1 and active CD8+T, central memory CD8+T and effector memory CD8+T. (F–H) Correlation between RUNX1 and active CD8+T, central memory CD8+T and effector memory CD8+T. (J–L) Correlation between RUNX1 and active CD8+T, central memory CD8+T and effector memory CD8+T.



Figure 9 illustrates significant positive correlations between the expressions of RUNX1 and RUNX2, RUNX1 and RUNX3, as well as RUNX2 and RUNX3 in both CD8+T cells and CD103+CD8+T cells within the context of human CRC TMA in our mIHC findings. The correlation coefficients between CD8+RUNX2+T and CD8+RUNX3+T, as well as CD103+CD8+RUNX2+T and CD103+CD8+RUNX3+T, were notably higher compared to other comparison groups (R=0.8548, P<0.0001, Figure 9C, R=0.7783, P<0.0001, Figure 9F, respectively).




Figure 9 | Correlations of the expressions of RUNX1, RUNX2 and RUNX3 in CD8+TILs and CD103+CD8+TILs in human CRC TMA. (A) The dot plot showed the correlation between CD8+RUNX2+T and CD8+RUNX1+T. (B) The dot plot showed the correlation between CD8+RUNX3+T and CD8+RUNX1+T. (C) The dot plot showed the correlation between CD8+RUNX3+T and CD8+RUNX2+T. (D) The dot plot showed the correlation between CD103+CD8+RUNX2+T and CD103+CD8+RUNX1+T. (E) The dot plot showed the correlation between CD103+CD8+RUNX3+T and CD103+CD8+RUNX1+T. (F) The dot plot showed the correlation between CD103+CD8+RUNX3+T and CD103+CD8+RUNX2+T.








Discussion

Recent studies have shown that each member of the RUNX family may play a role in various stages of tumor development, such as cell proliferation, apoptosis, and metastasis, indicating their potential as targets for diagnostic and therapeutic interventions in cancer. For instance, RUNX1, including its mutations, has been reported to serve as a prognostic factor in tumors including leukemia, myeloid neoplasia, and renal cancer (39–41). RUNX2 has been reported to be a novel prognostic signature and correlate with immune infiltrates in bladder cancer, cervical cancer and gastric cancer (25, 26, 42). RUNX3 has been found elevated in renal cancer and is associated with shorter progression-free survival, and high RUNX3 expression predicts a greater benefit of IO/TKI (immune checkpoint inhibitor combined with a lorosine kinase inhibitor) therapy compared to TKI monotherapy (43). In our current study, we initially examined the expression of all the three RUNX genes across different tumors using the TCGA database (Figure 1). By analyzing data from GEPIA, UALCAN, and TIMER, three widely utilized TCGA database platforms, we observed that the expression patterns of RUNX1 and RUNX2 were quite similar across most tumors, both showing increased expression levels, whereas RUNX3 was more frequently down-regulated in a larger number of tumors (Figure 1J). These findings align with previous reports on RUNX expression in pan-cancer contexts (44, 45), suggesting that abnormal RUNX expression is linked to prognosis in various cancers.

In the next section, we explored the relationship between RUNX family and prognosis. According to our mIHC results from Figure 2, especially Figures 2D–F, there was an up-regulation of RUNX1 expression and a down-regulation of RUNX3 expression in CRC TMA tumor tissues. The result was also consistent with our previous findings in the UALCAN database (Figures 1A–C). The different expression status of RUNX family members in the same one COAD tumor type, made us further explore their correlation with immune cells in the surrounding immune microenvironment. It has been shown that tumor-infiltrating lymphocytes (TILs) within the TME are a reliable determinant of prognosis and immunity to immunotherapy (46–48). Our study demonstrated that RUNX family gene were all strongly associated with TILs and played a key role in the development of TMEs (Figure 7, Table 6).

The RUNX family is essential for lineage characterization of various types of hematopoietic cells, including T lymphocytes (11, 12, 49). Current research has shown that the RUNX gene family plays a critical role in regulating the development, function, and immune response of CD8+T cells. RUNX1 and RUNX3 play important regulatory roles in promoting the development of immature CD4+CD8+ double-positive (DP) thymocytes into mature CD4+Th and CD8+CTL cells. RUNX1 binds to CD4 to silence and inhibit transcription in immature double-negative thymocytes while activating CD8 progression from double-negative to double-positive thymocytes. RUNX3, on the other hand can bind the core sequence of CD4 silencing and establish epigenetic silencing in CD4-CD8+ cytotoxic T cells (12). One of the major targets of tumor immunotherapy is to rescue and/or maintain optimal effector CD8+ T-cell function by minimizing tumor-induced negative factors. RUNX family proteins establish a core transcriptional program in CD8+CTL cells. T cells acquire specific effector functions by preparing chromatin landscapes early in development, a process that involves the sequential cooperation of transcription factors such as RUNX1, PU.1, and BCL11B, which sequentially and synergistically anchor mSWI/SNF with RUNX1 to balance the T cell effector landscape (50). RUNX3 acts as an upstream transcription factor that binds directly to cis-regulatory regions of Prf1 (which encodes perforin) and Eomes (a type of T-box protein) regulatory region, with T-box driving the gene expression program in activated CD8+CTL cells (13). RUNX3 is also recognized as a central regulator of tissue-resident memory CD8+T (TRM) cell development (51). The integrin CD103 on TRM cells is a target gene of RUNX3. In CD8+ T cells stimulated by antigen receptors, RUNX3 is essential for establishing the signature cytotoxic effector function of CTLs to promote their clearance from tumors in the microenvironment. In addition to RUNX1 and RUNX3, RUNX2 also affects the development of memory CD8+T cells (52). In a murine model of acute lymphocytic choroidal meningitis virus infection, RUNX2 has been identified as a crucial factor for the maintenance of long-term memory CD8+ T-cell persistence and for influencing the development of memory CD8+ T cells (52). In our previous studies, we found that tumor infiltration CD8+T and CD103+CD8+T could serve as good clinical prognostic indicators in CRC (38). We also confirmed this conclusion at the beginning of this study (Figure 3). So, in our present study, we further analyzed the prognostic values of RUNX1, RUNX2 and RUNX3 expressed on CD8+TILs and CD103+CD8+TILs in human CRC. According to the results from Figures 4–6, Table 5 in this study, we found that CD8+RUNX1+T, CD8+RUNX2+T, CD8+RUNX3+T and CD103+CD8+RUNX3+T cells could be important prognostic predictors for the survival prediction of CRC patients. Some previous researches have mentioned that CROX (Cluster Regulation of RUNX) could serve as a potential novel therapeutic approach for tumors (53, 54). In this study, our analysis of correlation between the expression levels of RUNX1, RUNX2 and RUNX3 in infiltrating CD8+T and CD103+CD8+T cells in colorectal cancer, implicated that the transcription factors RUNX1, RUNX2, and RUNX3 might exhibit a synergistic interaction effect within clusters and mutually influence each other (Figure 9). Although the comprehensive RUNX family cluster regulation has yet to be applied in the foundational and clinical fields, manipulating the RUNX gene family may have potential applications in immunotherapy, further study in RUNX gene family cluster will provide new insights and strategies for tumor immunotherapy.

The following defects and limitations may exist in this paper: 1) Since we used commercial tissue microarrays, insufficient sample size and insufficient sample resource may be limited. In subsequent research, more intraoperative clinical fresh tissue samples, in addition to the patient’s tumor and adjacent normal tissue, peripheral blood samples could also be included, to further validate the exploratory conclusions drawn in this paper. 2) This article does not provide a detailed study on how the RUNX family members, including RUNX1, RUNX2, and RUNX3, specifically regulate the mechanisms of tumor-infiltrating CD8+ T cells and CD103+CD8+ T cells in colorectal cancer, as well as the functional roles they play in the anti-tumor immune response within the CRC microenvironment. It has been reported that in antigen-stimulated CD8+ T cells, RUNX is crucial for developing CTL’s cytotoxic function and enhancing tumor clearance in the TME (13). The RUNX family members also appear to play a critical role in regulating the effector differentiation of effector T cells (Teff) and memory T cells (Tmem) in vivo. For instance, within an in vivo T-cell CRISPR screening platform, the ETS family transcription factor Fli1 was identified as a repressor of Teff cell biological function. The deletion of Fli1 led to increased chromatin accessibility at RUNX motifs, thereby enhancing the biological efficacy of RUNX-driven Teff cells, which demonstrated increased resistance to infection and tumorigenesis (55). Furthermore, existing literature indicates that the reversal of RUNX methylation facilitates CD8+ TILs infiltration, mitigates CD8+ T cell exhaustion, and augments the anti-tumor immune response of CD8+ T cells (56). Studies in pancreatic ductal adenocarcinoma and hepatocellular carcinoma have found that RUNX gene-edited CAR-T cells showed enhanced persistence, cytotoxic potential and tumor-resident capacity, and could enhance anti-tumor effects (57, 58). These studies indicate that the RUNX family may play a significant role in the functional differentiation of T effector cells, thereby establishing a theoretical foundation for considering RUNX as a potential target for predicting response rates to immunotherapy. The mechanism through which the RUNX family augments anti-tumor efficacy in CRC by modulating the effector functions of tumor-infiltrating CD8+ T cells and CD103+CD8+ T cells deserve further elucidation.

To sum up, our recent research highlights the prognostic importance of the infiltration intensity of RUNX family genes in CD8+T and resident CD103+CD8+T cells in human colorectal cancer. The RUNX family could be a vital and promising prognostic biomarker for forecasting disease progression and immune evasion in colorectal cancer patients.
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Glossary

RUNX: runt-related transcription factor

CRC: colorectal cancer

TME: tumor microenvironment

PD-1: programmed death 1

PD-L1: programmed cell death 1 ligand 1

CAR-T: chimeric antigen receptor T-cell immunotherapy

TIL: tumor-infiltrating lymphocyte

CXCL13: chemokine C-X-C motif ligand 13

TGF-β: transforming growth factor beta

BMP: bone morphogenetic protein

YAP1: Yes-associated protein 1

mIHC: multi-color immunohistochemically staining

DAPI: Diamidino-2-phenylindole

DC: dendritic cell

TAM: tumor-associated macrophage

TCGA: The Cancer Genome Atlas

BLCA: bladder urothelial carcinoma

BRCA: breast carcinoma

CESC: cervical squamous cell carcinoma and endocervical adenocarcinoma

COAD: colon adenocarcinoma

DLBC: lymphoid neoplasm diffuse large B-cell lymphoma

ESCA: esophageal carcinoma

GBM: glioblastoma multiforme

HNSC: head and neck squamous cell carcinoma

KICH: kidney chromophobe

KIRC: kidney renal clear cell carcinoma

KIRP: kidney renal papillary cell carcinoma

LAML: acute myeloid leukemia

LGG: lower-grade glioma

LIHC: liver hepatocellular carcinoma

LUAD: lung adenocarcinoma

LUSC: lung squamous cell carcinoma

PAAD: pancreatic adenocarcinoma

PRAD: prostate adenocarcinoma

SKCM: skin cutaneous melanoma

STAD: stomach adenocarcinoma

TGCT: testicular germ cell tumors

THCA: thyroid carcinoma

THYM: thymoma

UCEC: uterine corpus endometrial carcinoma

UVM: uveal melanoma
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Background

The role of cancer-associated pericytes (CAPs) in tumor microenvironment (TME) suggests that they are potential targets for cancer treatment. The mechanism of CAP heterogeneity in esophageal squamous cell carcinoma (ESCC) remains unclear, which has limited the development of treatments for tumors through CAPs. Therefore, a comprehensive understanding of the classification, function, cellular communication and spatial distribution of CAP subpopulations in ESCC is urgently needed.





Methods

This study used large-sample single-cell transcriptome sequencing (scRNA-seq) data to investigate pericytes’ subpopulation characteristics, functions, upstream and downstream regulation and interactions with other components of the TME in the ESCC, and analyzed prognostically in conjunction with Bulk RNA-seq data. In addition, pericyte subpopulations were validated and their spatial distribution in the ESCC TME was observed by multiplex immunofluorescence. Drug prediction and molecular docking was further used to validate the medicinal value of drug targets.





Results

CAPs in the ESCC TME were found to be highly heterogeneous, and we identified six pericyte subtypes: c1_ARHGDIB, c2_BCAM, c3_LUM, c4_SOD2, c5_TYMS, and c6_KRT17, which have commonality in a part of their functions, and each of them has a major function to play, by having different strengths of interaction with different components in the TME. In addition, we found that c4_SOD2 was negatively correlated with prognosis, conversely, c5_TYMS was positively correlated with prognosis. The drug with a better effect on c5_TYMS was docetaxel (binding energy = -8.1, -8.7 kcal/mol); raloxifene may be more effective against c4_SOD2, although raloxifene has a slightly lower binding energy to SOD2 (-6.4 kcal/mol), it has a higher binding energy to PDGFRβ (-8.1 kcal/mol).





Conclusion

The present study identified and discovered pericyte subpopulations that were significantly associated with prognosis, which provides new biomarkers for predicting patient prognosis and adds usable targets for immunotherapy, and it is also important for gaining insights into the composition of the TME in ESCC.
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1 Introduction

In recent years, progress has been made in the diagnosis and treatment of esophageal squamous cell carcinoma (ESCC) (1). However, a significant proportion of patients do not respond well to immunotherapy, which largely stems from the fact that researchers do not yet have a deep enough and comprehensive understanding of the complex tumor microenvironment (TME) of ESCC, in particular, little research has been carried out on the pericytes which are closely related to tumor angiogenesis (2, 3).

Pericytes are a type of mural cell located between the capillary endothelium and the basement membrane, and they play a role in regulating capillary vasomotion and maintaining normal microcirculation in local tissues and organs. In the tumor microenvironment, pericytes have multiple interactions with different components, such as constituting pre-metastatic ecological niches, promoting cancer cell growth and drug resistance through paracrine activities, and inducing M2-type macrophage polarization (4). Some investigators have identified multiple non-immune mesenchymal cell subtypes including pericytes by using single-cell transcriptome sequencing, and the interactions between these cells and tumor cells and other cell types, and their role in the TME. interactions, as well as their immunosuppressive status in TME, further tell us that the role played by pericytes in the development and treatment of ESCC cannot be ignored (5).

Therefore, exploring the subpopulations of pericytes, their functions and the spatial distribution of pericytes in the TME are crucial for optimizing immunotherapy.

Based on a large amount of single-cell sequencing (scRNA-seq) data, we identified for the first time that there are six pericyte subtypes in the TME of ESCC, and they differ in function and spatial distribution. We sorted out these differentiated subpopulations by a cluster-extract-recluster approach, and predicted the functions each of them exerted by detailed comparison and analysis of the functional enrichment results. To explore the pericyte-associated mechanisms more comprehensively, we also identified the transcription factors and target genes of these subtypes by SCENIC analysis, and analyzed the interactions of the different subtypes with other cell populations in the TME by cellular communication. We also analyzed a protective pericyte subpopulation and a cancer-promoting pericyte subpopulation related to concerning prognosis. Finally, we validated and spatially distributed these pericyte subtypes using multiplex immunofluorescence (mIF) in tumor tissue samples from clinical patients. In addition, we have predicted drugs with potential roles in regulating pericyte subpopulations and have used molecular docking to predict binding modes and molecular binding energies of proteins encoded by target genes to small molecule drugs. Our main research efforts and processes are presented in Figure 1A.




Figure 1 | Single-cell transcriptome mapping and functional enrichment analysis. (A) Flow chart. (B) We captured the transcriptomes of 9 major cell types according to the expression of canonical gene markers. (C) T-SNE plots comparing the distribution of single cells derived from tumor and normal samples. (D) Annotated correspondence between markers and cellular subgroups. (E) GO enrichment results for differential genes. (F) KEGG enrichment results for differential genes.






2 Methods



2.1 Sequencing data acquisition and analysis

We obtained scRNA-seq data for 64 purified ESCC tumor samples in GSE160269 dataset from the Gene Expression Omnibus (GEO) database (http://www.ncbi.nlm.nih.gov/geo/). Expression matrices for CD45+ and CD45- were obtained, and 64 CD45+ and 64 CD45- samples were combined into 64 samples. Bulk-RNA sequencing data and clinical information for ESCC patients were obtained from The Cancer Genome Atlas (TCGA) database (https://portal.gdc.cancer.gov), including 95 patients. We used data from the TCGA database as external validation sets. For patients with a survival outcome, the time from treatment to the most recent follow-up was defined as the survival time; for patients with a mortality outcome, the time from treatment to death was defined as the survival time.

The “Seurat” package in R (6) converted scRNA-seq data into Seurat objects. First, we checked the scRNA-seq data for quality control by deleting clusters with less than 3 cells, cells with less than 50 gene mappings and cells with over 5% of mitochondrial genes. Then, the “NormalizeData” package in R was applied for data normalization. With the first 2000 high-resolution genes, 26 principal components (PCs) were selected by principal component analysis (PCA). T-distributed stochastic neighbor embedding (t-SNE) was utilized for unsupervised clustering and unbiased visualization of cell subpopulations on a two-dimensional map (7). Clustree allows for visualization of clustering structures at multiple resolutions, helping in the selection of a parameter that maintains biologically meaningful cell type distinctions and clustering stability. By examining the Clustree plots, we selected a resolution of 0.2, as it provided a balance between the number of clusters and biological interpretability, avoiding over- or under-clustering while ensuring stability in downstream analyses. The “FindAllMarkers” function was utilized to compare the differences in gene-expression between one cluster and all other clusters to be sure the marker genes for each cluster (|log2FC| > 1, adj.p-value< 0.05). Subsequently, the most central step, we manually annotated the cellular subgroups by comparing the expression levels of the cellular markers.




2.2 CNV inference and cluster analysis of pericytes based on scRNA-seq data

The copykat R package (8) was used to identify diploid and aneuploid epithelial cells with default parameters.

We extracted the cells contained in the pericyte subpopulation from all the single cells obtained according to the previous cell annotation results, with the resolution set to 0.2, and used the same method to perform the cluster analysis, and then performed the difference analysis on the new subpopulation derived from the clustering, taking the top10 difference genes to draw the dot plot, and searching for the expressed characteristic genes to annotate the new subpopulation respectively.

We used the ‘CellCycleScoring’ function in Seurat to identify cell cycle phase-specific changes in different cell clusters. The ‘CellCycleScoring’ function assigns each cell a score based on the expression of G2/M and S phase markers. The G2/M or S phase scores were inversely correlated, and cells that did not express G2/M and S phase markers were in the G1 phase. The ‘CellCycleScoring’ function will assign each cell a predicted classification based on its score.




2.3 Functional enrichment analysis

We used Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) to enrich the differential genes of these pericellular subtypes to predict their functional differences (9), and in addition, we used GSEA on the gene expression matrices of each of these subtypes to assess whether there was a statistically significant difference in the expression patterns of the predefined genomes between the two predefined biological states (10, 11). We synthesized these enrichment results together to make functional predictions.




2.4 Cell communication analysis of pericyte subpopulations and SCENIC analysis

Cell communication analysis was performed on the top 10 tumor samples separately using cellphoneDB (12) software, and the threshold of significant intercellular interactions was p<0.01.

The SCENIC analysis was run as described (13), using the pyscenic (version 0.9.19) and hg19-500bp-upstream-10species databases for RcisTarget, GRNboost, and AUCell. The input matrix was the normalized expression matrix from Seurat.




2.5 Immunofluorescence staining of tissue sections

Multiple fluorescence immunohistochemistry kit (Panovue, Beijing, China), including containment reagents, TSA signal amplification solution, dyes, etc. Incubate overnight at 4°C with purified rabbit anti-human PDGFRβ (ab32570, 1:100, Abcam, USA), rabbit anti-human SOD2 (66474-1-Ig, 1:300, Proteintech, Wuhan, China), rabbit anti-human CD68 (66231-2-Ig, 1:2000, Proteintech, Wuhan, China), rabbit anti-human TYMS (66725-1-Ig, 1:200, Proteintech, Wuhan, China), mouse anti-human α-SMA(67735-1-Ig, 1:400, Proteintech, Wuhan, China) and purified rabbit anti-human EPCAM (21050-1-AP, 1:1000, Proteintech, Wuhan, China). Tissue sections were placed in an oven for 30 minutes, followed by two 10-minute immersions in xylene for dewaxing. After completion of dewaxing by a series of ethanol washes at decreasing concentrations, the sections were immersed in sodium citrate buffer for 15 minutes of microwave treatment for antigen repair, followed by natural cooling to room temperature. After completion of cooling, the sections were blocked by the addition of a blocking solution for 10 minutes, and the primary antibody was added and left for 4 overnight. Then add the appropriate amount of goat anti-mouse or rabbit secondary antibody to bind the primary antibody for 1 hour at 37°C. Corresponding dyes were then added for staining to move on to the next round of antibody staining. The intermediate bridging step was 1× TBST rinsing 3 times for 5 minutes each. DAPI was used to stain the cell nuclei. Fluorescence was detected by confocal microscopy (Olympus Company, Japan).




2.6 Drug prediction and molecular docking

Evaluating protein-drug interactions is important to understand whether a target gene can be used as an actual drug target. In this study, we will utilize the Drug Signature Database (DSigDB, https://dsigdb.tanlab.org/DSigDBv1.0/) in the Enrichr database (https://maayanlab.cloud/Enrichr/enrich/) to predict small molecule drugs that may act on drug target genes (14). And in principle, our screening conditions are adjusted P-value < 0.05.

Molecular docking simulations allow us to analyze the binding affinity and interaction patterns between ligands and drug targets. By identifying ligands with high binding affinity and favorable interaction patterns, it facilitates the next step of experimental validation and optimizes the design of potential drug candidates. In this study, Autodock Vina 1.1.2 (http://autodock.scripps.edu/), a computerized protein-ligand docking software for molecular docking of small molecule drugs and proteins encoded by the corresponding target genes, was used (15). Drug structure data were obtained from PubChem Compound Database (https://pubchem.ncbi.nlm.nih.gov/), and protein structure data were downloaded from PDB (Protein Data Bank, https://www.rcsb.org/). First, water molecules are first removed from the protein and ligand, then polar hydrogen atoms are added, and subsequently, the protein is wrapped in a grid box. After the docking was completed, the best bound conformation was selected for presentation in Pymol 3.0 (https://pymol.org/).




2.7 Statistical analysis

Statistical analyses were computed using R software 4.2.1 runs, differential gene analysis, correlation analysis, and survival curves were performed based on the “edgeR” package, the “psych” package, and the Kaplan-Meier “survival” package, respectively. GSEA software 4.3.2 runtime version (www.gsea-msigdb.org/gsea) was used for GSEA enrichment analysis. p < 0.05 was considered statistically significant. Statistical software Image J and Graphad Prism 9.5 were used to analyze the data. For variables obeying a normal distribution, we quantified differences by two-tailed t-tests or one-way ANOVA, as appropriate. If the data presented a non-normal distribution, we evaluated the differences using the Wilcoxon test or the Kruskal-Wallis test. It is important to emphasize that all statistical analyses were performed in an R programming environment with strict adherence to a p-value threshold of less than 0.05.





3 Results



3.1 Identification of pericyte-associated differential genes and enrichment analysis based on single-cell sequencing data

In total, we obtained 202,228 single cells from the sample. T-SNE was computed using 20 dimensions (1–20), and 26 clusters were further obtained using the ‘‘FindClusters’’ function with a resolution setting of 0.6, the main cell lineages were annotated by canonical lineage markers. The clustered subpopulations were manually annotated with markers for cell types as follows:

Epithelial cell: “EPCAM”,”SFN”, “KRT5”,”KRT14”;

Fibroblast: “FN1”, “DCN”, “COL1A1”, “COL1A2”, “COL3A1”,”COL6A1”;

Endothelial cell: “VWF”, “PECAM1”, “ENG”, “CDH5”;

Pericyte: “RGS5”, “MCAM”, “ACTA2”;

T cell: “CD2”, “CD3D”, “CD3E”, “CD3G”;

B cell: “CD19”, “CD79A”, “MS4A1”, “JCHAIN”, “MZB1”;

DC cell: “LAMP3”, “FSCN1”, “IDO1”, “CCR7”;

Mast cell: “TPSAB1”;

Myeloid cell: “CD68”, “LYZ”, “CD14”, “IL3RA”, “LAMP3”, “CLEC4C”, “TPSAB1”.

We captured the transcriptomes of 7 major cell types according to the expression of canonical gene markers. These cells included T cells, B cells, myeloid cells, endothelial cells (ECs), fibroblasts, epithelial cells, and pericytes (Figure 1B). T-SNE plots compare the distribution of single cells derived from tumor and normal samples (Figure 1C). The annotated correspondence between the most typical markers and cell subtypes is presented in the dot plot (Figure 1D).

Comparison of gene expression differences between pericyte clusters and all other clusters using the “FindAllMarkers” function identified 936 genes specifically expressed by pericyte subpopulations (|log2FC|≥0.25, min.pct≥0.1, test.use= “Wilcox”, FDR ≤ 0.05),. These genes were then subjected to GO enrichment analysis and KEGG enrichment analysis. The results of GO enrichment showed cell adhesion, regulation of lymphocyte differentiation and activation, regulation of immune system processes, activity of multiple organelles and their outer membranes, and multiple enzyme regulators (Figure 1E).

KEGG enrichment analysis showed that pericyte marker genes were mainly involved in the NF-κB signaling pathway, antigen processing and presentation, differentiation of Th1, Th2, and Th17 cells, cell migration, adhesion, and apoptosis (Figure 1F).




3.2 Identifying six pericyte subpopulations, two of which were significantly associated with prognosis

We extracted 4044 pericytes from 202,228 cells, and clustered them into 6 pericyte subpopulations (Figure 2A). We found that only 77 of these cells in the entire pericyte subpopulation were from normal samples (Figure 2B), suggesting that most of our pericytes may be in the tumor tissue or even in the tumor microenvironment, which may be relevant to prognosis. Subsequently, we performed differential gene analysis for the six subgroups, took the top 10 differential genes to plot a dot plot (Figure 2C), and identified the characteristic genes of the six subgroups: ARHGDIB, BCAM, LUM, SOD2, TYMS, KRT17, and annotated these genes according to the locations of the subgroups corresponding to their high expression in the T-SNE plot (Figure 2D). In this way, we obtained six pericyte subpopulations: c1_ARHGDIB, c2_BCAM, c3_LUM, c4_SOD2, c5_TYMS, c6_KRT17 (Figure 2E).




Figure 2 | Single-cell transcriptome mapping and CNV analysis of ESCC multicellular ecosystems. (A–E) Distribution of pericytes in tumor and normal tissue samples, and clustering and annotation of their subpopulations. (F) Survival analysis of the corresponding scores of six pericyte subpopulations and prognosis of ESCC patients.



We performed a survival analysis of the genes characterizing the top50 of the six subpopulations of pericytes combined with the prognostic information of the patients (Figure 2F), and found that c4_SOD2 and c5_TYMS were significantly different from prognosis. Interestingly, c4_SOD2 was negatively correlated with prognosis, while c5_TYMS was positively correlated with prognosis. This suggests that c5_TYMS may be a protective cell subpopulation in the ESCC tumor microenvironment, whereas c4_SOD2 may be a cell subpopulation that contributes to the hostile environment, which is largely consistent with the results of our corresponding functional enrichment analyses, corroborating the scientific validity of our subpopulation annotations. Therefore, we preliminarily defined c4_SOD2 as suppressive cancer-associated pericytes (sup-CAPs) and c5_TYMS as promoted cancer-associated pericytes (pro-CAPs).




3.3 Mining the functions and downstream pathways of pericyte subpopulations

To predict the functions of these six pericyte subpopulations as well as to mine their downstream pathways, we did pathway enrichment analysis on the characterized genes of the six subpopulations. The GO bar plots showed the top 15 enriched results in each of the three categories of biological processes (BP), cellular components (CC), and molecular functions (MF), c4_SOD2 was mainly enriched in cell adhesion, regulation of cell development, differentiation and activation, ATPase, GTPase and binding of multiple compounds; c5_TYMS was mainly enriched in mitosis or some mitochondria-related pathways, DNA replication, recombination, binding, and negative regulation of the cell cycle (Figure 3A).




Figure 3 | Functional enrichment of two prognostically relevant pericyte subpopulations. (A) GO enrichment results. (B) KEGG enrichment results. (C) Cell cycle distribution of all pericytes. (D) GSEA enrichment results.



Based on the KEGG enrichment analysis and KEGG bubble map showed the top 10 pathways, including Cell cycle(c5_TYMS), Th17,Th1 and Th2 cell differentiation (c4_SOD2) (Figure 3B). The results of GO and KEGG enrichment analyses of four additional subpopulations are displayed in Supplementary Figures S1A, B. The different pathways of each pericyte subpopulation were analyzed using GSEA. In the hallmark gene set, the GSEA enrichment plot (Figure 3D) showed the first 4 active pathways in c4_SOD2 and the first 5 active pathways in c5_TYMS, indicating that this pathway, TNF-γ response, was significantly enriched in c4_SOD2, whereas the pathways G2/M checkpoint, E2F target, mitotic spindle, and apoptosis pathways were significantly enriched in c5_TYMS, and the enrichment results of c1_ARHGDIB and c3_LUM are shown in Supplementary Figure S1C. Unfortunately, c2_BCAM and c6_KRT17 were not enriched for statistically significant pathways. We also performed enrichment analysis on the immune signature gene set and listed the active pathways with the top 5 normalized enrichment scores respectively (Supplementary Figure S1D), which will not be detailed here. The results of the functional enrichment analysis can reveal the underlying mechanisms or key loci of disease onset and progression, which can help us to study the therapeutic approaches in greater depth and improve the prognosis of clinical patients. We also observed the cell cycle of these pericytes, most of which were in the G2/M phase (Figure 3C). Because we concluded from the subsequent survival analysis that two subpopulations, c4_SOD2 and c5_TYMS, were significantly correlated with patient prognosis, only the enrichment results of these two subpopulations are shown and described here, and the rest will be discussed later.




3.4 Probing cellular communication and upstream-downstream analysis of pericyte subpopulations in the tumor microenvironment

The results showed that these six pericyte subpopulations differed somewhat in their cellular communication with endothelial cells, myeloid cells, and other cell types in the tumor microenvironment. All pericyte subpopulations had very weak communication with T cells and giant cells, which indicated that pericytes did not have a close functional relationship with these two cell types; yet they all had strong communication with endothelial cells, especially c3_LUM and c4_SOD2 had the strongest communication with endothelial cells (Figures 4A, B). To dig deeper into the information about interactions between cell types, we also investigated which interaction-specific proteins exist between these pericyte subpopulations and other cell types, and in which cell types such interactions are significantly enriched. We further applied the single-cell regulatory network inference and clustering (SCENIC) approach to explore the transcription factors and their target genes that may regulate the development and differentiation of these six pericyte subtypes (Figures 4C, D). Transcription factors significantly highly expressed in these six pericyte subpopulations were MYC_extended (c1_ARHGDIB and c5_TYMS), CREM (c2_BCAM), XBP1_extended (c3_LUM), NFIC (c4_SOD2), KLF5 (c6_KRT17).




Figure 4 | Probing cellular communication and upstream-downstream analysis of pericyte subpopulations in the tumor microenvironment. (A, B) Six pericyte subpopulations and cellular communication of different immune cells. (C, D) Results of SCENIC analysis of pericyte subpopulations. (E) Distribution of six pericyte subpopulations across all samples of single-cell sequencing data.



We also presented the proportions of each of the 6 pericyte subpopulations relative to all pericytes in each of the 64 tumor tissue samples (Figure 4E).




3.5 Multiple immunofluorescence stain of tissue samples from ESCC patients

To validate the accuracy of the analytical results in tumor tissues from ESCC patients, we selected for mIF staining, based on postoperative survival time, surgical specimens from 2 patients who died after recurrence within 1 year (poor prognosis) and 2 patients who had not yet produced a recurrence within 1 year (good prognosis), none of whom had received therapeutic treatment such as neoadjuvant therapy. First, both pericyte subpopulations of c5_TYMS and c4_SOD2 analyzed previously were validated in mIF. As mentioned previously, high c5_TYMS expression was associated with good prognosis, whereas high c4_SOD2 expression was associated with poor prognosis. Therefore, we compared them in tumor tissue samples from patients with different prognoses. c5_TYMS expression was higher in patients with good prognosis, and the opposite was true for those with poor prognosis (Figures 5A, B); c4_SOD2 expression was lower in patients with good prognosis, and the opposite was true for those with poor prognosis as well (Figures 5C, D), which was consistent with the results of the survival analysis Consistent. In addition, to observe the spatial distribution of these two pericyte subpopulations with immune cells, we stained macrophages and fibroblasts. It was found that there was more macrophage infiltration around c5_TYMS compared to c4_SOD2, while the difference in fibroblasts was minimal, with little or no difference in fibroblasts around c5_TYMS than around c4_SOD2 overall. This is in general agreement with our cellular communication results.




Figure 5 | Multiple fluorescence staining of tissues samples from ESCC patients. (A, B) Validation of high and low expression level of c5_TYMS in ESCC tumor tissues samples and spatial distribution with microphages and fibroblasts. (C, D) Validation of high and low expression of level c4_SOD2 in ESCC tumor tissue samples and spatial distribution with microphages and fibroblasts.






3.6 Molecular docking results of predicted drugs and proteins encoded by target genes

The mIF results showed that TYMS and SOD2 were expressed to varying degrees in other constituent cells in the TME. We utilize the DSigDB database in the Enrichr database to predict small molecule drugs that may act on drug target genes. Therefore, in order to predict drugs that can specifically modulate pericyte subpopulations, only drugs with both PDGFRβ and TYMS or SOD2 targets are eligible. Drugs with both PDGFRβ and TYMS targets include docetaxel and cytarabine, while drugs with both PDGFRβ and SOD2 targets are bisindolylmaleimide and raloxifene (adjusted p-value less than 0.05). The PDB ID of the target protein, the PubChem ID of the drug, and the docking of the two of the target proteins, the PubChem IDs of the drugs, and the lowest molecular binding energies of the two docked are shown in Table 1. A lower molecular binding energy represents a stronger binding affinity of the small molecule drug to the protein. A score of less than -5.0 kcal/mol indicates potential binding and a score of less than -7.0 kcal/mol indicates a stronger binding affinity. Each medication candidate connects to its protein target via visible hydrogen bonds interactions. In addition, the binding pocket of each target was successfully occupied by four drug candidates. From the results, the drug with a better effect on c5_TYMS was docetaxel (binding energy = -8.1, -8.7 kcal/mol); raloxifene may be more effective against c4_SOD2, although raloxifene has a slightly lower binding energy to SOD2 (-6.4 kcal/mol), it has a higher binding energy to PDGFRβ (-8.1 kcal/mol), which implies that this drug has a better specificity for pericyte subpopulations and a weaker effect on the other constituent cells in the TME. The corresponding molecular docking diagram is displayed in Figure 6.


Table 1 | Docking results of available proteins with small molecules.






Figure 6 | Molecular docking results of predicted drugs and protein encoded by target genes. (A) PDGFRβ and docetaxel. (B) TYMS and docetaxel. (C) PDGFRβ and cytarabine. (D) TYMS and cytarabine. (E) PDGFRβ and bisindolylmalemide. (F) SOD2 and bisindolylma-leimide. (G) PDGFRβ and raloxifene. (H) SOD2 and raloxifene.







4 Discussion

In this study, we explored for the first time the pericyte subtypes in the ESCC tumor microenvironment based on large-sample single-cell sequencing data and revealed their heterogeneity, including the differences in the major functions exerted, the differences in the upstream and downstream regulatory networks, and the differences in the communication between different pericytes and other cellular subpopulations in the tumor microenvironment. This is of great significance for enriching the ESCC tumor microenvironment and thus targeting anti-tumor treatment strategies.

We first performed a functional enrichment analysis in all pericytes, which showed that pericytes were mainly enriched in pathways such as lymphocyte differentiation, regulation of activation, EMT, and regulation of immune system processes. Recently, several compelling studies have illustrated a bidirectional dialogue between TAMs and vascular cells, including pericytes (4, 16, 17). Pericytes can induce infiltration and polarization of M2 phenotype macrophages through direct or indirect effects, whereas TAMs can recruit pericytes in this process to orchestrate the formation of perivascular niches and promote tumor angiogenesis. This is consistent with the function we enriched for. In contrast, existing studies of pericytes and EMT point to the fact that EMT leads to the transformation of many markers in epithelial cells, including an increase in pericyte-like markers (N-cadherin, PDGFRβ and NG2). This confers pericyte-like properties, morphology and function to cancer cells. They can then aggregate in localized blood vessels and connect with vascular endothelial cells, thereby promoting vascular invasion and metastasis (18–20).

To better predict the functions that pericytes might play, we performed a re-clustering analysis and annotated six subpopulations based on their differential gene expression. By functional enrichment analysis, we found that these pericyte subpopulations do have subtle differences in function between them, i.e., each subpopulation crosses over in terms of the generalized function of pericytes, but each subpopulation predominantly performs a certain subclass of function. We first focus on the 4 subtypes that were not statistically significant when combined with the prognostic analysis. Based on the enrichment scores and the number of related pathways to be analyzed together, we found that c1_ARHGDIB mainly performs epithelial-mesenchymal transition (EMT)-related functions. c2_BCAM functions are mainly related to the regulation of cellular metal-ion transport, and the activity of ion transmembrane transporter, DNA-binding transcription factors. It has been found that inhibition of BCAM impairs KRAS-mutant colon cancer cells’ specific adhesion to endothelial cells, but not to pericytes, but the mechanism is not known (21). Coincidentally, c2_BCAM does have the weakest cellular communication with endothelial cells of the several isoforms, which may have some relevance to this study. c3_LUM primarily performs functions related to protein folding, disassembly, and binding. We did not find a predominantly dominant function in c6_KRT17, a subpopulation that functionally resembles more of a composite of the previous isoforms, and we speculate that this isoform may play a stabilizing and balancing role for pericytes as a whole. Based on the major functions of these four subtypes, we named them epithelial-mesenchymal transition cancer-associated pericytes, ionic cancer-associated pericytes, protein cancer-associated pericytes, and general cancer-associated pericytes.

We then look at those two subpopulations that have significant prognostic relevance. c4_SOD2 plays a major role in regulating immune cell development, activation, and adhesion, and it has been found that pericytes with high SOD2 expression enhance their anti-inflammatory effects (22, 23). SOD2 itself is also an inflammatory factor, but we mentioned earlier that c4_SOD2 is mainly enriched for TNF-γ responses in GSEA, is this a contradiction? Not really, because TNF-γ drives both immune activating and immunosuppressive effects, and interferon-gamma induces anti-tumor or pro-tumor mainly depending on the duration (acute or chronic) and magnitude of TNF-γ signaling, which is largely determined by the tumor load and immune cell infiltration status. Initially TNF-γ works by recruiting cohorts (CXCL9, CXCL10, CXCL11, and CXCR3) to promote antigen presentation (MHC class I and class II), T-cell initiation and activation (CD80, CD86, and CD40), and tumor cell killing (Fas and FASL). However, prolonged exposure to interferon-gamma transforms teammates into adversaries, producing pro-tumorigenic effects through immunosuppression (PDL1, IDO1, Fas, and FASL), angiogenesis (CXCL9, CXCL10, CXCL11, IDO1, and iNOS), and tumor cell proliferation (24–26). Combined with the prognostic analysis, we found that ESCC patients with high expression of c4_SOD2 had a poor prognosis, so we named them promoted cancer-associated pericytes (pro-CAPs), however, because c4_SOD2 may have dual anti-inflammatory and anti-tumor effects, we thought it would be more accurate to tentatively name it as double effect cancer-associated pericytes is more accurate. It has been demonstrated that the interaction between pericytes and endothelial cells affects tumor angiogenesis, and in combination with the strong communication between c4_SOD2 and endothelial cells, we hypothesize that c4_SOD2 is the key isoform of pericytes that promotes tumor vascular integrity (27–29). Whereas c5_TYMS mainly plays functions related to mitosis and cell cycle regulation, patients with high c5_TYMS expression have better survival, which we named as supportive cancer-associated pericytes (sup-CAPs), and based on the predicted functions as cell cycle cancer-associated pericytes based on their predictive function.

By analyzing the pericyte subpopulation profiles contained in all patients in the samples, we found that c1_ARHGDIB and c2_BCAM accounted for the major portion and were present in a certain proportion in both tumor tissue and normal tissue samples. This suggests to us that these two subgroups may not be significantly associated with ESCC tumor progression, metastasis, and recurrence, but as we know, tumors are heterogeneous, and the heterogeneity is even greater among different organs. So, it cannot be ruled out whether they play an important role in other organs or diseases. The proportion of the remaining 4 subtypes in the tissue samples is still somewhat different, some patients have all the pericyte subtypes in their tumor tissues, while some have only 1-4 of them, which is what we need to pay close attention to when we are looking for targets for our precision therapies, especially immunotherapy.

The above is only an analysis and prediction based on single-cell sequencing data, and the existing research on tumors and pericytes is very limited. There is an urgent need to validate the functions of these pericyte subtypes and their involvement and impact on prognosis through real-world patient tissue samples as well as basic experiments.

The present study predicts that docetaxel may have a modulatory effect on c5_TYMS. An analysis based on clinical trial data indicated that docetaxel not only maintained lymphocyte numbers and function, but also led to a significant increase in soluble immunomodulatory factor levels (30). It was also found that paclitaxel induced the release of cytotoxic extracellular vesicles from T-cells, thereby enhancing both T-cell receptor (TCR)-dependent and non-dependent cancer cell killing (31). This is consistent with our prediction that possibly promoting c5_TYMS expression is part of the picture. Raloxifene is currently used to treat breast cancer primarily through estrogen, and its role in affecting tumor immunity has rarely been reported. These drugs need to be explored in further experiments.

For a long time, pericytes have been neglected or not carefully studied because of their low percentage in TME. The results of the present study show that pericytes not only have multiple subtypes and different functions among them, but even the expression of individual subtypes is significantly associated with the prognosis of ESCC patients. Each patient’s own immune microenvironment is very different, which suggests that each component of the TME is worth exploring and researching, and each target or combination of targets should be explored, so as to maximize the potential of the existing drugs, develop new targeted drugs with stronger specificity, and achieve truly individualized treatment in the future.




5 Conclusions

The present study identified and discovered pericyte subpopulations that were significantly associated with prognosis, which provides new biomarkers for predicting patient prognosis and adds usable targets for immunotherapy, it is also important for gaining insights into the composition of the TME in ESCC.
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Introduction

Allogeneic chimeric antigen receptor T (CAR-T) therapy, also known as universal CAR-T (UCAR-T) therapy, offers broad applicability, high production efficiency, and reduced costs, enabling quicker access for patients. However, clinical application remains limited by challenges such as immune rejection, and issues with potency and durability.





Methods

We first screened a safe and effective anti-CD70 scFv to construct anti-CD70 CAR-T cells. Anti-CD70 UCAR-T cells were then generated by knocking out TRAC, B2M, and HLA-DRA. To address the limitations of UCAR-T therapy, we developed an 'all-in-one' self-activated and protective (SAP) module, integrated into the CAR scaffold. The SAP module consists of the CD47 extracellular domain, a mutant interleukin 7 receptor alpha (IL7Rα) transmembrane domain, and the IL7Rα intracellular domain, designed to protect UCAR-T cells from host immune attacks and enhance their survival. 





Results

SAP UCAR-T cells demonstrated significantly reduced immune rejection from the innate immune system, as evidenced by enhanced survival and functionality both in vitro and in vivo. The modified UCAR-T cells exhibited improved persistence, with no observed safety concerns. Furthermore, SAP UCAR-T cells maintained process stability during scale-up production, indicating the potential for large-scale manufacturing.





Discussion

Our findings highlight the SAP module as a promising strategy for the preclinical development of anti-CD70 UCAR-T, paving the way for an 'off-the-shelf' cell therapy product.





Keywords: chimeric antigen receptor T (CAR-T), allogeneic CAR-T, cancer immunotherapy, solid tumor, CD70-positive cancer





Introduction

Chimeric antigen receptor T (CAR-T) cell therapy has revolutionized cancer treatment, particularly in hematologic malignancies, by harnessing the patient’s own T cells to target and eliminate cancer cells (1–4). Despite its clinical success, autologous CAR-T therapy faces significant challenges, including an expensive, lengthy, and complex production process, as well as unstable cell sources due to the variable health conditions of patients (5). To overcome these limitations, allogeneic CAR-T cells, which are derived from healthy donors and can be produced at scale and used across multiple patients, have emerged as a promising solution (6).

To avoid graft versus host disease (GVHD) and host versus graft (HVG) reactions, immunogenicity factors including T cell receptor (TCR) and human leukocyte antigens (HLAs) need to be suppressed in allogeneic CAR-T cells, also known as universal CAR-T (UCAR-T) cells (7–10). Strategies such as knocking out related genes, along with the use of lymphodepleting drugs, have been employed (11–14). However, the efficacy of UCAR-T therapy was not as good as expected, especially in solid tumors (15). This maybe because lack of HLA molecules can increase the rejection from natural killer (NK) cells (16). Additionally, these modifications can potentially reduce the viability and anti-tumor efficacy of UCAR-T cells, particularly in the hostile microenvironment of solid tumors.<sup> (17–19)

In this study, CD70 was selected as a therapeutic target for CAR-T therapy due to its high expression in various tumor tissues (20–22). To solve the concerns encountered by UCAR-T therapy, we expressed a self-activated and protective (SAP) module in anti-CD70 UCAR-T cells. We observed that in addition to NK cells, host macrophages caused damage to UCAR-T cells as well. To alleviate the host immune responses upon the infusion of UCAR-T cells, this module incorporates the extracellular domain of CD47, which provides a “don’t eat me” signal to macrophages and NK cells and suppresses innate immune signaling (23, 24). Given the importance of interleukin 7 (IL-7) signaling for the survival and expansion of T cells and CAR-T cells, as well as the generation and maintenance of memory T cells, the transmembrane and intracellular domain of IL-7 receptor alpha (IL7Rα) was included in this SAP module to facilitate the persistence of UCAR-T cells in vivo (25–27).

Equipping UCAR-T cells with this dual-function SAP module significantly enhanced their resistance to immune system attacks and improved their survival, persistence, and anti-tumor efficacy within the challenging tumor microenvironment (TME). Furthermore, we demonstrated the process stability of SAP UCAR-T cell production and proved their scalability and clinical applicability. Collectively, our data underscores the preclinical efficacy and safety of SAP UCAR-T cells targeting CD70, paving the way for a promising therapeutic strategy against CD70-positive cancers. In addition, by constructing the SAP module, we proposed a potential method to strengthen the anti-tumor activity of UCAR-T cells.





Results




Screening of anti-CD70 CAR and construction of anti-CD70 CAR-T cells

CD70 is a type II transmembrane protein that belongs to the tumor necrosis factor (TNF) family. As an immunoregulatory molecule, it is typically expressed on activated T cells and B cells and functions to promote the proliferation, differentiation, and survival of lymphocytes (28). CD70 is also highly expressed in renal cancer, glioblastoma, and ovarian cancer tissues, as demonstrated by analyses from the Cancer Genome Atlas (TCGA) database (Supplementary Figure S1A) and immunohistochemical (IHC) staining results (Supplementary Figure S1B), along with findings from previous studies (21, 22, 29). This elevated expression positions CD70 as a promising target for anti-cancer immunotherapy. Therefore, we chose CD70 as the target for constructing CAR-T cells designed to treat solid tumors. We identified tumor cell lines with high CD70 expression, such as U251, ACHN and 786-0, as positive models, while CASKI and BXPC3 served as negative controls for further evaluation (Supplementary Figure S1C).

To construct anti-CD70 CAR-T cells, single-chain variable fragments (scFvs) targeting the extracellular domain of CD70 were generated by screening a human phage display antibody library in our laboratory, following previously described methods (data not shown) (30). The screened anti-CD70 scFvs were inserted into a CAR structure to create various anti-CD70 CARs (CD70 CARs) (Figure 1A).




Figure 1 | Screening of anti-CD70 CAR sequence (A) Schematic diagram illustrating the construction of the anti-CD70 CAR-T. (B) Luminescence intensity of CAR-expressing Jurkat reporter cells after co-culturing with 786-0 cells. (C) The selected CAR-expressing Jurkat reporter cells from (B) were co-cultured with either 786-0 or CD70 knockout 786-0 cells. The luminescence intensity ratio of Jurkat cells co-cultured with the two groups was calculated. (D) Cytotoxicity of CAR-T cells obtained from (C) was assessed using a short-term killing assay, with P8F8 serving as a positive control. (E) Results from membrane protein array (MPA) testing for the CAR sequences selected from (D). (F, G) The anti-tumor activity of various CAR-T cells was evaluated in ACHN (F) and 786-0 (G) tumor xenograft models. (H, I) Labeled and unlabeled CAR-T cells were co-cultured, and the downregulation of CD70 positive rate (H) and the apoptotic rate (I) of the CFSE-labeled CAR-T cells were measured to assess fratricide among the constructed CAR-T cells. Data are presented as means ± SD. Statistical significance was determined using Student’s t-test. ****p < 0.0001; ns, not significant.



To evaluate the affinity of CD70 CARs for CD70 on tumor cells, Jurkat reporter cells engineered to express CD70 CARs were co-cultured with CD70-positive 786-0 cells. In the Jurkat reporter cells, a luciferase reporter gene was placed under the control of a nuclear factor of activated T cells (NFAT)-responsive promoter. Upon antigen binding and CAR activation, NFAT would be dephosphorylated, and the NFAT-responsive promoter would be activated to promote the expression of the luciferase reporter gene. The luminescence intensity of the luciferase signal was measured, reflecting the strength of NFAT-mediated signaling and, indirectly, the affinity and functional activity of the CD70 CAR. Jurkat cells expressing the top 25 CD70 CARs based on luminescence intensity were selected for further verification (Figure 1B).

To assess the specificity of the CD70 CARs, the CAR-expressing Jurkat reporter cells were co-cultured with both 786-0 cells and CD70 knockout (KO) 786-0 cells. The luminescence intensity was measured, and the ratios of luminescence intensity between the two groups were calculated. The top five CD70 CARs with the highest ratios were then selected for further functional studies (Figure 1C).

The top five scFvs selected from Figure 1C were then incorporated into CD70 CAR-T cells, and the short-term tumor-killing ability of these CD70 CAR-T cells was assessed by co-culturing them with 786-0 cells for 6 hours. The CAR sequence P8F8, screened by Pfizer Inc. (Patent number: US 2023/0041456 A1), was used as a positive control (29). The results demonstrated that the killing efficiency of all five constructed CAR-T cells were comparable to or even superior to that of P8F8 CAR-T cells (Figure 1D).

To evaluate the potential cross-reactivity of the selected scFvs with other membrane proteins, a membrane proteome array (MPA) assay was conducted. The results revealed that, apart from the Fc fragments of IgG receptors (FCGR1A, FCGR2B, and FCGR3B), which served as positive controls, the antibodies constructed with P025, A034, G060, and E066 scFvs exclusively bound to CD70. In contrast, the antibody constructed with the C020 scFv interacted with multiple membrane proteins, including CD70, ADGRF1, and ATP11C (Figure 1E). Consequently, the scFvs with better specificity, P025, A034, G060, and E066, were selected for further in vivo functionality tests. ACHN and 786-0 xenograft mouse models were established through subcutaneous injection, and the results of CAR-T infusion showed that E066 CAR-T cells outperformed the other CAR-T cells in tumor elimination in both models (Figures 1F, G).

Since CD70 is also expressed on activated T cells, CD70 CAR-T cells may recognize and target CD70 on these activated T cells, potentially leading to fratricide (31, 32). To assess fratricide among the generated CD70 CAR-T cells, we conducted a co-culture assay using CFSE-labeled non-CD70-targeting CAR-T cells as target cells and unlabeled CD70 CAR-T cells as effector cells, and the effector-target ratio was set as 1:1. The expression of CD70 on CFSE-labeled cells was measured by flow cytometry before and after co-culture. In this assay, a reduction in CD70-positive cells would indicate fratricide. Cells co-cultured with E066 CAR-T cells exhibited a 5% reduction in CD70 positivity, which was notably lower than the reduction observed in cells co-cultured with P8F8 CAR-T cells (Figure 1H). Additionally, the apoptotic rate of CFSE-labeled cells after co-culture with E066 CAR-T cells was approximately 7%, slightly lower than the rate observed in cells co-cultured with P8F8 CAR-T cells (Figure 1I). These results indicate that E066 CAR-T cells exhibit minimal fratricide compared to P8F8 CAR-T cells. Consequently, the E066 scFv was selected, leading to the construction of CD70 CAR-T cells with high specificity, strong anti-tumor efficacy, and fratricide-resistance.





Generation of CD70 UCAR-T cells through triple knockout

Given the limitations of autologous CAR-T therapy, such as high costs and instability, allogeneic CAR-T cells are being developed. The main challenges associated with allogeneic CAR-T therapy include graft-versus-host disease (GVHD) and host-versus-graft (HVG) reactions, which arise from the TCR and HLA molecules present on the surface of CAR-T cells (7). To inhibit TCR expression, we knocked out the TCR-encoding gene TRAC using CRISPR/Cas9 technology, while the levels of HLA molecules were reduced by silencing B2M and HLA-DRA (Figure 2A). For each gene, 10 single-guide RNAs (sgRNAs) were designed, and the knockout efficiency was assessed using flow cytometry analysis (Supplementary Figure S2A). The sgRNA with the highest knockout efficiency for each gene was selected.




Figure 2 | Construction of UCAR-T cells and validation of GVHD and HVG reactions (A) Schematic representation of the CAR-T cell knockout method. (B) Representative flow cytometric profiles illustrating the knockout efficiency of the triple knockouts in UCAR-T cells. (C) Relative CD69 expression in unmodified allogeneic CAR-T (Mock CAR-T) and UCAR-T cells after co-culturing with PBMCs. The levels of CD69 were normalized to that in CAR-T cells without co-culture. (D) Cytotoxicity of unmodified allogeneic CAR-T (Mock CAR-T) and UCAR-T cells against PBMCs. (E–H) Cytotoxicity of host CD4+ (E) and CD8+ T cells (F), NK cells (G), and macrophages (H) against various CAR-T cells. sKO refers to CAR-T cells with a single knockout (TRAC KO); dKO refers to CAR-T cells with double knockouts (TRAC and B2M KO); tKO refers to CAR-T cells with triple knockouts (TRAC, B2M, and HLA-DRA KO), also referred to as UCAR-T. Data are presented as means ± SD from at least three donors. Statistical significance was determined using two-way ANOVA (C), Student’s t-test (D, G) and one-way ANOVA (E, F, H). ***p < 0.001, ****p < 0.0001; ns, not significant.



The T7 endonuclease I (T7E1) assay was also conducted to assess the editing efficiency achieved by the CRISPR/Cas9 system. T7E1 specifically cleaves mismatched DNA strands, enabling the identification of bands corresponding to edited and unedited alleles. The editing efficiency was quantified by comparing the intensity of the cleaved and uncut products. The results indicated successful knockout of TRAC, B2M, and HLA-DRA, with efficiencies of 70.4%, 74.2%, and 66.3%, respectively (Supplementary Figure S2B).

To evaluate the off-target risks associated with the sgRNAs used and ensure the safety of the knockout system, oligodeoxynucleotide (ODN) tags were integrated into CAR-T cells, followed by high-throughput sequencing of the PCR-amplified DNA fragments. The off-target rates for these sgRNAs were found to be 8.97%, 2.70%, and 0% for TRAC, B2M, and HLA-DRA, respectively (Supplementary Figure S2C). Subsequently, we performed a triple knockout (tKO) of TRAC, B2M, and HLA-DRA in CD70 CAR-T cells to generate CD70 UCAR-T cells, achieving knockout efficiencies of over 80% for each gene (Figure 2B).





GVHD and HVG reactions were less frequently observed in UCAR-T cells

To examine the GVHD induced by UCAR-T cells, we co-cultured UCAR-T cells and unmodified CAR-T cells (referred to as mock CAR-T cells) with sublethally irradiated human peripheral blood mononuclear cells (PBMCs) obtained from a different donor. Compared to mock CAR-T cells, UCAR-T cells exhibited less activation upon PBMC stimulation, as indicated by changes in CD69 expression (Supplementary Figure S3A and Figure 2C). The cytotoxicity of the allogeneic CAR-T cells against PBMCs was assessed by measuring the apoptotic rate of PBMCs. Mock CAR-T cells demonstrated a significantly higher killing rate against PBMCs, while UCAR-T cells induced minimal killing (Figure 2D). These results indicate that the GVHD potential of UCAR-T cells has been reduced due to the knockout of TCR in CAR-T cells.

Mock CAR-T cells, TRAC single knockout CAR-T cells (sKO), TRAC and B2M double knockout CAR-T cells (dKO), and TRAC, B2M, and HLA-DRA triple knockout CAR-T cells (tKO) were co-cultured with host CD4+ and CD8+ T cells to assess HVG reactions. Activation of host T cells was evaluated by measuring CD69 levels. Both CD4+ and CD8+ T cells co-cultured with UCAR-T cells exhibited less activation compared to the other groups (Supplementary Figures S3B, E). Additionally, host T cells demonstrated lower cytotoxicity against UCAR-T cells, indicating a significant reduction in the risk of triggering HVG responses (Figures 2E, F).

In addition to T cells, host NK cells and macrophages can also target allogeneic CAR-T cells. We observed that when UCAR-T cells were co-cultured with NK cells, their apoptosis increased due to the knockout of HLA-I (Figure 2G), consistent with previous studies (16). Furthermore, while macrophages induced less damage to UCAR-T cells compared to mock CAR-T cells due to the knockouts of HLA molecules, their cytotoxicity was still significantly higher than that observed in autologous CAR-T cells derived from the same donor as the macrophages (Figure 2H).





CD47 overexpression protected UCAR-T cells from the attacks of NK cells and macrophages

Since CD47 has been reported to facilitate the immune escape from macrophages and NK cells and protect CAR-T cells (33–35), we overexpressed CD47 in UCAR-T cells and constructed CD47 UCAR-T cells, aiming to reduce HVG reactions of UCAR-T cells (Figure 3A). The expressions of the CD70 CAR and CD47 were validated through flow cytometry analysis (Figure 3B). Subsequently, the CAR-T cells were co-cultured with NK cells, and NK cell activation, indicated by the upregulation of CD107a, as well as CAR-T cell apoptosis, were measured. The results showed that compared to TRAC KO CAR-T cells, the knockout of HLA molecules in UCAR-T cells led to increased NK cell activation, while the expression of CD47 mitigated this increase (Figures 3C, D). Consistently, upon co-culture with NK cells, the apoptotic rate of CD47 UCAR-T cells was lower than that of UCAR-T cells, suggesting that CD47, acting as an inhibitory ligand, reduced NK cell reactivity (Figure 3E).




Figure 3 | Overexpressing CD47 in UCAR-T Cells reduced NK cell and macrophage-mediated immune rejection (A) Illustration of CD47 UCAR-T cells. (B) Representative flow cytometric profiles of CD47 and CAR expression on CD47 UCAR-T cells. (C) Representative flow cytometric profiles showing CD107a expression on NK cells with or without co-culture with TCR-/- CAR-T, UCAR-T, and CD47 UCAR-T cells. (D) Upregulation of CD107a levels of NK cells following co-culture with various CAR-T cells. (E) Cytotoxicity of NK cells against various CAR-T cells, determined by comparing cell numbers before and after co-culture. (F) Representative flow cytometric profiles illustrating fluorescence expression on cells, where dual fluorescent signals indicate phagocytosis by M1 macrophages. (G) Phagocytosis rate of macrophages on UCAR-T cells and CD47 UCAR-T cells. (H) Cytotoxicity of macrophages against UCAR-T cells and CD47 UCAR-T cells. Data are means ± SD from at least 3 donors. Statistical significance was determined by one-way ANOVA (D, E) and Student’s t-test (G, H). ***p < 0.001, ****p < 0.0001.



Similarly, to assess whether CD47 UCAR-T cells can withstand macrophage killing, macrophages and UCAR-T cells were labeled with different fluorescent dyes and co-cultured at an effector-to-target (E: T) ratio of 1:1. Following this, cells were analyzed using flow cytometry. A lower percentage of dual-fluorescent cells in the CD47 UCAR-T group indicated a reduced phagocytic rate of macrophages (Figures 3F, G). Additionally, a significantly decreased apoptotic rate of CD47 UCAR-T cells was observed, highlighting the crucial role of CD47 in protecting UCAR-T cells from macrophage attacks (Figure 3H).





The SAP module protected UCAR-T cells from immune rejection and enhanced their persistence

Another common concern regarding the application of UCAR-T cells is their inadequate in vivo survival and persistence resulting from gene knockouts (17). During in vitro expansion, we observed that the survival and proliferation ability of UCAR-T cells were significantly restricted compared to mock CAR-T cells (Figure 4A), as was their tumor-killing capability at a lower E:T ratio (Figure 4B). Additionally, replacing IL-2 with IL-7 and IL-15 in the culture media showed beneficial effects for the long-term survival and anti-tumor function of UCAR-T cells.




Figure 4 | SAP UCAR-T Cells exhibited enhanced resistance to immune rejection and improved persistence both in vitro and in vivo (A) Cell counts of CAR-T and UCAR-T cells cultured with supplements of IL-2 or IL-7&IL-15. (B) Cytotoxicity of mock CAR-T cells and UCAR-T cells against 786-0 cells at the indicated E:T ratios. (C) Illustration of SAP UCAR-T cells. (D) Percentage of CD47+CAR+ cells in UCAR-T and SAP UCAR-T cells. (E) Flow cytometric detection of pSTAT5 levels. (F) Proliferation of CAR-T, UCAR-T, CD47 UCAR-T, and SAP UCAR-T cells in the absence of cytokines. (G) Flow cytometric detection of pZAP70 levels. (H) Levels of pSTAT5 and pBCL2 in various CAR-T cells cultured with or without cytokines, detected by Western blotting. (I, J) Quantification of Western blotting results. (K) Mice were first injected with human PBMCs, followed by the infusion of CAR-T cells. The quantity of CAR-T cells in the mouse blood was measured three days later. (L) Cell counts of CAR-T, UCAR-T, CD47 UCAR-T, and SAP UCAR-T cells in the mice from (K). (M) CAR-T cells were injected into non-tumor-bearing mice, and the quantity of CAR-T cells in the mouse blood was continuously monitored. Cell numbers in the blood of mice were normalized to those detected on the first day. Data are presented as means ± SD from at least three donors. Statistical significance was determined by two-way ANOVA (B, I, J), Student’s t-test (D) and one-way ANOVA (G, L). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.



Considering that the extracellular domain of IL-15 closely resembles that of IL-2, we propose that enhancing IL-7 signaling in UCAR-T cells may facilitate the expansion and function of UCAR-T cells. To activate IL-7 signaling independently of IL-7, we introduced a mutant form of the IL-7 receptor (IL-7R) transmembrane domain, which has been reported to drive constitutive signaling via JAK1 (36, 37), along with the intracellular domain of IL-7R into UCAR-T cells. Together with the extracellular domain of CD47, we constructed and expressed a self-activated and protective (SAP) module in UCAR-T cells to generate SAP UCAR-T cells (Figure 4C).

The expressions of the CD70 CAR and CD47 were validated using flow cytometry analysis (Figure 4D). The activation of IL-7 signaling was confirmed by the upregulation of phosphorylated STAT5 (pSTAT5), a downstream marker of IL-7R signaling (Figure 4E). We then assessed the expansion capabilities of various modified CAR-T cells. Without cytokine stimulation, mock CAR-T, UCAR-T, and CD47 UCAR-T cells failed to expand, while SAP UCAR-T cells retained substantial expansion capability (Figure 4F).

The upregulation of pro-survival and proliferation molecules was also observed in SAP UCAR-T cells. ZAP70 is a key molecule involved in T cell survival and proliferation (38, 39), and flow cytometry analysis showed that the level of pZAP70 in UCAR-T cells was reduced due to TCR knockout, subsequently inhibiting the function of UCAR-T cells (Figure 4G). Following the expression of the SAP module, the level of pZAP70 was upregulated in SAP UCAR-T cells. Additionally, Western blotting results showed significantly elevated levels of activated STAT5 and BCL2 in SAP UCAR-T cells under cytokine-free conditions (Figures 4H–J).

Next, NKG mice were injected with human PBMCs to mimic the human immune system, after which CAR-T cells were infused (Figure 4K). Compared to mock CAR-T, UCAR-T, and CD47 UCAR-T cells, the number of SAP UCAR-T cells in the blood was significantly higher, indicating reduced HVG reactions and enhanced persistence (Figure 4L). Additionally, CAR-T cells were infused into tumor-free immunodeficient mice to examine their in vivo survival and proliferation in a stimulation-free environment. It was observed that SAP UCAR-T cells expanded for approximately 14 days and remained detectable until Day 42. In contrast, CAR-T cells lacking the SAP module could not proliferate, and their numbers rapidly declined after infusion (Figure 4M). In summary, SAP UCAR-T cells with low immunogenicity, resistance to immune rejection, and superior survival and proliferation capabilities were successfully constructed both in vitro and in vivo.





SAP UCAR-T cells demonstrate enhanced anti-tumor efficacy and persistence in vitro

To investigate the anti-tumor function of SAP UCAR-T cells in vitro, the cells were repeatedly challenged with tumor cells for four rounds. Flow cytometry analysis revealed that the expression of the SAP module significantly increased the memory phenotypes in UCAR-T cells (Figure 5A). SAP UCAR-T cells also exhibited the lowest levels of exhaustion among the four groups, as indicated by LAG-3 expression (Figure 5B). Furthermore, SAP UCAR-T cells demonstrated enhanced proliferation during this process (Figure 5C). In terms of anti-tumor efficacy, during the sustained tumor-killing period, SAP UCAR-T cells consistently displayed strong tumor-killing capabilities, comparable to those of mock CAR-T cells (Figure 5D). The SAP module also inhibited the release of the immunosuppressive factor IL-10, and promoted the release of tumor necrosis factor-α (TNF-α) and interferon-γ (IFN-γ) in UCAR-T cells to target tumor cells, while maintaining comparable levels of granzyme B release to those observed in the mock CAR-T group (Figure 5E). In addition, elevated IL-6 levels are considered as the hallmark of cytokine-release syndrome (CRS) (40), a common side effect of CAR-T therapy, and the reduced IL-6 releasing observed in SAP UCAR-T cells suggested a lower risk of safety issues (Figure 5E).




Figure 5 | Validation of anti-tumor efficacy function and safety of SAP UCAR-T cells in vitro (A–D) CAR-T cells were stimulated with tumor cells (R0) and rechallenged for four rounds (R1-R4). The percentages of CAR-T cells exhibiting a memory phenotype (A), along with changes in LAG-3 levels (B), cell proliferation capacity (C), and cytotoxicity (D) were assessed after stimulation (R0), following 2 rounds (R2), and after 4 rounds (R4) of tumor cell rechallenge. (E) Levels of cytokines released by R2 CAR-T cells were measured. (F) Cytotoxicity of SAP UCAR-T cells against 786-0, BXPC3, and CASKI cells was evaluated using a real-time cytotoxicity assay. Data are presented as means ± SD from at least three donors. Statistical significance was determined by two-way ANOVA (A–D) and one-way ANOVA (E). ***p < 0.001, ****p < 0.0001; ns, not significant.



To evaluate the specificity of SAP UCAR-T cells, mock T cells, mock CAR-T cells, and SAP UCAR-T cells were co-cultured with CD70-positive 786-0 cells, as well as CD70-negative CASKI and BXPC3 cells. Cytotoxicity was assessed using a real-time cytotoxicity assay. The results demonstrated that SAP UCAR-T cells effectively killed only CD70-positive 786-0 cells, exhibiting low off-target cytotoxicity (Figure 5F). Collectively, SAP UCAR-T cells showed improved expansion, persistence, and anti-tumor activity in vitro, and further in vivo validation is required.





SAP UCAR-T cells show enhanced tumor-killing ability in vivo

To validate the anti-tumor activity of SAP UCAR-T cells in vivo, a U251 tumor xenograft mouse model was employed. When the tumor volume reached approximately 100 mm³, mice were injected with PBS or 2×106 mock T cells, mock CAR-T cells, UCAR-T cells, or SAP UCAR-T cells (Figure 6A). While mock CAR-T and UCAR-T cells significantly inhibited tumor growth, only the SAP UCAR-T group achieved 100% tumor clearance (Figures 6B, C). Additionally, the treatment with CAR-T cells prolonged the survival of mice (Figure 6D). IHC staining for CD45 in tumor tissues revealed that SAP UCAR-T cells exhibited a stronger infiltration ability into the tumor environment (Figures 6E, F).




Figure 6 | In vivo verification of tumor-killing ability and safety of SAP UCAR-T cells (A) Mice bearing U251 tumors received injections of PBS, 2×106 mock T cells, mock CAR-T cells, UCAR-T cells, or SAP UCAR-T cells, with continuous monitoring of tumor volumes and body weights. (B) Representative images of mice at the end of the experiment. (C) Tumor volumes across different groups of mice. (D) Survival curves of mice in each treatment group. (E) IHC staining of human CD45 in tumors to assess CAR-T cell infiltration. Scale bar, 100 μm. (F) Quantification results of CD45 integrated optical density (IOD). (G) Quantification of CAR DNA copy numbers in the blood of mice, determined by qPCR. (H) Levels of IFN-γ, TNF-α, and IL-6 released into the blood of mice. (I) Changes in body weights of mice throughout the study. (J) GVHD scores for mice, determined using the clinical GVHD scoring criteria established by the NIH. (K) H&E staining to evaluate tissue damage caused by CAR-T cells in mice. Scale bar, 50 μm. Data are presented as means ± SD. Statistical significance was determined by two-way ANOVA (C, I) and one-way ANOVA (F, H). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; ns, not significant.



Mice blood was collected on Day 4, 8, 12, 16 and 28, and real-time quantitative PCR results demonstrated a significantly higher number of CD70 CAR copies in the SAP UCAR-T group (Figure 6G). Additionally, cytokine levels in the blood were assessed, revealing that both IFN-γ and TNF-α levels were elevated in the SAP UCAR-T group compared to the mock CAR-T and UCAR-T groups. Conversely, the level of the inhibitory cytokine IL-6 was lower in the SAP UCAR-T group (Figure 6H).





In vivo safety assessment of SAP UCAR-T cells

A slight weight loss occurred in the mock CAR-T group, potentially due to GVHD and HVG reactions, while no significant changes in mouse weight were observed in other groups (Figures 6I). Throughout the CAR-T treatment period, various clinical parameters—such as skin condition, fur quality, body weight, posture, and survival—were statistically analyzed according to the NIH (National Institutes of Health) clinical GVHD scoring criteria (41). The scoring results indicated that neither SAP UCAR-T nor UCAR-T cells produced any noticeable GVHD reactions (Figure 6J). Additionally, to assess the toxicity of CAR-T cells on other mouse tissues, hematoxylin and eosin (H&E) staining was performed, revealing no damage to the major tissues in the mice treated with CAR-T cells (Figure 6K).

To further assess the safety of SAP UCAR-T cells in vivo, up to 6×106 cells were injected into 786-0 tumor-bearing mice. The successful elimination of tumors confirmed the efficacy of SAP UCAR-T cells in this mouse model (Supplementary Figure S4A). Monitoring of body weight (Supplementary Figure S4B) and H&E staining of major tissues (Supplementary Figure S4C) indicated that the high-dose injection of SAP UCAR-T cells did not raise any safety concerns. Additionally, multiple doses (up to five doses) of SAP UCAR-T cells were administered to the same tumor-bearing mice (Supplementary Figure S4D). The results demonstrated effective tumor clearance (Supplementary Figure S4E), with no body weight loss or tissue damage observed, even after five doses of injection (Supplementary Figures S4F, G). Collectively, these findings suggest that SAP UCAR-T cells possess enhanced tumor-killing ability in vivo without inducing GVHD or causing tissue damage in mice.





The SAP module modulated the transcriptional profiles of UCAR-T cells

To investigate how the SAP module promoted survival, proliferation, and anti-tumor function of UCAR-T cells, RNA sequencing was conducted on mock CAR-T, UCAR-T, and SAP UCAR-T cells. Both volcano plot and cluster analysis revealed significant differences in gene expression between UCAR-T cells and SAP UCAR-T cells, with 92 genes upregulated and 63 genes downregulated in SAP UCAR-T cells (Figures 7A, B). KEGG and GO enrichment analyses indicated alterations in lymphocyte reactivity and chemokine signaling pathways attributable to the SAP module (Figures 7C, D). Gene set enrichment analysis (GSEA) demonstrated that C-C chemokine receptor activity, JAK-STAT signaling pathways, Th17 cell differentiation and cytokine-cytokine interaction-related genes were significantly upregulated in SAP UCAR-T cells (Figures 7E–H).




Figure 7 | Upregulation of pro-persistence and functionality genes in UCAR-T cells by the SAP module (A) Volcano plot illustrating differentially expressed genes (DEGs) in SAP UCAR-T cells compared to UCAR-T cells. (B) Heatmap depicting the cluster analysis of DEGs. (C) Gene Ontology (GO) analysis of DEGs. (D) Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis of DEGs. (E) Gene Set Enrichment Analysis (GSEA) GO analysis showing significant upregulation of C-C chemokine receptor activity genes in SAP UCAR-T cells relative to UCAR-T cells. (F-H) GSEA KEGG analysis indicating significant upregulation of Jak-Stat signaling pathway (F), Th17 cell differentiation genes (G) and Cytokine-cytokine receptor interaction (H) in SAP UCAR-T cells compared to UCAR-T cells. (I) Heatmap illustrating significant changes in the expression levels of genes XCL1, XCL2, RGS1, and MXD1 among CAR-T, UCAR-T, and SAP UCAR-T cells.



Notably, X-C motif chemokine ligand 1 and 2 (XCL1 and XCL2), which play a role in leukocyte activation (42, 43), were significantly elevated in SAP UCAR-T cells. In contrast, regulator of G protein signaling 1 (RGS1) and MAX dimerization protein 1 (MXD1), considered as negative regulators of T cell survival, expansion and function (44, 45), were downregulated in these cells (Figure 7I).





Scale-up production demonstrated the process stability of SAP UCAR-T cells

A complete scale-up workflow was established to evaluate the potential of engineered SAP UCAR-T cells for clinical application (Figure 8A), and scale-up production of SAP UCAR-T cells was accomplished by OBiO Technology (Shanghai). In detail, T cells were isolated from the PBMCs of healthy donors and activated using CD3/CD28 magnetic beads. One day post-activation, the activated T cells were transduced with lentivirus, followed by electroporation for gene knockout using the CRISPR/Cas9 system. Residual CD3+ T cells were then removed using CD3 positive selection magnetic beads, and cell expansion was conducted in a wave bioreactor. Eleven days after activation, SAP UCAR-T cells were harvested, allocated, and processed for cryopreservation. After undergoing quality assurance (QA) and quality control (QC) testing, the cryopreserved cells were prepared for clinical trials.




Figure 8 | Validation of manufacturing stability for SAP UCAR-T cells through large-scale production (A) Overview of the manufacturing process for SAP UCAR-T cells intended for clinical use. (B) Assessment of the CAR positive rate in produced cells. (C) Measurement of cell viability. (D) Evaluation of expanding folds of SAP UCAR-T cells generated from small scale and large scale production. (E) Representative flow cytometric profiles demonstrating knockout efficiency in SAP UCAR-T cells. (F) Comparison of the percentage of memory phenotype in SAP UCAR-T cells produced in small-scale and large-scale production. (G) Measurement of IFN-γ levels secreted by SAP UCAR-T cells from both small-and large-scale production. Data are presented as means ± SD from 3 donors. Statistical significance was determined by Student’s t-test. ns, not significant.



We found that the CAR positive rate, cell viability, and proliferation were not affected by large-scale production (Figures 8B–D). Additionally, flow cytometry analysis confirmed that knockout efficiency was maintained during the scale-up process (Figure 8E). The proportion of memory phenotype SAP UCAR-T cells and the release of IFN-γ were also assessed, showing no significant changes between small-scale and large-scale production (Figures 8F, G). In summary, our pre-clinical studies demonstrate that SAP UCAR-T cells exhibit low immunogenicity, satisfactory persistence, and robust anti-solid tumor activity, along with reduced safety concerns both in vitro and in vivo. The stability observed during scale-up production further supports their potential for clinical application.






Discussion

Despite its rapid advancement, the widespread application of CAR-T cell therapy is hindered by high costs and logistical challenges. Allogeneic CAR-T cells have emerged as a promising solution to these issues; however, their efficacy and safety still require enhancement (46). In this study, we successfully developed an allogeneic anti-CD70 CAR-T cell therapy using a triple gene knockout (tKO) strategy combined with the expression of a self-activated and protective (SAP) module. This approach effectively eliminates CD70-positive solid tumors while maintaining a favorable safety profile.

To minimize immune rejection faced by UCAR-T cells in the tumor microenvironment (TME), we overexpressed CD47, which enables tumor cells to evade immune surveillance (13), and has been shown the potential to protect CAR-T cells from clearance by macrophages and NK cells (24, 37). In our study, we found that the increase in resistance against macrophage rejection was more pronounced, suggesting that CD47 plays a more critical role in protecting UCAR-T cells from macrophages. In contrast, a more effective strategy is needed to mitigate damage from NK cells.

In addition to enhancing resistance to immune rejection, we also succeeded in improving the survival and efficacy of UCAR-T cells by activating IL-7 signaling (27, 47). IL-7 is a critical interleukin that promotes the survival, proliferation, and functionality of T cells primarily through the activation of IL-7Rα (48–50). By supplementing IL-7 during the in vitro expansion of CAR-T cells (51), constructing CAR-T cells that express IL-7 or IL-7R (36, 52), or treating mice with modified IL-7 following CAR-T infusion (53, 54), the persistence and anti-tumor efficacy of CAR-T cells can be significantly enhanced.

In this study, we combined the extracellular domain of CD47 with the transmembrane and intracellular domains of IL-7Rα to create the SAP module. Notably, a mutant form of the transmembrane domain of IL-7R was employed, allowing for the independent activation of IL-7 signaling in SAP UCAR-T cells, regardless of external IL-7 presence (36, 37). SAP UCAR-T cells exhibited superior survival and proliferation abilities both in an in vitro cytokine-free environment and in vivo. The SAP module also restored the anti-tumor activity of UCAR-T cells, which was alleviated probably due to the knockout of TCR and HLA molecules (55–57).

RNA-seq results revealed that compared with UCAR-T cells, chemokine receptor binding and chemokine signaling pathways were upregulated in SAP UCAR-T cells, suggesting enhanced infiltration into the tumor microenvironment and improved immune responses. This is consistent with the observed superior anti-tumor efficacy of SAP UCAR-T cells. In addition to well-characterized pathways, several less-studied genes may play pivotal roles in these enhanced therapeutic effects. For instances, in inflammatory bowel disease (IBD) research, proprotein convertase subtilisin/kexin type (PCSK6) has been implicated in increasing the proportions of Th1 cells and M1 macrophages (58), both of which are critical for effective immunotherapy. Interestingly, in our study, the knockout of TCR and HLA molecules led to a decrease in PCSK6 expression, while the SAP module restored its levels. This suggests that the SAP module may contribute to the therapeutic efficacy of SAP UCAR-T cells by upregulating PCSK6, thereby promoting Th1 cell differentiation and macrophage polarization. Another noteworthy gene is protein tyrosine phosphatase, non-receptor type 13 (PTPN13), which is known to induce apoptosis and restrict proliferation in tumor cells (59, 60). The decrease of PTPN13 in SAP UCAR-T cells may help to prevent apoptosis and improve cell survival, thereby enhancing their persistence in vivo. While these findings provide intriguing insights, further validation is required to elucidate the mechanisms of how the SAP module facilitates the UCAR-T therapy.

Despite the promising preclinical outcomes, we realize that several limitations need to be addressed to improve our SAP UCAR-T therapy. Firstly, the intensity of intracellular signaling pathways activated by the SAP module should be adjusted. Uncontrolled or excessively strong signaling could lead to T cell exhaustion or dysregulation, impacting both the effectiveness and safety of the therapy (61). Further optimization of the signaling cascades, such as introducing regulatory switches, may help better control signaling intensity and improve therapeutic outcomes. In addition to IL-7, other cytokines also showed beneficial effects on CAR-T cells (62), thus a more suitable signaling requires to be investigated. Another concern lies in the potential safety issues in vivo. The results in Figure 4M indicated that SAP UCAR-T cells could expand without the stimulation from tumor, therefore the tumorigenicity of SAP UCAR-T cells should be further confirmed.

In summary, we have successfully developed a CD70-targeting allogeneic CAR-T cell therapy, termed SAP UCAR-T, which demonstrated enhanced in vivo persistence and tumor-eliminating ability, along with minimal safety concerns in preclinical evaluations. Additionally, SAP UCAR-T cells displayed robust stability during scale-up production, an essential factor for upcoming clinical trials. SAP UCAR-T therapy holds promise as a strategic approach for treating a diverse patient population with CD70-positive solid tumors, offering lower costs and greater convenience.





Materials and methods




Cell lines

ACHN (renal cell carcinoma, CRL-1611), and CASKI (cervical cancer, CRM-CRL-1550) cells were purchased from ATCC and cultured in DMEM medium supplemented with 10% fetal bovine serum (FBS). U251 (glioblastoma, CL-0237) cells were obtained from Puno Sai and cultured in DMEM containing 10% FBS. BXPC3 (pancreatic cancer, CRL-1687) cells and 786-0 (renal cell carcinoma, CRL-1932) were sourced from ATCC and cultured in RPMI 1640 medium supplemented with 10% FBS.





Flow cytometry analysis

The expression of CD70 CAR was analyzed using flow cytometry with FITC-Labeled Human CD27 Ligand/CD70 Protein and His Tag (ACRO, CDL-HF249). PE mouse anti-human CD70 antibody (BD#561935) was employed to detect the expression of CD70 on various cell lines. The phenotypes of CAR-T cells were analyzed using antibodies from BioLegend, including APC anti-human CD3 Antibody (317317), PE anti-human HLA-A,B,C Antibody (311405), FITC anti-human HLA-DR Antibody (327005), APC anti-human CD47 Antibody (323123), PE anti-human CD4 Antibody (300507), APC anti-human CD8 Antibody (344721), APC anti-human CD69 Antibody (310909), APC anti-human CD45 Antibody (304011), APC anti-human CD45RO Antibody (304210), PE anti-human CD62L Antibody (304805), PE anti-human CD223 (LAG-3) Antibody (369205). The CytoFLEX flow cytometer (Beckman Coulter, Inc., California, USA) was then used to acquire flow cytometry data, and the data was analyzed using CytoExpert software.





Construction of chimeric antigen receptors

The second-generation anti-CD70 CAR was designed to include a DNA fragment encoding an in-frame component from the 5’ end to the 3’ end: the CD8α signal peptide, anti-CD70 scFv, CD8 hinge region, CD28 transmembrane domain, and the intracellular co-stimulatory domains of CD28 and CD3zeta. This DNA fragment was codon-optimized using the GenSmart online tool, and synthesized by Anhui General Biotechnology Co., Ltd. (Anhui, China). The overall architecture of the plasmid originated from plasmid pCDH-CMV (Addgene, #72265), which was purchased from System Biosciences (USA). The SAP module was constructed by integrating the extracellular domain of CD47, the transmembrane domain of C7R (a mutant form of IL-7R), and the intracellular domain of IL-7Rα. The transmembrane domain of C7R used in this module is a mutant form (p.Thr244-Ile245insCysProThr) that can be activated independent of the presence of IL-7 according to previous studies (36). The SAP module was linked with the CAR structure by a T2A sequence.





Jurkat reporter cell assay

The NFAT-Luc reporter Jurkat cell line was purchased from Jiman Biotechnology Co., Ltd. (Shanghai, China). Various CARs were transduced into the Jurkat cells using lentiviral vectors. Following transduction, the CAR-expressing Jurkat cells were co-cultured with 786-0 cells. The luminescence intensity of the Jurkat cells was measured using a plate reader, serving as an indicator of their activation level in response to CAR activation.





Generation of CAR-T cells

CAR lentivirus was produced by transient transfection of HEK293T cells (CRL-11268, ATCC) using lentiviral plasmids. When the cells reached 80% confluence in T75 flasks, they were co-transfected with the lentiviral plasmid and packaging plasmids pMDLg/pRRE (Addgene, #12251), pRSV-Rev (Addgene, #12253), and pMD2.G (Addgene, #12259) using polyethylenimine (PolyScience, #24765-1). The medium was changed 48 hours post-transfection. Viral supernatants were harvested 48 and 72 hours after transfection, concentrated by ultracentrifugation at 22,000 rpm for 2 hours at 4°C, and stored at –80°C until use.

PBMCs were obtained from HeYou Biotech and MiaoShun Biotech and activated using anti-CD3/CD28 Dynabeads (Gibco) at a 1:1 bead-to-cell ratio in CTS™ OpTmizer™ T Cell Expansion SFM (Gibco), supplemented with 5% human platelet lysate, 5 ng/mL IL-7, and 10 ng/mL IL-15 (Miltenyi Biotec Technology & Trading Co., Ltd.). Twenty-four hours later, the activated T cells were transduced with the CAR lentivirus to generate CAR-T cells.





Membrane proteome array screen

The membrane proteome array screen was conducted by Integral Molecular, Inc. (USA). In brief, plasmids containing cDNA clones of approximately 6,000 membrane proteins, representing over 94% of the human membrane proteome, were transfected into HEK-293T cells in 384-well plates, with each well containing 18,000 cells. This process generated membrane proteome array matrix plates. Test ligands were subsequently added to these matrix plates and incubated with the membrane protein-expressing HEK-293T cells. After incubation, the cells were washed with PBS and analyzed by flow cytometry using a fluorescence-labeled anti-CD70 antibody to identify the test ligand targets.





CRISPR/Cas9-mediated knockout of TCR and HLA molecules

Two days post-CAR transduction, CRISPR/Cas9-mediated knockout of TCR and HLA molecules was performed. The gRNAs were mixed with Cas9 protein at a 5:4 ratio and incubated for 10 minutes. Following this, 1×106 cells were electroporated using 20 μL buffer on a 4D-Nucleofector X-unit, according to the manufacturer’s instructions (Lonza). T cells treated with non-binding gRNA served as controls. After electroporation, the T cells were transferred to fresh medium and expanded at a density of 1×106 cells/mL for 10 days.





T7 endonuclease I assay

Genomic DNA was extracted from both unmodified and modified CAR-T cells, followed by PCR amplification targeting specific sites using the primers listed in Supplementary Table S1. The resulting amplicons were denatured and re-annealed to form heteroduplexes. T7 endonuclease I (T7E1; Nanjing Vazyme Biotech Co., Ltd.) was then used to digest these heteroduplexes, cleaving the mismatched DNA strands. The digested products were analyzed via gel electrophoresis to separate the resulting fragments.





Detection of off-target rates of CRISPR/Cas9 system

Oligodeoxynucleotide (ODN) tags were introduced during the CRISPR/Cas9-mediated knockout of CAR-T cells, and DNA was extracted from the cells one day later. PCR amplification was conducted using forward and reverse ODN primers. The resulting PCR products were subjected to high-throughput sequencing, and the amplified sequences were compared with the corresponding target sequences.





Measurement of CAR-T cytotoxicity

In the short-term killing assay, CAR-T cells and luciferase-expressing 786-0 (786-0-luc) cells were co-cultured at E:T ratios of 1:1, 3:1, and 9:1 for 6 hours. After incubation, the supernatants were removed, and tumor cells were treated with luciferase substrate for 10 minutes. The luminescence intensity was then detected and measured using a plate reader. The cell killing rate was calculated as [(background luminescence value - sample luminescence value)/background luminescence value] × 100%.

In the long-term killing assay, CAR-T cells were stimulated with 786-0-luc cells at an E:T ratio of 3:1. The CAR-T cells were then rechallenged with 786-0-luc cells for a total of four rounds. After each round, the phenotype and cytotoxicity of the CAR-T cells were assessed.

In the real-time cytotoxicity assay, a 96-well 20idf electrode plate was initially coated with 100 μL of 10 mM cysteine at 37°C for 4 hours. Following the removal of cysteine, the plate was washed twice with PBS, and 200 μL of tumor cells were seeded into each well. Once the target cells reached a plateau phase of growth, CAR-T cells were added at an E:T ratio of 1:1. Data collection continued until the end of the experiment.





Detection of GVHD

PBMCs were isolated from three different healthy donors, irradiated with 20 Gy, and then combined. To distinguish between CAR-T cells and allogeneic PBMCs (allo-PBMCs) from the donors, the allo-PBMCs were labeled using the CellTrace CFSE Cell Proliferation Assay Kit (Thermo Fisher Scientific, C34570). CAR-T cells were co-cultured with allo-PBMCs at an E:T ratio of 1:1 for 24 hours. The expression of the activation marker CD69 on CAR-T cells was measured using flow cytometry analysis, while the apoptosis of allo-PBMCs was assessed using an apoptosis assay kit (Vazyme, A213-01).





Detection of HVG reactions

PBMCs were isolated from three different healthy donors, and CD4+ and CD8+ T cells were separated using CD4 microbeads (Miltenyi, 130-097-048) and CD8 microbeads (Miltenyi, 130-045-201). The CAR-T cells were irradiated and labeled with CFSE. CD4+ and CD8+ T cells were co-cultured with various CAR-T cells separately at a 1:1 E:T ratio for 24 hours. The expression of CD69 on host T cells and the apoptosis of CAR-T cells were subsequently examined.





Detection of cell apoptosis

Cells were washed with 1 ml of pre-chilled PBS and gently resuspended in 100 μL of binding buffer. Annexin V-PE and 7-AAD staining solutions were then added to the suspension, followed by incubation in the dark at room temperature for 10 minutes. Data were collected using flow cytometry.





CD107a detection

NK cells were labeled with CellTrace CFSE and co-cultured with CAR-T cells at a 1:1 ratio in 200 μL of medium containing an anti-CD107a antibody. After 1 hour of co-culture, monensin was added to the medium at a concentration of 100 μg/mL, and the cell mixture was incubated for an additional 4 hours. After washing, the cells were resuspended in PBS and analyzed by flow cytometry. Degranulated NK cells were identified as the CFSE+ CD107a+ population.





Macrophage phagocytosis detection

Macrophages and CAR-T cells were labeled with CellTrace CFSE and CellTrace Far Red, respectively. Macrophages were then co-cultured with target cells at a 1:1 ratio in 200 μL of medium for 6 hours. After washing, the cells were resuspended in PBS for flow cytometry analysis. Macrophages that phagocytized target cells were identified as the population double-positive for both fluorescent dyes.





Western blotting

Protein samples were prepared by lysing cells with RIPA lysis buffer. The lysates were then boiled and denatured before separation by SDS-PAGE. Proteins were subsequently transferred onto a polyvinylidene difluoride (PVDF) membrane and incubated overnight with primary antibodies from Cell Signaling Technology, including phospho-STAT5 (Tyr694; #9359), phospho-BCL2 (Ser70; #2827), and β-Actin (#93473). After washing, the membrane was incubated with a secondary antibody for 1 hour, and protein expression levels were detected using autoradiography.





Detection of cytokine release

Cell supernatants were collected during cytotoxicity detection assay and the levels of IL-6, IL-10, TNF-α, IFN-γ and Granzyme B secreted by CAR-T cells were assessed using the BD™ Cytometric Bead Array (CBA) Kit according to the manufacturer’s protocol.





Animal experiments

Animal experiments were conducted in accordance with the regulations of the Animal Experiment Ethics Committee of Nanjing Normal University (IRB number: 2020-0047). To construct humanized immune system mice, 1×107 PBMCs were injected intravenously via the tail vein into C-NKG mice (Cyagen, China) in a volume of 200 μL. Starting from the day of infusion, blood was collected from the tail vein every 7 days, and flow cytometry was used to determine the proportion of CD45+ cells, assessing the number of CAR-T cells.

For the xenograft models, 5×106 U251 or 786-0 cells were subcutaneously injected into 6-week-old female C-NKG mice. When tumor volumes reached approximately 100 mm³, treatment was administered by intravenously injecting the indicated T cells in a volume of 200 μL. Tumor size, body weight, skin condition, fur quality, and posture of each mouse were continuously monitored. Mice were euthanized upon meeting predefined euthanasia criteria (significant weight loss, signs of distress) or as recommended by the veterinary staff. Tumors and other tissues, including heart, liver, spleen, lungs, kidney and brain were extracted.

Blood samples were collected 8 days post infusion. Genomic DNA was isolated from these samples using the DNeasy Blood & Tissue Kit (QIAGEN, 69506) following the manufacturer’s protocol. CD70 CAR copy numbers in genomic DNA were quantified via qPCR using the primers listed in Supplementary Table S1. To measure cytokine levels, mouse blood was left at room temperature for 20 minutes, centrifuged to obtain serum, and levels of IL-6, TNF-α, and IFN-γ were analyzed using the CBA assay.





H&E and IHC staining

Mouse tissues were fixed with 4% paraformaldehyde (Boston BioProducts), embedded in paraffin, sectioned, and stained with H&E or indicated antibodies for IHC experiments. Images were obtained with a 3DHISTECH Panoramic digital slide scanner and the associated CaseViewer software (3DHISTECH).





RNA sequencing and data analysis

PBMCs from the same donor were used to prepare CAR-T, SAP UCAR-T, and CD47 UCAR-T simultaneously. Cell pellets were collected and resuspended in TRIzol. RNA sequencing and subsequent analyses were performed by Genepioneer (Nanjing, China).





Statistical analysis

All experiments were performed independently at least three times. Experimental data were analyzed and plotted using GraphPad Prism 8.0 software and are presented as means ± SD. The Student’s t-test was employed to compare differences between two groups, while one-way and two-way analysis of variance (ANOVA) were used for statistical analysis among multiple groups. Differences were considered statistically significant when p < 0.05: *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns, not significant.
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Background

NALCN has been identified as a tumor suppressor gene, and its role in human cancer progression has garnered significant attention. However, there is a paucity of experimental studies specifically addressing the relationship between NALCN and immune cell infiltration in gastric cancer (GC).





Methods

The expression levels of NALCN in tumor tissues, peripheral blood and gastric cancer cells lines from patients with GC were assessed using RNA sequencing, immunohistochemistry (IHC) staining and RT-qPCR. Data obtained from the Gene Expression Omnibus (GEO) and The Cancer Genome Atlas (TCGA) databases were utilized to investigate the correlation between NALCN expression and immune cell infiltration in GC. Subsequently, the relationship between NALCN expression and infiltrating immune cells in GC tissues was examined through immunofluorescence method. Additionally, in vitro experiments were conducted to evaluate the impact of NALCN knockdown on T cells function in GC cell lines.





Results

RNA sequencing analysis revealed that NALCN expression was significantly downregulated in GC tissues. Specifically, NALCN levels were lower in GC tumor tissues and plasma compared to adjacent non-tumor tissues and healthy controls. Consistent with these findings, the expression trend of NALCN mRNA in the GEO database mirrored the experimental results. Mechanistically, NALCN knockdown markedly enhanced cell proliferation, colony formation and migration while reducing apoptosis rates in AGS and GES-1 cells. Analysis of the TCGA database indicated a positive correlation between NALCN expression and the infiltration of B cells, cytotoxic cells, immature dendritic cells (iDC) cells, CD8+ T cells, and others in GC tissue. Conversely, Th17 and Th2 cells infiltration exhibited a negative correlation with NALCN expression. Immunofluorescence staining confirmed that B cells and CD8 T cells were more abundant in GC tumor tissues with high NALCN expression, whereas Th17 and Th2 cells were less prevalent. Subsequently, we co-cultured GC cells transfected with NALCN knockdown or control vectors along with their supernatants with T cells. The results demonstrated that NALCN knockdown in GC cells or their supernatants inhibited T cell proliferation compared to control conditions. Moreover, NALCN may play a role in glucose and glutamine uptake.





Conclusions

NALCN facilitates immune cell aggregation in GC and has potential as a biomarker for immune infiltration.
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Introduction

Gastric cancer (GC) is one of the most prevalent malignancies of the digestive tract globally. According to Global Cancer Statistics 2022, it ranks fifth in incidence and is the fifth leading cause of cancer-related mortality, imposing a substantial burden on public health (1). Although both the incidence and mortality rates of GC have shown a gradual decline, the global disease burden remains significant, with the highest incidence observed in East Asia and Eastern Europe, and the highest mortality rates in East Asia (2). Currently, surgical resection remains the primary treatment for early-stage GC patients and is the only curative option available. However, only a limited proportion of GC patients are eligible for radical surgery. Despite notable advancements in diagnostic and treatment approaches, the overall cure and survival rates for GC remain disappointingly low, and long-term overall prognosis to be poor. This underscores the urgent need to address the considerable disease burden posed by GC (1, 3).

Currently, immunotherapy has made achieved substantial advancements relative to traditional systemic anti-tumor therapies, including chemotherapy, radiotherapy, and targeted therapies, thereby significantly enhancing progression-free survival and overall survival in patients with GC (4, 5). Previous studies have demonstrated that immunotherapies modalities such as immune checkpoint inhibitors (ICIs), adoptive cell therapy, cancer vaccines, and chimeric antigen receptor (CAR) T cell therapy have been extensively applied in the treatment of advanced GC (6–8). However, there is growing evidence that most patients do not benefit from immunoantitumor therapy such as ICIs, and some patients benefit briefly from immunotherapy and then progress rapidly (9). This phenomenon may be associated with the tumor immune microenvironment (TIME). Consequently, to identify novel immunotherapeutic targets for GC, screening for specific immune-related molecules has become a clinical priority.

NALCN is a relatively new cation channel discovered in recent years (10), which is mainly a group of genes associated with nerve. NALCN was first discovered in rat brains (11) and is extensively expressed in neurons across the central nervous system of both mammals and invertebrates (12–14). NALCN channels modulate the resting membrane potential of neurons by facilitating sodium leak currents, thereby playing a crucial role in various biological processes, including nerve excitability, circadian rhythm regulation, and respiratory rhythm modulation (15–17). Research has demonstrated that functional mutations in NALCN are associated with the development of neurological disorders (18).

Recently, results from Richard J. Gilbertson’s team have shed new light on NALCN. They discovered that the transport of epithelial cells to distant tissues is modulated by NALCN, thereby identifying NALCN as a critical regulator in cancer metastasis (19). Chen et al. found that NALCN is a key gene for malignant mutations in normal human liver cell lines (20). However, the potential mechanisms by which NALCN influences tumor development and its immune interactions with GC remain to be elucidated. Additionally, experimental studies investigating the association between NALCN and immune cell infiltration are currently limited.

In this study, we initially identified differentially expressed mRNAs in 22 paired GC tissues and their corresponding adjacent non-tumor tissues using RNA sequencing. Our results indicated that NALCN expression was significantly lower in GC tissues compared to adjacent non-tumor specimens. Subsequently, we validated the expression levels of NALCN in a large cohort by expanding the sample size and incorporating the data from the Gene Expression Omnibus (GEO). Furthermore, we investigated the association of NALCN with immune cells in the TIME, which was further supported by in vitro experiments and comprehensive database analyses.

The objective of this study was to elucidate the critical role of NALCN in GC progression and to characterize immune cell infiltration within the tumor microenvironment. Furthermore, further revealing the potential relationship between NALCN and tumor infiltrating immune cells, as well as the mechanism by which NALCN influences this process. Ultimately, identifying new therapeutic targets for GC is expected to fundamentally transform the current treatment landscape.





Materials and methods




Patient samples and ethics statement

Fresh frozen GC tissue, adjacent non-cancerous tissue and paraffin-embedded tissue blocks were collected from 22 pairs of surgically resected specimens obtained between 2019 and 2023 from Shanxi Cancer Hospital (Shanxi, China). Additionally, peripheral blood samples were collected from 91 newly diagnosed GC patients who had not undergone surgery, radiotherapy, chemotherapy or immunotherapy between 2023 and 2024, as well as from 69 healthy volunteers. This study adheres to the ethical principles outlined in Declaration of Helsinki and has been approved by the Ethics Committee of Shanxi Medical University. All GC diagnoses were confirmed by histopathological examination. Written informed consent was obtained from all participants or their authorized representatives.





RNA sequencing assay

For mRNAs sequencing, RNA was isolated with Trizol method from 22 gastric tumor tissue and corresponding adjacent noncancerous tissues, and purified with RNease Mini kit. The Illumina platform (San Diego, CA) was utilized for RNA sequencing. After quality control, the processed sequencing data were aligned to the reference genome. Gene-mapped reads were quantified to determine gene expression levels. Differential expression analysis was performed using DESeq2, and the results were visualized. To identify differentially expressed genes (DEGs), we applied filtering criteria of p-value < 0.05 and an absolute fold change |FC| > 2, thereby distinguishing both upregulated and downregulated genes.





Database

We retrieved two gastric cancer data sets, GSE66229, GSE65801, from the GEO database (https://www.ncbi.nlm.nih.gov/geo/) to analyzed NALCN expression in GC and adjacent non-tumor tissues. Additionally, we obtained NALCN data from gastric cancer samples in the TCGA database (https://www.cancer.gov/ccg/research/genome-sequencing/tcga). Immune cell infiltration scores for these samples were estimated using single-sample gene set enrichment analysis (ssGSEA) based on gene expression profiles. Subsequently, we investigated the correlation between NALCN expression and immune cell infiltration.





Real-time quantitative PCR

Total RNA was extracted from the peripheral blood of GC patients using the RNAiso Blood reagent (TaKaRa 9112) in accordance with the manufacturer’s instructions. From cells samples, total RNA extraction was performed using the TaKaRa MiniBEST Universal RNA Extraction Kit (TaKaRa 9767), following the manufacturer’s protocol. The concentration and purity of RNA were determined using a NanoDrop spectrophotometer. Subsequently, 0.05-1ug of total RNA was reverse- transcribed into cDNA using the MonScriptTM RTII ALL-in-One Mix with dsDNase (Monad, MR05101). RT-qPCR was conducted using TB Green® Premix Ex TaqTM II (Takara, RR820A) on a QuantStudio real-time PCR system (Invitrogen). Genes expression levels were quantified using the 2-ΔΔCt method. All primer sequences were designed and synthesized by Sangon Biotech (Shanghai, China) and are listed in Table 1.


Table 1 | Specific primers sequences used in RT-qPCR.







Immunohistochemistry

Tissue sections were cut to a thickness of 4 μm. Tumor slides were subjected to deparaffinization and hydration. Antigen retrieval was performed using sodium citrate buffer (PH6.0). Endogenous peroxidase (Zhongshan Jinqiao PV-6000) was blocked by 3% H2O2 at room temperature for 10 minutes. Primary antibody NALCN (1:20 dilution, Novus, NBP1-90027) was incubated overnight at 4°C. On the second day, the secondary antibody (Zhongshan Jinqiao PV-6000) was incubated at room temperature for 30 minutes. Incubate at BAD room temperature for 2-3 minutes for color development, redye with hematoxylin for 1-2 minutes, and rinse. Brine differentiation, ammonia back blue for a few seconds. Dehydrated, neutral resin seal. Look under the microscope and take pictures. The scoring methodology incorporated a thorough evaluation of both staining intensity (graded on a scale of 0 to 3) and the percentage of positively stained cells (ranging from 0 to 100%). These two parameters were subsequently multiplied to generate an integrated IHC score, which serves as a quantitative indicator of protein expression levels.





Cell line and cell culture

Human GC AGS cells were cultured in F12K medium (Sigma, N3520), while human GC HGC27 cells, MKN45 cells and immortalized human gastric epithelial cells GES-1 cells were maintained in RPMI-1640 medium (Gibco). All cell cultures were supplemented with 10% fetal bovine serum (FBS, Gibco) and incubated at 37°C in a humidified atmosphere containing 5% CO2. Routine mycoplasma contamination tests were performed using the MycoAlert Mycoplasma Detection Kit (Lonza), ensuring all cell cultures remained mycoplasma-free.





Cell transfection

Small interfering RNA (siRNA) specific to NALCN (designated as siNALCN#1, siNALCN#2, siNALCN#3) and negative controls siRNA (siCtrl) were synthesized by GenePharma (Shanghai). Cells were seeded in 6-well plates and maintained in F12K medium with 10% FBS at 37°C under a 5% CO2 atmosphere. Following the manufacturer’s protocol for Lipo8000 transfection reagent (Bryotime, C0533), on the next day when cells density reaches 70-80%, siNALCN was complexed with Lipo8000 in serum-free medium, gently mixed, and incubated at room temperature for 20 minutes before being added to the 6-well plates, The cells were then cultured at 37°C and 5% CO2 for 48 hours. RT-qPCR was employed to assess the knockdown efficiency of target genes. The sequences utilized are detailed in Table 2.


Table 2 | The siRNA sequences.







Western blot

Total protein was extracted from cells using RIPA lysate buffer supplemented with a protease inhibitor cocktail tablet and phosphatase inhibitors (Roche, USA). The protein concentration was quantified by BCA protein detection kit (Beyotime, China, P0012S). Protein samples were resolved by 10% SDS-PAGE and subsequently transferred onto PVDF membrane via electrophoretic transfer. The membranes were blocked with 5% skim milk in Tris-buffered saline with Tween 20 (TBST) for 2 hours at room temperature. Primary antibodies used were anti-NALCN (Novus, NBP 2-22410), anti-PD-L1 (proteintech, 66248-1-Ig), and anti-cyclin D1 (Wanleibio, WL01435a) and anti-GAPDH (proteintech, 60004-1-Ig), which were incubated overnight at 4°C. On the following day, the membranes were incubated with the corresponding secondary antibodies for 2 hours at room temperature. Finally, the membranes were developed using the Chemiluminescent Substrate Reagent Kit (Invitrogen).





Cell Counting Kit 8

Cell viability was assessed using the Cell Counting Kit 8 (CCK-8 kit, Biyuntian Biotechnology, C0037) in accordance with the manufacturer’s instructions. Approximately 2×103 cells were seeded in each well of a 96-well plate and cultured for various time points (24, 48, 72 and 96 hours). Subsequently, 10 μL of CCK-8 solution was added to each well, followed by an additional incubation period of 1 hour. The absorbance was then measured at 450 nm.





Colony formation assay

A total of 1×103 AGS, GES-1 cells were seeded in 6-well plates. After 14 days, when visible colonies formed, the cells were gently washed 2-3 times with PBS and fixed with 4% paraformaldehyde solution (Biosharp, BL539A). Following the removal of the fixative, the cells were washed 3 times with PBS. Staining was performed using 0.5% crystal violet solution (Solarbio, China), after which the staining solution was discarded and the cells were rinsed with PBS. Finally, the number of colonies in each well was counted.





Transwell assay

Transwell assay was employed to investigate cell migration. A serum-free medium containing a cell suspension was seeded into the upper chamber, which featured a polycarbonate microporous membrane (LABSEKLECT, 14341). The lower chamber was filled with medium supplemented with 10% FBS. After incubation at 37°C and 5% CO2 for 24 hours, cells remaining in the upper chamber were gently removed using cotton swabs. Migrated cells were then fixed with 4% paraformaldehyde and stained with 0.5% crystal violet (Solarbio, China). Three random fields were selected under an inverted microscope for observation, imaging, and cell counting.





Cell cycle analysis

The AGS and GES-1 cells were resuspended with 1 mL of PBS and gently mixed with 3 mL of absolute ethanol by vortexing. Subsequently, the cells were fixed overnight at 4°C. On the following day, the cells were centrifuged at 500g for 10 minutes. The supernatant was carefully discarded, and the cell pellet was resuspended in PBS and incubated for 10 minutes. After a second centrifugation under the same conditions, the supernatant was again discarded, and the cells were resuspended in the DNA staining solution (Yeasen), and incubated in the dark at 25°C for 30 minutes. Finally, cell cycle distribution was using flow cytometer.





Cell apoptosis analysis

Apoptosis was assessed using the Annexin V-fluorescein isothiocyanate (FITC) apoptosis detection kit (BD Biosciences Pharmingen, 556547) following the manufacturer’s instructions. Cells were harvested, washed with PBS, resuspended in binding buffer, and stained with annexin V-FITC and propyidium iodide under dark conditions for 15 minutes. Following staining, cells were washed again to remove unbound dye. Apoptotic cells were analyzed by flow cytometry (BD Biosciences), and the data were processed using FlowJo version10.6.1 software (TreeStar).





Immunofluorescence

Tissue sections were cut to a thickness of 4 μm. Slides containing tumors samples were deparaffinized and rehydrated through a graded alcohol series. Permeabilization was performed using 0.3% TritonX-100 at room temperature, followed by antigenic retrieval with either sodium citrate buffer (PH 6.0) or EDTA solution (PH 9.0). Sections were blocked with 0.5% goat serum and incubated overnight at 4°C with the primary antibodies. On the following day, slides were incubated with the secondary antibody for 30 minutes at room temperature. Nuclei were counterstained with DAPI, and images were captured using a fluorescence microscope. The primary antibodies used were as follows: CD8 (1:200 dilution, proteintech, 66868-1-Ig), CD4 (1:400 dilution, proteintech, 67786-1-Ig), IL-4 (1:100 dilution, Abclonal, A5649), IL-7A (1:100 dilution, proteintech, 26163-1-AP), CD20 (1:400 dilution, proteintech, 60271-1-Ig). The secondary antibodies used Goat Anti-Mouse IgG (1:200 dilution, Boster, BA1126) and Goat Anti-Rabbit IgG (1:200 dilution, Boster, BA1142).





T cells activation and expansion

Peripheral blood mononuclear cells (PBMCs) were isolated from the peripheral blood of healthy volunteers. T cells were subsequently purified using the Pan T Cell Isolation Kit, human (Miltenyi Biotec,130-096-535), following the manufacturer’s protocol. CD3/CD28 magnetic beads (30 μL) were resuspended with 1 mL of complete culture medium and placed on a magnetic rack for 1 minute to separate the beads. The supernatant was carefully aspirated, and the T cells were resuspended in an appropriate volume of complete medium, adjusting the concentration to 1×106/mL. The magnetic beads were then added to 6 mL T cell suspension, mixed thoroughly, and transferred to a 24-well plate with 2 mL per well. Culturing was performed at 37°C with 5% CO2. Activated T cells were subsequently co-cultured with AGS cells or AGS cells treated with siNALCN, as well as their respective supernatants. On days 4 and 6, the expression levels of CD107a, Ki67 and granzyme B in T cells, along with T cells proliferation and apoptosis, were detected.





Flow cytometry

A single-cell suspension was generated through mechanical dissociation. Flow cytometry analysis was conducted on BD LSR II and BD FACS Symphony instruments, following the manufacturer’s protocols. Cells sorting was performed using either a BD Aria II or MoFlo Astrios EQ sorter. Flow cytometry data were analyzed with FlowJo 10.6.1 software (TreeStar). All antibodies were diluted at a ratio of 1:200. Compensation was achieved using UltraComp beads (Thermo Fisher Scientific, 01-2222-42).





Enzyme-linked immunosorbent assay

T cells were co-cultured with AGS cells and the supernatant was collected. Following the manufacturer’s instructions, IFN-γ (Sigma-Aldrich, RAB0222) and Granzyme B (abcam, ab235635) were detected using an ELISA kit. Samples were added to both the standard wells and sample wells, followed by incubation at 37°C. The plate was then washed. Next the biotinylated antibody working solution was added and incubated at 37°C, after which the plate was washed again. HRP-streptavidin was subsequently added and incubated at 37°C. Following another wash, TMB color developing substrate was added for incubation at 37°C. After color development, the termination solution was added. Finally, the OD450 value was measured using an ELISA reader.





LDH cytotoxicity assay

Cytotoxicity assay was detected by LDH Cytotoxicity Assay Kit(Biyuntian Biotechnology, C0017) according to the manufacturer’s protocol. 100 μL AGS cells transfected with NALCN knockdown or control (1 × 105 per well) were seeded into 96-well plates, then adding 100 μL T cell suspension (the ratio T cell and AGS cells was 1:1,5:1,10:1), cultured at 37°C for 24 and 48 hours. One hour before the predetermined detection time, LDH release reagent was added into the control hole of the maximum enzyme activity of the sample, and the mixture was blown and continued to incubate. After reaching the predetermined time, the cell culture plate was 400g and centrifuged for 5 minutes. The supernatant of each hole was 120 μL and added to the new 96-well plate. 60 μL LDH test solution was added to 96-well plate, incubated at room temperature for 30 minutes, and measure absorbance at 490 nm.





Q300 metabolomics analysis

A GC cell sample was homogenized for 3 minutes, followed by the addition of 150 μL of methanol containing an internal standard to extract metabolites. The sample was then subjected to a second homogenization for 3 minutes and subsequently centrifuged at 18000g for 20 minutes. The supernatant was carefully transferred to a 96-well plate. All subsequent procedures were conducted on an Eppendorf epMotion Workstation (Eppendorf Inc., Humburg, Germany). Specifically, 20 μL of freshly prepared derivatization reagents was added to each well. The plate was sealed and incubated at 30°C for 60 minutes to facilitate derivatization. Following this, the sample was evaporated for 2 hours. Next, 330 μL of ice-cold 50% methanol solution was added to reconstitute the sample. The plate was stored at -20°C for 20 minutes and then centrifuged at 4000g for 30 minutes at 4°C. Finally, 135 μL of the supernatant was transferred to a new 96-well plate, with 10 μL internal standards added to each well. Serial dilutions of derivatized stock standards were added to the leftmost wells. The plate was sealed and prepared for LC-MS analysis.





Statistical analysis

Data analysis was conducted utilizing GraphPad Prism 9.5 Software (California, USA). For normal distribution data, Student’s t-test were employed to assess differences between two groups, while one-way analysis of variance (ANOVA) was utilized for comparisons involving three or more groups. Each experiment was repeated a minimum of 3 times. Statistical significance was defined as P < 0.05.






Results




Low NALCN expression in GC correlates with poor prognosis

In this study, we performed RNA sequencing analysis of fresh frozen tumor tissues and adjacent non-tumor tissues from 22 GC patients. We identified nine hundred and fifty-five mRNAs that were differentially expressed in GC tissues versus adjacent non-tumor tissues. Six hundred of these mRNAs were upregulated, and three hundred and fifty-five were downregulated, in GC tissues. Notably, NALCN was significantly downregulated in GC tissues (Figure 1A). To investigate the potential oncogenic role of NALCN in GC tissues, we analyzed its expression levels using the GEO database. Significant differences in NALCN mRNA expression were observed between tumor and non-tumor tissues in the GSE66229 and GSE65801 datasets (Figures 1B, C). Subsequently, IHC staining revealed lower NALCN protein expression in tumor tissue compared to adjacent normal tissues (Figure 1D). To further validate these findings, we examined NALCN expression in plasma samples from GC patients and healthy controls. The results demonstrated a significant reduction in NALCN expression in the plasma of GC patients relative to healthy individuals (Figure 1E). Importantly, Kaplan-Meier analysis indicated that decreased NALCN expression correlated with poorer overall survival (Figure 1F). Collectively, our findings suggest that NALCN downregulation in GC is associated with adverse prognosis and may play a role as a novel antioncogene in GC progression.




Figure 1 | NALCN expression was downregulated in GC. (A) A volcano map of differentially expressed genes from 22 pairs of matched GC tumor tissues and adjacent normal tissues based on RNA-seq assay. (B, C) Verification of NALCN expression in GC tumor tissues in the GEO database (GSE66229 and GSE65801). (D) Representative image and immunochemistry intensity scoring of NALCN in tissue samples from three patients with GC (n=10). (E) The expression of NALCN in GC plasma (n=91) and healthy plasma (n=69). (F) The impact of NALCN expression on GC patients’ survival. *P<0.05, ****P<0.0001. (Scale bar = 100 μm).







Effect of NALCN knockdown on biological function of GC cells

Initially, we investigated the expression levels of NALCN mRNA and protein in GSE-1 and GC cells. The results demonstrated a significant reduction in NALCN mRNA and protein expression in GC cells (Figure 2A). To elucidate the role of NALCN in GC cells, we established three distinct NALCN knockdown (siNALCN#1, siNALCN#2 and siNALCN#3). NALCN expression was markedly diminished by siRNA mediated knockdown in AGS and GES-1 cells (Figures 2B, C). Functional assays revealed that NALCN knockdown significantly enhanced cell proliferation, colony formation and migration in both AGS and GES-1 cells (Figures 2D–F). Subsequently, we examined the effects of NALCN on cell cycle and apoptosis in GC cells. Our findings indicated that NALCN knockdown led to notable increase in cyclin D1 protein levels (Figure 2G), a decrease in the proportion of cells in G0/G1 phase, and an increase in the proportion of cells in G2/M phase (Figure 2H). Additionally, NALCN knockdown reduced the percentage of apoptotic cells in AGS and GES-1 cells (Figure 2I). Collectively, these results suggest that NALCN exerts an inhibitory effect on the biological function of GC cells.




Figure 2 | Effect of NALCN knockdown on biological function of GC cells. (A) The expression of NALCN was determined in three gastric cancer cell lines (AGS, MKN45 and HGC27) and normal gastric mucosal epithelial cells (GES-1) by RT-qPCR and WB. (B, C) RT-qPCR and WB were performed to check the relative expression of NALCN in AGS and GES-1 cells with NALCN knock down (siNALCN#1, siNALCN#2 and siNALCN#3). (D) CCK-8 assay showed cell proliferation after NALCN knock down in AGS and GES-1 cells. (E) Colony formation analysis of AGS and GES-1 colony numbers with NALCN knockdown. (F) The effect of NALCN knockdown on the migration of AGS and GES-1 cells was investigated using Transwell assay. (G) Cyclin D1 protein levels in NALCN knockdown. (H) Flow cytometric analysis of cell cycle in NALCN knockdown. (I) Flow cytometric analysis of apoptosis frequency in NALCN knockdown. *P<0.05, **P < 0.01, ***P < 0.001. (Scale bar = 100 μm).







NALCN expression was correlated with immune infiltrate patterns of GC tumor tissue

We investigated the correlation between NALCN expression and the infiltration of various immune cell in GC tissue using data from the TCGA database. Our analysis revealed that NALCN expression was positively correlated with the infiltration of B cells, Cytotoxic cells, iDC cells, Mast cells, CD8+ T cells, DC cells, macrophages, NK cells, pDC cells, T cells, Tcm cells, Tem cells, TFH cells and Tgd cells. Conversely, the infiltration of Th17 cells and Th2 cells exhibited a negative correlation with NALCN expression. (Figure 3).




Figure 3 | NALCN expression was correlated with immune infiltrate patterns of GC tumor tissue. *P<0.05, **P < 0.01, ***P < 0.001, ns, not significant.



To further investigate the relationship between NALCN expression and immune cell infiltration, we stratified the TCGA database into high NALCN expression and low NALCN expression groups. We then analyzed and identified the enrichment of immune cells between these two groups (Figure 4). Notably, both Th2 and Th17 cell populations were observed to be reduced in the high NALCN expression group. And Tgd cells, TFH cells, Tem cells, Tcm cells, pDC cells, NK cells, Mast cells, macrophages, iDC cells, and DC cells showed an elevation in the NALCN high group. Meanwhile, tissue immunofluorescence staining showed that in GC tumor tissues with high NALCN expression, there were more B cells and CD8 T cells clustered (Figures 5A–C), and fewer Th17 cells and Th2 cells clustered (Figures 5D–F). These results indicate that NALCN has close relationship with immune cells infiltration, and NALCN might be a novel immune target in cancer therapies.




Figure 4 | The enrichment of immune cells between the NALCN high group and NALCN low group. *P<0.05, **P < 0.01, ***P < 0.001.






Figure 5 | Immunofluorescence analysis in GC tumor tissue. (A, B) Immunofluorescence analysis was used to detect the infiltration of CD20 (green) and CD8 (green) in gastric cancer tissue sections. The nuclei were DAPI (blue) stained. (D, E) Immunofluorescence analysis was used to detect the infiltration of CD4 (green) were co-located with IL-4 (red) or IL-7A (red) in gastric cancer tissue sections. The nuclei were DAPI (blue) stained. (C, F) Percentage of positive cells.**P < 0.01, ***P < 0.001. (Scale bar = 50 μm).







Knockdown of NALCN inhibited T cell proliferation and cytotoxic T lymphocyte activity

To further investigate the relationship between NALCN and tumor immunity, we examined the correlation between NALCN and PD-L1 expression in vitro. Initially, we assessed the PD-L1 expression level in GC cells transfected with various siNALCN constructs. Our results indicated that, compared to the control group, PD-L1 expression did not significantly change following NALCN knockdown (Figures 6A, B). Subsequently, we evaluated PD-L1 expression in GC cells transfected with different concentrations of siNALCN. Consistent with our initial findings PD-L1 expression remained unchanged relative to the control group after NALCN knockdown (Figures 6C, D). These observations suggest that NALCN may influence tumor immunity through mechanisms other than altering PD-L1 expression in tumor cells, potentially modulating T cell function.




Figure 6 | The expression level of PD-L1 in the cells. (A, B) RT-qPCR and WB were performed to check the relative expression of PD-L1 in AGS and GES-1 cells with NALCN knock down (siNALCN#1, siNALCN#2 and siNALCN#3). (C, D) RT-qPCR and WB were performed to check the relative expression of PD-L1 in AGS and GES-1 cells transfected with different concentrations of siNALCN. *P<0.05, ***P < 0.001.



To test our hypothesis, we investigated the role of NALCN in regulating T cell function through two distinct approaches. First, we co-cultured GC cells transfected with NALCN knockdown or control vectors with T cells for 4 and 6 days. Flow cytometry analysis revealed that the proportion of CD8+T cells decreased while the proportion of CD4+T cells increased after co-culture (Figure 7A), suggesting that NALCN knockdown significantly impaired the antitumor activity of CD8+T cells. Consistent with these results, co-culture of GC cells with NALCN knockdown resulted in reduced expression levels of CD107a, Ki67 and granzyme B in T cells (Figures 7B–D). Additionally, the secretion of granzyme B and IFN-γ in the co-culture medium was also diminished (Figure 7E). In a subsequent experiment, we co-cultured these cells with T cells for 24 and 48 hours. We observed that tumor cells with NALCN knockdown exhibited greater resistance to T cell-mediated cytotoxicity compared to control cells (Figure 7F).




Figure 7 | The role of NALCN in regulating T cell function (GC cells co-cultured with T cells transfected with NALCN knockdown or control). (A–D) The expression levels of CD4+, CD8+, CD107a, Ki67 and GZMB were detected by flow cytometry. (E) The secretion of granzyme B and IFN-γ in the medium. (F) The killing function of T cells on tumor cells was examined by LDH cytotoxicity assay. *P<0.05, ***P < 0.001.



Next, we collected the culture supernatant from GC cells transfected with either control vectors or NALCN knockdown. The supernatants were used to stimulate T cells for 4 and 6 days, respectively. Flow cytometry was employed to assess the expression levels of CD4+, CD8+, CD107a, Ki67 and GZMB in the stimulated T cells. The results showed that the supernatant from NALCN knockdown cells led to a decrease in CD8+ T cell expression and an increase in CD4+ T cell expression (Figure 8A), suggesting that NALCN knockdown significantly impaired the antitumor activity of CD8+ T cell. Consistent with the results of co-culture, the expression of CD107a, Ki67 and granzyme B in T cells was decreased after stimulation with the supernatant from NALCN knockdown GC cells (Figures 8B–D). And the secretion of granzyme B and IFN-γ in the co-culture medium was also diminished (Figure 8E). Next, we evaluated T cell function using CCK8 assays and apoptosis analysis. The results showed that, compared to control cells, the supernatant from NALCN knockdown cells inhibited T cell proliferation (Figure 8F) and promoted T cell apoptosis (Figure 8G). It is suggested that NALCN knockdown may suppress anti-tumor immunity by inhibiting T cell proliferation and promoting tumor development.




Figure 8 | Effect of AGS cell supernatant transfected with control and NALCN knockdown on T cell function. (A–D) The expression levels of CD4+, CD8+, CD107a, Ki67 and GZMB were detected by flow cytometry. (E) The secretion of granzyme B and IFN-γ in the medium. (F) T cell proliferation by CCK-8 assay. (G) The frequency of T cell apoptosis by flow cytometry. *P<0.05, **P < 0.01, ***P < 0.001.







Cellular glucose and glutamine metabolism disorders after NALCN knockdown

Finally, GC cells transfection control and NALCN knockdown were collected for Q300 metabolomics analysis. We carried out cluster analysis on the significantly differential metabolites between transfected with NALCN knockdown and control GC cells (Figure 9A). To gain insights into the altered metabolites in NALCN knockdown GC, we conducted metabolite sets enrichment over view analysis. Among NALCN knockdown GC cell, the top differential pathways compared to control were beta oxidation of very long chain fatty acids, alanine metabolism, glutamate metabolism and glucose-alanine cycle (Figure 9B). It is suggested that NALCN may promote glucose and glutamine uptake by Na+ dependent transport system.




Figure 9 | The heatmap and enriched metabolic pathway analysis of significantly differential metabolites. (A) Heatmap of cell levels of significantly differential metabolites between transfected with NALCN knockdown and control GC cells. (B) Enriched metabolic pathway analysis of transfected with NALCN knockdown and control GC cells.








Discussion

NALCN has traditionally been considered a single ion channel located on the plasma membrane and classified within the four-domain ion channel superfamily (11). The NALCN protein contains 1738 amino acids, constitutes a complete membrane ion channel complex. In Homo sapiens, NALCN is encoded by a single gene (21, 22). This protein plays an essential role in maintaining cellular resting and excitable membrane potentials and is implicated in multiple processes, including sensitivity to volatile anesthetics and motor behavior (15, 23, 24). Moreover, the NALCN gene may serve as a susceptibility locus for several diseases, such as alcoholism, Alzheimer’s disease, autism, bipolar disorder, cardiovascular conditions, epilepsy and schizophrenia (24). Research indicates that NALCN expression is observed in certain cancers, including glioblastoma, non-small cell lung cancer (NSCLC), pancreatic cancer, small cell lung cancer (SCLC), and tumor-derived endothelial cells (24–26). Furthermore, He et al. demonstrated that in TCGA datasets, the expression level of NALCN was significantly downregulated in bladder urothelial carcinoma (BLCA), breast invasive carcinoma (BRCA), cervical squamous cell carcinoma and endocervical adenocarcinoma (CESC) and colon adenocarcinoma (COAD), but upregulated in cholangiocarcinoma (CHOL), pheochromocytoma and paraganglioma (PCPG), stomach adenocarcinoma (STAD). Their findings indicate that NALCN expression exhibits tissue specific and is aberrantly regulated in multiple cancer types, indicating its potential as a crucial biomarker for cancer diagnosis (27). More recently, Richard J. Gilbertson’s team also reported that NALCN regulates the transfer of epithelial cells to distant tissues, and loss of NALCN function promotes cancer metastasis (19).

In this study, we analyzed data from the GEO database and the mRNA expression levels in GC patient tissues collected by our research team. Our findings revealed a significant downregulation of NALCN expression in GC tissues compared to normal tissues. Consistently, at the protein level, NALCN expression was also markedly reduced in GC tissues relative to normal tissues. These results suggest that NALCN may function as a potential tumor suppressor in GC. However, our findings were inconsistent between the expression trends of NALCN in GC tissues from our study and TCGA database reported by He et al. (27). Several factors may contribute to this discrepancy. Firstly, NALCN expression may vary across different pathological types of GC, as our tissue samples included not only STAD but also other subtypes. Secondly, NALCN expression could be tissue specific, which necessitates further investigation with an expanded sample size to validate this hypothesis. Subsequently, we performed immunofluorescence staining on GC patient tissues to characterize the expression levels of NALCN and investigate its potential correlation with immune cell infiltration. The results demonstrated that elevated NALCN expression was associated with increased immune cell aggregation and higher expression of immune cell markers. These findings indicate that NALCN is likely to play a role in the regulation of multiple immune cells and may possess potential prognostic significance in cancer immune therapies.

GC is among the most prevalent types of malignant tumors. Despite notable advancements in early diagnosis and clinical treatment, the prognosis for patients with GC remains suboptimal (28). In recent years, the emergence of immunotherapy has presented novel and promising opportunities for managing these refractory tumors (29). TIME plays a pivotal role in tumor development and response to immunotherapy. In the new era of immunotherapy, it is crucial to identify specific biomarkers associated with TIME to predict clinical outcomes and stratify patients for selecting the most effective therapeutic strategies. During tumor progression, the interaction between TIME and tumor cells can lead to tumor immune tolerance, thereby influencing the anti-tumor immune response (30).

TIME comprises tumor cells, immune cells, cytokines, and other components. The interaction among these elements determines the direction of anti-tumor immunity, which can be is categorized into anti-tumor and pro-tumor. Anti-tumor immune cells primarily include effector T cells (such as cytotoxic CD8+ T cells and effector CD4+ T cells), natural killer cells (NK), dendritic cells (DC). Conversely, tumor-promoting immune cells mainly consist of regulatory T cells (Tregs), myeloid-derived suppressor cells (MDSCs), M2-polarized macrophages, etc. Additionally, metabolic and biochemical factors significantly influence the function of immune cell (31).

An increasing body of research demonstrates that TIME is intricately linked to the clinical efficacy of immunotherapy. D’Alterio et al. reported that modulating CXCR4 within the TIME enhanced T cell infiltration, thereby improving the effectiveness of anti-PD-1 therapy (32). A recent study revealed that concurrent inhibition of PD-L1, CXCR1/2, and TGF-β significantly augmented T-cell infiltration and activation in the tumor microenvironment, consequently enhancing the antitumor activity of ICI (33). Therefore, a comprehensive understanding of the molecular characteristics and immune status of TIME can facilitate the development of personalized immunotherapies for different GC patients. Currently, the availability of high-throughput sequencing data and large-scale immunization databases enables the identification of novel and reliable immune-related biomarker. Previous studies have utilized algorithms based on gene expression to develop immune signatures that predict clinical outcomes in patients with hepatocellular carcinoma or lung cancer (34, 35). However, there remains a lack of biomarkers capable of systematically evaluating TIME and predicting prognosis or immunotherapy response in GC patients.

To summarize, this study represents the pioneering investigation into the relationship between NALCN and various types of immune cells through immunofluorescence staining. By leveraging publicly available databases, we confirmed the significant role of NALCN in the GC immune microenvironment. Immunofluorescence staining revealed that CD8+ T cells and B cells exhibited higher infiltration levels in samples with elevated NALCN expression, whereas lower NALCN expression was associated with reduced immune cell infiltration. These findings suggest that NALCN may play a crucial role in the regulating immune cell infiltration, thereby influencing the tumor microenvironment and immune response, potentially contributing to immune escape. Consequently, NALCN’s influence on the tumor microenvironment may present a potential therapeutic target. However, further research is required to elucidate the precise mechanism by which NALCN affects GC immune infiltration. To explore this, we conducted co-culture experiments involving NALCN knockdown or control GC cells with T cells. The results indicated that NALCN knockdown significantly diminished the antitumor activity of CD8+ T cells, reduced the granzyme B and IFN-γ secretion in T cells, inhibited T cell proliferation (Figures 5B–D), and promoted T cell apoptosis. This suggests that NALCN knockdown may suppress anti-tumor immunity by inhibiting T cell function and promoting tumor progression. Low NALCN expression is associated with altered tumor immunity and poor prognosis in GC patients.

However, there are several limitations. Firstly, bioinformatics analysis and patient tissue samples were utilized solely to verify the relationship between NALCN and immune cell infiltration. Considering the complexity of the TIME, employing animal models could provide a more comprehensive understanding of NALCN’s role in GC immunity. The primary objective of this study was to investigate the correlation between NALCN expression and immune infiltration and its impact on the prognosis of GC patients. This research contributes to our understanding of the pivotal role of NALCN in human tumors, including GC.





Conclusions

Our current study provided compelling evidence that elevated expression of NALCN promotes immune cell aggregation in GC and can serve as a potential biomarker for immune infiltration. This investigation elucidated several possible roles of NALCN in regulating immune cell infiltration with GC tissues. Nevertheless, further research is warranted to explore the molecular mechanism underlying NALCN’s role in tumorigenesis and its clinical application prospect.
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Background

The clinical success of the immune checkpoint inhibitor (ICI) targeting programmed cell death protein 1 (PD-1) has revolutionized cancer treatment. However, the full potential of PD-1 blockade therapy remains unrealized, as response rates are still low across many cancer types. Interleukin-2 (IL-2)-based immunotherapies hold promise, as they can stimulate robust T cell expansion and enhance effector function - activities that could synergize potently with PD-1 blockade. Yet, IL-2 therapies also carry a significant drawback: they can trigger severe systemic toxicities and induce immune suppression by expanding regulatory T cells.





Methods

To overcome the challenges of PD-1 blockade and IL-2 therapies while enhancing safety and efficacy, we have engineered a novel fusion protein, AWT020, combining a humanized anti-PD-1 nanobody and an engineered IL-2 mutein (IL-2c). The IL-2c component of AWT020 has been engineered to exhibit no binding to the IL-2 receptor alpha (IL-2Rα) subunit and attenuated affinity for the IL-2 receptor beta and gamma (IL-2Rβγ) complex, aiming to reduce systemic immune cell activation, thereby mitigating the severe toxicity often associated with IL-2 therapies. The anti-PD-1 antibody portion of AWT020 serves a dual purpose: it precisely delivers the IL-2c payload to tumor-infiltrating T cells while blocking the immune-inhibitory signals mediated by the PD-1 pathway.





Results

AWT020 showed significantly enhanced pSTAT5 signaling in PD-1 expressing cells and promoted the proliferation of activated T cells over natural killer (NK) cells. In preclinical studies using both anti-PD-1-sensitive and -resistant mouse tumor models, the mouse surrogate of AWT020 (mAWT020) demonstrated markedly enhanced anti-tumor efficacy compared to an anti-PD-1 antibody, IL-2, or the combination of an anti-PD-1 antibody and IL-2. In addition, the mAWT020 treatment was well-tolerated, with minimal signs of toxicity. Immune profiling revealed that mAWT020 preferentially expands CD8+ T cells within tumors, sparing peripheral T and NK cells. Notably, this selective tumoral T-cell stimulation enables potent tumor-specific T-cell responses, underscoring the molecule’s enhanced efficacy and safety.





Conclusion

The AWT020 fusion protein offers a promising novel immunotherapeutic strategy by integrating PD-1 blockade and IL-2 signaling, conferring enhanced anti-tumor activity with reduced toxicity.





Keywords: PD-1, IL-2 (interleukin-2), tumor infiltrate lymphocyte, CD8, natural kiiler cells





Introduction

PD-1, a crucial immune checkpoint molecule, suppresses T-cell immunity when engaged with its ligand, Programmed Death-Ligand 1 (PD-L1) (1). Notably, PD-1 expression is significantly increased in tumor-infiltrating T cells, making it an attractive target for promoting T-cell activation in tumor tissues (2, 3). Blockade of the PD-L1/PD-1 axis has become a standard treatment for various cancer indications (4). Although durable responses are seen in a subset of patients with cancer, single-agent anti-PD-1 therapy yields modest response rates in most cancer types (5). Several factors may contribute to the limited clinical response, including a suppressive tumor microenvironment (TME) that impairs T-cell immunity and insufficient numbers of tumor-infiltrating T cells (6, 7). Overcoming these limitations may be achieved by employing combination approaches that deliver more robust T-cell stimulation within the TME.

IL-2 is a critical cytokine that stimulates the proliferation and activation of T cells and NK cells (8, 9). High-dose IL-2 (HD IL-2) has received regulatory approval for the treatment of metastatic melanoma and metastatic renal cell carcinoma, demonstrating an overall response rate of 10-25% in these patient populations. Notably, the responses observed with IL-2 therapy tend to be durable, with some patients experiencing long-lasting tumor control and improved survival outcomes. A recent study showed that HD IL-2 therapy demonstrated antitumor efficacy in melanoma patients who experienced disease progression after ipilimumab treatment (10, 11). In addition, the combination of anti-PD1 and HD IL-2 led to a high response rate with durable response in renal cell carcinoma, suggesting that these two agents could have synergistic activity (12). However, the application of HD IL-2 in the clinic is limited primarily due to severe immune-related adverse events (irAEs) due to a systemic activation of immune cells (13–15). Binding to IL-2Rα may be associated with vascular leak syndrome during HD IL-2 therapy (16). Therefore, several IL-2 variants with abolished IL-2Rα binding (“No-α” IL-2) have been developed to improve the safety and anti-tumor efficacy (17–20). However, these “No-α” IL-2 variants still activate T cells and NK cells systemically and only demonstrate a marginal increase of the maximum tolerated dose in clinical trials compared to wild-type IL-2 (20, 21). Another challenge is the short half-life of IL-2, which requires a frequent treatment schedule (22).

To overcome the limitations of current PD-1 blockade and IL-2 therapies, we have rationally engineered AWT020 - a fusion protein comprised of a humanized PD-1 nanobody and an optimized IL-2 mutein (IL-2c). The overarching goal in developing AWT020 is to synergistically enhance the therapeutic efficacy of both anti-PD-1 antibodies and IL-2-based immunotherapies, while simultaneously improving the safety profile. AWT020 leverages the differential expression of PD-1 between peripheral T cells and tumor-infiltrating lymphocytes (TILs). By selectively binding to PD-1 on TILs, AWT020 delivers a dual benefit: it blocks the inhibitory PD-1 pathway and provides IL-2 signaling to promote the expansion of tumor-antigen-specific T cells. Importantly, the IL-2 mutein component of AWT020 has been engineered to have diminished binding to the IL-2 receptor alpha (IL-2Rα) subunit and attenuated affinity for the beta and gamma subunits (IL-2Rβγ). This design ensures that IL-2 signaling is tightly controlled and dependent on PD-1 binding, which presents the IL-2 mutein to IL-2Rβγ on the cell surface of TILs in a cis configuration within the TME. AWT020 offers a distinctive fusion of PD-1 blockade and IL-2 activation within a single therapeutic agent and is aimed at selectively revitalizing immune responses within the TME while mitigating systemic toxicity associated with uncontrolled immune cell activation.





Materials and methods




Engineering and expression of IL-2 fusion proteins

The protein sequences of IL-2 (P60568) and IL-15 (P40933) were obtained from Uniprot. The gene sequences were synthesized by Twist Bioscience with optimized codon for ExpiCHO expression. The binding surface of IL-2 and IL-2 receptors were determined using crystal structure 1z92 and 2erj. Various IL-2 mutein were generated with modified affinity to IL-2 receptors and fused to a humanized anti-HSA nanobody discovered in-house. The leading candidate, IL-2c mutant, contains a peptide derived from human IL-15 to replace amino acid 29-40 in IL-2 (Patent NO. US11897930B2). AWT020 contains two humanized anti-PD-1 nanobodies, a human IgG4 Fc domain, and an IL-2c mutant fused to the C-terminal of Fc with a (G4S)3 linker. The reference molecule, αhPD1-IL-2x, is composed of the same anti-human PD-1 antibody as AWT020 and a more potent IL-2x mutein. IL-2x contains three mutations, F42A, Y45A, and L72G. These three mutations are known to abolish the binding to IL-2Rα but retain the affinity to IL-2Rβγ.

The sequences of two anti-mouse PD1 antibodies, αmPD1 and xmPD1, were obtained from patent US20220401480A1 and patent US20190263877A1, respectively. Two mouse surrogates were created: mAWT020 contains an αmPD1 antibody and an IL-2c mutein, and xmAWT020 contains an xmPD1 antibody and an IL-2c mutein (Supplementary Table S1). mAWT020 and xmAWT020 share similar binding affinity to mouse PD1 and identical IL-2c. αmPD1-IL-2x was made with the αmPD1 and an IL-2x mutein. xmPD1-IL-2x was made with xmPD1 antibody and an IL-2x mutein. The genes of different fusion proteins were inserted into pAS-puro vector and transiently transfected in ExpiCHO cells by ExpiFectamine CHO transfection kit (Thermo Fisher Scientific), transfected ExpiCHO cells were cultured in ExpiCHO-S cell culture medium (Thermo Fisher Scientific) for 7-12 days. The culture medium was harvested for protein purification.





STAT5 phosphorylation assay

Wild-type human T-lymphocyte cell line Hut 78 or PD-1 overexpressing Hut-78 cell line (Hut 78/PD-1) were plated into 96 well deep plates at 0.12E6/15 μL/well with HBSS and treated with 15 μL/well varying concentrations of AWT020 or AWT020Iso or rhIL-2 at 37°C for 40 minutes. A stock solution of AWT020 was formulated at 5 mg/mL in 25 mM Tris-HCl plus 5% sucrose buffer, PH 7.2, and diluted with HBSS. HBSS only was used as the negative medium control.

To block AWT020 binding to PD-1 on Hut 78/PD-1 cells, Hut 78/PD-1 cells were pre-incubated at 37°C for 1 hour with by the parental anti-PD1 antibody, the same anti-PD1 that was used as the fusion partner in AWT020, before treating with AWT020 or AWT020Iso.

pSTAT5 signaling was measured by HTRF technology, according to manual of Phospho-STAT5 (Tyr694) cellular kit. At the end of the treatment period, cells were lysed by adding 10 μL/well supplemented lysis buffer containing blocking reagent and incubated for 30 minutes at room temperature under shaking. After homogenization by pipetting, 16 µL of cell lysate were transferred from the 96 well deep plate to HTRF 96well low volume plate. pSTAT5 signal was captured by adding 4 μL 40-fold detection buffer diluted pSTAT5 Eu Cryptate antibody (donor) and pSTAT5 d2 antibody (acceptor) mixture to each well. Then the plate was cover with a plate sealer and incubated overnight at room temperature.





Human T cell activation and proliferation assay

Frozen human peripheral blood mononuclear cells (PBMCs) from healthy donors were obtained from STEMCELL Technologies. On the day of assay, PBMCs were thawed and plated at 20,000 cells/well in a 96-well U bottom plate with 100 ul of T cell medium (TCM) containing RPMI-1640, 1% GlutaMAX, 10% fetal bovine serum, 2% human serum, and 100 units/ml penicillin/streptomycin. For pre-activated PBMCs, 1:200 dilution of ImmunoCult™ Human CD3/CD28 T Cell Activator was included in the TCM. The plates were incubated at 37°C and 5% CO2 overnight.

The next day, pre-activated and un-activated PBMCs were treated with 100 ul of TCM containing serially diluted AWT020, AWT020iso or αhPD1-IL-2x. PBMCs were incubated at 37°C and 5% CO2, and cell culture medium was changed by replacing 100 ul of TCM containing various respective concentrations of AWT020, AWT020iso or αhPD1-IL-2x every 2-3 day. After 7-days of culture for the pre-activated PBMCs, or 10-days of culture for the un-activated PBMCs, cells were collected for staining and flow cytometry analysis.





Tumor RNA isolation and gene expression profiling

0.5 x 106 B16F10 cells was subcutaneously inoculated into C57/BL6 mice. Following a 7-day period for tumor growth to achieve an average size ranging between 60 to 100 mm3, the mice were treated with 1 mg/kg αmPD-1, αmPD1-IL-2x, or mAWT020. On day 13, the mice were sacrificed, and tumors were isolated. Tumors samples were homogenized using a gentleMACS Dissociator (Miltenyi Biotec #130-093-235) using the built-in RNA extraction program. RNA was then isolated using RNeasy Plus Mini Kit (QIAGEN #74134) according to the manufacturer’s protocol and quantified with a Microvolume UV-Vis Spectrophotometer (Thermo Scientific NanoDrop One). RNA expression analysis was conducted using a NanoString nCounter Analysis System (NanoString nCounter Sprint Profiler) with a Mouse PanCancer Immune Profiling Panel comprising 770 genes from diverse immune cell types, common checkpoint inhibitors, cancer/testis antigens, and genes covering both the adaptive and innate immune response. The gene expression analysis was conducted following manufacturer’s instructions. Briefly, tumor RNA was hybridized with a CodeSet containing target-specific biotinylated Capture Probe and color-coded Reporter Probe. The hybridized mixture was then loaded into a cartridge, where excess probes were removed, and the purified hybridized RNA-CodeSet complex was immobilized onto streptavidin coated slides for imaging and counting by the nCounter Analysis System. The obtained results were analyzed using the nSolver Analysis Software.





Flow cytometry and antibodies

Tumors and whole blood were collected from CT26 tumor-bearing BALB/c mice. Tumor samples were processed into single-cell suspensions described previously. Tumor single-cell suspensions and whole blood were washed with FBS stain buffer (Catalog No. 554656, BD Biosciences) and then incubated with fluorophore-conjugated antibodies of T cell and NK cell markers for 30 minutes at 4°C. Stained tumor and blood cell samples were then washed twice with stain buffer, and result acquisition was performed with an Attune NxT flow cytometer (Invitrogen). FCS file data was analyzed in Attune NxT Software v3.2.1 (Invitrogen). Antibodies employed for flow cytometry are listed here: CD4 (clone GK1.5, Catalog No. 56-0041-82, Invitrogen), CD8 (clone 53-6.7, Catalog No. 45-0081-82, Invitrogen), NKp46 (clone 29A1.4, Catalog No. 25-3351-82, Invitrogen).





Animals and tumor models

Animal studies were conducted according to the NIH animal care guidelines and following protocols approved by the Institutional Animal Care and Use Committee (IACUC) from Anwita Biosciences. Balb/c and C57BL/6 mice were obtained from the Jackson Laboratory. MC38 murine colon cancer cell line, CT26 murine colon cancer cell line, EMT6 murine mammary carcinoma cell line, and B16F10 murine melanoma cell line were acquired from American Type Culture Collection (ATCC). For subcutaneous tumor models, 0.5-1 x 106 tumor cells were injected subcutaneously into the right flank of the hind leg of Balb/c or C57BL/6 mice. Tumor implanted mice were randomized into different groups with the averaged tumor size of 60 to 100 mm3. The mice bearing tumors that were smaller than 40 mm3 or larger than 150 mm3 were excluded from the randomization. The fusion proteins were administered via intraperitoneal (IP) injection.





CD8 T cell and NK cell depletion

To deplete CD8 T cells, anti-mouse CD8a antibody (Clone 2.43, from Bio X Cell) was administered intraperitoneally at 15 mg/kg to mice on Days -1, 6, and 13, relative to the day of tumor implantation (Day 0). Similarly, to deplete NK cells, anti-mouse CD161 antibody (NK 1.1, from Bio X Cell) was administered intraperitoneally at 10 mg/kg to mice on Days Days -1, 6, and 13, relative to the day of tumor implantation (Day 0).






Results




Molecular design of AWT020

AWT020 is a bi-functional fusion protein comprised of a humanized nanobody specifically targeting the human PD-1 protein and an engineered human IL-2 mutein (IL-2c) (Figures 1A, B). To mitigate potential systemic toxicity related to IL-2, we designed AWT020 with high affinity towards human PD-1 while concurrently reducing its affinity towards IL-2 receptors. By establishing a disparity in affinities, we intended for the high affinity PD-1 binding to govern the cell targeting of AWT020 (Figures 1A, B, Table 1). The engineered IL-2c mutein in AWT020 resulted in minimal affinity toward IL-2Rα and reduced affinity toward IL-2Rβγ compared to rhIL-2 (Figure 1B, Table 1). Additionally, an αhPD1-IL-2x fusion was developed, utilizing the identical anti-PD-1 antibody as AWT020 but incorporating a distinct IL-2x mutein. IL-2x mutein contains F42A, Y45A, and L72G mutation to abolish the affinity toward IL-2Rα while retaining the binding affinity to IL-2Rβγ (23). Employing the IL-2x fusion protein as a control enables us to evaluate the necessity of further diminishing binding to IL-2Rβγ to achieve our design’s optimal therapeutic window.




Figure 1 | Engineering and characterization of a PD1-IL-2 fusion protein AWT020. (A) Schematic representation of the protein conformation of AWT020. Each AWT020 protein comprises two humanized nanobodies that bind to human PD-1, a human IgG4 Fc domain and an IL-2c mutein with reduced affinity to human IL-2Rβγ. (B) Octet binding sensorgraphs of AWT020 to human PD-1, human IL-2Rα and human IL-2Rβγ, in comparison to rhIL-2. (C) Schematic representation of the proposed mechanism of T cell activation by AWT020. Without PD-1 expression, IL-2c in AWT020 weakly associates to IL-2Rβγ (left); with PD-1 expression, AWT020 anchors on the cell surface and activates IL-2Rβγ in cis configuration (right), inducing the activation and proliferation of target T cell. (D, E) STAT5 phosphorylation was measured by an HTRF signal in Hut 78 cells, and Hut 78 cells stably expressed human PD-1 (Hut 78/PD1). (F) Flow cytometry analysis of the proliferation of human primary T cell in response to the treatment of various IL-2 fusion proteins. T cells were pre-activated with anti-CD3 and anti-CD28 antibodies to induce PD-1 expression. (G) Flow cytometry analysis of the proliferation of human primary NK cells in response to the treatment of various IL-2 fusion proteins.




Table 1 | Dissociation constant (KD, M) of AWT020 to human and cynomolgus monkey IL-2 receptors and PD-1.







Induction of pSTAT5 signaling of AWT020 is dependent on PD-1 binding

Given the substantial decrease in binding affinity to IL-2Rβγ, it was anticipated that AWT020 elicited a weak activation of IL-2Rβγ. However, for PD-1+ cells, the high affinity PD-1 antibody in AWT020 is expected to anchor itself to the cell surface, facilitating the presentation of IL-2c to IL-2Rβγ in a cis configuration (Figure 1C). To investigate the dependency of IL-2 signaling on PD-1 expression, we compared the phosphorylation of STAT5 in Hut78 cells with and without PD-1 expression (Figure 1D). AWT020 stimulated STAT5 phosphorylation in Hut 78/PD-1 cells with an EC50 of 4.81 ± 1.95 nM (mean ± SD; n = 3), demonstrating 27-fold higher activity compared to the EC50 of 130 ± 17.7 nM (mean ± SD; n = 3) observed in Hut 78 cells. In contrast, both recombinant human IL-2 (rhIL-2) and the non-PD-1 targeting IL-2c control (AWT020iso) showed no preference for inducing STAT5 phosphorylation in either Hut 78 or Hut 78/PD-1 cells. Further, when PD-1 binding sites on Hut 78/PD-1 cells were blocked through pre-treatment with a saturating amount of parental anti-PD-1 antibody, the potency of pSTAT5 induction by AWT020 was diminished to a level comparable to that elicited by the non-PD-1 targeting AWT020iso (Figure 1E), confirming the dependency of IL-2 signaling on the binding of PD-1.





AWT020 preferentially stimulates the proliferation of PD-1high T cells, but not NK cells

IL-2 is known to induce the proliferation of T cells and NK cells. PD-1 expression was found to be upregulated significantly in activated T cells but not NK cell (2, 3, 24). To assess the ability of AWT020 in proliferating primary immune cells, αCD3 and αCD28 activated human CD3 T cells with high PD-1 expression or human NK cells with low PD-1 expression were treated with AWT020iso, AWT020, or αhPD1-IL-2x. Compared to AWT020iso, both AWT020 and αhPD1-IL-2x treatment significantly increased the number of PD-1high human CD3 T cells (Figure 1F). However, only αhPD1-IL-2x induced the proliferation of PD-1low human NK cells (Figure 1G). These data suggest that AWT020 has higher selectivity toward PD-1 expressing T cells than NK cells compared to αhPD1-IL-2x.





mAWT020 demonstrates superior anti-tumor efficacy compared to either the anti-mPD-1 antibody, IL-2 alone, or their combination

To evaluate the anti-tumor activity of AWT020 in mice, which lacks binding affinity to mouse PD-1, a mouse surrogate named mAWT020 was produced. In the subcutaneous MC38 colon carcinoma model, mice treated with mAWT020 (1 mg/kg, twice-weekly, or biw) demonstrated a significant reduction in tumor size compared to those treated with anti-mPD-1 (αmPD1), half-life extended IL-2c (HSA-IL-2c), or the combination of αmPD1 and HSA-IL-2c. Strikingly, by day 21, all ten mice treated with mAWT020 became tumor-free (Figure 2A). Similar results were observed in the subcutaneous CT26 colon carcinoma model. Mice treated with mAWT020 (1 mg/kg, biw) exhibited a great tumor size reduction compared to αmPD1, HSA-IL-2c, or the combination treatment of αmPD1 and HSA-IL-2c. By day 28, 7 out of 10 mice treated with mAWT020 became tumor-free (Figure 2C). The tumor-free mice from both the MC38 and CT26 studies were further subjected to a tumor rechallenge study, where they remained tumor-free without any additional treatment (Figures 2B, D). These results indicate that mAWT020 treatment induced a strong antitumor effect and long-lasting immunological memory. In the EMT6 breast cancer model (Figure 2E), where PD-1 therapy has limited efficacy, both 0.3 mg/kg and 1 mg/kg mAWT020 treatment demonstrated significantly better suppression of tumor growth than αmPD1 or the combination therapy of αmPD1 and HSA-IL-2c. To ascertain the minimum effective dose of mAWT020 necessary for suppressing tumor growth, various dosing levels ranging from 0.1 to 1 mg/kg were evaluated in the MC38 model. The 0.1 mg/kg mAWT020 treatment showed superior tumor growth suppression compared to the 1 mg/kg αmPD1 treatment. Treatment with mAWT020 at doses of 0.3 mg/kg and 1 mg/kg resulted in complete tumor regression in 100% of mice (5 out of 5 animals per group) by days 27 and 24, respectively (Figure 2F). Collectively, these results provide compelling evidence that mAWT020 exhibits superior anti-tumor efficacy compared to αmPD1 antibody, HSA-IL-2c administered alone, or their combination.




Figure 2 | mAWT020 has superior anti-tumor immunity than αmPD1 antibody. Anti-tumor activity of mAWT020 tested in various subcutaneous models including (A, B, F) MC38 subcutaneous model, N=10 (C, D) CT26 subcutaneous model, N=10, and (E) EMT6 subcutaneous model, N=5. Tumor bearing C57/BL6 mice or BALB/c mice were treated with αmPD1, IL-2c, the combination of αmPD1 and IL-2c via IP dosing, with a dose that is molar equivalent to ~ 1 mg/kg of mAWT020. The treatment schedule is indicated in black arrows, Asterisks indicate ANOVA significance values. *P < 0.05; **P < 0.01; ***P < 0.001.







mAWT020 specifically promotes the expansion of tumor-infiltrating T cells but not NK cells

To investigate the mechanism underlying the improved anti-tumor efficacy of mAWT020 compared to αmPD1, CT26 tumor-bearing mice were treated with 1 mg/kg of αmPD1, 1 mg/kg of αmPD1-IL-2x, or 1 mg/kg of mAWT020 (biw) to compare the immune subset profile in blood and tumor. After 2nd dose, both the αmPD1-IL-2x and mAWT020-treated groups exhibited superior suppression of tumor growth compared to the αmPD1-treated group. However, only the αmPD1-IL-2x-treated group displayed reduced physical activity and body weight loss (Figures 3A, B). Moreover, the αmPD1-IL-2x-treated group showed significantly enlarged spleens compared to the PBS-treated group, indicating systemic activation of the peripheral immune system. In contrast, the mAWT020 treatment only induced a mild increase in spleen weight. (Figure 3I). In the blood, αmPD1-IL-2x treatment resulted in an increase in circulating CD8+ T cells and NK cells, whereas mAWT020-treated mice showed no significant change in the total number of T cells or NK cells (Figures 3C–E). Interestingly, within the tumor, mAWT020 significantly increased the number of CD8+ T cells compared to the PBS or αmPD1-treated groups, but it did not affect NK cell numbers (Figures 3F–H). In contrast, αmPD1-IL-2x treatment increased the number of NK cells much more than T cells within the tumor (Figures 3F–H). These findings collectively suggest that the activity of mAWT020 is highly specific to tumor-infiltrating T cells. In contrast, treatment with the αmPD1-IL-2x fusion protein exhibited poor tumor and T cell selectivity, as it induced proliferation of immune cells in both the peripheral blood and the tumor tissues.




Figure 3 | mAWT020 specifically expands tumor infiltrated T cell but not NK cell. (A) Tumor growth curve and (B) the percentage of body weight change of CT26 tumor bearing mice treated with 1 mg/kg of αmPD1, αmPD1-IL-2x or mAWT020 via IP dosing, N=5. The treatment schedule is indicated in black arrows. At day 15, blood and tumor were collected for FACS analysis of immune cell subtypes (C-H). (I) Spleen weight of the CT26 tumor bearing mice treated with 1 mg/kg of αmPD1, αmPD1-IL-2x or mAWT020, N=5. Asterisks indicate ANOVA significance values. N.S. not significant; *P < 0.05; **P < 0.01.



To conduct comprehensive whole tumor transcriptomic studies, we administered 1 mg/kg of αmPD-1, αmPD1-IL-2x, or mAWT020 biw to C57/BL6 mice bearing B16F10 tumors. On day 13, five out of eight mice per group were sacrificed for gene expression profiling, while the remaining three mice in each group were retained to monitor tumor growth and changes in body weight. (Supplementary Figures S1A, B). Both αmPD1-IL-2x and mAWT020 showed better tumor growth suppression than αmPD-1 treated mice. The key genes related to T cell activation and expansion were tested using NanoString nCounter hybridization method. Both αmPD1-IL-2x and mAWT020 treated mice showed higher levels of CD8a and CD8b1 gene expression in tumors compared to PBS or αmPD1 treated mice (Supplementary Figure S2C). Moreover, the genes related to T cell activation, such as Pdcd1, Cxcr6, Gzma, Gzmb, and Prf1, also upregulated in the tumor of αmPD1-IL-2x and mAWT020 treated mice. These results support the observation of the elevated CD8 T cell number in tumors, indicating that αmPD1-IL-2x and mAWT020 are capable of both proliferating and activating CD8+ T cells in tumors.





CD8+ T cells drive the efficacy of mPD1-IL-2 fusion protein, while NK cells mediate its toxicity

Previous studies have demonstrated that PD-1 therapy acts by activating T cells in the tumor, whereas “No-α” IL-2 therapy promotes the proliferation of both T cells and NK cells (20). To determine which immune cell subtypes drive the anti-tumor activity and toxicity of αmPD1-IL-2x or mAWT020, CD8 T cell or NK cell depletion was performed in MC38 tumor-bearing C57/BL6 mice. The percentage of NK and T cells in the blood were quantified to verify the effect of depletion antibodies (Figure 4A). Both mAWT020 and αmPD1-IL-2x were highly efficacious in suppressing MC38 tumor growth compared to the PBS-treated group. However, when CD8 T cells were depleted using an anti-CD8 antibody, both mAWT020 and αmPD1-IL-2x completely lost their anti-tumor effects (Figures 4B, C). In contrast, NK cell depletion did not affect the anti-tumor activity of mAWT020 and αmPD1-IL-2x, as tumor growth suppression was similar to that observed in the treatment group without NK cell depletion (Figures 4B, C). These results indicate that the mechanism underlying the anti-tumor activity of PD1-IL-2 fusion protein is primarily driven by CD8 T cells rather than NK cells. As previously observed, treatment with 1 mg/kg of mAWT020 in C57/BL6 mice showed no signs of toxicity or body weight loss (Figure 4D). However, treatment with 1 mg/kg of αmPD1-IL-2x induced approximately 8% body weight loss after the second dose (Figure 4E). Interestingly, depletion of CD8 T cells had a minor effect on body weight change, while depletion of NK cells prevented body weight loss in the αmPD1-IL-2x-treated group (Figure 4E). These data suggest that the systemic proliferation or activation of NK cells in αmPD1-IL-2x-treated mice is the cause of toxicity.




Figure 4 | CD8 T cells drive the efficacy of mPD1-IL-2 fusion protein, while NK cells drive its toxicity. (A) Percentage of T cell and NK cell in PMBC collected at day 19 from PBS, αmPD1-IL-2x, and mAWT020 treated mice with NK cell (NK-) or CD8 T cell (CD8-) depletion. (B, C) Anti-tumor activity of mAWT020 (B) or αmPD1-IL-2x (C) in MC38 tumor bearing mice with or without the depletion of NK cell (NK-) or CD8 T cell (CD8-), N=5. (D, E) Percentage of body weight change of mAWT020 treated mice or mPD1-IL-2x treated mice with or without the depletion of NK cell (NK-) or CD8 T cell (CD8-). Asterisks indicate ANOVA significance values. *P < 0.05; **P < 0.01.



To determine the maximum tolerated dose of mAWT020 and whether high-dose mAWT020 treatment induces proliferation of NK cells or T cells in the periphery, naive BALB/c and C57/BL6 mice were treated with 1 mg/kg αmPD-1, 1 mg/kg αmPD1-IL-2x, or mAWT020 at doses of 1 mg/kg, 3 mg/kg, and 10 mg/kg. Consistent with previous observations, treatment with 1 mg/kg of αmPD1-IL-2x resulted in body weight loss after the second dose in both BALB/c and C57/BL6 mice (Supplementary Figure S2A). In contrast, mAWT020 treatment groups showed no body weight loss at any tested doses in both BALB/c and C57/BL6 mice (Supplementary Figure S2A). The immune cell profile in the blood was also examined. In BALB/c mice, treatment with 1 mg/kg of αmPD1-IL-2x resulted in a 3.01-fold increase in CD3+ T cells and a 187.27-fold increase in NK cells, while there were no significant changes in T cell and NK cell numbers in the mAWT020-treated groups at all doses (Supplementary Figures S2B, C). In C57/BL6 mice, treatment with 1 mg/kg of αmPD1-IL-2x induced a 20.06-fold increase in T cells and a 27.58-fold increase in NK cells, whereas mAWT020 treatment had no significant effect on the number of T cells and NK cells in the peripheral blood at any doses (Supplementary Figures S2B, C). These data indicate mAWT020 has strong antitumor efficacy and a favorable toxicity profile.





Toxicokinetics of AWT020 in cynomolgus monkey

The cynomolgus monkey was a suitable species for toxicology assessment based on the ability of AWT020 to bind to both its PD-1 and IL-2Rβγ targets in monkeys with similar activity as in humans (Table 1). In a non-GLP single-dose tolerability study, a total of 4 cynomolgus monkeys (two male and two female) were assigned to 5 mg/kg or 10 mg/kg treatment groups, respectively. The pharmacokinetics of AWT020 in non-GLP study is shown in Table 2.


Table 2 | Mean toxicokinetics of AWT020 in cynomolgus monkey following single intravenous infusion administration.



No mortality or moribundity was noted in any animals at any interval of data collection during the study. The changes in mean body weight over time and percent change in body weight relative to predose weight over time are shown in Figure 5A. The 10 mg/kg group showed an approximately 7% decrease in body weights over the study duration from Day 1 to 29 (Figure 5A). Minor changes in blood chemistry and hematology were noted. At 10 mg/kg, aspartate transferase (AST) increased from 62.0 ± 31 U/L at predose to 184.5 ± 108 U/L on Day 2 and alanine aminotransferase (ALT) elevated from 35.5 ± 19 U/Lat predose to 94.0 ± 47 U/L on Day 2, and completely recovered to baseline levels by Day 15 (Figure 5B). C-reactive protein (CRP) increased from 7.9 ± 5.2 at predose to 25.3 ± 12.1 mg/L at 24 hours post dose at 5 mg/kg and increased from 4.9 ± 0.7 at predose to 18.8 ± 4.0 mg/L at 12 hours post dose at 10 mg/kg. Changes in CRP returned to the baseline level by Day 15. Further, an increase in CD4, CD8, B and NK cell counts of less than 2-fold on Day 8 was noted at 10 mg/kg and returned to the baseline levels by Day 15 (Figure 5C). No increase in the levels of serum IFN-γ, IL-1β, IL-5, IL-10, IL-6, TNF-α, and MCP-1 were observed in any of the treated animals. In conclusion, the high dose of 10 mg/kg was well tolerated after a single administration to cynomolgus monkeys via intravenous infusions.




Figure 5 | Safety profile of AWT020 in Cynomolgus Monkey. (A) Body weight change in Kg (left) or percentage (right) of cynomolgus monkey treated with 5 mg/kg or 10 mg/kg AWT020 single dose. (B) The change of AST (left) and ALT (right) of cynomolgus monkey treated with 5 mg/kg or 10 mg/kg AWT020 single dose. (C) Lymphocyte count after a single dose of AWT020 at 5 mg/kg (5MPK) or 10 mg/kg (10MPK) in male monkey (M) or female monkey (F).








Discussion

In the present study, we designed and evaluated AWT020, a bi-functional fusion protein composed of a humanized nanobody targeting the human PD-1 protein and an engineered human IL-2 mutein (IL-2c). Our aim was to mitigate potential systemic toxicity associated with IL-2 by designing AWT020 with high affinity towards human PD-1 while concurrently reducing its affinity for IL-2 receptors. Our preclinical studies in both anti-PD-1-sensitive and anti-PD-1-resistant mouse tumor models demonstrated that mAWT020 exhibited superior anti-tumor efficacy compared to either anti-PD-1 antibody or IL-2 alone, or their combination. The efficacy of mAWT020 was primarily driven by the expansion and activation of CD8+ T cells within the tumor microenvironment, while NK cell activation contributed minimally to tumor control and primarily resulted in increased toxicity. Interestingly, mAWT020 not only selectively expanded and activated CD8+ T cells in “hot” tumor models (e.g., MC38 and CT26), but also demonstrated the ability to significantly elevate T-cell markers and activation signatures in the “cold” tumor model B16F10. This indicates that mAWT020 has the potential to convert immunologically “cold” tumors into “hot” tumors by enhancing T-cell infiltration and activation in the tumor microenvironment. These findings highlight the importance of targeting PD-1+ T cells in achieving a strong anti-tumor response and underline the therapeutic potential of AWT020 in providing a favorable safety profile while greatly enhancing anti-tumor efficacy.

IL2 receptor complexes are widely expressed by both tissue and peripheral immune cells, including T cells, NK cells, ILCs, and myeloid cells. The pleiotropy of IL-2 limits its efficacy and is a major factor contributing to its toxicity. Despite wild-type IL-2 (Aldesleukin) being the first immunotherapy approved by the FDA, its clinical application is hampered by severe immune-related adverse events (irAEs) and the requirement for a frequent dosing schedule (600,000 - 720,000 Units/kg, q8h, up to a maximum of 14-15 doses, equivalent to about 9,600,000 IU doses, or ~0.037 mg/kg). A targeted approach is necessary to reduce the pleiotropy of IL-2 and enhance its therapeutic efficacy while minimizing toxicity. It is thought that the toxicity is mediated by binding to IL2Rα and the efficacy is also limited by IL2Rα expression on Treg cells. To enhance the safety and efficacy of wild-type IL-2, various “No-α” IL-2 variants that do not bind to IL2Rα and possess extended half-lives have been developed. However, the No-α IL-2 muteins still exhibit significant toxicity. For example, Sanofi’s THOR-707 demonstrated a recommended phase 2 dose (RP2D) ranging from 0.024 mg/kg Q3W to 0.032 mg/kg Q3W (21).

PD1 is primarily expressed on tumor antigen-engaged T cells in tumor tissues. Upon activation of T cells by antigens, TCR signaling induces the expression of PD-1 in T cells (25, 26). This mechanism leads to highly specific upregulation of PD-1 on tumor-infiltrated T cells, while circulating T cells express minimal levels of PD-1 (2, 3). PD-1 therapy utilizing monoclonal antibodies to disrupt the PD1-PD-L1 interaction primarily targets tumor-infiltrating T cells and has much less effect on circulating lymphocytes. The good safety profile of anti-PD1 antibodies can be partly attributed to the restricted expression of PD1 on tumor-infiltrating T cells. The anti-PD-1-IL2 fusion protein is then conceived to increase the binding of IL2 mutein to PD1+ TILs, thereby enabling low toxicities due to reduced IL2 binding to its receptors in peripheral immune cells while boosting PD1+ tumor antigen-specific T cells in the TME.

In recent years, several IL-2 or IL-15 fusion proteins have been developed. As a pioneer in IL-2 fusion proteins, Roche developed CEA-IL-2v and FAP-IL-2v, as well as PD1-IL-2v (23, 27, 28). The IL-2v mutein used in these three fusion proteins is identical—a “No-α” IL-2 containing F42A, Y45A, and L72G mutations. Despite completely different targeting strategies, where CEA-IL-2v and FAP-IL-2v target tumors and PD1-IL-2v targets tumor-infiltrated T cells, these IL-2v fusion proteins showed comparable tolerability in humans, with maximal tolerated doses of approximately 0.3-0.5 mg/kg. These findings suggest that the off-target activity of IL-2v may be the limiting factor for the safety of these fusion proteins. Although “No-α” IL-2 abolished the binding to IL-2Rα, it still binds to IL-2Rβγ with high affinity. Therefore, the distribution of a “No-α” IL-2 fusion protein is determined by the targeting antibody and IL-2Rβγ binding.

Our study, along with others, indicated that the activation of peripheral NK cells can drive the toxicity of PD-1-IL-2 and PD-1-IL-15 fusion proteins (24, 29). NK cells express high levels of IL-2Rβγ but lack IL-2Rα, making them susceptible to off-target toxicity from no-alpha IL-2 and IL-15. Chen et al. developed an anti-PD-1-IL-15 fusion protein with no binding to IL-2Rα or IL-15Rα while maintaining a relatively high affinity to IL-2Rβγ (KD = 12.29 nM) (30). This anti-PD-1-IL-15 fusion protein can activate NK cytotoxicity at 1 nM concentration in vitro and induce NK cell proliferation in cynomolgus monkeys starting from 0.2 mg/kg. Xu et al. engineered an anti-PD-1-IL-15 mutein incorporating E46G and V49R mutations to eliminate IL-15Rα binding, along with N1G, E64Q, and D30N mutations to further reduce IL-2Rβ binding affinity (KD > 1500 nM) (24). This anti-PD-1-IL-15 mutein showed better tolerability in mouse models; however, at 5 mg/kg, PD-1-IL-15m induced more than a 30-fold expansion of NK cells in blood and significant body weight loss in mice. This body weight loss could be rescued by NK cell depletion using NK1.1 antibody, indicating NK-dependent toxicity. Shen et al. created an anti-PD-1-IL-15-IL-15Rα fusion protein by fusing IL-15Rα to the C-terminus of IL-15; this molecular format abolished the binding of IL-15 to cell surface IL-15R and significantly reduced IL-2Rβγ binding likely due to steric hindrance (29). In this study, Shen et al. demonstrated that NK is more sensitive to IL-15 than T cells due to its higher expression of IL-2Rβ. In vitro, splenocyte proliferation assay showed that IL-15 fusion protein induced NK expansion at 0.3 µg/mL, while IL-15-IL-15Ra fusion protein did not induce NK expansion up to 5 µg/ml. In mouse models, the anti-PD-1-IL-15-IL-15Rα was dosed up to approximately 1.5 mg/kg without showing apparent body weight loss. However, without higher doses, it is impossible to evaluate the tolerability improvement of this molecule. These findings suggest a reduction of IL-2Rβγ binding is required for anti-PD-1-IL-2 or anti-PD-1-IL-15 fusion protein to mitigate NK-mediated toxicity.

Our study demonstrated that fine-tuning the reduction of binding affinity to the IL-2Rβγ complex significantly improved the tolerability of AWT020. The reference molecule used in this study, the anti-mPD1-IL-2x fusion protein, binds to IL-2Rβγ with an affinity comparable to wt IL-2 (~1 nM). In contrast, mAWT020 has a much lower affinity for IL-2Rβγ (>500 nM). The high affinity binding to IL-2Rβγ in αmPD1-IL-2x likely leads to significantly higher NK cell proliferation in the blood, contributing to its limited tolerability with a maximum tolerated dose of 1 mg/kg in mice. In tumors, αmPD1-IL-2x also expands significantly more NK cells than CD8+ T cells. We hypothesize that the overproliferated NK population in anti-mPD1-IL-2x-treated mice may have suppressive effects on tumoral CD8+ T cells due to potential mechanisms such as direct cytotoxicity toward activated CD8+ T cells (31, 32), inhibition of dendritic cells (33, 34), and/or acting as a receptor sink to compete for gamma chain cytokines such as IL-2, IL-15, or IL-21. In contrast, due to the low level of PD-1 expression in NK cells and reduced IL-2Rβγ binding affinity, AWT020, and its mouse surrogate, mAWT020, induce minimal activation or expansion of the NK cells in both human and mouse PBMCs. Consequently, mAWT020 was well tolerated at 10 mg/kg in mice, and AWT020 was well tolerated at 10 mg/kg in the monkeys. The preclinical toxicity profile establishes AWT020 as a best-in-class molecule, delivering robust antitumor efficacy while optimizing tolerability.

Overall, the molecular design of AWT020, with its tailored affinity for PD-1 and reduced binding to IL-2 receptors, represents a promising strategy to enhance the specificity and safety of IL-2-based therapies. The improved tolerability of AWT020 facilitates the complete blockade of the PD1-PD-L1 interaction, thereby preventing the inhibitory signal mediated by PD-1. Concurrently, IL-2R is activated to enhance the activation and proliferation of T cells within the TME. Our study provides compelling evidence supporting the continued development and potential clinical application of AWT020 for cancer immunotherapy. AWT020 is currently being evaluated in a phase 1 clinical trial (ClinicalTrials.gov Identifier: NCT06092580).
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Introduction

Following the approval of Chimeric Antigen Receptor T-cell Immunotherapy(CAR-T) in multiple countries, the Food and Drug Administration (FDA) approved tumor-infiltrating lymphocytes (TILs) and T-cell receptor-engineered T cells (TCR-T) treatments this year. The utilization of adoptive immunotherapy in tumor treatment has become increasingly prominent. Optimizing the cytotoxic effects of immune cells under in vitro culture conditions represents a current hot research topic in this domain.





Methods

In the current experiment, we conducted in vitro heat treatment on Jurkat-derived T cells at 39°C. On this basis, we utilized nine distinct injectable solutions and over 70 monomer components of Traditional Chinese Medicine (TCM). Subsequently, we co-cultured these treated Jurkat cells with K562-eGFP cells, and the co-culture process was monitored in real-time using the IncuCyte live-cell analysis system. Equally important, we combined HiMAP high-throughput transcriptome sequencing, proteomics, and metabolomics for in-depth examination. We screened for compounds possessing anti-tumor properties and thoroughly investigated their mechanisms of action.





Results and Discussion

The findings indicated that heating treatment augmented the cytotoxic effect of Jurkat cells against malignant tumors, and the optimal effect was achieved when T cells were exposed to 39°C for a duration of 24 hours(48% increase in cell proliferation rate compared to 37°C treatment). By triggering the generation of heat shock proteins and facilitating mitochondrial energy supply, the 39°C treatment amplified the anti-tumor functions of T cells. By analyzing the data, we identified 3 injectable solutions and more than 20 effective monomers capable of further enhancing the tumor-killing ability of T cells. High-throughput transcriptomics studies disclosed that the combination of thermotherapy and TCM promoted Jurkat cell proliferation, activation, and cytotoxic functions of Jurkat cells, thereby activating the Regulation of mitotic cell cycle to exert anti-tumor effects. The integration of transcriptomic and proteomic data demonstrated that Shengmai Injection significantly enhances the tumor-killing effect of Jurkat cells by down-regulating the Regulation of Apoptosis and Regulation of mitotic cell cycle signaling pathways.





Keywords: adoptive cell therapy, Chinese medicine, temperature, proteomics, untargeted metabolomics, enhance immunity, RNA-Seq




1 Introduction

In recent years, tumor immunology has emerged as a groundbreaking advancement and has become a significant breakthrough in cancer treatment, with tumor immunology driving the development of cellular immunotherapy (1, 2). Cellular immunotherapy, also known as adoptive cell therapy (ACT), represents a highly promising strategy in tumor immunology. This approach involves isolating immunologically active cells from tumor patients, expanding and culturing them in vitro for functional assessment, and then reinfusing them back into the patient to utilize activated immune cells to kill tumor cells (3, 4). Owing to its advantages, such as precise targeting, significant therapeutic efficacy, minimal side effects, and potential to prevent recurrence and metastasis, ACT has demonstrated unique value in tumor treatment (5). ACT encompasses 3 main forms, all with marketed drugs, including TILs, TCR-T cells, and CAR-T cells (6). Among these, CAR-T therapy was the first to be approved (7). As of March 2024, 10 CAR-T therapies have been approved globally for clinical use in treating hematological malignancies, with 6 targeting the CD19 antigen and 4 targeting the B cell maturation antigen (BCMA). CAR-T cell therapy has shown promising efficacy and prospects in treating hematological malignancies, benefiting tens of thousands of patients. However, there are still many challenges in treating solid tumors (8–11). In a notable development, the FDA approved TCR-T and TIL therapies in January and February 2024, respectively, targeting limited melanoma, marking a significant milestone in applying ACT for solid tumors highlighting its unique therapeutic potential. Nevertheless, ACT faces limitations, including suboptimal efficacy when relying solely on expanded and reinfused autologous cells, difficulties in tumor cell recognition, limited killing capacity, susceptibility to T-cell exhaustion, and poor proliferation within the tumor microenvironment (9, 12, 13). These challenges underscore the urgent need for further research and innovation. Consequently, enhancing the functionality and persistence of T cells has become a focal point of current scientific investigation.

During the COVID-19 pandemic, the impact of fever on the immune system garnered widespread attention. Fever directly affects T cells’ function and promotes immune response by altering the tumor microenvironment. Studies have shown that fever can increase blood flow to tumor tissues, thereby improving drug and immune cell penetration and further enhancing the effectiveness of anti-tumor therapy (14, 15). A study published in the Proceedings of the National Academy of Sciences (PNAS) in 2021 demonstrated that fever enhances the function and efficacy of T cells and that heat-treated T cells were relayed into myeloid leukemia mice, which showed enhanced anti-tumor effects in the mice. The survival of mice was prolonged by injections of 39°C-treated T cells, further suggesting that elevated temperatures can enhance immunity (16). Additionally, a study published in Science Immunology this year pointed out that 39°C can promote the proliferation of T cells. The mechanisms by which fever acts on T cells are comprehensively elucidated (17). This evidence suggests that fever has a potential application in improving the ACT. However, current research primarily focuses on the specific temperature of 39°C and its promotion of T cell proliferation, with no studies yet exploring the effects of temperature gradient changes on T cells.

Modern scientific research has proved that TCM can reconstruct the immunosuppressive cells in the tumor microenvironment and enhance the anti-tumor immune response (18, 19). As early as over 2,000 years ago, TCM theory emphasized the importance of enhancing the body’s immune system function in treating diseases, a process known as strengthening body resistance and consolidating. In clinical applications for cancer treatment, many TCMs exhibit immune-enhancing effects. Many of the monomer components in these TCMs also show potential to enhance the immune system. Studies have shown that monomer components extracted from TCMs can improve anti-tumor immunity and inhibit tumor cell growth and metastasis by reducing the number and function of Treg cells and their secretion of immune-suppressive cytokines (19). For example, ginsenosides, as key components of ginseng, have demonstrated a wide range of beneficial therapeutic effects in clinical applications, and their metabolites have shown anti-tumor activity in in vitro experiments (20). Among them, ginsenoside Rg3 and ginsenoside Re are important active ingredients of ginseng, which are widely distributed in the root, stem, and leaf of ginseng. Ginsenoside Rg3 can effectively inhibit the proliferation of cancer cells by inducing apoptosis and down-regulating the EGFR/PI3K/AKT signaling pathway (21). Ginsenoside Re regulates AMPK/TINT in TAMS and inhibits M2 polarization, playing a role in tumor immunotherapy (22). Schisandra chinensis methylin, mainly enriched in Schisandra chinensis fruits, plays a significant role in anti-tumor therapy. Its mechanisms of action include antioxidant, antiapoptotic, anti-inflammatory, and neurotransmitter modulation.4 It can also exert anti-tumor effects by inducing cell cycle arrest at the G0/G1 phase and inhibiting the expression of the cell cycle protein E (23, 24). However, comprehensive modern research reveals a lack of systematic studies on the combined application of monomer components with ACT.

A moderate 39°C stimulus can enhance T cell function while potentially causing some degree of damage (17). In TCM, the approach to reducing fever not only focuses on lowering body temperature but also emphasizes maintaining and enhancing vital energy. Applying this concept to strategies that activate T cells through heating might allow for maintaining T cell proliferation while further enhancing their function. Temperature-based combination therapy can potentially maintain T cell proliferation while significantly improving their killing capacity, thereby generating a synergistic effect.

In this study, we explored the effects of temperature stimulation and pharmacological agents on the proliferative capacity of Jurkat cells. Building on this study, we investigated whether combining temperature and TCM monomers could synergistically affect Jurkat cell proliferation. This research provides valuable insights into potential strategies to address the challenges of weak proliferative capacity and poor persistence of T cells in ACT. By highlighting the potential of integrating ACT with TCM, this study underscores the importance of combining these approaches as a promising strategy to enhance immune system efficacy. The findings of this study not only contribute to improving the effectiveness of tumor therapy and offer novel directions and ideas for developing personalized treatment regimens. Furthermore, they propose feasible methods to enhance immune cells’ proliferation and cytotoxic capabilities, thereby advancing the field of cellular immunotherapy.




2 Materials and methods



2.1 Cell culture

Human T-cell Jurkat cells (procured from Beijing Zhongsheng Aobang Biotechnology Co., Ltd.) and human chronic myeloid leukemia cells K562-eGFP (obtained from Hunan Fenghui Biotechnology Co., Ltd.) were cultured in RPMI-1640 complete culture medium supplemented with 10% fetal bovine serum (FBS, Croning) and 1% penicillin/streptomycin (P/S, Gibco). These cells were maintained under humid conditions at 37°C, 38°C, 39°C or 40°C in a 5% CO2 atmosphere.




2.2 IncuCyte

Dissolve the monomers at the corresponding concentrations in DMSO (Supplementary Table 1). Subsequently, the injection solutions and monomer solutions were dissolved at the respective dosages (Supplementary Table 2) in the RPMI-1640 complete culture medium to prepare the drug-containing RPMI-1640 complete culture medium. Culture Jurkat cells with the drug-containing medium and incubate the cells in the incubator at the corresponding temperature for 24 hours. After 24 hours, remove the cells and perform complete centrifugation to replace the medium with the normal drug-free 1640 complete culture medium. Seed the cells in a 96-well plate (Costar 3599) (n=6). Place the 96-well plate in the IncuCyte long-term live-cell imaging workstation (IncuCyte@S3) to monitor the proliferation of log-phase Jurkat cells after treatment with different temperature gradients and monomers or injection solutions. Capture an image of each well every two hours at a 4X magnification to observe the dynamic proliferation of cells.

Subsequently, after treating log-phase Jurkat cells with different temperature gradients and monomers or injection solutions for 24 hours, perform complete centrifugation to change the medium, removing the drug-containing medium and replacing it with the normal drug-free RPMI-1640 complete culture medium for co-culture with K562-eGFP cells. To monitor the fluorescence changes, capture four images of each well every two hours at a 4X magnification. Conduct data analysis using the IncuCyte 2020C Rev1 software.




2.3 High-throughput 3’ mRNA library construction and sequencing process

From the IncuCyte data, select the injection solutions and monomers that exhibit significant proliferation effects at 39°C. To facilitate a more comprehensive comparison among the monomers, we categorized 35 monomers into seven groups based on their chemical types: glycoside monomer group, flavonoid monomer group, alkaloid monomer group, saponin monomer group, alcohol monomer group, and other monomer groups for transcriptome sequencing. Subsequently, each group of monomers was subjected to the Ingenuity Pathway Analysis (IPA) comparison analysis.

Jurkat cells were seeded at the same concentration in a 96-well plate (FALCON REF353077), treated with different drugs, and incubated at 39°C for 24 hours (n=3). After 24 hours, the cells were removed, centrifuged to discard the drug-containing medium, and resuspended in a 1640 medium. For each sample, 10 µL of the cell suspension was taken and lysed with 10 µL of Cell Lysis Buffer at room temperature for 6 minutes to prepare the cell lysate. For each sample, 2 µL of the cell lysate was taken and mixed with 1 µL of Well Barcode Primer, and the corresponding information between the barcode and the sample was recorded. The mixture was gently vortexed and centrifuged, then placed on a PCR machine for reverse transcription (42°C, 1 hour 30 minutes) to prepare cDNA. For every 24 samples, 9 µL of the reverse transcription sample was taken and placed in a 1.5 mL EP tube, and magnetic beads were added to the mixture for magnetic bead purification. 17 µL of the purified product was mixed with Enzyme E and placed on a PCR machine for enzymatic digestion (37°C, 20 minutes; 80°C, 10 minutes). The digested product was purified again with magnetic beads. Amp Mix1 and Primer Mix1 were added to the purified product for Pre-PCR reaction (98°C, 3 minutes; 98°C, 15 seconds; 65°C, 30 seconds; 72°C, 4 minutes, for four cycles; 72°C, 10 minutes). After magnetic bead purification, 1 µL of the purified product was taken and quantified using a Qubit instrument (Invitrogen Qubit™4 Fluorometer). The nucleic acid concentration should be higher than 1.6 ng/µL.

After nucleic acid quality control, library construction was performed. The purified product was diluted to an appropriate concentration, and 20 ng of the diluted product was taken. Buffer F and Enzyme F were added and placed in a PCR machine for fragmentation and end-repair reaction (37°C, 5 minutes; 65°C, 30 minutes). Adaptor, Mix L1, Mix L2, and adapter dilution solution were added to the reaction product and placed in a PCR machine for adapter ligation reaction (20°C, 15 minutes). The adapter-ligated product was purified for the fourth time with magnetic beads. Amp Mix2 and Primer Mix2/3/4/5 were added to the purified product for PCR amplification reaction (98°C, 30 seconds; 98°C, 10 seconds; 65°C, 1 minute 15 seconds, for 15 cycles; 65°C, 5 minutes), and the corresponding sample information for the Primer was recorded. Nuclease-free water and magnetic beads were added to the amplified product for fragment selection, and purification beads were used to remove fragments of unsuitable sizes, thus obtaining the library.

Using a Qubit instrument, 1 µL of the library was taken, quantified, and checked for fragment size. Libraries that passed quality control were sequenced on the Illumina NovaSeq X-plus sequencing platform in PE150 mode. All HiMAP reagents were purchased from iomics Biosciences Inc.




2.4 Untargeted metabolomics



2.4.1 Cell sample processing

Integrating the transcriptomic data and IncuCyte results, select samples with better proliferation effects. A centrifuge was used to collect the suspended cells, and they were quickly washed three times with pre-cooled PBS at 4°C, followed by low-speed centrifugation at 1000g for 1 minute. Discard the supernatant and collect the cell pellet in a 2 mL centrifuge tube. Rapidly freeze the cells in liquid nitrogen for 1-5 minutes and store at -80°C (n=3).




2.4.2 Cell samples will be subjected to analysis on the instrument

Resuspend the samples in prechilled 80% methanol using a vortex mixer. Subsequently, the samples were placed in liquid nitrogen for rapid freezing for 5 minutes. After thawing on ice, vortex for 30 seconds and sonicate for 6 minutes centrifuge at 5000 rpm for 1 minute at 4°C. Collect the supernatant, lyophilize it, and dissolve it in 10% methanol. Take equal volumes from each experimental sample and mix them to create a QC (quality control) sample. A 53% methanol aqueous solution was used as the blank sample. Finally, the solution is injected into the LC-MS/MS system for analysis.




2.4.3 Data processing and metabolite identification

This study processed the raw data files generated by ultra-high-performance liquid chromatography-tandem mass spectrometry (UHPLC-MS/MS) using Compound Discoverer 3.3 (CD3.3, ThermoFisher) software. The processing steps included peak alignment, peak picking, and quantification of each metabolite. The main parameters were set as follows: peak areas were corrected using the first quality control sample (QC1), with an actual mass tolerance of 5 ppm, a signal intensity tolerance of 30%, and a minimum intensity threshold. After initial processing, the peak intensities were normalized to the total spectral intensity.

The normalized data were used to predict molecular formulas based on additive, molecular ion peaks, and fragment ions. Subsequently, the predicted peaks were matched against the mzCloud (https://www.mzcloud.org/), mzVault, and MassList databases to achieve accurate qualitative and relative quantitative results.

For statistical analysis, data processing was conducted using R software (version R-3.4.3), Python (version 2.7.6), and the CentOS operating system (version 6.6). When the data did not conform to a normal distribution, they were standardized using the following formula to obtain relative peak areas:

	

Compounds with a coefficient of variation (CV) of relative peak areas exceeding 30% in the quality control samples were excluded from further analysis. Ultimately, metabolite identification and relative quantification were completed.




2.4.4 Data analysis

These metabolites were annotated using the KEGG database (https://www.genome.jp/kegg/pathway.html), HMDB database (https://hmdb.ca/metabolites) and LIPIDMaps database (http://www.lipidmaps.org/). Principal components analysis (PCA) and Partial least squares discriminant analysis (PLS-DA) were performed at metaX. We applied univariate analysis (t-test) to calculate the statistical significance (P-value). The metabolites with VIP > 1 and P-value< 0.05 and fold change≥2 or FC ≤ 0.5 were considered differential metabolites. Volcano plots were used to filter metabolites of interest based on log2 (Fold Change) and -log10(p-value) of metabolites by ggplot2 in R language.





2.5 DIA proteomics



2.5.1 Cell sample processing

Integrating the transcriptomic data and IncuCyte results, select samples with better proliferation effects. Centrifuge at 1000 g for 5 minutes, discard the supernatant, and wash the cell pellet thrice with prechilled PBS solution. The centrifuge is used again to discard the supernatant and collect the cells in a 1.5 mL centrifuge tube. Rapidly freeze the cells in liquid nitrogen and store them in a -80°C freezer (n=3).




2.5.2 Subjecting cell samples to instrumental analysis

Remove the cell samples from the -80°C freezer, add DB protein dissolution solution, and vortex to mix. Sonicate in an ice-water bath for 5 minutes to fully lyse the cells at 4°C, then centrifuge at 12000 g for 15 minutes at 4°C. Collect the supernatant and add an appropriate amount of 1M DTT, followed by incubation in a water bath at 56°C for 1 hour. Cool in an ice bath for 2 minutes, then add sufficient IAM and react in the dark at room temperature for 1 hour.

After protein quantification using the Bradford protein assay kit, take the protein samples and add DB protein dissolution solution (8 M urea, 100 mM TEAB, pH=8.5) to increase the volume to 100 µL. Add trypsin and 100 mM TEAB buffer and mix well. Incubate at 37°C for 4 hours, then add more trypsin and CaCl2 and digest overnight. Adjust the pH to less than 3 with formic acid, mix well, and centrifuge at room temperature at 12000 g for 5 minutes. Collect the supernatant and pass it slowly through a C18 desalting column. Wash the column three times with washing solution (0.1% formic acid, 3% acetonitrile), then add an appropriate amount of elution solution (0.1% formic acid, 70% acetonitrile) and collect the filtrate. Lyophilize the filtrate.

Prepare mobile phase A (100% water, 0.1% formic acid) and mobile phase B (80% acetonitrile, 0.1% formic acid). Dissolve the lyophilized powder in 10 µL of mobile phase A, centrifuge at 14000 g for 20 minutes at 4°C, and collect the supernatant. Inject 200 ng of the sample for liquid chromatography-mass spectrometry (LC-MS) analysis.




2.5.3 Data analysis

RAW files were searched and analyzed according to the protein database using the search software DIA-NN. Data analysis was performed in IPA.





2.6 IPA analysis

Using R language version 4.4.1 in conjunction with the limma package, datasets underwent standardization, and genes exhibiting |LOG2FC| ≥ 0.25 and P < 0.05 were identified as differentially expressed genes. These genes were subsequently imported into the IPA database provided by QIAGEN Inc. (https://digitalinsights.qiagen.com/IPA). The data were analyzed using QIAGEN IPA, and the results were exported to Cytoscape 3.9.1 for further visualization and network analysis.

The IPA was employed to analyze the canonical pathways of the core regulatory gene set, with IPA assigning Z-scores to each pathway to indicate activation or inhibition status. A Z-score > 0 (orange) signifies an activation state, while a Z-score < 0 (blue) indicates an inhibition state. The study also predicted upstream regulatory factors of the differentially expressed genes, including transcription factors, cytokines, and others. The top 15 activated and inhibited regulatory factors were selected, and their names, molecular types, activation status, Z-scores, P-values, and target gene information were compiled. IPA’s consistency score was calculated to describe the causal consistency between regulatory factors and downstream functional pathways. The network diagram was divided into three parts: differentially expressed genes, regulatory factors, and downstream functional pathways. The IPA-comparison analysis function was used to compare differences between groups, and all networks were ranked by their scores.




2.7 Western blotting

Cells were treated in different groups and proteins were extracted. Protein quantification was performed using the BCA Protein Quantification Method (BCA Protein Assay Kit AQ526-500T). After harmonization of protein concentrations, cell lysates were added to 10% TGX Stain-Free Gel (Bio-Rad). Total protein quantification by Image Lab (Bio-Rad) was selected to calculate the normalization factor and analyzed.





3 Results

Jurkat cells in the logarithmic growth phase were selected, cultured in T25 Cell Culture Flasks and placed in a 5% CO2 incubator with different temperature gradients at 37°C, 38°C, 39°C and 40°C for 24 hours. The treated cells were placed in the IncuCyte Real-Time Live Cell Analysis System to detect changes in the proliferative capacity of Jurkat cells after treatment with different temperatures. Compared with 37°C, the proliferation of Jurkat cells was promoted to some extent after temperature treatments at 38°C, 39°C, and 40°C, with the temperature intervention at 39°C having the most significant effect on the promotion of Jurkat cell proliferation (Figure 1B). In order to investigate the mechanism of action and the effects of different temperature treatments on Jurkat cells deeply, we performed HiMAP high-throughput transcriptome banking and sequencing of Jurkat cells after four different temperature treatments, respectively. In the analysis, we first compared all other groups with the 37°C group to identify the differences from 37°C after different temperature treatments. Subsequently, sorting based on z-score scores by the comparison function of IPA showed significant differences in the enhancement and inhibition of pathway activity by these temperatures. The major pathways upregulated in Jurkat cells after 39°C treatment include immunoregulatory interactions between lymphocytes and non-lymphocytes, ribosomal quality control signaling pathways, and MHC class II antigen presentation, which promote DNA replication and recombination and repair, cellular assembly and organization, and cellular function and maintenance, which are important in maintaining the normal physiological functions of Jurkat cells and in response to various internal and external environmental changes. In contrast, the major pathways down-regulated in Jurkat cells after treatment at 39°C include Mitochondrial Dysfunction and DNA damage, which alter enzyme activity and protein stability, thereby affecting the function and maintenance of Jurkat cells (Figure 1A). We continued the cluster analysis of each temperature-treated group by IPA software with z-score value as the filtering condition, and the results showed that the activity of signaling pathways such as Eukaryotic Translation Termination, Selenoamino acid metabolism and Eukaryotic Translation Elongation was significantly enhanced, while the activity of signaling pathways such as Mitochondrial Dysfunction and Sirtuin Signaling Pathway was suppressed after the temperature treatment of 39°C. By regulating these pathways, the processes such as translation termination in Jurkat cells were affected, which in turn promoted the growth of Jurkat cell numbers (Figure 1C). After 38°C treatment, signaling pathways such as Class I MHC mediated antigen processing and presentation and Transcriptional regulation by RUNX1 were down-regulated, which could potentially affect the function of Jurkat cells (Figure 1D). After 40°C treatment, signaling pathways such as Role of BRCA1 in DNA Damage Response, Histone Modification Signaling Pathway and Formation of WDR5-containing histone-modifying complexes were enhanced in their activity, whereas signaling pathways such as Neddylation and Synthesis of DNA were suppressed in their activity, and the alteration of the activity of these signaling pathways might also affect the function of Jurkat cells (Figure 1E).




Figure 1 | Jurkat cells were cultured at 37°C, 38°C, 39°C and 40°C temperature gradients for 24 h and then assayed to screen the optimal temperature of action for Jurkat cells. (A) HiMAP high-throughput transcriptome analysis was performed on Jurkat cells after treatment with different temperatures and intergroup comparisons were made with 37°C conditions. Differences in regulatory pathways at different temperatures relative to 37°C were demonstrated by IPA-comparison analysis function. (B) Proliferation profiles of Jurkat cells after treatment with different temperature gradients were monitored using the IncuCyte Long-Term Live Cell Workstation. (C–E) Graphs showing the results of major regulatory pathway activities at 39°C, 38°C, and 40°C compared to 37°C.



We selected TCM injections approved by the Center For Drug Evaluation and widely used in clinical oncology. Using the IncuCyte live-cell analysis system, we assessed their effects on T cell proliferation. (n=6) The results showed that injections such as Shengmai Injection, Shenqi Fuzheng Injection, and Kanglaite Injection significantly promoted Jurkat cell proliferation (Figures 2A, B; Supplementary Video 1). To further explore the main active components, we reviewed relevant literature and selected several monomers (Complete monomer details are provided in Supplementary Table 1) to study their effects on Jurkat cell proliferation. We found that Ginsenoside Rb2, Gomisin B (Schisantherin B), Astragaloside, Calycosin-7-0-beta-D-glucoside, GinsenosideRg3 monomers had a significant promoting effect on Jurkat cell proliferation (Figures 2C, D). To further demonstrate that the combination of TCM and 39°C treatment not only promotes proliferation but also enhances Jurkat cell killing of tumors, we co-cultured K562-eGFP cells transfected with GFP with Jurkat cells and measured the area of GFP-positive cells to assess Jurkat cell killing of K562-eGFP. The results showed that Ginsenoside Rg3, Ginsenoside Rb1, Ginsenoside Re, Schizandrin A monomers had a promoting effect on Jurkat cells (Figures 2E, F; Supplementary Figure 1).




Figure 2 | Effects of injections, monomers, and their combination with temperature on Jurkat cell proliferation. (A) IncuCyte detects cell proliferation in real-time Phase images as well as cell recognition images. (B) Impact of some approved injections on Jurkat cell proliferation at 39°C. (n=6). (C, D) Impact of some monomers on Jurkat cell proliferation at 39°C. (n=6). (E) Real-time Green images of IncuCyte detection of cell killing and images of cell recognition. (F) Comparison of the killing capabilities of T cells and tumor cells after treatment with drugs that promote Jurkat cell proliferation. (n=6).



In the aforementioned experiments, we have screened from over 10 TCM injections and more than 80 monomers of TCM, identifying 3 injections and over 20 monomers that promote the proliferation of Jurkat cells. To elucidate the specific mechanisms by which these TCM injections and monomers enhance Jurkat cell proliferation at 39°C, we conducted high-throughput transcriptome sequencing on these drug-treated Jurkat cells using HiMAP technology (n=3). Transcriptome heatmap results indicate that the three types of injections uniformly upregulate the Mitotic Prometaphase, FGF Signaling, and Eicosanoid Signaling pathways, which are known to promote the proliferation and activation of Jurkat cells, as well as the secretion of inflammatory factors, potentially representing a common mechanism of action for immune-modulating injections. Concurrently, we observed that the Shengmai Injection can downregulate the Regulation of Apoptosis, thereby inhibiting programmed cell death in Jurkat cells, preventing cell exhaustion, and promoting proliferation, significantly enhancing the cytotoxic effects of Jurkat cells on tumors. The transcriptome heatmap results demonstrate that the three types of injections uniformly upregulate the Eicosanoid Signaling pathway, thereby enhancing the inflammatory response of Jurkat cells and significantly improving their cytotoxic effects on tumors (Figure 3A). Subsequently, each group of monomers was subjected to IPA-comparison analysis (Figures 3B–G). To further characterize the systemic effects of various traditional Chinese medicines on Jurkat cells, we have developed a scoring system based on the IPA z-score to illustrate the comprehensive impact of each medication on Jurkat cells (Figure 3H). Through IPA pathway enrichment and clustering analysis, we found that the saponin monomer group generally upregulates the IL-8 Signaling, Eicosanoid Signaling, IL-33 Signaling Pathway, IL-17A Signaling in Fibroblasts, IL-1 Signaling pathways, and NGF Signaling, ERK/MAPK Signaling, LPS-stimulated MAPK Signaling, PIP3 activates AKT signaling, Signaling by ERBB2 pathways, while downregulating the PTEN Regulation pathway, thereby promoting the proliferation and activation of Jurkat cells, enhancing their recognition and cytotoxic capabilities against tumors (Figure 3E). Glycoside monomer group, flavonoid monomer group, alkaloid monomer group, and alcohol monomer group uniformly upregulate the Eicosanoid Signaling and PIP3 activates AKT signaling pathways while downregulating the Regulation of mitotic cell cycle pathway, thereby promoting the activation of Jurkat cells, the secretion of inflammatory factors, and proliferation. This subsequently enhances the cytotoxic capabilities of Jurkat cells against tumors (Figures 3B–D, F). In the other monomer group, Schisandrin A significantly upregulates the Signaling by ERBB2 pathway and downregulates the Regulation of Apoptosis pathway, promoting the proliferation of Jurkat cells, inhibiting apoptosis and exhaustion, and improving the cytotoxic effects of Jurkat cells on tumor cells (Figure 3G).




Figure 3 | HiMAP sequencing results and scores. (A) Based on the IPA comparison function, a comparison was made between the effects of 39°C combined injection fluid and 39°C treatment on Jurkat cells. (B) Utilizing the IPA comparison function to assess the comparative effects of 39°C combined glycoside monomers and DMSO treatment on Jurkat cells. (C) Employing the IPA comparison functionality to assess the comparative effects of 39°C combined flavonoid monomers versus DMSO treatment on Jurkat cells. (D) Utilizing the IPA comparison functionality to contrast the effects of 39°C combined alkaloid monomers with DMSO treatment on Jurkat cells. (E) Employing IPA comparison functionality to assess the comparative effects of 39°C combined saponin monomers versus DMSO treatment on Jurkat cells. (F) Utilizing the IPA comparison functionality to evaluate the comparative effects of 39°C combined alcohol monomers versus DMSO treatment on Jurkat cells. (G) Employing the IPA comparison functionality to evaluate the comparative effects of 39°C combined alkaloid monomers versus DMSO treatment on Jurkat cells. (H) The effects of various traditional Chinese medicine injections and monomers on Jurkat cells are illustrated through the assessment of IPA z-scores.



To further investigate the effects of the more effective injections and monomers on Jurkat cells, we selected ginsenoside Rg3, ginsenoside Re, schizandrin A monomer, Shengmai Injection, and Shenqi Fuzheng Injection for metabolomic analysis, and performed proteomic analysis on ginsenoside Rg3 monomer and Shengmai Injection. PCA clustering analysis revealed that the metabolomic results had good inter-group discrimination (Figure 4A). Each monomer, when combined with a 39°C treatment, significantly impacts the metabolic pathways of Jurkat cells, primarily focusing on pathways involved in Cell growth and death, Lipid metabolism, Amino acid metabolism, and Cancers. These alterations in metabolism demonstrate the changes in Jurkat cell metabolism following treatment with the selected drugs, which are conducive to promoting Jurkat cell proliferation, inhibiting apoptosis and exhaustion, and enhancing the cytotoxic effects of Jurkat cells against tumor cells (Figure 4B). PCA of the proteome revealed a high degree of intra-group similarity and distinct inter-group discrimination (Figure 4C). The GO enrichment analysis of the proteome indicated that ginsenoside Rg3 modulates the biological process of immune response and the molecular function of transmembrane transporter activity, thereby enhancing the immunological response and the secretion of inflammatory cytokines in Jurkat cells (Figure 4D). The proteomic GO enrichment results of Shengmai Injection revealed the presence of ‘immune response’ and ‘positive regulation of cellular protein’ biological processes, which contribute to the activation of Jurkat cells and the secretion of inflammatory factors (Figure 4E). These findings exhibit a high degree of similarity with the outcomes of our drug screening, further substantiating the effects of the monomer and the injectable solution. Utilizing the IPA-comparison tool, we conducted a correlative analysis of the transcriptome and proteome for ginsenoside Rg3 monomer and Shengmai Injection. The results indicated that both omics approaches exerted an impact on the ‘Regulation of mitotic cell cycle’ and ‘Neutrophil Extracellular Trap Signaling Pathway’ pathways, which are conducive to the proliferation of Jurkat cells, enhancement of their inflammatory response, and subsequently, the augmentation of their cytotoxic effects on tumor cells (Figure 4F).




Figure 4 | Metabolomics and proteomics results. (A) Metabolomic principal component analysis (PCA) clustering of Jurkat cells across various experimental groups. (B) Metabolomic KEGG pathway enrichment results for Jurkat cells across various experimental groups. (C) Proteomic principal component analysis (PCA) clustering of Jurkat cells across various experimental groups. (D) Proteomic GO enrichment analysis of Jurkat cells treated with ginsenoside Rg3 in combination with DMSO and separately with a 39°C Celsius treatment. (E) Proteomic Gene Ontology (GO) enrichment analysis of Jurkat cells treated with Shengmai injection in combination with DMSO and separately with a 39°C Celsius treatment. (F) Utilizing the IPA comparison functionality, a correlative analysis of the transcriptome, and proteome was conducted in Jurkat cells treated with temperature in conjunction with ginsenoside Rg3, Shengmai injection, and DMSO, respectively.



Based on the cell proliferation results, as well as the HIMAP transcriptome, proteome, and metabolome results, we selected two pathways, mitosis and FGF signaling, and picked the corresponding proteins for validation (n=3). PPP1CC is a protein phosphatase that plays an important role in the cell cycle and proliferation, especially in the regulation of mitosis.39°C treatment of cells for 24 h resulted in a decrease in the expression of PPP1CC relative to that of 37°C (p<0.01). 39°C treatment of cells with a combination of Shenqi Fuzheng Injection and Shengmai Injection the expression of PPP1CC was enhanced relative to 39°C treatment (p < 0.05). Since the monomers were dissolved in DMSO reagent, we compared cells treated with different monomers to the DMSO group. The results showed that there was no significant difference in Schizandrin A combined with 39°C relative to DMSO, and PPP1CC expression was significantly higher in Ginsenoside Rg3 compared to DMSO treatment (P < 0.01). (Figure 5A). HRAS is a member of the small GTPase family, and HRAS regulates cell proliferation, differentiation and survival by modulating downstream signaling pathways. The expression of HRAS was slightly decreased in 39°C treated cells for 24h relative to 37 degrees (P<0.05). Shengmai Injection combined with 39°C treatment significantly increased the expression of HRAS compared to 39°C treatment (P<0.01). DMSO was not significantly different relative to 39°C. Ginsenoside Re and Ginsenoside Rg3 combined with 39°C showed significant elevation of HARS relative to DMSO (P<0.05,P<0.01). (Figure 5B). JNK belongs to the stress-activated mitogen-activated protein kinase (MAPK) family. FGF can indirectly activate the JNK pathway through the activation of FGFR.JNK affects the expression of cell cycle genes through the regulation of the activity of transcription factors, which in turn regulates cell proliferation. There was no significant difference in JNK expression in 39°C-treated cells versus 37°C, and no significant difference in DMSO combined with 39°C versus 39°C. Shengmai Injection combined with 39°C elevated the expression of JNK compared to 39°C (P < 0.05). Ginsenoside Re and Ginsenoside Rg3 combined temperature treatments showed an increase in the expression of JNK compared to DMSO (P<0.05,P<0.01). (Figure 5C).




Figure 5 | Western blotting results. (A) The expression of PPP1CC protein in Jurkat cells treated with different conditions was detected by Western blot. Protein expression was quantified by Image Lab software. (n=3). (B) The expression of HRAS protein in Jurkat cells treated with different conditions was detected by Western blot. Protein expression was quantified by Image Lab software. (n=3). (C) The expression of JNK protein in Jurkat cells treated with different conditions was detected by Western blot. Protein expression was quantified by Image Lab software. (n=3). *p < 0.05, **p < 0.01.






4 Discussion

The Jurkat cell line, one of the most commonly used T cell lines, is characterized by their ease of cultivation, rapid proliferation, and the ability to mimic various functions of T cells, making them widely employed in studies simulating T cell functions and related research (22, 23). In the preliminary stages of drug screening, Jurkat cells can serve as a substitute for T cells derived from peripheral blood mononuclear cells (PBMCs) to some extent (24). However, despite their many similarities to T cells, Jurkat cells exhibit relatively weak cytotoxic functions. This limitation is particularly evident when assessing the impact of drugs on T cell cytotoxic activity. In subsequent studies, drugs identified through screening can be further validated for their cytotoxic activity using PBMC T cells. This approach allows for a more accurate evaluation of the actual effects of drugs on T cell cytotoxic activity, thereby ensuring the reliability of the screening results. Moreover, since the Jurkat cell line is of tumor origin, drugs that inhibit its proliferation may concurrently exhibit certain anticancer activities. This finding opens new avenues for further exploration in subsequent research.

This study systematically analyzes the effects of different temperatures on T cell proliferation and transcriptomic levels, initially revealing the underlying mechanisms, which provide insights and guidance for subsequent research. The results indicate that 39°C has the most significant positive impact on T cells. Through western blot experiments, we observed the effects of different temperatures, injection solutions and monomers on Jurkat cell production. The results of the experiment showed that while the 39 degree temperature treatment promoted cell proliferation, it also had some effects on the cells. While the drug combined with temperature treatment showed a significant increase in protein expression. The biological mechanisms behind this phenomenon remain unclear and warrant further in-depth investigation, offering new perspectives and approaches for the treatment of T cell-related diseases.

This study innovatively combines TCM injections and TCM monomers with temperature. The study screened herbal injections and monomers that can promote the proliferative capacity of T cells through proliferation assays and demonstrated that these drugs can further enhance T cell function after treatment at 39°C. The screened drugs can subsequently be combined with other methods to further enhance T cell function, such as PD-1 monotherapy or combined with immune factor therapy, which provides a paradigm for the research of various immunotherapies assisted by TCMs.

The injection solutions selected in this study are all commonly used in clinical cancer treatment. These injection solutions can directly enter the body, facilitating cellular uptake and providing convenient conditions for our in vitro experiments. However, the traditional oral administration of TCM has certain limitations in in vitro research. Its components need to go through the complex metabolic process of the digestive system before entering the bloodstream. This makes it difficult to simulate their direct effects on cells in vitro, and it is challenging to precisely control the drug concentration and duration of action, thereby affecting the in-depth exploration of the drug’s mechanism of action. In the future, the administration methods of TCM can be further improved to better integrate TCM with cancer treatment.

HiMAP high-throughput transcriptome technology can detect a large number of transcripts in parallel within a short time and rapidly obtain the sequence and expression information of almost all the transcripts of the cells or tissues in specific states, making the transcriptome information available to the researchers and the researchers. Information and expression information, allowing transcriptome sequencing to be performed with less than 10,000 immune cells (i.e., the number of cells in 1 well of a 96-well plate) and greatly reducing experimental costs. In addition, the ability of IPA-comparison to compare changes in the activity of different pathways, coupled with the high accuracy of the results provided by its database, opens up a new pathway for transcriptome drug screening, making it practically feasible and operational and greatly facilitating the application and development of transcriptome technology in the field of drug screening. In addition, the combination of IPA-comparison function makes transcriptome drug screening possible. Our pioneering scoring system also demonstrates a good fit with drug efficacy and has a wide range of application prospects.

In summary, this study utilized the IncuCyte Long-Term Live-Cell Work station and HiMAP high-throughput transcriptome sequencing technology to successfully identify drugs that further promote T cell proliferation under 39°C conditions and elucidated the mechanisms by which these drugs, in combination with temperature, enhance T cell proliferation. This research not only provides innovative approaches and methods for the study of TCM in adjuvant immunotherapy but also demonstrates the immense potential of high-throughput transcriptome sequencing technology in drug screening and efficacy elucidation, opening new avenues for efficient and low-cost drug screening methods. Additionally, this study lays a solid foundation for subsequent in-depth analysis of the specific pharmacological mechanisms and immunotherapy targets of TCM in disease prevention and treatment, providing valuable theoretical support and practical guidance for the further development of tumor immunotherapy.
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Introduction

Recent findings reveal that the precursors of exhausted CD8+ T (CD8+ Tpex) cells possess stem-like signatures in tumor immunity, which originate from tumor draining lymph node (TdLN)-derived tumor-specific memory (CD8+ TTSM) cells. Both of these T subsets can be collectively referred to as stem-like CD8+ T cells, which demonstrate robust self-renewal ability and can proliferate and differentiate into transitory effector-like exhausted T cells (Texint). There are reports that chemotherapeutic drugs can promote the antitumor immune responses of patients by increasing the number of CD8+ T cells; however, whether chemotherapeutic drugs increase these two stem-like CD8+ T cells remain further exploration.





Methods

Tpex cell-associated subpopulations in human colorectal tumors were analyzed by using single-cell sequencing data. CT26 and B16 tumor models of wild type and Eomes conditional knockout mice were constructed, and the changes of TTSM, Tpex and Tex subsets in mice were dissected by flow cytometry after treatment with decitabine (DAC), doxorubicin (DOX) and 5-Fluorouracil (5-FU).





Results

In this study, we demonstrated that DAC and 5-FU expanded CD8+ TTSM cells in TdLNs. At the same time, we validated that DAC and 5-FU substantially promoted the expansion of CD62L+CD8+ Tpex cells and subsequently increased effector function of CX3CR1+ CD8+ Texint cells. In addition, the conditional knockout of transcription factor Eomes in CD8+ T cells partially eliminated DAC-amplified CD62L+ CD8+ Tpex cells, but had no effect on such CD8+ T subset expanded by 5-FU.





Conclusion

The present study demonstrated that both DAC and 5-FU promoted the differentiation of stem-like CD8+ TTSM cells in TdLNs and significantly enhanced the differentiation and expansion of stem-like CD62L+ CD8+ Tpex and CX3CR1+ Texint cells in tumor microenvironment. The knockout of Eomes partially influenced the role of DAC in promoting the differentiation and expansion of stem-like CD8+ T cells.
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Introduction

Persistent antigen stimulation leads to CD8+ exhausted T cells (Tex), with upregulation of programmed death-1 (PD-1) and other inhibitory receptors, perturbed proliferation and cytokine secretion, impaired immune memory, and altered metabolism (1). CD8+ Tex cells are not only distinctively characterized in terms of function, metabolism, transcription, and epigenetics but also form a heterogeneous cell population. As a result, a CD8+ T cell subset that retains stemness and memory potential has been identified as a crucial element in response to immune checkpoint blockade (ICB) and other immunotherapies (2–4). We, and others, have demonstrated that intratumoral CD8+ stem-like T cells are tumor-antigen specific, exhibit multifunctional effector capacities, and generate a proliferative burst that fuels the effector response. Despite evidence suggesting that transcription factor (TF) TCF-1-expressing CD8+ Tpex cells and CD8+ TTSM cells are primary responders to PD-1/PD-L1 ICB, further investigation is required to confirm this finding (5–7). CD8+ TTSM cells in tumor-draining lymph nodes (TdLNs) can differentiate into CD8+ Tpex cells [tumor-draining lymph node (TdLN)-CD8+ Tpex] and gradually migrate to the tumor microenvironment where they become TME-CD8+ Tpex cells, further differentiating into transitory effector-like exhausted T cells (Texint) cells that sustain antitumor effects (6).

The advent of ICB therapy has marked a significant advance in cancer treatment but fails to elicit durable clinical benefit in many patients. Conventional chemotherapeutic agents can selectively destroy malignant cells due to their accelerated replication rate and thus may serve as clinically useful agents. Nevertheless, the clinical efficacy of diverse chemotherapeutic agents is contingent upon the stimulation of antitumor immunity, either by triggering the discharge of immunostimulatory molecules from apoptotic malignant cells or by eliciting off-target effects on immune cell populations (8). DNA methylation plays a pivotal role in epigenetic gene regulation, facilitating the terminal differentiation of Tex cells (9). Low-dose decitabine (DAC), a DNA hypomethylating agent, can augment the activation and cytolytic activity of CD8+ T cells (10). Also, the primary administration of 5-FU can alter the distribution of MDSCs, DCs, and T lymphocytes within the tumor microenvironment; Type I conventional dendritic cells (cDC1) form a CD8+ T cell niche that sustains and guides Tpex cell differentiation (11). A comprehensive understanding of the potential mechanisms of the action of chemical drugs on stem-like CD8+ T cells and ways to induce high reactivity and long-term efficacy of stem-like CD8+ T cells is crucial.

This study was conducted to investigate the role of chemotherapies in priming tumor-antigen-specific CD8+ TTSM cells in TdLNs and in shaping the intratumoral CD8+ Tpex cell response across various tumor models. We used flow cytometry and identified the significantly expanded CD62L+CD8+ Tpex cell subset after the treatment with chemotherapeutic agents (DAC and 5-FU). Also, we preliminarily explored the potential molecular mechanisms of stem-like CD62L+ CD8+ T cells mediated by chemotherapeutic agents.





Results




Stem-like CD62L+CD8+ Tpex subset was found in colorectal cancer

This study acquired the single-cell sequencing data of 23 human colorectal cancer samples from the GEO database (GSE200997). First, the immune cells in human colorectal cancer were analyzed using the clustering heatmap to find out the tumor-infiltrating lymphocytes (TILs) marked by red boxes (Figure 1A), followed by UMAP downscaling to analyze CD8+ TILs distributed in the red region in the UMAP map of T lymphocytes (Figure 1B). Further analysis of differential gene enrichment on the UMAP map of CD8+ TILs revealed a distinct subpopulation of stem-like CD8+ Tpex cells. These cells exhibited high expression of TCF-1 (encoded by Tcf7) and CD62L (encoded by Sell), along with reduced expression of PD-1 (encoded by Pdcd1) (Figure 1C). This subpopulation was significantly different from the transition-state CD8+ Texint cells, characterized by high Cx3cr1 expression, and terminally exhausted CD8+ Texterm cells, which highly expressed Entpd1 and Havcr2 in colorectal cancer; it was in line with the results of related studies (12).




Figure 1 | Stem-like CD62L+CD8+ Tpex subset was found in colorectal cancer. Single-cell sequencing data of human colorectal cancer tumor specimens were obtained from the GEO database (GSE200997) (n = 23). (A) Heatmap of immune cell clustering in the microenvironment of human colorectal cancer tumors. (B) UMAP showing the distribution of CD8+ TILs in human colorectal cancer tumors. (C) UMAP of differential gene enrichment in various subpopulations of CD8+ TILs in human colorectal cancer.



The aforementioned findings indicate that a population of stem-like CD62L+ Tpex cells exists in human colorectal cancer tissues. Therefore, we need to precisely analyze and validate the molecular phenotype of stem-like CD62L+ Tpex cells, and their differentiation and mechanisms through in vivo animal experiments. We also should explore the new pathways of chemotherapeutic agents to promote the differentiation of stem-like CD62L+ Tpex cells.

Clinical studies have confirmed that some of chemotherapeutic agents can mediate the antitumor immune response in patients by increasing the proportion and number of CD8+ TIL cells in the tumor microenvironment (13, 8, 14). Based on the findings shown in Figure 1, it is hypothesized that the antitumor effects of chemotherapeutic drugs may be closely related to CD8+ stem-like T cell differentiation.





Chemotherapeutic agents restrained the progression of colorectal cancer and melanoma and increased the number of CD8+ TILs and their effector function

The present study used two mouse subcutaneous hormonal models of CT26 colorectal cancer and B16 melanoma. The experimental procedure is shown in Figure 2A. The dimensions of the tumor were quantified every two days in the tumor growth phase, and the CT26 tumor growth curve was plotted. The results demonstrated that the therapeutic efficacy of 5-FU was superior to that of the phosphate-buffered saline (PBS) control in the CT26 colorectal model (Figure 2B). At the same time, the therapeutic effect of DOX and 5-FU was the most significant in the B16 melanoma model (Supplementary Figure S1A).




Figure 2 | Chemotherapeutic agents restrained the progression of colorectal cancer and melanoma and increased the number of CD8+ TILs and their effector function. (A) Experimental procedure of chemotherapy for CT26 colorectal cancer or B16 melanoma. (B) Diagram and tumor growth graph of CT26 tumors. (C, D) Representational plot, statistical plot, and absolute number of CD45+ immune cells in tumor tissues in CT26 colorectal cancer. (E, F) Flow and statistical plots of the absolute number of CD8+ T cells in tumors. (G) Flow and statistical plots of CD8+ TILs cellular effectors IFN-γ and TNF-α in tumors. (H) Statistical peak plots of MFI values of CD8+ TIL effector proteins IFN-γ and TNF-α in tumors. The data are shown as mean ± SEM. *P < 0.05, **P < 0.01, and ***P < 0.001, using unpaired t test, n ≥ 3.



T lymphocytes play an indispensable role in the antitumor immune response. The level of infiltration of the main antitumor immune cells (CD45+ immune cells and CD8+ TILs) was first detected in the tumor tissues by flow cytometry. The proportion of CD45+ immune cells in the chemotherapy group exhibited an upward trend, accompanied by a significant increase in the total number of CD45+ immune cells in the CT26 model (Figures 2C, D). Meanwhile, 5-FU significantly increased the proportion of CD45+ immune cells and the absolute number of tumors per gram in the B16 model (Supplementary Figures S1B, C). Further analysis of the proportion of CD8+ T cells showed that the absolute number of CD8+ T cells per gram of tumor in CT26 tumor models significantly increased in the three chemotherapy groups, with the most significant effect in the 5-FU group (Figures 2E, F). Nevertheless, the proportion and absolute number of CD8+ TIL cells were markedly elevated in the chemotherapy groups, particularly in the DOX group in the B16 model (Supplementary Figures S1D, E). CD8+ TIL cells could secrete effector factors such as interferon-γ (IFN-γ) and tumor necrosis factor-α (TNF-α) to kill tumors. The results demonstrated that the expression of IFN-γ increased in the chemotherapy groups (5-FU, DAC and DOX) compared with the PBS control group (Figure 2G). The mean fluorescence intensity (MFI) value of IFN-γ significantly increased, with the most notable secretion of the effector in the 5-FU group followed by the DOX group, which was coherent with the tumor growth tendency (Figure 2H). The chemotherapeutic agents substantially increased the proportion and number of CD45+ immune cells, especially the proportion and number of tumor-infiltrating CD8+ TILs, and enhanced the secretion of IFN-γ and TNF-α. These findings indicated that the chemotherapeutic agents could impede tumor progression by facilitating the proliferation or survival of CD8+ TILs.





Chemotherapeutic agents repressed PD-1 expression in CD44+CD8+ TIL cells in tumor tissues

As the classical immune checkpoint inhibitory molecule, PD-1 is differentially expressed in CD8+ T cell subsets (15). Moderate PD-1 expression by CD8+ T cells inhibit TCR signaling and CD28 co-stimulatory signaling to prevent the overactivation and rapid exhaustion of CD8+ T cells after exposure to antigens (16). PD-1 overexpression can impede the long-term survival and self-renewal of CD8+ T cells, which is deleterious to the differentiation and long-term stability of CD8+ T cell subpopulations. Flow cytometry was used to detect the expression level of PD-1 in tumor tissues. The results showed that in the CT26 colorectal cancer model, the DAC and 5-FU treatments significantly downregulated the expression of PD-1 and the MFI value in CD44+CD8+ TILs compared with the PBS control. The 5-FU treatment downregulated the expression of PD-1 most significantly, and the difference was statistically significant in all cases (Supplementary Figures S2A, B). We found that CD44+CD8+ TILs comprised three populations of PD-1hi, PD-1int, and PD-1low with different PD-1 expression levels. DAC and 5-FU significantly decreased the population of PD-1hi cells and increased the populations of PD-1int and PD-1low cells, whereas no significant difference was observed in the DOX treatment group (Supplementary Figures S2C, D). Only DAC treatment significantly decreased PD-1 expression in CD44+CD8+ TILs in the B16 model (Supplementary Figures S3A, B), which decreased the PD-1hi population and increased the PD-1int and PD-1low populations (Supplementary Figures S3C, D).

Furthermore, the immunosuppressive molecule PD-1 displayed different degrees of expression in tumor-specific CD44+CD8+ TIL cells. A moderate or lower level of PD-1 expression in CD44+CD8+ TIL cells (Supplementary Figure S2E) facilitated the long-term maintenance of CD8+ TIL cells, thus providing sustained tumor control.





Chemotherapeutic agents significantly modified the proportion of TN, TCM, and TEM cells in tumors, draining lymph nodes, and spleen of homozygous mice with melanoma

CD8+ TILs undergo gradual apoptosis or depletion during sustained tumor immune response. A small proportion of CD8+ T cells are differentiated into antigen-specific memory T cells and survive so that they are rapidly activated and differentiated into effector Teff cells for tumor immune response next time following the same antigenic stimulus (17). Many studies have confirmed that T cells are categorized into naive T cells (TN), central memory T cells (TCM), and effector memory T cells (TEM) using the memory-associated molecule (CD62L) and T cell activation–associated molecule (CD44). Of these, TN (CD44-CD62L+) is mainly located in the thymic center of the primary or secondary peripheral lymphoid organs in the whole body; TCM (CD44+CD62L+) is mainly located in the secondary lymphoid organs and is capable of proliferating and differentiating into effector T cells when the body receives antigenic stimulation, with mediated immune protection; and TEM (CD44+CD62L-) is mostly located in various circulating peripheral tissues and can immediately produce effector factors such as IFN-γ and TNF-α (18, 19). These different T cell subpopulations have their own unique functions and phenotypes, and coordinate with each other in the body to maintain the stability of the adaptive immune environment.

Based on the aforementioned delineation of T cells, Different subgroups of CD8+ T cells were detected in the tumor, spleen and draining lymph node tissues of each group in the B16 mouse model. These findings revealed that 80% of CD8+ TILs in the tumor tissues were CD44+, indicating that most of the CD8+ TILs were stimulated by tumor antigens. All three chemotherapeutic agents groups significantly upregulated the proportion of TCM in tumor tissues compared with the PBS control, which was most significant in the DAC group. Chemotherapy promoted the expansion of TCM cells with high proliferative capacity. The proportion of TEM was significantly higher than that of TCM in all treatment groups, indicating that cytotoxic TEM cells dominated the antitumor immune response when the antigen re-invaded (Supplementary Figures S4A, B). In the spleen, besides the two previously mentioned populations (TCM and TEM), the TN population was present and accounted for a larger percentage. This may be because CD8+ T cells were mostly quiescent due to reduced exposure to tumor antigens. The chemotherapeutic agents increased the TCM population, which was consistent with observations in the tumor microenvironment (TME) (Supplementary Figures S4C, D). In the tumor-draining lymph nodes, the proportion of TN was the highest in the chemotherapy group (exceeding 80%), while the changes in the proportions of TCM and TEM were reduced compared with the control group (Supplementary Figures S4E, F). Previous results indicated that the alterations in the defined CD8+ T cell subsets within disparate immune tissues might be associated with their respective immune response statuses. The percentage of TEM increased on sustained antigenic stimulation in the TME. The percentage of TCM significantly increased after chemotherapy in the later stage of the immune response in tumor and spleen tissues, where the inflammatory response had subsided. To a certain extent, chemotherapeutic drugs promote the differentiation of various CD8+ T cell subpopulations (TN, TCM, and TEM) in the TME, further contributing to tumor suppression.





Chemotherapeutic agents significantly expanded CD8+ TTSM cells

TdLNs serve as the gateway for tumor metastasis and the sites of adaptive immune responses. They participate in and regulate the systemic antitumor immune response of CD8+ T cells (20). Meanwhile, they are closely related to the treatment and prognosis of tumor patients in the clinic (21). However, the differentiation status and effector function of tumor-specific CD8+ T cells are affected by the heterogeneity and dynamics of the TME, and the interactions between them are largely unknown. As shown in Supplementary Figure S4, chemotherapeutic agents significantly increased the proportion of TCM in the tumor, TdLN, and spleen tissues, mediating sustained immune protection. Recent studies have revealed the presence of a population of antigen-specific memory T cells (CD8+ TTSM) in the TdLNs with high expression of memory markers (CD62L, CD127, and CD122)and the capacity for self-renewal (5). They can be further polarized into CD62L+CD8+ Tpex, migrating to the TME to mediate antitumor immune responses.

Further, we demonstrated that the percentage of TOX and their MFI values were significantly downregulated in the DAC, DOX, and 5-FU treatment groups compared with the PBS control group in the CT26 colorectal cancer model (Figures 3A, B), with a higher proportion of TCF-1+TOX-CD8+ TTSM and lower proportion of TCF-1+TOX+CD8+ Tpex cells (Figures 3C, D). Further, the proportion of TCF-1+CD62L+CD8+ TTSM cells increased in DAC and 5-FU groups compared with the PBS control group (Figures 3E, F). Importantly, the expression of CD62L in TCF-1+TOX-CD8+ TTSM and TCF-1+TOX+CD8+ Tpex cells significantly increased in the chemotherapy groups compared with the PBS control group, with the most significant effect in the DAC and 5-FU treatment groups (Figures 3G, H). Overall, these findings indicated that the chemotherapeutic agents inhibited the exhausted phenotype in TdLN CD8+ T cells and significantly promoted differentiation, enhancing the memory-like features of stem-like CD8+ TTSM cells.




Figure 3 | Chemotherapeutic agents significantly expanded CD8+ TTSM cells. (A, B) Flow cytometry representative plots, MFI value peak plots, and statistical plots of TOX in CD44+PD-1+CD8+ T cells of CT26 tumor-draining lymph nodes. (C, D) Flow cytometry representative and statistical plots of TCF-1+TOX- TTSM and TCF-1+TOX+ Tpex cells in TdLNs. (E, F) Flow cytometry representative and statistical plots of TCF-1+CD62L+ TTSM and TCF-1+CD62L- Tpex cells in TdLNs and the MFI value peak plot for CD62L in CD44+PD-1+CD8+ T cells. (G) Flow cytometry representative and statistical plots of CD62L in TTSM and Tpex cells. (H) MFI peak and statistical plots of CD62L in CD8+ TTSM and Tpex cells. The data are shown as mean ± SEM. *P < 0.05, **P < 0.01 and ***P < 0.001, using unpaired t test, n ≥ 3.







Chemotherapeutic agents promoted the expansion of CD62L+CD8+ Tpex

Tumor-specific memory-like CD8+ T cells in TdLNs can further differentiate into CD8+ Tpex cells, migrating to the TME to exert their corresponding differentiation and effector functions. Both of them are collectively referred to as stem-like CD8+ T cells, which still retain stem-like features in TME (1): self-renewal potential; (2) strong proliferative capacity; and (3) ability to differentiate into Texint cells. We intended to explore the mechanism underlying the effects of chemotherapeutic agents on the differentiation and expansion of stem-like CD8+ T cell subsets in TME. As described previously, TCF-1 and Myb (encoded by myb) are the main stem-like markers of CD8+ Tpex cells, and CD62L is one of the important markers of memory-associated T cells (22). The expression of the membrane surface molecule Ly108 and the intranuclear molecule TCF-1 is consistent in CD8+ Tpex cells (12). Ly108 serves as a substitute marker for TCF-1, whereas CD62L is used to further differentiate Tpex cells into CD62L+ Tpex and CD62L- Tpex subpopulations.

First, the protocol described earlier was used in tumor tissues from the CT26-loaded mouse model. The strategy for the four CD8+ Tex cell subpopulations is detailed in Figure 4A. Both DAC and 5-FU significantly increased the proportion of CD62L+CD8+ Tpex cells in tumor tissues, the absolute number of cells per gram of tumor, and the MFI value of CD62L cells (Figures 4B, C). Similarly, we investigated the distribution of stem-like CD62L+ Tpex cells in spleen tissues. We also found that both DAC and 5-FU increased the proportion of CD62L+ Tpex cells and their absolute number in spleen tissues compared with the PBS control (Figure 4D). In addition, the expression of CD62L and Ly108 in the CD44+PD-1+CD8+ TILs, and the proportion of Ly108+ Tpex cells, especially CD62L+CD8+ Tpex cells, significantly increased in the mouse B16 hormonal tumor model compared with the PBS control group (Supplementary Figures S5A, B). These data indicated that DAC and 5-FU both promoted the proliferation and polarization of stem-like CD62L+CD8+ Tpex cells.




Figure 4 | Chemotherapeutic agents promoted the expansion of CD62L+CD8+ Tpex. (A) Flow cytometry gating strategy for identifying CD8+ Tex cell subsets in tumor tissues. (B, C) Flow and statistical plots of CD62L+ Tpex and CD62L- Tpex cells with MFI peak plots of CD62L in CD44+PD-1+CD8+ TIL cells. (D) Flow plots and absolute counts of CD62L+ Tpex and Ly108-CD62L- Tex cells in the spleen. (E, F) Flow plots and MFI values of IFN-γ in CD62L+ Tpex and CD62L- Tpex cells. (G) Flow and statistical plots of exhaustion marker KLRG1 in CD62L+ Tpex and CD62L- Tpex cells. (H) Summary plot of KLRG1 and INF-γ expression in CD62L+ Tpex and CD62L- Tpex cells, respectively, for each treatment group. (I, J) Flow and statistical plots of stem-like CD62L+ Tpex cells in different PD-1-level populations in CD44+PD-1+CD8+ TILs. The data are shown as mean ± SEM. *P < 0.05, **P < 0.01 and ***P < 0.001, using unpaired t test, n ≥ 3. ns, means no significance.



Then, we examined the secretion of the effector molecule IFN-γ in stem-like CD62L+ Tpex and CD62L- Tpex cells. The findings demonstrated that only 5-FU significantly promoted the expression of IFN-γ, as indicated by its MFI value, whereas no discernible alteration was evident in the DAC group (Figures 4E, F). Recent studies have reported that not only IFN-γ is an effector factor exerting antitumor effects but also its intrinsic type I IFN-γ signaling promotes the differentiation of stem-like CD8+ T cells (23, 24). KLRG1, an effector molecule reflecting T cell exhaustion (25), was not differentially expressed in both CD62L+ Tpex and CD62L- Tpex cells compared with that in the PBS control group (Figure 4G). The aforementioned results suggested that DAC and 5-FU had no effect on the expression of the exhaustion-associated effector marker KLRG1 in stem-like CD62L+CD8+ Tpex cells, but significantly enhanced the secretion of its effector factor IFN-γ. The expression of KLRG1 was higher than 50% in CD62L+ Tpex cells, which was different from that in CD62L-Tpex cells (Figure 4H). As shown in Figure 3, the PD-1 expression in CD44+CD8+ TIL populations was further analyzed for the percentage of stem-like CD62L+ Tpex cells. The results showed that both DAC and 5-FU groups significantly increased the proportion of CD62L+ Tpex cells in the PD-1hi, PD-1int, and PD-1low populations in the CT26 tumor model compared with the PBS control group (Figures 4I, J). Only DAC significantly upregulated the proportion of CD62L+ Tpex cells in the PD-1hi and PD-1int populations in the B16 melanoma mouse model, and the differences were all statistically significant (Supplementary Figures S5C, D). Moreover, the percentage of stem-like CD62L+ Tpex was the lowest in the PD-1hi population and higher in the PD-1int or PD-1low population. Overall, DAC and 5-FU significantly promoted the expansion of stem-like CD62L+ Tpex cells and their effector functions, and CD62L+ Tpex cells were found to have moderate or lower levels of PD-1. DAC and 5-FU promoted the expansion and differentiation of CD62L+ Tpex cells by moderately modulating the expression of PD-1, which might be an important basic guideline for the concurrent administration of chemotherapy and anti-PD-1/PD-L1 sequential therapy.





Chemotherapeutic agents evidently increased CX3CR1+ Texint cells

CD8+ Texint cells are transitional-state exhaustion effector-like CD8+ T cells in the whole CD8+ Tex cell subsets, with CX3CR1 as their predominant molecule (26). CD8+ Texterm cells differentiate to the terminal phase and rapidly undergo apoptosis. This study aimed to investigate the expression levels of CX3CR1 in Ly108-CD62L-CD8+ Tex cells in the CT26 colorectal cancer model. The results showed that the proportion of CX3CR1+ Texint cells showed an upward trend in the DAC and 5-FU groups. Their absolute numbers were markedly elevated, with the number of CX3CR1+ Texint cells exhibiting an approximately 7.0-fold increase in the 5-FU group compared with a 1.5-fold increase in the DAC group (Figures 5A, B), which was consistent with the progression of growth in all groups of colorectal cancers. Moreover, we intended to examine the relative expression of effector factors, specifically IFN-γ and KLRG1, in CX3CR1+ Texint and CX3CR1- Texterm cells. The results showed that the chemotherapy agents significantly enhanced IFN-γ expression in CX3CR1+ Texint and CX3CR1- Texterm cells compared with the control group (Figures 5C, D). Concordantly, both DAC and 5-FU groups strongly promoted KLRG1 expression in CX3CR1+ Texint cells, with the most significant effect in the DAC group (Figures 5E, F). It was different from the expression of KLRG1 in stem-like CD62L+ Tpex and CD62L- Tpex cells. These results, combined with the findings displayed in Figure 4, showed that IFN-γ had the highest level of expression in stem-like CD62L+ Tpex cells, followed by higher expression in CX3CR1+ Texint cells, and the lowest level of expression in CX3CR1- Texterm cells (Figure 5G), which was consistent with the related study reports (12). Meanwhile, the expression of IFN-γ in CX3CR1+ Texint cells exceeded that in CX3CR1- Texterm cells within each group. Only DAC treatment increased the expression of KLRG1 in CX3CR1+ Texint cells and CX3CR1- Texterm cells, which differed from the response observed in stem-like CD8+ Tpex cells (Figure 5G). These results indicated that stem-like CD62L+ Tpex cells and effector-like CX3CR1+ Texint cells were the primary cell populations exerting the immunological response against tumors, and the former could further develop into the latter. We should systematically investigate the regulatory pathway of CD62L+ Tpex→Texint→Texterm cell differentiation. The discovery of new strategies for chemotherapeutic agents to promote the expansion and differentiation of CD62L+ Tpex cells into antitumor effector-functional Texint cells may help improve the longevity and efficacy of T cell therapy in clinical cancer.




Figure 5 | Chemotherapeutic agents evidently increased CX3CR1+ Texint cells. (A, B) Flow cytometry analysis and statistical comparison of CX3CR1+ Texint and CX3CR1- Texterm cells in CT26 tumors. (C, D) Flow plots of IFN-γ and statistical plots of MFI values in CX3CR1+ Texint and CX3CR1- Texterm cells. (E, F) Flow cytometry representative plots and statistical plots of KLRG1 in CX3CR1+ Texint and CX3CR1- Texterm cells. (G) Summary plots of the percentages of IFN-γ and KLRG1 in CX3CR1+ Texint and CX3CR1- Texterm cells of each group. The data are shown as mean ± SEM. *P < 0.05, **P < 0.01, and ***P < 0.001, using unpaired t test, n ≥ 3.







Conditional knockout of the transcription factor Eomes in CD8+ T cells partially suppressed the promotion of DAC-expanded CD62L+ Tpex cells

The transcription factors T-bet/Eomes play a crucial role in regulating the differentiation of T lymphocytes, particularly during CD8+ Tex cell differentiation. The differential expression and competitive translocation of T-bet/Eomes within the nucleus is closely related to the functional and terminal differentiation of CD8+ T cells, which significantly impacts memory formation and self-renewal ability of CD8+ Tex cells (27). Previous research has demonstrated that the transcription factor TCF-1 can sustain a stable population of Tpex cells by upregulating Myb and Eomes expression (22). Therefore, it is hypothesized that chemotherapeutic agents promoting the differentiation of stem-like CD62L+ Tpex cells may be closely linked to Eomes.

Therefore, conditional knockout mice (referred to as Eomes-/- mice) were generated by CD4cre × Eomesfl/fl to investigate the impact of Eomes on the expansion and differentiation of stem-like CD8+ T cells induced by chemicals. The number and proportion of CD8+ Tpex cells in each tissue were assessed using flow cytometry. Consistent with the findings shown in Figure 2, both DAC and 5-FU also had inhibitory effects on B16 melanoma growth (Supplementary Figure S1A). The conditional knockdown of Eomes in CD8+ T cells resulted in accelerated tumor growth in the Eomes-/-_DAC group, significantly reducing inhibition in the DAC group. Conversely, the tumor growth curve in the Eomes-/-_5-FU group closely resembled that in the WT_5-FU group (Figure 6A). The aforementioned results indicated that knocking down Eomes modulated the therapeutic effect of DAC but not of 5-FU. Therefore, we further analyzed the expression of PD-1 on CD8+ TILs and found that knocking out Eomes abolished the downregulatory effect of DAC on PD-1 expression (Figures 6B, C).




Figure 6 | Knockdown of the transcription factor Eomes in CD8+ T cells partially suppressed the promotion of DAC-expanded CD62L+ Tpex cells. Tumor and spleen tissues of each group were removed to prepare single-cell suspension and analyzed by flow cytometry on day 17 after DAC and 5-FU treatment in WT and Eomes-/- mice. (A) Growth curves of the tumors in each group. (B, C) Flow representation and statistical diagram of PD-1 and MFI peak diagram of PD-1 in CD44+CD8+ TIL cells. (D, E) Flow cytometry of CD62L+ Tpex cell percentage and absolute number of tumors per gram in tumor. (F) Flow cytometry representative plots and statistical plots of Ly108+CD62L+ Tpex cells in the spleen tissue. (G) Flow and statistical plots of terminally exhausted Ly108-CD39+ Texterm cells in the spleen. The data are shown as mean ± SEM. *P < 0.05 and *P < 0.05, **P < 0.01 and ***P < 0.001, using unpaired t test, n ≥ 3. ns, means no significance.



This study further analyzed the effect of Eomes knockout in CD8+ T cells on the differentiation of stem-like CD62L+ Tpex cells. The results demonstrated that the WT_DAC or 5-FU groups exhibited a significant increase in the proportion of stem-like CD62L+ Tpex cells and the absolute number of tumors compared with the WT_PBS control group. The proportion of stem-like CD62L+ Tpex cells and the absolute number of tumors per gram significantly decreased in the Eomes-/-_DAC group compared with the WT_DAC and WT_5-FU groups but were still higher than those in the Eomes-/- PBS group; however, no such changes were observed in the Eomes-/-_5-FU group (Figures 6D, E). We further analyzed the differentiation of CD62L+ Tpex cells into stem-like CD8+ T cells in spleen tissues. The results showed that the upregulatory effect of CD62L+ Tpex cells significantly decreased in the Eomes-/-_DAC group compared with the WT_DAC group. However, the level was still higher than that in the Eomes-/-_PBS group, as seen in tumor tissues (Figure 6F). At the same time, the expression of Ly108 and T cell terminal depletion marker CD39 was used to accurately identify CD8+ Texterm cell subsets (28). The dates showed that the proportion of CD39+ Texterm cells was significantly reduced in Eomes-/-_PBS/DAC/5-FU groups when Eomes in CD8+ T cells were specifically knocked out (Figure 6G).

Overall, these findings indicated that DAC promoted the differentiation and expansion of stem-like CD62L+ Tpex cells in TME and spleen, which was partially dependent on the transcription factor Eomes, and did not modulate the promoting effect of 5-FU. The knockout of transcription factor Eomes significantly affected the differentiation of CD8+ Texterm cells.






Discussion

CD8+ TILs in the tumor microenvironment typically exhibit functional exhaustion (29, 30). Exploring effective methods to restore their antitumor function can contribute to tumor eradication. CD8+ Tex cells not only have unique characteristics in terms of function, metabolism, transcription, and epigenetics but also form a heterogeneous cell population (31). Recent studies have shown that CD8+ Tpex and CD8+ TTSM cells (TdLN-derived stem-like memory cells) both have memory and stem-like characteristics. The two are collectively designated as “stem-like CD8+ T cells,” which exhibit robust self-renewal capacity and are capable of proliferating and differentiating into transient effector-like exhausted T cells (Texint) (32). This study mainly explored the roles of the CD62L+CD8+ Tpex and CD8+ TTSM cell subsets in antitumor immunity. CD62L+CD8+ Tpex cells have unique immunocyte phenotypes and stem cell-like characteristics and play a long-lasting role in tumor immunity. Systematically investigating the regulatory pathways of CD62L+ TTSM➔CD62L+ Tpex➔CD62L-Tpex➔CX3CR1+ Texint➔CD39+ Texterm cell differentiation and discovering new strategies to promote the expansion of CD62L+CD8+ Tpex cells and their differentiation into Texint cells with antitumor effect functions can contribute to improving the accuracy and targeting of ICB and ACT treatments.

Clinically, blocking immune checkpoints with antibodies can restore CD8+ TIL function and treat tumors more effectively; however, it has not consistently improved survival rates among patients with cancer (33). In addition, conventional chemotherapy is the primary treatment option for cancer patients. Studies show that certain chemotherapeutic agents can enhance the antitumor immune response by increasing the proportion of CD8+ T cells. In contrast, standard chemotherapy expands the population of antigen-specific CD8+ TILs with minor side effects. Subsequent studies have demonstrated the potential of certain chemical drugs to facilitate the modulation of the antitumor immune response in clinical settings. For instance, the primary administration of 5-FU has been shown to alter the distribution of MDSCs, DCs, and T lymphocytes in the tumor microenvironment, significantly improving the prognosis of patients with advanced gastrointestinal tumors (34). Recent research has validated that the unique niche maintained by cDC1-CD8+ T cells activated CD8+ Tpex cells systemically, thereby exerting specific antitumor effects (35). It is therefore postulated that 5-FU may exert a modulating influence on the fate of stem-like CD8+ Tpex cells, including their differentiation and expansion. Furthermore, among the epigenetically modified chemotherapeutic drugs, the representative of DNA methyltransferase (DNMT1, DNMT3A, and DNMT3B) inhibitors, DAC, has been found to enhance the antitumor effect of CD8+ T cells. Studies have confirmed that knocking out DNMT3A in CAR-T cells can prevent cell depletion and enhance the expression levels of key markers including CD28, CCR7, TCF-1, and Lef1 (36, 37). Additionally, the inhibition of de novo DNA methylation in CD8+ T cells may enhance the efficacy of PD-1 blockade therapy and facilitate the reactivation of antitumor activity in these cells (9). Moreover, low-dose DAC combined with anti-PD-1 treatment can sustain JunD expression within AP-1 family transcription factors to promote the proliferation of CD8+ Tpex cells (38, 39).

Nevertheless, the interaction of 5-FU and DAC with stem-like CD8+ T cells remains unclear. Hence, this study aimed to elucidate the underlying mechanisms of action of 5-FU and DAC. Our findings substantiated that chemotherapeutic drugs could markedly alter the ratio of TCM in the tumor, spleen, and TdLN tissues in the tumor model of B16 melanoma. TCM (CD44+CD62L+) cell population is mainly located in secondary lymphoid organs and has proliferative capacity. It is capable of rapid proliferation and differentiation into effector T cells, thereby mediating immune protection. Chemotherapeutic drugs can promote the differentiation of various CD8+ T cell subsets, eventually forming an antitumor immune microenvironment. Hence, the influence on the differentiation of stem-like CD8+ T cell subsets was further analyzed. The results showed that all three chemotherapeutic drugs significantly promoted the differentiation of CD8+ TTSM cells and enhanced the expression of CD62L in the draining lymph nodes of mice with colorectal cancer. Meanwhile, the stem-like CD8+ T cells in the tumor were analyzed. The results showed that both DAC and 5-FU significantly promoted the expansion of CD62L+CD8+ Tpex cells and enhanced the expansion and effector function of CX3CR1+ Texint cells in the colorectal cancer tumor model. In conclusion, DAC and 5-FU had the potential to promote the differentiation and expansion of stem-like CD62L+CD8+ T cells, paving the way for the differentiation of stem-like CD8+ T cells. The findings of this study provide a novel theoretical foundation for the chemotherapeutic treatment of colorectal cancer using DAC and 5-FU, accelerating the development of a new regimen of combined chemical drug treatment.

Further, PD-1 expression in stem-like CD62L+CD8+ Tpex cells is essential. PD-1 levels in CD44+CD8+ TIL cells are classified into three groups: PD-1hi, PD-1int, and PD-1low. However, stem-like CD62L+CD8+ Tpex cells are mainly in the PD-1int and PD-1low populations. Both DAC and 5-FU could significantly reduce the PD-1hi population and increase the PD-1int or PD-1low population. Therefore, the present study postulated that DAC and 5-FU might exert a moderate inhibitory effect on TCR and CD28 signals by regulating PD-1, thereby preventing the loss of TCF-1 and Myb expression and avoiding the inhibitory effect of excessive PD-1 expression on the maintenance and self-renewal of CD62L+CD8+ Tpex cells. This process might help maintain the phenotypic differentiation and stability of CD62L+ CD8+ Tpex cells.

The T-box family transcription factor member Eomes plays a pivotal role in regulating the differentiation and function of CD8+ T cells (40). Eomes shows dynamic changes in the developmental trajectory of the four stages of CD8+ Tex cells: Eomes is highly expressed initially in CD8+ T cells and again in the terminally exhausted Texterm population. The aforementioned findings prove that the dynamic changes in nuclear Eomes are closely related to the differentiation of exhausted T cells. TCF-1 regulates the relatively high expression of Eomes and plays a role in maintaining naive T cells or exhausted precursor Tpex cells. In contrast, the high expression in terminally exhausted T cells plays a role in protecting T cells from apoptosis. Recent studies have confirmed that the knockout of Eomes can affect the differentiation of CD8+ T cells, and Eomes can also affect PD-1 expression. The findings of this Eomes-/- B16 melanoma tumor model were consistent with the aforementioned conjectures. Our findings indicated that DAC and 5-FU had the capacity to markedly enhance the expansion of CD62L+ Tpex cells. The knockout of Eomes partially reduced the upregulatory effect of DAC on the proportion and number of stem-like CD62L+ Tpex cells. Considering that DAC is an inhibitor of DNMT1, DNMT3A, or DNMT3B transferase, we demonstrated that DAC might partially act on the enhancer or promoter of the Eomes gene to facilitate the differentiation and maintenance of stem-like CD62L+ Tpex cells. 5-FU had no effect on Eomes, which might be attributed to its comprehensive effect on CD62L+ Tpex cells. It mainly influenced TME-cDC1, indirectly facilitating the differentiation and maintenance of CD62L+ Tpex cells; however, its specific mechanism needs further exploration.

In summary, the present study demonstrated that both DAC and 5-FU promoted the differentiation of stem-like CD8+ TTSM cells in TdLNs and significantly enhanced the differentiation and expansion of stem-like CD62L+CD8+ Tpex and CX3CR1+ Texint cells in tumor microenvironment. The knockout of Eomes partially influenced the role of DAC in promoting the differentiation and expansion of stem-like CD8+ T cells. This study not only provides new immunological markers for chemotherapy response but also accelerates the development of the clinical combination of chemotherapeutic drugs and T cell immunotherapy, aiming to improve long-term, targeted cancer immunotherapy.





Materials and methods




Animals and tumor model

C57BL/6J (B6; H2Kb) and BALB/c mice (6–8 weeks old) were procured from the Shanghai Model Organism Center and housed in the specific pathogen-free facility of the Medical School of Soochow University. All mouse experiments were conducted following the guidelines set forth by the institutional animal care and use committee and with the approval of a protocol. CT26 colorectal cancer cells at a density of 5.0 × 105 cells/50 µL were subcutaneously inoculated into BALB/c mice. On the fifth day after tumor bearing, three chemotherapeutic agents were intraperitoneally injected (i.p.) into the same batch of mice as follows: 5-FU (25 mg/kg, one injection every 2 days for a total of five injections), DOX (1 mg/kg, one injection weekly for a total of two injections), and DAC (0.2 mg/kg, one injection every 2 days for a total of five injections). B16 cell lines were inoculated via intradermal injection (i.d.) into C57BL/6 mice at a dose of 2.0 × 105 cells/50 µL. On the fourth day after subcutaneous tumor bearing, the same batch of mice was treated with the aforementioned three chemotherapeutic agents; also, the tumor size was monitored at 2 to 3-day intervals.

6-8 weeks old CD4cre ×Eomesflox/flox Eomes conditional knock out (EKO) mice, C57BL/6J background, were donated by Prof. Binfeng Lu’s group at the University of Pittsburgh, USA, and housed in the SPF environment of Soochow University Laboratory Animal Center. The chemotherapy treatment of the animal tumor model was as above.





Mouse tumor tissue digestion and flow cytometry analysis

The tumor-bearing mice were sacrificed after administering chemotherapeutic agents to determine the phenotype and activity of CD8+ Tex subsets. Tumor tissues were manually dissociated and minced into small pieces using scissors in 2 mL of cold RPMI 1640 medium without FBS. The tumor masses were then minced and digested with a mixture of 0.33 mg/mL DNase I (Sigma–Aldrich) and 0.25 mg/mL Liberase TL (Roche) in serum-free RPMI at 37.5°C for 30 min. Subsequently, the digested pieces were gently pressed between the frosted edges of two sterile glass slides, and the cell suspension was filtered through a 40-µm cell strainer (BD Biosciences). The immune subsets within the tumor samples were identified using flow cytometry, and the data were subsequently acquired using a FACS flow cytometer (Beckman, CA, USA). Surface staining was conducted with the specified antibodies for 20 min following the manufacturer’s protocols. The intracellular proteins IFN-γ and TNF-α were detected in CD8+ TILs following stimulation with Cell Stimulation Cocktail Plus Protein Tran. For intracellular staining of FITC-conjugated anti-IFN-γ(clone number:XMG1.2;catalogue number:505806) and BV785-conjugated anti-TNF-α(clone number:MP6-XT22;catalogue number:506341), the harvested cells were stimulated with PMA (10 ng/mL) and ionomycin (1 µg/mL) for 4 h, followed by a further 1-h incubation with brefeldin A (10 µg/mL). The cells were subjected to intracellular cytokine analysis using antibodies specific for IFN-γ and TNF-α. The antibodies used for FACS included APC-Cy7-conjugated anti-CD45(clone number:30-F11;catalogue number:103116), PerCP/Cy5.5-conjugated anti-CD8(clone number:53-6.7;catalogue number:100734), FITC-conjugated anti-CD44(clone number:IM7;catalogue number:103006), PE-conjugated anti-PD-1(clone number: 29F.1A12), APC-conjugated anti-Ly108(clone number:330-AJ; catalogue number:134160), PC7-conjugated anti-CD62L(clone number:MEL-14;catalogue number:104418), BV421-conjugated anti-CX3CR1(clone number:SA011F11;catalogue number:149023), BV785-conjugated anti-KLRG1(clone number:2F1/KLRG1;catalogue number:138429), Alex Flor 647-conjugated anti-TCF-1(clone number:812145;catalogue number:FAB8224R), and PE-conjugated anti-TOX(clone number:TXRX10;catalogue number:12-6502-82). The data were analyzed using FlowJo V10.0 software (Tree Star Inc., CA, USA).





Differential expression analysis, GO analysis, and GSEA

The FindMarkers function in Seurat was employed with the Wilcoxon rank-sum test and Bonferroni correction to identify differentially expressed genes (DEGs) in clusters of CD8+ TILs. The specific thresholds employed for each set of DEGs and correction methods are detailed in the accompanying legends. GO analysis was performed using clusterProfiler v4.0.5 enriched GO function. The gene set enrichment analysis (GSEA) was conducted using the GSEA function in clusterProfiler v4.0.5, with immunologic signature gene sets sourced from MSigDB (https://www.gsea-msigdb.org/gsea/msigdb/). The mean log4 (fold change) expression values were calculated using the Seurat FindMarkers function.





Statistical analysis

The data were analyzed with the GraphPad Prism 8.0 software (GraphPad, CA, USA) and presented as mean ± standard error of the mean (SEM). A two-tailed unpaired t test was conducted to compare the collected data, with P <0.05 indicating a statistically significant difference. Error bars in each figure represent mean ± SEM.
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Supplementary Figure S1 | Chemotherapeutic agents restrained the progression of colorectal cancer and melanoma in mouse and increase the proportion and number of CD8+ TILs and its effector function. The experimental procedure of chemotherapy for B16 melanoma is shown in Figure 2A, Chemical therapy was started on the 4th day of subcutaneous tumor loading. (A) Physical diagram and tumor growth graph of B16 tumor. (B, C) Streaming representation, statistic graph and absolute number of CD45+ immune cells of tumor tissue in B16 melanoma. (D, E) Flow-representative graph and statistical graph of absolute number of CD8+ T cells in tumors. Data are shown as mean ± SEM. ***p < 0.001, **p < 0.01, or *p < 0.05 by unpaired t test, n ≥ 3.

Supplementary Figure S2 | Chemotherapeutic agents repressed PD-1 expression in CD44+CD8+ TIL cells in tumor tissues. (A) Flow plots showing PD-1 expression in CD44+CD8+ TILs of CT26. (B) Peak MFI values of PD-1 expression with statistical data. (C) Flow plots of distinct PD-1 cell populations with percentage statistics from (A). (D) Statistical plot of the flow cytometry results showing PD-1 expression levels in different populations.  Summary chart of PD-1 expression percentages in CD44+CD8+ TILs with a heatmap of expression levels. The data are shown as mean ± SEM. *P < 0.05, **P < 0.01, and ***P < 0.001, using unpaired t test, n ≥ 3.

Supplementary Figure S3 | Chemotherapeutic agents repressed PD-1 expression in CD44+CD8+ TIL cells in tumor tissues. (A) Flow-representative graph of PD-1 expression in CD44+CD8+ TILs of B16 melanoma. (B) The peak graph of MFI values of PD-1 expression and its percentage statistics. (C) Flow representative graphs of distinct PD-1 cell population levels and their percentage statistics in (A). (D) The statistical graph of the flow percentage at the level of different PD-1 cell populations. Data are shown as mean ± SEM. ***p < 0.001, **p < 0.01, or *p < 0.05 by unpaired t test, n ≥ 3.

Supplementary Figure S4 | Chemotherapeutic agents significantly modified the proportion of TN, TCM, and TEM cells in tumors, draining lymph nodes, and spleen of homozygous mice with melanoma. (A) Flow cytometry of TCM and TEM cells in B16 melanoma treated with chemotherapies. (B) Total proportion of TCM and TEM cells in tumor and their statistical plot. (C, D) Flow cytometry and statistics of TN, TCM, and TEM cells in spleen. (E, F) Flow cytometry and statistical data on TN, TCM, and TEM cells in TdLNs. The data are shown as mean ± SEM. *P < 0.05 and **P < 0.01, using unpaired t test, n ≥ 3.

Supplementary Figure S5 | Chemotherapeutic agents promoted the expansion of CD62L+CD8+ Tpex and their characteristics in the tumor microenvironment. (A, B) Flow representation and statistical diagram of Ly108+ Tpex, CD62L+ Tpex, CD62L- Tpex and Ly108-CD62L- Tex cells and MFI peak diagram of Ly108 and CD62L in CD44+PD-1+CD8+ TILs cells of B16 melanoma. (C, D) Flow representation and statistics of Stem like CD62L+ Tpex and Ly108-CD62L- Tex cells in CD44+PD-1+CD8+ TILs from different PD-1 level populations of B16 melanoma. Data are shown as mean ± SEM. ***p < 0.001, **p < 0.01, or *p < 0.05 by unpaired t test, n ≥ 3.
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Introduction

T-cell dysfunction is a hallmark of chronic lymphocytic leukemia (CLL), but the extent to which individual CD4+ or CD8+ T-cell subpopulations influence specific clinical events remains unclear. To address this knowledge gap, we utilised high-dimensional mass cytometry to profile circulating CD4+ and CD8+ T-cells in pre-treatment samples from a well-defined cohort of CLL patients undergoing initial therapy as part of a clinical trial.





Methods

Pre-treatment blood samples from 138 CLL patients receiving initial chemoimmunotherapy containing bendamustine or chlorambucil in the NCRI RIAltO trial (NCT01678430; EudraCT 2011-000919-22) were subjected to deep immunophenotyping by mass cytometry using a bespoke panel of 37 antibodies. T-cell clusters were identified through unsupervised clustering and related to treatment outcomes. Additionally, a randomly selected cohort of 30 CLL patients underwent T-cell stimulation with anti-CD3/CD28 microbeads, followed by cytokine analysis using a separate 36-antibody panel, which included seven cytokines.





Results

Seventeen CD4+ and 22 CD8+ T-cell clusters were identified in a discovery cohort of 79 patients. Three of these clusters, measured as a proportion of their parental CD4+ or CD8+ populations, correlated with a reduced risk of grade ≥3 infection, grade ≥3 second primary malignancy (SPM) and death, respectively. Three corresponding T-cell subpopulations prospectively defined by non-redundant markers and Boolean gating (ICOS+HLA-DR+PD1+TIGIT+Tbet+CD4+ T-helper cells; CD27+CD28-PD1+Tbet+Eomes+CD8+ cells; and CD27+CD28-GrymB+Tbet+Eomes+CD8+ terminal effector cells) showed the same clinical correlations as the clusters on which they were based. With the exception of SPM for which there were insufficient events, these correlations were confirmed in a separate validation cohort of 59 patients. In-vitro stimulation of a subset of CLL patients in the discovery cohort showed an enrichment of primed and polyfunctional cells in all three Tbet+ T-cell subpopulations of interest.





Conclusion

Our study provides new insights into the potential for Tbet+ T-cell subpopulations to influence and predict specific clinical events in CLL. This, in turn, raises the possibility that these respective subpopulations could play an important role in controlling infection, solid tumours and CLL itself.





Clinical Trial Registration

https://www.clinicaltrials.gov/, identifier NCT01678430; https://www.isrctn.com/ISRCTN09988575, identifier EudraCT 2011-000919-22
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Introduction

Chronic lymphocytic leukaemia (CLL) is characterised by the clonal expansion of CD5+ B lymphocytes, which accumulate in the blood, bone marrow, and secondary lymphoid organs. At these sites of tissue involvement, CLL cells engage in a dynamic interplay that shapes the immune microenvironment and perturbs normal immune function while simultaneously relying on non-malignant immune cells for survival and proliferation signals. In keeping with this, multiple abnormalities of circulating T-cells have been described in CLL, including a reduced CD4:CD8 ratio (1), increased regulatory T-cells (2, 3), increased differentiation towards antigen-experienced and terminally differentiated memory cells (4, 5), and increased expression of activation and exhaustion (5–7) markers.

Despite these observations, functional studies investigating the role of such T-cell abnormalities in driving CLL progression and pathogenesis have produced conflicting results (8, 9), placing considerable importance on elucidating clinical correlations. Moreover, although T-cells provide protection against both tumours and pathogens, their potential as biomarkers to predict the risk of these adverse events remains unclear. In this respect, although unsupervised, machine learning-based approaches offer significant promise for biomarker discovery among T-cells, their clinical translation is often hindered by the stochastic nature of individual results and the limited availability of omics techniques for routine clinical applications (10). Conversely, supervised analyses of broad T-cell populations in CLL provide direct clinical applicability but have yielded less clinically useful correlations (6, 11, 12), likely due to the substantial heterogeneity that exists within these populations.

In the present study, we utilised high-dimensional mass cytometry to profile circulating CD4+ and CD8+ T-cells in pre-treatment samples from a well-defined cohort of CLL patients undergoing initial therapy as part of a clinical trial. Our approach leveraged the strengths of both unsupervised and supervised methodologies by first identifying clinically significant T-cell subpopulations using an unsupervised discovery tool, and then translating these findings into a cell subpopulation that could be prospectively identified through a supervised approach. Using this methodology, we identified three Tbet+ T-cell subpopulations, where higher cell frequencies were associated with a reduced risk of infections, second primary malignancies (SPMs), and death. Our findings highlight the potential of specific T-cell subpopulations as pre-treatment biomarkers for CLL patients undergoing anti-CLL therapy.





Materials and methods




Patient selection

All patients in this study were enrolled on the NCRI phase III RIAltO trial (Randomised Investigation of Alternative Ofatumumab-based regimens for less fit patients with CLL; NCT01678430; EudraCT 2011-000919-22; Research Ethics Committee (REC) ref. 11/NW/0548). RIAltO is an open-labelled, multicentre randomised controlled trial (RCT) investigating the second generation anti-CD20 monoclonal antibody ofatumumab combined with either chlorambucil or bendamustine in patients with CLL for whom FCR was considered unsuitable (13). 521 patients were enrolled between December 2011 and April 2018 including 145 between September 2014 and March 2016 who received idelalisib (first-in-class phosphoinositide 3-kinase delta (PI3Kδ) inhibitor) or placebo in addition to chemoimmunotherapy. Follow-up data was available to April 2021. The CONSORT diagram in Supplementary Figure S1 shows how samples were selected. The discovery cohort comprised patients who were randomised to receive bendamustine or chlorambucil, with or without idelalisib, and for whom suitable samples were available (n=79). The validation cohort comprised randomly selected patients who received bendamustine and ofatumumab only and for whom suitable samples were available (n=59). The study was approved by the UK CLL Biobank (REC ref. 19/NW/0573) and performed in accordance with the Declaration of Helsinki and relevant ethical guidelines for research in humans, with written consent obtained from all patients.





Clinical data

Grade 3-5 infections (which included febrile neutropenia) and SPMs were defined in accordance with the Common Terminology Criteria for Adverse Events (CTCAE) v4.0. Grade 3-5 infections were reported from the point of informed consent until 6 months after the last dose of anti-CLL treatment and censored at that point in the analysis. In contrast, grade 3-5 SPM were reported until the end of the study. Short-term therapy effectiveness was measured as end of treatment (EoT) measurable residual disease (MRD) in the bone marrow quantified by flow cytometry and using cut-offs corresponding to <1 CLL cell per 102 leukocytes (MRD2), <10-3 CLL cells (MRD3) and <10-4 CLL cells (MRD4) (14). Long-term therapy effectiveness was measured as time to progression (TTP) using iwCLL criteria (15).





Sample preparation

Blood samples from CLL patients were collected in EDTA and transported within 24 hours to the UK CLL Biobank (REC ref 14/NW/1014), where peripheral blood mononuclear cells (PBMC) were isolated by centrifugation over Lymphoprep and cryopreserved in 10% DMSO at -80°C. Healthy control samples, obtained from the Liverpool Blood Disease Biobank (REC ref 16/NW/0810), were also included to enable batch alignment. Prior to analysis, samples were thawed at 37°C, diluted incrementally in ice-cold cell culture media consisting of RPMI-1640 and 10% FBS and washed before counting.





CD19+ B cell depletion

PBMC were washed with purification buffer consisting of phosphate-buffered saline (PBS; pH of 7.2) supplemented with 0.5% bovine serum albumin and 2mM EDTA, resuspended with a Fc receptor blocker FcX (BioLegend, UK) at a ratio of 1:4, and incubated for 10 mins at 4°C. Anti-CD19 microbeads (Miltenyi Biotech, UK) were added and samples incubated for 15 mins at 4°C before being washed in PBS and passed through a negative selection column using the QuadroMACS™ Separator system (Miltenyi Biotech, UK).





Ex-vivo T cell stimulation

Cell suspensions were washed and resuspended in cell culture medium (RPMI-1640 supplemented with Pen/Strep, L-glut, 10% FBS) at a density of 1 x 106/ml and aliquoted into a 24-well plate. CD3/CD28 Dynabeads® (Gibco, UK) were added at a ratio of 1:1 and the samples incubated for 48 hours at 37°C in humidified CO2 (0.2%). GolgiPlug™ (BD biosciences, UK) was then added to each well at a concentration of 1μl/ml and incubated for 4-6 hours at 37°C prior to analysis.





Barcoding

Individual PBMC samples were incubated for 30 minutes at 4°C with a CD45 antibody conjugated with different combinations of 89Yb, 106Cd, 110Cd, 111Cd, 113Cd, 114Cd, 115In, and 116Cd (HI30, Biolegend). Barcoded samples were then washed (550xg/4°C/5 minutes) twice with Maxpar Cell Staining Buffer (CSB; Standard Biotools™, US) and pooled together to create a single, multiplexed sample.





Mass cytometry (CyTOF)

Pooled samples were incubated for 45 minutes at 4°C with a cocktail of antibodies reactive to surface epitopes (Supplementary Tables S1, S2) diluted to their respective optimal concentrations, washed with CSB followed by Maxpar phosphate buffered saline (PBS; Standard Biotools™, US), resuspended in a PBS-cisplatin solution (prepared by diluting Cell-ID™ cisplatin-195Pt (Standard Biotools™, US) in PBS at a ratio of 1:1000), and incubated for 5 minutes at room temperature (RT). Cisplatin was then quenched by adding RPMI supplemented by 20% FBS at 5 times the total PBS-cisplatin volume used. Cells were then fixed by incubating overnight at 4°C with 1.6% formaldehyde (ThermoFisher Scientific, UK), permeabilised using the eBioscience™ Foxp3/Transcription Factor Staining Buffer Set (ThermoFisher Scientific, UK) as per manufacturer’s instructions, and incubated for 30 minutes at RT with a cocktail of antibodies reactive to internal epitopes (Supplementary Tables S1, S2). After washing, cells were incubated for a further 60 minutes at RT in cell intercalation solution consisting of 125nM Maxpar® Intercalator-Ir and Maxpar® Fix and Perm Buffer (Standard Biotools™, US) at a 1:2000 ratio. Cells were then washed with Maxpar® Cell Acquisition Solution (Standard Biotools™, US) before adding EQ calibration beads a 1:10 ratio. Finally, samples were loaded into the Helios mass cytometer (Standard Biotools™, US) and cell events recorded at a rate of 200-400 cells/second. A summary of the experimental steps involved for CyTOF analysis is provided in Supplementary Figure S2.





Cleaning and analysis CyTOF data

Raw data was first normalised against EQ beads using the CyTOF Software v8.0 and analysed using the online Cytobank software (Beckman-Coulter Life Sciences, US). Doublets were removed by the gating of Intercalator-Ir and Gaussian parameters while viable cells were identified by gating 195Pt negative events (Supplementary Figure S3A). Samples were then debarcoded in the R environment using FlowCore and CATALYST package (16). Subsequently, samples were batch-aligned by applying the CytoNorm package (17), using designated anchor samples comprising biological replicates of a healthy donor that were included in every batch. Unsupervised analysis involving UMAP and FlowSOM was performed using the CATALYST package while supervised analysis using Boolean gating was performed using the Cytobank software. Heatmaps were generated using the ComplexHeatmap package.





Clinical correlations

Data visualisation and statistical analyses were performed using R software. Mann-Whitney U test was used to compare differences in T cell population frequencies. Uni- and multivariable analyses of FlowSOM cluster frequencies were performed using Cox proportional hazard regression (coxph; using survival R package) in censored outcomes and logistic regression in uncensored outcomes. The Kaplan-Meier method and log-rank test were used when comparing cumulative risk of infections or SPMs, as well as overall survival (OS) between patient groups. A p-value of 0.05 was used throughout to determine statistical significance.





Data sharing statement

Datasets analysed during the current study are available from the corresponding author on reasonable request.






Results




T-cell subpopulations vary widely among individual CLL patients

We first sought to establish the extent of variation in T-cell subpopulations among CLL patients requiring initial therapy. To do so, cryopreserved PBMCs obtained from 79 patients enrolled in the RIAltO trial (Table 1) were subjected to deep immunophenotyping using mass cytometry and a panel of 37 antibodies (Supplementary Table S1). CD4+ and CD8+ T-cells were individually organised into 30 clusters respectively using the FlowSOM clustering algorithm (18). Those clusters expressing similar markers were then merged, and minimally abundant clusters (3 or more events in fewer than 10% of samples) excluded. A detailed description of our clustering approach is provided in Supplementary Figure S4. Among CD4+ T-cells, 17 distinct clusters were identified and categorised as regulatory T-cells (Treg; R1-4) based on CD25, FoxP3 and CD127 expression, and T helper cells (Th; H1-13) for the remaining clusters. One (H10) cluster contained naïve cells (CD45RA+CCR7+), four (H8, H9, H13, R3) co-expressed CD45RO and CD45RA, while the rest comprised effector memory (EM) cells (CD45RO+CCR7-). CD8+ T-cells were divided into 22 clusters, categorised as NK/T-cells (NKT1-4) based on CD8 and CD56 co-expression, and cytotoxic T-cells (CTLs; T1-18) for the remaining clusters. Most clusters comprised EM cells, with the exception of one (T6) comprising naïve cells, six (NKT1-NKT3, T7, T12, T14) comprising terminal effector (TE) cells (CD45RA+CCR7-), and four (T15-T18) co-expressing CD45RO and CD45RA (Figures 1A–D). To understand the extent to which T-cell subpopulations varied among individual patients, the relative size of each cluster within its parental CD4+ or CD8+ population was calculated for each sample and the spread of data visualised. Significant variation was found in the size of all clusters (Figures 1E, F), thereby justifying correlation with clinical events.


Table 1 | Baseline characteristics of all included patients.






Figure 1 | Variability in marker expressions and frequency of T-cell subpopulations among individual CLL patients. (A) Heatmap illustrating the median marker expression of CD4+ clusters identified on FlowSOM. (B) UMAP visualisation of CD4+ T-cells annotated by FlowSOM clusters. (C) Heatmap illustrating the median marker expression of CD8+ clusters identified on FlowSOM. (D) UMAP visualisation of CD8+ T-cells annotated by FlowSOM clusters. (E) Frequency distribution of each CD4+ FlowSOM cluster within the overall CD4+ T-cell population in each CLL patient in the discovery cohort. (F) Frequency distribution of each CD8+ FlowSOM cluster within the overall CD8+ T-cell population in each CLL patient in the discovery cohort. H: T helper cells, R: T regulatory cells, NKT: NK T CD8+ cells, T: CD8+ cytotoxic T-cells.







A distinct subpopulation of Tbet+ CD4+ T-helper cells is linked to reduced risk of grade ≥3 infections

We first explored the association between pre-treatment T-cell subpopulations and the subsequent occurrence of severe infections. Univariable coxph analysis, incorporating all relevant co-variates, identified an association between the risk of subsequent infections and pre-treatment haemoglobin levels, as well as the pre-treatment frequencies of the C1 and H1 CD4+ clusters. However, only the H1 cluster was considered further as it consistently retained significance in multivariable analyses, particularly after adjusting for clinically significant covariates such as age, performance status and treatment allocation (Supplementary Table S3, Figure 2A). In line with this, stratification of patients based on the median size of the H1 cluster showed that those with a higher frequency of H1 cells had a significantly lower risk of grade ≥3 infections (HR 0.082 [95% CI: 0.01 – 0.643], P = 0.002; Figure 2B). Given the heterogeneity of the analysed CLL cohort, which included patients with different baseline characteristics receiving different treatment regimens, we performed a sensitivity analysis confirming that the pre-treatment H1 cluster size, using the median cut-off point, independently predicted infection risks despite adjusting for baseline demographics, CLL disease characteristics, treatment allocation and subsequent disease response (Supplementary Table S4).




Figure 2 | Negative correlation between H1 cluster (ICOS+HLA-DR+PD1+TIGIT+Tbet+CD4+ Th cells) and risk of subsequent grade ≥3 infection. (A) Multivariable coxph analysis of the association between grade 3-5 infections and baseline characteristics, treatment allocation and T-cell clusters found to be significant on univariable analysis. (B) Kaplan-Meier (K-M) plot of cumulative risk of infection among patients with pre-treatment H1 above (≥0.53%) or below (<0.53%) the median in the discovery cohort. (C) Gating strategy used to identify ICOS+HLA-DR+PD1+TIGIT+Tbet+ CD4+ Th cells. (D) Scatter plots and linear regression analyses of the association between H1 and ICOS+HLA-DR+PD1+TIGIT+Tbet+ CD4+ Th cells. K-M plots of cumulative risk of infection among patients with high (≥0.072%) vs low (<0.072%) ICOS+HLA-DR+PD1+TIGIT+Tbet+ CD4+ Th cells prior to treatment in the (E) discovery and (F) validation cohort. *Gated from live singlets (Supplementary Figure S3A).



When examining the marker expression profile of H1, we found that it consisted of non-senescent (CD27+CD28+) effector memory (EM; CD45RO+CCR7-) Th cells co-expressing activation markers ICOS and HLA-DR, exhaustion markers PD-1, TIGIT and TOX, and the T-box transcription factor T-bet. To define this subpopulation prospectively, we employed a Boolean gating strategy that reflected the cluster’s main non-redundant features (ICOS+HLA-DR+PD1+TIGIT+Tbet+ Th; Figure 2C). A significant correlation was observed between the size of the H1 cluster and that of the prospectively defined subpopulation (R2 = 0.6, P < 0.0001; Figure 2D), thereby validating the gating strategy. In keeping with our findings for H1, there was a trend for a lower risk of grade ≥3 infection in patients with a greater proportion (25th centile or higher; ≥ 0.072%) of ICOS+HLA-DR+PD1+TIGIT+Tbet+ Th cells (HR 0.358 [95% CI: 0.109 – 1.186], P = 0.076; Figure 2E). These findings were further validated in a separate cohort of 59 patients (Table 1, validation cohort) using the same methodology, gating strategy and cut-off value, confirming an association between ICOS+HLA-DR+PD1+TIGIT+Tbet+ Th cells and a lower risk of grade ≥3 infections (HR 0.245 [95% CI: 0.061 – 0.981], P = 0.031; Figure 2F).





A distinct subpopulation of Tbet+ CD8+ effector memory cells is linked to reduced risk of grade ≥3 SPMs

We next explored the association between pre-treatment T-cell subpopulations and the subsequent occurrence of grade ≥3 SPMs using the same analytical approach. Univariable analysis showed that pre-treatment frequencies of clusters R2, T10, and T13 correlated with the risk of SPMs, though only T10 consistently retained significance in the multivariable analyses (Supplementary Table S5, Figure 3A). Stratifying patients based on the median cluster size showed that those with higher T10 levels had a significantly lower risk of grade ≥3 SPMs (HR 0.108 [95% CI: 0.013 – 0.881], P = 0.011; Figure 3B). Sensitivity analysis confirmed that the pre-treatment T10 cluster size, using the median cut-off point, independently predicted risk of SPMs despite adjustments for baseline demographics, CLL disease characteristics, treatment allocation and subsequent disease response (Supplementary Table S6).




Figure 3 | Negative correlation between T10 cluster (CD27+CD28-PD1+Tbet+Eomes+ CD8+ T-cells) and risk of subsequent grade ≥3 SPM. (A) Multivariable coxph analysis of the association between grade 3-5 SPMs and baseline characteristics, treatment allocation and T-cell clusters found to be significant on univariable analysis. (B) K-M plot of cumulative risk of SPM among patients with pre-treatment T10 above (≥8.1%) or below (<8.1%) the median in the discovery cohort. (C) Gating strategy used to identify CD27+CD28-PD1+Tbet+Eomes+ CD8+ T-cells. (D) Scatter plots and linear regression analyses of the association between T10 and CD27+CD28-PD1+Tbet+Eomes+ CD8+ T-cells. (E) K-M plot of cumulative risk of infection among patients with high (≥5.8%) vs low (<5.8%) CD27+CD28-PD1+Tbet+Eomes+ CD8+ T-cells prior to treatment in the discovery cohort. *Gated from live singlets (Supplementary Figure S3A).



Examination of the marker expression profile of T10 revealed that it comprised EM (CD45RO+CCR7-) CTLs co-expressing exhaustion markers PD-1, TIGIT and TOX, cytotoxic marker Granzyme B, and T-box transcription factors T-bet and Eomes. The loss of CD28 also suggests a shift towards a senescent phenotype, however further confirmation with CD57 and KLRG-1 is required. When a Boolean gating strategy reflecting its main non-redundant features (CD27+CD28-PD1+Tbet+Eomes+ CD8+; Figure 3C) was applied, a significant correlation was observed with the size of the T10 cluster (R2 = 0.82, P < 0.0001; Figure 3D). In line with our findings for T10, patients with more (50th centile or higher; ≥ 5.8%) CD27+CD28-PD1+Tbet+Eomes+ CD8+ cells exhibited a significantly lower risk of developing grade ≥3 SPM (HR 0.089 [95% CI: 0.011 – 0.728], P = 0.005; Figure 3E). However, validation of these results was not possible due to the limited number of grade ≥3 SPMs in the validation cohort, where only two patients were affected.





A distinct subpopulation of Tbet+ CD8+ terminal effector cells is linked to improved overall survival

The relationship between pre-treatment T-cell populations and overall survival was subsequently examined. In the univariable analysis, IGHV mutational status, haemoglobin levels and pre-treatment cluster sizes of T12 and T13 showed borderline to significant correlations with OS; however, only IGHV and T12 consistently retained statistical significance in the multivariable analyses (Figure 4A; Supplementary Table S7). In keeping with this, stratification of patients into two groups based on the median cluster size indicated a trend towards longer survival in the group with higher T12 levels (HR: 0.440 [95% CI: 0.184 – 1.051], P = 0.058; Figure 4B). This trend persisted despite adjustments for baseline demographics, CLL disease characteristics, treatment allocation and subsequent disease response in the sensitivity analysis (Supplementary Table S8).




Figure 4 | Negative correlation between T12 cluster (CD27+CD28-GrymB+Tbet+Eomes+ TE CD8+ T-cells) and risk of subsequent death. (A) Multivariable coxph analysis of the association between overall survival (OS) and baseline characteristics, CLL prognostic factors, treatment allocation and T-cell clusters found to be significant on univariable analysis. (B) K-M plot of cumulative risk of death among patients with pre-treatment T12 above (≥7.6%) or below (<7.6%) the median in the discovery cohort. (C) Gating strategy used to identify CD27+CD28-GrymB+Tbet+Eomes+ terminal effector (TE) CD8+ T-cells. (D) Scatter plots and linear regression analyses of the association between T12 and CD27+CD28-GrymB+Tbet+Eomes+ TE CD8+ T-cells at pre-treatment. K-M plots of cumulative risk of death among patients with high (≥1.85%) vs low (<1.85%) CD27+CD28-GrymB+Tbet+Eomes+ TE CD8+ T-cells in the (E) discovery and (F) validation cohort. *Gated from live singlets (Supplementary Figure S3A).



The T12 cluster consisted of TE (CD45RA+CCR7-) TOXloGrymB+Tbet+Eomes+ CTLs exhibiting features (CD27+CD28-) suggestive of cell senescence. To prospectively define this T-cell subpopulation, a Boolean gating strategy was applied (CD27+CD28-GrymB+Tbet+Eomes+ CD8+ TE; Figure 4C), where a significant correlation between the size of this prospectively defined subpopulation and that of T12 was observed (R2 = 0.61, P = <0.0001; Figure 4D). Consistent with our previous findings, separation of patients based on the 25th centile value (1.85%) showed that survival was significantly longer in the group with more CD27+CD28-GrymB+Tbet+Eomes+ CD8+ TE T-cells (HR: 0.404 [95% CI: 0.173 – 0.947], P = 0.031; Figure 4E). A similar correlation was also observed when the same gating strategy/cut-off value was applied to pre-treatment samples from the validation cohort (HR: 0.352 [95% CI: 0.123 – 1.005], P = 0.042; Figure 4F), confirming the association between this subpopulation and OS.





T-cell subpopulations are not associated with therapy effectiveness

We next sought to elucidate any correlations between T-cell subpopulations and the effectiveness of the CLL treatment administered. Each cluster was related to EoT MRD status as a measure of initial cytoreduction, and time to progression as a measure of sustained effectiveness (Supplementary Table S9). Three clusters were identified that separately correlated with the attainment of MRD2 (H6), MRD3 (NKT3) and MRD4 (T1), respectively. However, since none of these clusters correlated with the attainment of MRD at more than one level, they were not considered clinically significant. Similarly, no correlation was seen between any cluster and TTP (Supplementary Table S10).





Clinically significant T-cell subpopulations are enriched with primed, polyfunctional T-cells

To gain insight into the functional characteristics of the three clinically significant T-cell subpopulations identified in this study, PBMCs from a randomly selected subset of 30 CLL patients in the discovery cohort were stimulated using anti-CD3/CD28 microbeads and analysed for the expression of seven different cytokines using a modified CyTOF antibody panel (Supplementary Table S2). Apart from TGF-β in ICOS+HLA-DR+PD1+TIGIT+Tbet+CD4+ Th cells and IFN-γ in CD27+CD28-GrymB+Tbet+Eomes+ TE CD8+ T cells, the expression of pro- and anti-inflammatory cytokines was significantly higher in all three clinically significant T-cell subpopulations compared to their parental CD4+ or CD8+ populations (Figure 5).




Figure 5 | Cytokine profile of clinically significant T-cell subpopulations. Median proportion of cytokine-expressing CD4+ (A) and CD8+ (B) T cells following stimulation with anti-CD3/CD28 microbeads. For each cytokine, results are compared between the overall CD4+ or CD8+ population and the subpopulation(s) of interest. Gating strategy used to identify cytokine-expressing cells is shown in Supplementary Figure S3B. **P<0.01, ***P<0.001, ****P<0.0001.



Given the role of polyfunctional T-cells in eradicating pathogen and tumour (19–22), we next sought to establish the proportion of cells in the clinically significant T-cell subpopulations that expressed multiple cytokines. Pooled analysis of all CLL samples by UMAP showed that all three subpopulations were enriched with cells co-expressing two or more cytokines (Figure 6; Supplementary Figure S5). Furthermore, analysis of cytokine expression in individual samples showed that a significantly higher proportion of cells within the clinically significant Th subpopulation expressed three or more cytokines compared to the parent CD4+ population, and that cells co-expressing two or more cytokines were over-represented within the two clinically significant CTL subpopulations compared to the parent CD8+ population. Moreover, the CTL subpopulation associated with a lower risk of SPM showed enrichment of cells co-expressing four or more cytokines (Figure 7). When focussing solely on pro-inflammatory cytokines (IFN-γ, TNF-α, and IL-2), clinically significant T-cell subpopulations exhibited a lower proportion of cells lacking any pro-inflammatory cytokine expression, along with a trend towards a higher proportion of cells co-expressing two or more pro-inflammatory cytokines, compared with their parental CD4 or CD8 populations (Supplementary Figure S6). Together, these findings indicate that all three clinically significant T-cell subpopulations are enriched with cells that are primed and, upon stimulation, exhibit poly-functional properties.




Figure 6 | Pooled analysis of multiple cytokine expression in clinically significant T-cell subpopulations. (A) UMAP representing CD3/CD28-stimulated CD3+ T-cells from patients with CLL, annotated by clinically significant T-cell subpopulations. (B) UMAPs showing the expression of cytokines of interest. (C) Pie charts showing the proportion of cell secreting between zero and five or more cytokines within clinically significant subpopulations, compared to their respective parent populations.






Figure 7 | Individual patient analysis of multiple cytokine expression in clinically significant T-cells populations. (A) CD4+ T-cells; (B) CD8+ T-cells. For each number of simultaneously expressed cytokines, results are compared between the parental CD4+ or CD8+ population and the subpopulation(s) of interest. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.








Discussion

This study sought to explore potential connections between pre-treatment T-cell subpopulations and subsequent clinical events in patients with CLL commencing initial therapy. Our approach exploited the advent of high-dimensional mass cytometry for deep immunophenotyping, coupled with the availability of high-quality samples and associated clinical data obtained as part of a large clinical trial. Three distinctive T-cell subpopulations were identified that were associated with a reduced risk of grade ≥3 infection, grade ≥3 SPM, or death, respectively. With the exception of SPM for which there were insufficient events, these clinical correlations were confirmed in a separate validation cohort. All three T-cell subpopulations expressed both pro- and anti-inflammatory cytokines at higher levels than their respective CD4+ or CD8+ parent populations and included more cells that expressed multiple cytokines.

The use of samples obtained from the RIAltO trial ensured that all patients included in the study met the formal inclusion and exclusion criteria and were at the same point in the course of their disease as defined by the need for initial therapy, thereby minimising confounding variables resulting from disease status, prior treatments, and factors unrelated to CLL. It also ensured that the clinical data with which the samples were annotated was reliable and complete, and that the samples themselves were collected, transported, processed and stored in accordance with Good Clinical Practice, thereby optimising the quality and reliability of the laboratory data.

Our analytical approach capitalised on the strengths of mass cytometry in multidimensional single-cell analysis, while also ensuring that the findings generated remain translatable for potential clinical application. The unsupervised, simultaneous assessment of 37 different markers at a single-cell level facilitated the identification of highly specific T-cell subpopulations defined not only by their T-cell subset but also by memory, exhaustion, senescence and activation status, as well as the expression of functionally important transcription factors – something that is unlikely to be achieved through an exclusively supervised approach. On the other hand, the supervised translation of clinically significant data-dependent clusters into prospectively identifiable cell subpopulations not only offers internal validation of the clustering algorithm employed, but more importantly, enables further external validation of their significance in a separate patient cohort, as well as T-cell stimulation studies to assess their functional states, all of which supported the role of the identified T-cell subpopulations as independent predictors of infection, SPMs and death.

In keeping with a role in immune surveillance, it is notable that all three clinically significant subpopulations expressed increased levels of multiple cytokines and were enriched for cells that displayed polyfunctional properties following in-vitro stimulation. This primed, polyfunctional phenotype could be explained by the fact that all three subpopulations expressed Tbet, a transcription factor encoded by the TBX21 gene, which is known to accumulate in CLL (23), and is associated with increased production of the pro-inflammatory cytokine IFNγ (24–27), increased expression of the IL-2 receptor (26), and protection against viral and bacterial infections in multiple murine models (24, 28, 29).

The CD4+ Th cell subpopulation associated with a reduced risk of grade ≥3 infection also expressed activation markers ICOS and HLA-DR, supporting the idea that these cells were primed and activated (30–32) for a Th1 response. This idea is in keeping with numerous studies implicating ICOS as a context- and microbe-dependent modulator of Th1 and Th2 responses (33–35). Given these considerations, the fact that these cells also expressed PD-1 and TIGIT likely reflected their state of activation rather than cellular exhaustion.

Another finding of significance is that the two clinically significant CD8+ T-cell subpopulations both expressed a second Tbox transcription factor, Eomes (or Tbr2), in addition to Tbet. Notably, co-expression of T-bet and Eomes has been reported to enhance the immune surveillance activity of CD8+ T-cells by increasing their production of IFN-γ, their cytotoxic potential, and their ability to infiltrate into the tumour microenvironment (36–38).

The fact that both of the clinically significant CD8+ T-cell subpopulations displayed features of an intermediate senescence phenotype (CD27+CD28-) may also be relevant as this suggests that the cells could possess both the self-renewing potential of non-senescent (CD27+CD28+) cells allowing them to persist and expand, as well as the cytotoxic capability of highly differentiated (CD27-CD28-) cells allowing them to fulfil their effector function (39, 40).

In addition to sharing certain features, the two CD8+ T-cell subpopulations also differed from one another in several respects. Specifically, the subpopulation associated with a lower risk of grade ≥3 SPM had an effector memory phenotype (CD45RO+CCR7-) and expressed PD1, whereas the subpopulation associated with a lower risk of death had a terminal effector phenotype (CD45RA+CCR7-) and expressed granzyme B.

As with the clinically significant CD4+ subpopulation, expression of PD1 in the CTL subpopulation associated with a lower risk of SPM likely resulted from its primed/activated state. Furthermore, the role of PD-1+ T cells in immune surveillance is supported by recent studies showing that that tumour-reactive, neoantigen-specific CTLs expressing PD-1 are enriched among tumour-infiltrating or circulating CTLs in haematological malignancies (41, 42) and solid organ cancers (43–46).

The terminal effector phenotype of the CD8+ subpopulation associated with a lower risk of death is in keeping with its high expression of perforin following in-vitro stimulation and indicates that these cells are particularly well primed for cytotoxicity. Given that patient death in CLL usually results from the direct or indirect effects of clonal expansion, evolution or transformation, this in turn suggests that such cytotoxic functionality may exert a controlling effect on the CLL clone. The fact that this CTL subpopulation was not associated with TTP following initial therapy suggests that any such controlling effects likely come into play later during the course of the disease.

There were inevitable limitations to our study. First, the T-cell profile at the onset of adverse events is not known as samples were not collected at this timepoint; this weakens any conclusions that might be drawn regarding a causative link between T-cell subsets and adverse events. Second, the simultaneous identification of multiple markers required to define the T-cell subpopulations is currently not possible with the four-color flow cytometers currently employed in most clinical laboratories, potentially posing a barrier to biomarker development and implementation. However, as the use of multiparameter flow and mass cytometry becomes more widespread and costs decrease, this concern is likely to diminish. Third, although our study demonstrated that clinically significant Tbet+ T-cell subpopulations can be identified following T-cell stimulation and exhibit polyfunctional properties, it remains unclear whether these cells correspond precisely to the same subpopulations identified prior to stimulation. Additionally, the phenotypic changes that may occur within these Tbet+ subpopulations following stimulation are also uncertain and may have clinical implications which warrants further investigations. Lastly, since the completion of RIAltO, the therapeutic landscape of CLL has shifted significantly with the introduction of BTK and BCL-2 inhibitors, such that chemoimmunotherapy no longer have a significant role in the treatment of CLL. Nevertheless, the fact that our findings were largely unaffected by the type of chemotherapy employed or the addition of idelalisib suggests that they may be applicable in other therapeutic contexts. At the very least, our findings provide proof-of-concept that selected tightly defined T-cell subpopulations precede, correlate with, and therefore potentially influence, specific clinical events in CLL.

These speculations highlight other potential directions for future work. Although not the primary focus of our study, FoxP3/CD127 co-expression was observed in a number of non-Treg clusters, where Tregs were defined by the expression of FoxP3 or CD25 in the absence of CD127 (47–49). Additionally, stimulation increased the frequency of T cells expressing immunosuppressive cytokines, even within the clinically significant subpopulations expressing Tbet which is usually associated with Th1 function. While similar findings have been reported both within (8, 50–52) and outside (53–56) the CLL context, the significance of these observations and underlying mechanisms warrants further investigation.

Given the demonstrated association between circulating T-cell phenotypes and susceptibility to infections and tumour in other settings (57–60), our findings may also be relevant to diseases beyond CLL, noting that bendamustine-containing chemoimmunotherapy is widely used as initial treatment for indolent non-Hodgkin lymphoma. In this context, deep phenotypic analysis of circulating T-cells could serve as a tool to assess a patient’s overall susceptibility to therapy-related adverse events such as infections or secondary malignancies, which may inform surveillance strategies and preventative interventions.

In conclusion, our study provides the first clinical evidence that distinctive subpopulations of Tbet+ T-cells influence the risk of infection, SPM and death in the setting of initial chemoimmunotherapy for CLL. This, in turn, raises the possibility that these respective subpopulations could play an important role in controlling infection, solid tumours and CLL itself. Further studies are now warranted to confirm and expand these findings in other clinical and therapeutic contexts.
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Introduction: CD73, a recently discovered immune checkpoint, catalyzes the conversion of AMP to adenosine, thereby suppressing anti-tumor immune responses.CD8+ T cells play a critical role in the immune response against cancer, yet their functionality can be modulated by various factors within the tumor microenvironment. In this study, we focus on identifying and characterizing CD73+CD8+ T cells in the peripheral blood of patients with diffuse large B-cell lymphoma (DLBCL), aiming to elucidate their functional and phenotypic roles in tumor immunity.

Methods: Using flow cytometry, we analyzed the expression of inhibitory receptors (e.g., PD-1, TIM-3) and activating markers (e.g., CD25, CD69) on CD73+CD8+ T cells compared to CD73−CD8+ T cells. In vitro functional assays were conducted to assess their cytotoxic activity against tumor cells, including cytokine production and tumor cell killing capacity.

Results: CD73+CD8+ T cells exhibited a distinct immunophenotypic profile, characterized by reduced expression of inhibitory receptors and enhanced cytotoxic activity compared to their CD73− counterparts. These cells demonstrated higher levels of effector molecules (e.g., IFN-γ, TNF-α) and lower exhausted markers. The findings suggest that CD73+CD8+ T cells may retain stronger anti-tumor potential.

Discussion: This study highlights CD73+CD8+ T cells as a unique functional subset with potential therapeutic relevance in DLBCL. Their reduced exhaustion and heightened cytotoxicity position them as promising targets for immunotherapy strategies. However, the dual role of CD73 in adenosine-mediated immunosuppression warrants further investigation to reconcile its pro-tumorigenic effects with the observed anti-tumor activity of CD73+CD8+ T cells. Our findings deepen the understanding of CD8+ T cell heterogeneity in DLBCL and emphasize the need for mechanistic studies to explore CD73’s context-dependent functions.
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1 Introduction

Diffuse large B-cell lymphoma (DLBCL) constitutes the most prevalent subtype of non-Hodgkin’s lymphoma (NHL), representing 30–40% of lymphoid malignancies (1). The current standard first-line treatment regimen, R-CHOP (rituximab, cyclophosphamide, adriamycin, vincristine, and prednisone), demonstrates efficacy in over 60% of patients (2, 3). However, approximately 30% of patients experience relapse with a poor prognosis, and a substantial number succumb to refractory lymphoma (3, 4).

Anti-tumor immune cells in peripheral blood predominantly consist of T cells, NK cells, DC cells, macrophages, and B cells, with CD8+ T cells being the primary drivers of the anti-tumor immune response (5). CD8+ T cells are typically viewed as a homogeneous population, recognized for producing substantial amounts of IFN-γ, TNF-α, and the protease granzyme B (6). However, within the tumor microenvironment (TME), CD8+ T cells are subjected to chronic antigen exposure and persistent T-cell receptor (TCR) stimulation (7–9). These CD8+ T cells become exhausted, characterized by the expression of inhibitory molecules such as PD-1, TIM-3, and TOX, resulting in the loss of cytotoxic effector functions (10–12).

CD73, also known as ecto-5′-nucleotidase, is the rate-limiting enzyme responsible for catalyzing the conversion of extracellular AMP into adenosine (13). CD73 is extensively expressed in malignant cells and facilitates adenosine production, which accumulates in the tumor microenvironment (14, 15), impeding immune cell infiltration and suppressing their function (16). Adenosine typically inhibits T-cell activation and proliferation by binding to the A2A receptor on effector T cells (17–19). The blockade of CD73 had no impact on primary tumor growth in T-cell-deficient mice, suggesting that CD73 promotes tumor growth in a T-cell-dependent manner, without influencing NK cells (20, 21). Moreover, overexpression of CD73 in mouse PDAC cells has been associated with enhanced tumor progression and immune evasion. In contrast, the CD73 inhibitor AB860 has been shown to reduce tumor burden and extend survival when administered, with its effects reliant on CD8+ T cells to elicit anti-tumor responses (22). Thus, CD73 has been proposed as a suppressor receptor for CD8+ T cells (23). However, the functional characteristics of CD73+CD8+ T cells across different contexts remain unclear.

In this study, we sought to characterize the functional characteristics and therapeutic potential of CD73+CD8+ T cells within the peripheral blood compartment of patients with DLBCL. We found that CD73 expression was higher in CD8+ T cells from healthy donors (HDs) than from DLBCL patients. CD73 was more expressed in naïve T cells and least expressed in terminally differentiated effector cells. We then examined inhibitory and activating receptors on the surface of CD8+ T cells and found that CD73+CD8+ T cells expressed fewer inhibitory receptors and more activation indicators compared to CD73−CD8+ T cells. Next, we stimulated CD8+ T cells with anti-CD3/CD28 and found that the CD73+CD8+ T cell subset was more capable of secreting cytokines than the CD73−CD8 + T cell subset. Finally, we co-cultured CD73+CD8+ T cells or CD73−CD8+ T cells with DLBCL cell lines (SU-DHL-6, OCI-Ly3) in vitro and found more apoptosis in DLBCL cell lines co-cultured with CD73+CD8+ T cells. These data demonstrate that CD73+CD8+ T cells have stronger cytotoxicity compared with their CD73− counterparts, and might be a superior choice for CD8+ T cells cell-mediated immunotherapy.



2 Materials and methods


2.1 Patients

Peripheral blood samples of 20 HDs and 26 patients with DLBCL were from the Fuyang Hospital of Anhui Medical University. None of DLBCL patients selected for this study had received R-CHOP or chemotherapy. The study protocol was approved by the Medical Ethics Committee of the Fuyang Hospital of Anhui Medical University (Anhui, China) and was carried out in accordance with the Declaration of Helsinki 1964 and its later amendments. Written informed consent was obtained from all study participants.



2.2 Isolation of peripheral blood mononuclear cells

Peripheral blood mononuclear cells (PBMCs) were isolated from peripheral blood by gradient centrifugation with Ficoll (Solarbio, Beijing, China). Briefly, fresh peripheral blood was diluted with 1 × phosphate-buffered saline (PBS), transferred gently to Ficoll, and then centrifuged at 500 × g for 30 min at room temperature. After centrifugation, the intermediate layer was collected and washed with 1 × PBS. Lastly, PBMCs were counted in a cell counter (RWD, Shenzhen, China).



2.3 CD73+CD8+ T cell and CD73−CD8+ T cell isolation

CD8+ T cells were isolated with CD8+ T cell isolation kit (Biolegend, 480,011, San Diego, CA, United States) from PBMCs. Using the LS magnetizing column, usually 90% pure populations of CD8+ T cells are obtained. Subsequently, we used anti-PE MicroBeads (MACS™, 130–048-801, Bergisch Gladbach, Germany) to isolate CD73+CD8+ T cells and CD73−CD8+ T cells. The MS magnetization column was populated with CD73+CD8+ T cells, while the droplets contained CD73−CD8+ T cells.



2.4 Cell culture and stimulation of PBMCs

The DLBCL cell lines SU-DHL-6 and OCI-Ly3 were sourced from the American Type Culture Collection. All cells were kept in an incubator at 37°C with 5% CO2. SU-DHL-6 and OCI-Ly3 were cultured in RPMI-1640 (Gibco, Thornton, Australia) supplemented with 10% fetal bovine serum (Gibco) and 1% penicillin and streptomycin (Gibco) at 37°C and 5% CO2. CD8+ T cells were cultured in RPMI-1640 medium supplemented with 10% fetal calf serum (FCS), L-glutamine, penicillin/streptomycin, non-essential amino acids, sodium pyruvate, HEPES, β-2-mercaptoethanol at 37°C in a 5% CO2 atmosphere. To assess intracellular cytokine production, PBMCs were stimulated with anti-CD3 (2 μg/ mL) and anti-CD28 (1 μg/mL) (Biolegend) for 48 h. Brefeldin A (5 μg/mL) was added 4 h before collecting cells.

In order to assess the effector function of CD8+ T cells, inoculate logarithmic growth SU-DHL-6 or OCI-Ly3 cells into a 96-well U-bottom plate, with 1 × 105 cells per well. CellTrace Violet (Thermo Fisher Scientific, Waltham, MA, United States) was added at a final concentration of 5 μM and the unbound dye was washed away after 30 min of incubation away from light. After that, the CD73+CD8+ T cells and CD73−CD8+ T cells obtained by MACS were added to 96-well plate with 1 × 105 cells per well. The final volume of each well was adjusted to 200 μL. All wells were mixed thoroughly and cultured in a CO2 incubator at 37°C for approximately 72 h. After incubation, 7-AAD (BioLegend) was added and the samples were analyzed directly by flow cytometry.



2.5 Flow cytometry

Single-cell suspensions of PBMCs were stained with the fluorescently-labeled antibodies (all agents were from Biolegend), including APC/Cy7 anti-human CD3 (clone OKT3); PE/ Cy7 anti-human CD8 (clone RPA-T8); APC anti-human CD14 (clone HCD14); PE anti-human CD11c (clone Bu15); Brilliant Violet 421™ anti-human CD56 (clone HCD56); Brilliant Violet 605™ anti-human HLA-DR (clone QA19A44); Brilliant Violet 605™ anti-human CD366 (Tim-3) (clone F38-2E2); Brilliant Violet 421™ anti-human CD279 (PD-1) (clone EH12.2H7); FITC anti-human CD244 (2B4) (clone 2–69); PerCP/Cyanine5.5 anti-human TIGIT (clone A15153G); APC anti-human CD39 (clone A1); Brilliant Violet 421™ anti-human CD197 (CCR7) (clone G043H7); PerCP/Cyanine5.5 anti-human CD45RA (clone HI100); FITC anti-human CD69 (clone FN50); APC anti-human CD25 (clone BC96). Then, cells underwent intracellular staining with APC anti-human tumor necrosis factor (TNF)-α (clone MAb11); PE/Cy7 anti-human-IFN-γ (clone B27); Brilliant Violet 421™ anti-human/mouse Granzyme B Recombinant (clone QA18A28) using an intracellular fixation and permeabilization buffer set according to manufacturer (eBioscience, San Diego, CA, United States) instructions. Data were acquired using a flow cytometer (Beckman Coulter; Brea, CA, United States) and analyzed using FlowJo 10.8.1 (Tree Star, Ashland, OR, United States).



2.6 Cytotoxicity assay

The cytotoxicity of CD73−CD8+ T cells and CD73+CD8+ T cells was evaluated using CCK-8 assay in SU-DHL-6 cells or OCI-Ly3 cells. Effector cells (1 × 105) were placed in a 96-well U-bottom plate and then mixed with various numbers of target cells (1:1, 1:2, and 1:4 effector-to-target (E: T) ratios). The plates were centrifuged at 1,500 rpm for 3 min and then incubated for 72 h at 37°C in a 5% CO2 incubator. After that, 10 μL of CCK-8 (Biosharp, Hefei, China) solution was added to each well and incubated for 2 h. The absorbance of effector cells wells (Ae), sample wells (As) and target cells wells (At) were measured with a microplate reader at a test wavelength of 450 nm and a reference wavelength of 690 nm. Percentage specific killing was determined using the formula: 1-(As-Ae)/At × 100%. All experiments were repeated in triplicate.



2.7 Statistical analyses

Statistical analyses were undertaken using Prism 9.5.0 (GraphPad, San Diego, CA, United States). A paired or unpaired Student’s t-test was used to determine significance. Data are the mean ± standard deviation from at least five independent experiments. p < 0.05 was considered significant.




3 Results


3.1 CD8+ T cells in the peripheral blood of patients with DLBCL exhibit reduced expression of CD73

CD73 is generally considered an unfavorable prognostic marker in tumors. To determine which cells predominantly express CD73 in the peripheral blood of DLBCL patients, we utilized flow cytometry to analyze all events (live cells), T cells (CD4+ T cells, CD8+ T cells), natural killer cells (NK), and myeloid cells (monocytes and dendritic cells) in peripheral blood (Supplementary Figure S1). CD73 averages about 10% of peripheral blood in all events. And CD73 expression was the highest in CD8+ T cells, at approximately 25%, followed by CD4+ T cells and NK cells, each around 10% (Figures 1A,B). The lowest expression levels were observed in DCs and monocytes, at about 5% (Figures 1A,B). The results revealed that CD73 expression is reduced in CD8+ cells in the peripheral blood of DLBCL patients (Figure 1C). This data indicates that CD8+ T cells show the highest CD73 expression among immune cells, with this expression decreasing during DLBCL progression.
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FIGURE 1
 CD73 is downregulated on CD8+ T cells in patients with DLBCL compared with HDs. (A,B) The expression of CD73 on all events, T cells (CD4+ T cells, CD8+ T cells), natural killer cells (NK), and myeloid cells (monocytes and dendritic cells) was assessed by flow cytometry. Representative flow data (A) and summary plot (B) of CD73. Data are shown as means ± standard deviation (SD). p values were obtained by the unpaired t test or Mann–Whitney test. *p < 0.05, ***p < 0.001. (C) Proportion of CD73+CD8+ T cells in total CD8+ T cells in HDs (n = 20) or patients with DLBCL (n = 20), each dot indicates one patient. Data are shown as means ± SD. p values were obtained by two-tailed unpaired t test. *p < 0.05, ***p < 0.001.




3.2 CD73 is less expressed on terminally differentiated effector cells (TEMRA)

Next, we examined the phenotypic characteristics of CD73-expressing CD8+ T cells. Based on the expression of CD45RA and CCR7, T cells are categorized into four subsets: naïve T cells (TN; CCR7+CD45RA+), central memory T cells (TCM; CCR7+CD45RA−), effector memory T cells (TEM; CCR7−CD45RA−), and terminally differentiated effector cells (TEMRA; CCR7−CD45RA+). We assessed CD73 expression across these subsets and found that it was significantly higher on TN cells compared to TCM, TEM, and TEMRA cells, indicating that CD73 is downregulated in CD8+ cells following antigenic stimulation, a pattern observed in both DLBCL patients and healthy individuals (Figures 2A,B). While no difference in CD73 expression on CD8+ TEM and TEMRA cells was noted between healthy controls and DLBCL patients, the CD8+ TN subset in DLBCL patients showed lower CD73 expression than in healthy controls (Figure 2B). Notably, CD73 expression was lowest on TEMRA cells, which are generally regarded as high cytotoxic T cells in the tumor microenvironment, exhibiting high cytotoxicity and pro-inflammatory capacity. Our data demonstrate that in DLBCL patients, CD73 is highly expressed on TN cells and minimally expressed on TEMRA CD8+ T cells, suggesting that the downregulation of CD73 is associated with the activation of an anti-tumor immune response by T cells.

[image: Figure 2]

FIGURE 2
 CD73 is less expressed on TEMRA. Expression of CD73 among each subset (TN, TCM, TEM, and TEMRA) of CD8 T cells was analyzed. Representative flow data (A) and plots (B) of percentage of CD73 expression among each subset of CD8+ T cells from HDs (n = 10) or DLBCL patients (n = 10) are shown. Data are shown as means ± SD. p values were obtained by Kruskal-Wallis test followed by Dunn’s multiple comparisons test, *p < 0.05; **p < 0.001; ***p < 0.001.




3.3 CD73+CD8+ T cells express fewer inhibitory receptors and more activating markers

To further investigate whether the low expression of CD73 on CD8+ T cells in DLBCL patients is associated with status of exhaustion, we compared the expression of inhibitory receptors on CD73− and CD73+ CD8+ T cells. We found that the expression of PD-1, TIM-3, TIGIT, and 2B4 was significantly higher on CD73−CD8+ T cells compared to CD73+CD8+ T cells (Figures 3A–D). Additionally, we examined CD39 and observed that its expression on CD73−CD8+ T cells was markedly greater than on CD73+CD8+ T cells, with minimal co-expression of CD39 and CD73 on CD8+ T cells (Figures 3E–G). The observation that CD73−CD8+ T cells express higher levels of inhibitory receptors could indicate that they are exhausted or dysfunctional, which might also contribute to anti-tumor immunity under certain conditions.

[image: Figure 3]

FIGURE 3
 CD73+CD8+ T cells express fewer inhibitory and more activating receptors. (A–E) Proportion of PD-1+ (A), TIM-3+ (B), TIGIT+ (C),2B4+ (D) and CD39+ (E) cells in CD73+CD8+ T cells and CD73−CD8+ T cells (n = 12). (F) Representative flow data of CD8+ T cells highly expressing CD39. (G) Representative flow data of CD8+ T cells highly expressing CD73. (H–I) Proportion of CD69+ (H), and CD25+ (I) cells in CD73+CD8+ T cells and CD73−CD8+ T cells (n = 10). Data are the mean ± SD. A two-tailed paired t-test was used for statistical analyses, **p < 0.01, ***p < 0.001.


Given that CD73+CD8+ T cells exhibited fewer inhibitory receptors than CD73−CD8+ T cells, we proceeded to assess the activation status of CD73+CD8+ T cells by measuring CD69 and CD25. The proportion of CD69+ and CD25+ cells was higher in CD73+CD8+ T cells than in CD73−CD8+ T cells, indicating that CD73+CD8+ T cells are more activated compared to their CD73−CD8+ T cells counterparts (Figures 3H,I). Collectively, our findings suggest that CD73+CD8+ T cells express elevated levels of activating markers and reduced levels of inhibitory receptors, positioning them as highly activated and low exhausted T cells in DLBCL patients.



3.4 CD73+CD8+ T cells are high cytotoxic T cells

To assess CD73+CD8+ T cells’ function, we conducted in vitro assays stimulating CD8+ T cells with anti-CD3/CD28 to evaluate intracellular cytokine production in two CD8+ T cell subsets. In peripheral blood from healthy donors, the CD73+CD8+ T cell subset displayed higher proportions of IFN-γ+ and TNF-α+ cells compared to the CD73−CD8+ T cell subset, while Granzyme B+ (GzmB) cell proportions were comparable between both subsets (Figures 4A–C). Similarly, in DLBCL patients’ peripheral blood, CD73+CD8+ T cells expressed higher levels of IFN-γ, TNF-α, and GzmB than CD73−CD8+ T cells following anti-CD3/CD28 stimulation (Figures 4D–F). These findings indicate that CD73+CD8+ T cells possess enhanced functional capabilities, consistent with high cytotoxic T cells.

[image: Figure 4]

FIGURE 4
 CD73+CD8+ T cells have higher effector functions. (A–C) Proportion of IFN-γ+ (A), TNF-α+ (B) and GzmB+ (C) cells in CD73+CD8+ T cells and CD73−CD8+ T cells in HDs after stimulation with anti-CD3 (2 μg/ mL) and anti-CD28 (1 μg/mL) for 48 h (n = 10). (D–F) Proportion of IFN-γ+ (D), TNF-α+ (E) and GzmB+ (F) cells in CD73+CD8+ T cells and CD73−CD8+ T cells in DLBCL after stimulation with anti-CD3 (2 μg/ mL) and anti-CD28 (1 μg/mL) for 48 h (n = 10). Data are the mean ± SD. A two-tailed paired t-test was used for statistical analyses, ns = non-significant, **p < 0.01, ***p < 0.001.




3.5 CD73+CD8+ T cells performing better anti-tumour effects

CD73+CD8+ T cells and CD73−CD8+ T cells from DLBCL patients were co-cultured with SU-DHL6 or OCI-LY3 cells to assess apoptosis. First, we performed CCK-8 assays to evaluate cytotoxicity after 72 h of co-culture at different effector-to-target (E: T = 1:1, 1:2, and 1:4) ratios (Figures 5A,B). Subsequently, flow cytometry was employed to assess SU-DHL6 (Figure 5C) or OCI-LY3 (Figure 5D) cells apoptosis at E: T = 1:1 after 72 h. The results revealed that CD73+CD8+ T cells significantly increased the overall apoptosis rate of SU-DHL-6 or OCI-LY3 cells. These findings suggest that CD73+CD8+ T cells in DLBCL patients exhibit enhanced anti-tumor effects compared to CD73−CD8+ T cells.
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FIGURE 5
 CD73+CD8+ T cells performing better anti-tumour effects. (A,B) Proportion of cytotoxicity after 72-h co-culture of CD73+CD8+ T cells or CD73−CD8+ T cells with SU-DHL-6 (A) (n = 4) or OCI-Ly3 (B) (n = 4) cells at different effector-to-target (E: T = 1:1, 1:2, and 1:4) ratios. Data are shown as mean ± standard error of the mean (SEM). p values were obtained by two-tailed unpaired t test was used for statistical analyses, ns = non-significant, *p < 0.05; **p < 0.001; ***p < 0.001. (C,D) Representative flow data and plots of percentage of apoptosis after 72-h co-culture of CD73+CD8+ T cells or CD73−CD8+ T cells with SU-DHL-6 (C) (n = 6) or OCI-Ly3 (D) (n = 6) cells. Data are the mean ± SD. p values were obtained by two-tailed paired t-test was used for statistical analyses, **p < 0.001; ***p < 0.001.


In conclusion, our findings suggested that in patients with DLBCL, CD73−CD8+ T cells expressed high levels of inhibitory receptors, were dysfunctional, consistent with exhaustion. And CD73+CD8+ T cells have higher potential anti-tumor activity compared to CD73−CD8+ T cells.




4 Discussion

CD8+ T cells play a crucial role in defending against various types of cancers and infections. They are heterogeneous and can be categorized into different subpopulations based on their phenotypic and functional properties. In this study, we report that CD73+CD8+ T cells, a subpopulation found in the peripheral blood of DLBCL patients, exhibit enhanced effector functions, characterized by lower expression of inhibitory receptors (PD-1, TIM-3, TIGIT, 2B4) and higher levels of activating markers (CD69, CD25). Furthermore, CD73+CD8+ T cells have been identified as high anti-tumor potential T cells. In contrast, the phenotype of CD73−CD8+ T cells resemble that of exhausted T cells as described in previous studies (11, 12, 23). Therefore, CD73+CD8+ T cells could be new choices for CD8+ T cell-based immunotherapy in DLBCL patients.

Several studies have confirmed that tumor cells can also express CD73, with its expression and activity closely linked to tumor invasion and metastasis (24, 25). Moreover, extracellular adenosine produced by CD73 in tumor cells is sufficient to mediate immune escape and promote tumor growth and metastasis. In contrast, other research has reported opposing findings, observing a correlation between high CD73 expression and favorable clinical outcomes (26–28). This discrepancy may arise from the former studies focusing on tumor and stromal cells, while the latter primarily examined CD73 expression on T cells.

Systemic therapy using blocking antibodies against CD73 has become a key approach in investigational trials targeting the CD73-adenosine pathway for cancer control. Previous studies have shown that CD73 inhibitors, when combined with immune checkpoint blockade (ICIs), effectively inhibit the progression of pancreatic (22), non-small cell lung cancer (NSCLC) (29), and breast cancers (30) in mouse models. However, we observed that CD73−CD8+ T cells expressed higher frequencies of negative receptors such as PD-1, TIM-3, and TIGIT, suggesting that the blockade of CD73 may upregulate inhibitory pathways in CD8+ T cells. Therefore, understanding the specific distribution pattern of CD73 across different tumor types is essential for optimizing the design of clinical studies targeting CD73 for cancer treatment.

Our findings align with those of Kong et al. (31) and Tóth et al. (32), indicating that CD73+CD8+ T cells exhibit reduced PD-1 expression, contrasting with the exhausted T cell phenotype. However, it has also been reported that CD73+CD8+ T cells are paracrine T cells lacking tumor antigen specificity within the tumor microenvironment of head and neck cancer patients (33). Unfortunately, a notable limitation of this study lies in its restriction to peripheral blood samples from DLBCL patients. While our flow cytometry-based phenotypic and functional characterization of CD73+CD8+ T cells provides initial insights, this methodological scope precludes comprehensive mechanistic interrogation of tumor-specific immune responses. Future investigations will require integrated multi-omics approaches (e.g., transcriptomics, proteomics, metabolomics) coupled with tumor-infiltrating lymphocyte profiling to establish microenvironmental congruence between circulating and intertumoral T cell populations.

In conclusion, our findings reveal the existence of a population of CD73+CD8+ T cells demonstrating enhanced effector functions coupled with reduced expression of exhaustion phenotypes, indicative of heightened anti-tumor potential. These findings may deepen our understanding of human CD8+ T cell heterogeneity, and improve CD8+ T cell-based immunotherapy.
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Variable Discovery = Validation

cohort cohort
No. of patients 79 59

Median age [range] (years) 75 [70.5-79] 76 [60-88]
Sex Male & (78.5%) [ (69.5%)
Female 17 (21.5%) 18 (30.5%)
Performance status 0-1 71 (89.9%) 53 (89.8%)
2-3 8 (10.1%) 6 (10.2%)
Binet stage A 12 (15.2%) 11 (18.6%)
B 25 (31.6%) 17 (28.8%)

C 42 (53.2%) 30 (50.8)

Unknown 0 (0%) 1 (1.7%)

FISH status TP53 deletion 1(1.3%) 4 (6.8%)

V ATM deletion 11 (13.9%) 8 (13.6%)
13q deletion 40 (50.6%) 30 (50.8%)

Trisomy 12 18 (22.8%) 6 (10.2%)

Unknown 2 (2.5%) 1 (1.7%)
IGHV status Mutated 26 (32.9%) 24 (40.7%)
Unmutated 34 (43.0%) 27 (45.8%)

Unknown 19 (24.1%) 8 (13.6%)
Chemotherapy Bendamustine 41 (51.9%) 59 (100%)

allocation
Chlorambucil 38 (48.1%) 0 (0%)
Additional idelalisib Idelalisib 35 (44.3%) N/A*
randomisation
Placebo 44 (55.7%) N/A*

*Patients included in the validation cohort were enrolled before the amendment to RIAItO,
which permitted additional randomisation between receiving either idelalisib or placebo.
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Target PDB ID ug PubChem ID Adjusted p-value Binding energy
PDGFRB 3MJG Docetaxel 148124 0.014 8.1
TYMS 1YPV Docetaxel 148124 0.014 -87
PDGFRB 3MIG Cytarabine 6253 0014 -6.0
TYMS 1YPV Cytarabine 6253 0.014 64
PDGFRB 3MJG Bisindolylmaleimide 2399 0.004 7.1
SOD2 3LSU Bisindolylmaleimide 2399 0.004 -7.0
PDGFRB 3MJG Raloxifene 5035 0.016 -8.1
SoD2 3LSU Raloxifene 5035 0.016 64

The lower the Binding Energy, the better the binding effect and the higher the affinity.
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Clinical parameters Uni-variate Multi-variate

HR (95% Cl) HR (95% Cl)
Gender (M/F) 1.141 (0.534-2.439) 0.733 0.724 (0.321-1.629) 0.435
Age (years) (>65/<65) 0.782 (0.366-1.670) 0525 0.790 (0.363-1.719) 0.552
‘Tumor size (cm) (>5.3 cm/<5.3 cm) 0.754 (0.353-1.612) 0.467 0.732 (0.333-1.608) 0.437
Pathological grade (ITI+IV/I+IT) 2.497 (1.167-5.341) 0.018 2.416 (1.085-5.398) 0.031
AJCC stage (T3+T4/T1+T2) 4.039 (1.809-9.021) 0.001 3.566 (1.558-8.160) 0.003
Percentage of infiltrating CD8"T cells (high/low) 0.342 (0.144-0.809) 0.015 1.938 (0.770-4.877) 0.160
Percentage of infiltrating CD103*CD8"T cells (high/low) 0.348 (0.162-0.744) 0.006 2429 (1.106-5.338) 0.027
Percentage of infiltrating RUNX1'T cells (high/low) 0.390 (0.157-0.968) 0.042 3.111 (1.184-8.176) 0.021
Percentage of infiltrating CD8'RUNX1"T cells (high/low) 0.359 (0.166-0.775) 0.009 2.801 (1.253-6.260) 0.012
Percentage of infiltrating CD103"CD8"RUNXI"T cells (high/low) 0.341 (0.103-1.133) 0.079 2284 (0.662-7.881) 0.191
Percentage of infiltrating RUNX2"T cells (high/low) 0.576 (0.232-1.429) 0234 1.761 (0.687-4.510) 0.238
Percentage of infiltrating CD8"RUNX2"T cells (high/low) 0.467 (0.168-1.297) 0.031 2.724 (1.098-6.758) 0.144
Percentage of infiltrating CD103*CD8*RUNX2"T cells (high/low) 0.354 (0.106-1.174) 0.090 1.969 (0.565-6.862) 0.288
Percentage of infiltrating RUNX3"T cells (high/low) 1.637 (0.769-3.484) 0201 0.665 (0.311-1.423) 0.293
Percentage of infiltrating CD8"RUNX3"T cells (high/low) 0.240 (0.101-0.571) 0.001 2.884 (1.161-7.161) 0.022
Percentage of infiltrating CD103*CD8"RUNX3"T cells (high/low) 0.362 (0.158-0.828) 0.016 2.272 (0.932-5.535) 0.071

Bold italic signifies P < 0.05.
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Description markers

CDS8'T cell CD8A 0.24 5.7e-05 0.32 8.3e-08 0.48 3.7e-17
CD8B 0.14 0.02 0.23 0.00016 0.33 1.2e-08
T cell (general) CD3D 0.22 0.00025 031 1.3e-07 0.51 5.5e-20
CD3E 0.33 1.4e-08 043 Lle-13 0.59 6.6e-27
CD2 0.32 4.1e-08 0.4 8.7e-12 0.57 6e-25
B cell CD19 0.22 0.00031 0.31 1.7e-07 0.43 de-14
CD79A 0.31 12e-07 042 6.8e-13 0.54 2e-22
Monocyte CD86 0.45 6.9e-15 0.58 1.9¢-26 0.63 4.6e-32
CD115 (CSFIR) 0.53 1.5¢-21 0.64 3.7e-33 0.67 1.7e-37
TAM CCL2 0.47 9e-17 0.57 7.2e-25 0.52 7.5e-21
CD68 0.43 5.3e-14 0.52 4.9e-20 0.59 3e-27
IL10 0.47 2.5e-16 0.54 2.5e-22 0.57 2.2e-25
M1 Macrophage INOS (NOS2) -0.14 0.021 -0.091 0.13 0.12 0.094
IRF5 0.22 0.00021 0.24 5.8¢-05 0.24 5.8e-05
COX2 (PTGS2) 0.24 6.3e-05 0.33 3e-08 0.3 3e-07
M2 Macrophage CD163 0.46 8.1e-16 0.64 1e-33 0.6 1.4e-28
VSIG4 0.45 3.2e-15 0.6 8.1e-28 0.58 1.7e-26
MS4A4A 0.45 2.7e-15 0.61 1.5¢-29 0.61 1.3e-29
Natural killer cell KIR2DL1 0.1 0.083 0.16 0.0071 0.22 0.00021
KIR2DL3 0.16 0.0062 022 0.00018 0.25 2.7e-05
KIR2DL4 0.054 0.37 0.15 0.014 0.28 2.1e-06
KIR3DL1 0.095 0.12 0.25 2.8e-05 0.27 5.5e-06
KIR3DL2 0.22 2e-04 033 2.1e-08 0.41 8.8e-13
KIR3DL3 0.069 0.25 0.083 0.17 0.16 0.0092
Dendritic cell HLA-DPB1 0.41 1.6e-12 0.53 1.6e-21 0.6 1.6e-28
HLA-DQB1 0.22 0.00032 0.26 9.1e-06 0.29 9.6e-07
HLA-DRA 0.32 7.9¢-08 0.42 6.2e-13 0.53 5.2e-21
HLA-DPAIL 0.38 Ie-10 0.47 2.3e-16 0.56 1.4e-24
BDCA-1 (CD1C) 0.37 1.4e-10 0.42 2.8e-13 0.48 2.4e-17
BDCA-4 (NRP1) 0.58 4.2e-26 0.69 1.4e-39 0.6 3.4e-28
CDl11c (ITGAX) 0.51 L.5e-19 0.66 2.5e-35 0.64 1.3e-32
Th1 T-bet (TBX21) 0.32 5.8¢-08 04 4e-12 0.54 2.1e-22
STAT4 0.38 5.2e-11 042 2.1e-13 0.53 2e-21
STAT1 0.36 6.7e-10 035 1.7¢-09 0.45 6.5¢-15
IFN-y (IFNG) 0.15 0.012 0.19 0.002 0.39 1.9e-11
TNF-o. (TNF) 0.33 2.2¢-08 0.39 1.8e-11 0.4 8.6e-12
Th2 GATA3 0.46 5.4e-16 0.52 3.1e-20 0.6 1.1e-28
STAT6 0.26 1.2¢-05 0.22 0.00032 0.31 2.3e-07
STAT5A 0.44 1.5¢-14 0.41 1.3e-12 043 9.2e-14
IL13 0.26 1.8¢-05 0.3 5.9¢-07 0.34 4.5¢-09
Tfh BCL6 0.58 5.8e-26 0.57 1.4e-25 0.59 4.4e-27
121 0.18 0.0034 0.21 0.00057 0.3 3.5e-07
Th17 STAT3 0.43 5.7e-14 0.37 2.6e-10 0.42 2.1e-13
IL17A -0.097 0.11 -0.16 0.0092 -0.051 04
Treg FOXP3 0.43 8.7e-14 0.51 3.2e-19 0.59 le-26
CCR8 0.47 1.3e-16 0.51 1.1e-19 0.57 1.2e-24
STAT5B 0.44 1.5¢-14 0.41 1.3e-14 0.34 1.1e-08
TGFB (TGFB1) 0.52 3e-20 0.62 2.4e-30 0.61 5.3e-29
Resident T cell ITGAE -0.12 0.042 0.042 0.49 0.083 0.17
CD69 0.38 5.9e-11 0.44 le-14 0.55 2e-23
CXCR6 0.27 6e-06 0.35 1.5¢-09 0.52 8.2e-21
NR4A1L 0.1 0.098 0.13 0.026 0.091 0.13
NR4A3 0.36 7.4e-10 047 3.4e-16 0.39 1.7e-11
Cytotoxic T cell PRF1 0.3 5.5e-07 0.42 6.2e-13 0.53 3.7e-21
IFNG 0.15 0.012 0.19 0.002 0.39 1.9e-11
GNLY 0.1 0.087 0.23 0.00014 0.33 1.3e-08
NKG7 0.22 0.00029 033 2.6e-08 0.47 7.6e-17
GZMB 0.068 0.26 0.051 0.4 0.056 036
GZMA 0.15 0.013 027 7.3e-06 0.41 le-12
CST7 0.38 3.8e-11 049 9.1e-18 0.59 4.4e-27
TNFSF10 0.34 9.4e-09 0.26 1.2¢-05 0.33 1.4e-08
Exhausted T cell PD1 (PDCD1) 0.3 4.5e-07 0.36 5e-10 0.52 2.1e-20
PDL1 (PDCDILG2) 0.49 2.6e-18 0.6 6.2e-28 0.63 8.5e-32
CTLA4 0.4 6.6e-12 0.44 1.8¢-14 0.55 1.6e-23
LAG3 0.23 0.00014 0.29 1e-06 0.45 3.8e-15
TIM-3 (HAVCR2) 0.46 1.8e-15 0.59 3.6e-27 0.63 1.7e-31
TIGIT 0.36 4.7e-10 0.43 4.1e-14 0.57 1.2e-24
Effector memory T cell GZMK 0.35 2.6e-09 0.45 4.8e-15 0.57 4.9e-25
CXCR4 0.47 1.2e-16 0.53 1.2e-21 0.51 2.5e-19
CXCR3 0.19 0.0015 0.17 0.0058 0.29 8.1e-07
CD44 0.27 5.7e-06 0.076 0.21 0.13 0.035

Bold italic signifies P < 0.05.
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Integrin  Etaracizumab monoclonal antibody | Phase II NCT00066196 Malignant Metastatic Melanoma
(MEDI-522)
CNTO95 monoclonal antibody Phase T NCT00888043 Solid Tumors
Cilengitide Small Phase IT NCT00246012 Melanoma
molecule inhibitor
Phase I, NCT00103337, NCT00121238 Recurrent Prostate Cancer
1L, 11
GSK3008348 Small Phase I, 1T NCT01118676, NCT00842712 NSCLC
molecule inhibitor
Phase II, I NCT00813943, Glioblastoma
NCT00093964, NCT00689221
Phase I NCT03069989, NCT02612051 Idiopathic Pulmonary Fibrosis
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molecule inhibitor Prostatic Neoplasm
Pancreatic Neoplasm
VS-6063 Small Phase I NCTO01778803 Ovarian Cancer
molecule inhibitor
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molecule inhibitor Malignancies
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Values higher than the cutoff point were defined as “High”, and the others were defined as “Low”.





OPS/images/fimmu.2024.1430136/table3.jpg
RUNX2+ CD8+RUNX2+ CD103+CD8+RUNX2+

Clinical parameters Cases

Low High 2 Low High 2 low High »* P

Male 43 25 18 3.259 0.071 36 7 1.831 0.176 34 9 0328 0.567
Gender i

Female 46 35 11 33 13 34 12

<65 45 27 18 2279 0.131 34 11 0.203 0.652 34 11 | 0036 0.849
Age

>65 44 33 11 35 9 34 10

I 55 39 16 0.800 0.371 42 13 0.112 0.738 43 12 | 0252 0.615
Grade

-1V 34 21 13 27 7 25 9.

I-IT 54 34 20 1.239 0.266 38 16 4.038 0.044 37 17 | 4737  0.030
AJCC

II-1v 35 26 9 31 4 31 4

<53 cm 45 31 14 0.090 0.764 36 9 0.319 0.572 37 8 1709  0.191
Tumor size

>5.3 cm 44 29 15 33 11 31 13

Ty 9 5 4 0.641 0.423 6 3 0.678 0.410 7 2 0010 0918
i T

Tsa 80 55 25 63 17 61 19

No 56 35 21 1.661 0.197 39 17 5.390 0.020 39 17 | 3.830  0.050
N

Nis 33 25 8 30 3 29 4
M M, 84 58 26 1.813 0.178 66 18 0.934 0.334 63 21 | 1.636  0.201

M3 5 2 3 3 2 5 0

Values higher than the cutoff point were defined as “High”, and the others were defined as “Low”. Bold italic signifies P < 0.05.





OPS/images/fimmu.2024.1430136/table4.jpg
RUNX3* CD8*RUNX3* CD103*CD8*RUNX3*

Clinical
paramieters Llow High 2 Low High 2 Low High o

Male 43 29 4 0729 0393 6 37 0616 0433 33 10 0180 | 0.671
Gender

Female 46 27 19 4 42 37 9

<65 45 28 17 0019 089 5 40 0001 0970 33 12 1533 | 0216
Age

>65 44 28 16 5 39 37 7

L1 55 38 17| 2349 0125 4 51 2267 0132 46 9 2130 0144
Grade i

LIV 34 18 16 6 28 24 10

|

L1 54 34 20 0000 0992 4 50 2018 0155 41 13 0608 | 0436
AjcC |

LIV 35 2 13 6 29 29 6

<53 cm 45 29 16 0091 0764 5 40 0001 0970 37 8 0691  0.406
‘Tumor size T

>5.3 cm 44 27 17 5 39 33 11

By 9 5 40233 0629 0 9 1267 0260 7 20005 0946
T |

My 80 51 29 10 70 63 17

No 56 35 21 0011 0915 5 51 0806 0369 43 130313 0576
N

Nis 33 21 12 5 28 27 6
M M, 84 54 30 1193 0275 9 75 0408 | 0523 67 17 1098 | 0295

|
M, 5 2 3 1 4 3 2

Values higher than the cutoff point were defined as “High”, and the others were defined as “Low”.





OPS/images/fimmu.2024.1430136/fimmu-15-1430136-g007.jpg
—_ Macrophage Neutrophil Dendritic Cell

s partial.cor = 0.037 partial.cor =0.24 partial.cor = 0.467 partial.cor =0.401 partial.cor=0.36 partial.cor =0.384
Ne & =4.53901 ° o P=9§2€07 ] e = 3.86e-23 o ©® p=5.2ge-17 °® p=107g-13 e Pp=13pe 18

= ®e p ® o o o2 0% o ° °e o % % o° S

2 " e ° ° ® o

= () o @0 °
5 » °

3 %9 (]

- 09

S84 o d

4

a3 D ® o

g 7% R .

- [ ) [ ] [ ] [ ]

=72 ° ° ° °

2 04 00 02 04 06 00 01 02 03 04 00 01 02 03 01 02 03 03 06 09

Infiltration Level

B Cell CD8+ T Cell CD4+ T Cell Macrophage Neutrophil Dendritic Cell
partial.cor =0.22 partial.corg 0.371 partgal.cor = 0.445 partial.cor&o.?j partial.cor = 0.477 partial.cor 50.479
Oée-

W

s

a

= : op = 8.19-06 o p=1T2e"4 o n=66421 p=9 pe- 3.42¢@4 p=20le-24
o @ o ° 0e® 0 4 ® oo ° ° ® oo o ° ° °

<) o 9o° hd e®0 o > °

= ® e © e o° o °

K] ® ° 2 ° o %

3 A2 . .

c @

2 o’ e

] °

5

s

o

>

=

2 1.00 0.0 0.1 0.2 0.3 04 0.0 0.2 0.4 0.6 0.0 0.1 0.2 0.3 0.4 0.0 0.1 0.2 0.3 0.1 0.2 0.3 0.3 0.6 0.9

Infiltration Level

Neutroph :|Dendrmcceu
partial.cor = 0.145 Partial.cor =0.2y pa#tial.cor = 0.483 partial.cor =0.391 partial.cor #0.482 partial.®@r=0.51

p=3.56e-03 oP =3.21e-0§ o PE721e-25 o 0P =3.03e-16 o o 29.67e-25 4 p3s$87e-28
I XE B

dr

£

N

o

RUNX3 Expression Level (log2 TPM)

00 01 02 03 04 00 01 02 03 01 02 03 03 056 09
Infiltration Level





OPS/images/fimmu.2024.1430136/fimmu-15-1430136-g008.jpg
RUNX1

RUNX2

RUNX3

Act CD8
Tem CD8
Tem CD8
Act CD4
Tem CD4
Tem CD4
Tth

Tgd

Thi

Th17

Th2

Treg

ActB

Imm B
Mem B
NK
CD56bright
CD56dim
MDSC
NKT

Act DC
pDC

iDC
Macrophage
Eosinophil |
Mast
Monocyte
Neutrophil

!

P T W Tt e O Tt I TR T e

pDC

iDC
Macrophage
Eosinophil
Mast

Vacrophage
Eosinophil

o’

Act_CD8_abundance

Act_CD8_abundance

Act_CD8 abundance

COAD (459 samples)

RUNX1_exp
Spearman Correlation Test:
rho =-0.133, p = 0.0042

COAD (459 samples)

RUNX2_exp
Spearman Correlation Test:
rho =0.039, p = 0.401

COAD (459 samples)

©
>
)

0.0 25 5.0

RUNX3_exp
Spearman Correlation Test:
rho = 0.309, p = 1.64e-11

COAD (459 samples)

Tem_CD8_abundance

RUNX1_exp
Spearman Correlation Test:
rho = 0.152, p = 0.00107

COAD (459 samples)

Tcm_CD8_abundance

RUNX2_exp
Spearman Correlation Test:
rho =0.24, p = 2.11e-07

COAD (459 samples)

Tem_CDS8_abundance

0.0 2.5 5.0
RUNX3_exp
Spearman Correlation Test:
rho = 0.355, p = 5.8e-15

COAD (459 samples)

Tem CD8 abundance

RUNX1_exp
Spearman Correlation Test:
rho = 0.203, p = 1.23e-05

COAD (459 samples)

Tem_CD8 abundance

RUNX2_exp
Spearman Correlation Test:
rho =0.36, p = 2.15e-15

COAD (459 samples)

Tem CD8 abundance

0.0 25 5.0
RUNX3_exp
Spearman Correlation Test:
rho = 0.546, p < 2.2e-16





OPS/images/fimmu.2024.1430136/fimmu-15-1430136-g009.jpg
CD8"RUNX2"

O

CD103"CD8*RUNX2"

200

150

100

200 400 600 800

CD8"RUNX1"

o 1 = 0.4048, P < 0.0001

100 200
CD103*CD8"RUNX1*

1000

300

CD8*RUNX3*

m

CD103*CD8*RUNX2"

2000

1500

1000

500

200 400 600 800
CD8"RUNX1"

R =0.4634, P < 0.0001

100 200
CD103*CD8"RUNX1"*

1000

300

CD8+RUNX3+

“

CD103*CD8*RUNX3"

40001 R =0.8548, P <0.0001

0 200 400 600
CD8*RUNX2"

2000 R=0.7783, P<0.0001

°
1500
1000
°
°
500 o0 -
° P® ®

0 50 100 150 200
CD103"CD8"RUNX2*





OPS/images/fimmu.2024.1430136/table1.jpg
CD8*T CD103*CD8*T

Clinical
parameters Low High xz Low i Low High
Male 43 7 36 0.558 0455 35 8 3706 @ 0.054 35 8 0.714 0.398
Gender
Female 46 5 41 29 17 34 12
<65 45 6 39 0.002 0.967 33 120091 0763 35 10 0.003 0.954
Age
>65 44 6 38 31 13 34 10
I 55 4 51 4.760 0.029 40 15 0.048 @ 0.827 42 13 0.112 0.738
Grade i
-1V 34 8 26 24 10 27 7
|
11T 54 5 49 2.100 0.147 37 17 | 0782 | 0377 39 15 2219 0.136
AJCC
1I-1Iv’ 35 7 28 27 8 30 5
|
<53 cm 45 6 39 0.002 0.967 33 12 0.091 @ 0763 37 8 1151 0.283
Tumor size i
>5.3 cm 44 6 38 31 13 32 12
Ty 9 1 8 0.048 0.826 6 3 0136 0712 6 3 0.678 0.410
i 1 |
Tsa 80 11 69 58 22 63 17
No 56 6 50 0.993 0.319 38 18 1228 | 0.268 40 16 3225 0.073
N
Nis 33 6 27 26 7 29 4
M M, 84 11 73 0.193 0.661 60 24 | 0172 0.679 65 19 0.019 0.892
M 5 1 4 4 1 4 ik

Values higher than the cutoff point were defined as “High”, and the others were defined as “Low”. Bold italic signifies P < 0.05.





OPS/images/fimmu.2024.1430136/fimmu-15-1430136-g004.jpg
Percentage of RUNX1" cells (%)

O

Overall survival rate (%)

-
o
o

60

40

20

o

100

80

60

40

20

o

%k 3k %k %k

e

Paracancer Cancer

RUNX1*

P =0.0347
HR: 2.559, 95%CI: 0.7295-8.973

20 40 60
Month after surgery (Months)

80

Percentage of CD8"RUNX1" cells (%)

m

Overall survival rate (%)

-
o
o

(2]
o

(22
o

H
o

N
o

o

100

(=23
o

»
o

F Y
o

N
o

(=]

%k 3%k %k %k

:
¢

;

Paracancer Cancer

CD8*RUNX1*

P =0.0063
HR: 2.773, 95%CI: 1.254-6.135

20 40 60
Month after surgery (Months)

80

Percentage of CD103*CD8"RUNX1" cells (%)

Overall survival rate (%)

-
o
o

(o]
o

(2]
o

H
o

N
o

o

100

]
o

»
o

F Y
(=}

N
o

o

% %k

Paracancer Cancer

CD103*CD8*RUNX1*

P =0.0649
HR: 2.928, 95%CI: 1.249-6.862

20 40 60
Month after surgery (Months)

80

—— Low

—— High





OPS/images/fimmu.2024.1430136/fimmu-15-1430136-g005.jpg
O

B Cg
% % ;\? ns 0 % %
g  E— P  E— S —
> 100 = . 60
i (3} N
T : >
O 80 N 40 =
+ X oD
3, % | = 40
Z 60 z 30 % .
- +
o -4 O
< 40 S 20 ) )
o o
& 5 5 %
o)) (]
© 20 o 10 %)
- (e)] Y
o 8 o
e o S 0 °
ch, Paracancer Cancer % Faracancer Cancer 3 Paracancer Cancer
o o
o
[}
(a
RUNX2" E CD8"RUNX2" F CD103"CD8"RUNX2"
__100 __100 __100
S X X
o 80 o 80 o 80
s S s
[ 60 g 60 g 60
: : :
3 40 3 40 3 40
T T T
5 201 P=0.2271 5 204 P=0.0999 5 201 P=0.0752
3 HR: 1.734, 95%Cl: 0.7780-3.864 3 HR: 2.629, 95%Cl: 1.097-6.302 3 HR: 2.827, 95%Cl: 1.198-6.672
0 0 0
0 20 40 60 80 0 20 40 60 80 0 20 40 60

Month after surgery (Months) Month after surgery (Months) Month after surgery (Months)

—— Low
—— High

80





OPS/images/fimmu.2024.1430136/fimmu-15-1430136-g006.jpg
-
(=
o

60

40

N
o

Percentage of RUNX3" cells (%)
o

O

100

80

60

40

20

Overall survival rate (%)

o

Paracancer Cancer

RUNX3"

P =0.1955
HR: 0.6113, 95%ClI: 0.2789-1.340

20 40 60
Month after surgery (Months)

-
N L (=2 =] (=
o o o o o

Percentage of CD8"RUNX3" cells (%)
o

m

80

100

80

60

40

20

Overall survival rate (%)

o

Paracancer Cancer

CD8*RUNX3"

P =0.0004
HR: 4.112, 95%CI: 1.011-16.72

20 40 60
Month after surgery (Months)

80

150

100

(4}
o

Percentage of CD103*CD8*RUNX3" cells (%)
o

100

80

60

40

20

Overall survival rate (%)

(=]

ns

Paracancer Cancer

CD103*CD8"RUNX3*

P=0.0134
HR: 8.202, 95%CI: 3.364-20.00

20 40 60
Monthaftersurgery(Months)

80

—— Low
—— High





OPS/images/fimmu.2025.1533857/fimmu-16-1533857-g002.jpg
CT26/B16 Tumor
5.0x10° or 2.0x10%cells /mouse
s.C

— DAC 0.2mg/kg/mosue i.p.

— DOX 5mg/kg/mosue i.p.

BALB/c — 5-FU 25mg/kg/mosue i.p.
or D18
C57BL/6j
6-8W DO D5 D7 D9 D11 D13
Harvest
Tumor, Spleen, TdLN
D18
D5 -
Do D11 .R
D18
DO D5 D7 D9 D11 D13
B
- PBS
PBS . . .. 1000 +DAc|*|: i
- =~ DOX | ,
£ 800 . 5y
bAC @ @ @ @ - .
£
5
°
DoX PN & e - 5"
E 200 l
2
5FU g am s IR 0
[ 5 10 15 20
M Days post inoculation
C CT26 Tumor D .
lymphocytes singlets CD45
"1 -+, 589 8
1 +
[0 2 ©
& ‘ =)
& Singlets "1 O s
994 | 2
o
O
Z X
S\ggl:ls W 400

N of CD45" cells
2

per g tumor(x10°4)
n
]

Singlets
99.1

Gated on CD45* cells

PBS DAC DOX 5-FU
© m’ 't
(S ; ‘ 1340 o ‘ 1856| 215
O : :
F 7
25 504
O = &
[RTE -y
+ w O
& 10 Q E 5l
o o2
X 5 l 0 2404
z3
o
0 0
> O SF S O gF
KX QO bf( A L (of<

CT26 Tumor
Gated on CD45*CD8* Tcells
PBS DAC DOX
i
Zz
=
o]
T
w
P4
l_ 10’
» 60 20
=
F 15- 4
8 40
p 10-
> N
E 20- 5
ES i o
S O SF
KK P K
Gated on CD45* CD8* i
== Isotype ™
— PBS §>
m— DAC b
== poX -
—5.FU

TNF-a MFI






OPS/images/fimmu.2025.1533857/fimmu-16-1533857-g001.jpg
Higher | apels
B_cell
Endothelial_cells

Pre-B cell CD34-

HSC_G-CSF Epithelial_cells
Monocyte

Macrophage

Pro-B cell GD34+ T_cells

8{‘,’,‘8 Tissue_stem_cells

BM & Prog.
Erythroblast
MEP
Platelets
BM

Bro-Myalooyt
ro—Myelocyte
Neutro);/)hils Lower
Myelocyte
Endothelial cells
Fibroblasts
Tissuestem cells
Smooth muscle cells
Chondrocytes
Osteoblasts
Neurons

S
MSC |
Epithelial cells
Keratinocytes
Hepatocytes
Embryonic stem cells
Gametocytes
Astrocyte
Neuroépithelial cell

TIL-Cell Subsets

!’.‘. .

¥ 35} » CD8*Tcells
.

® Other Tcells

CD8A cDsB CX3CR1

So=aNN
ocwowow

o = N W

umap_1

HAVCR2

o = N W






OPS/images/fimmu.2025.1533857/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2025.1537398/M1.jpg
Relative Peak Area =

‘Sample Raw Quantitation Value
4( ‘Sample Metabolite Quantitation Values | )

TSample] fte Quantiation





OPS/images/fimmu.2025.1537398/fimmu-16-1537398-g005.jpg
(A)
37C 39C SF S DMSO S-AG-R PPP1CC
-40kDa
ns

PPPICC v e s o s ——
- -30kDa *
1 * %

*k ok [ 1
I 1

3x107 ns
1
2x107
1%107
0
(B) 37C 39C S Re DMSO Rg3

- ns

Stain-free gel
(total protein)

Relative expression

1x108 [ 11 *
8 e 2 8x107
e | 6x107
: : | | 4x107
Stain-free gel F e | 2x107
(total protein) ‘ ‘ :
- 0

(C) 37C 39C S DMSO Re Rg3 JNK

Relative expression

— ns ok []

Stain-free gel M
total protein)
(total protein) | &5 l:’l llll





OPS/images/fimmu.2025.1537398/fimmu-16-1537398-g004.jpg
PC2 (14.14%)

(E)

204 1)8 (B) KEGG pathway annotation
ot
f .1 e yotes
A 11 class ol growi and deain
L) .1 o Environmental Information Processing
o ~@-Ginsenoside Re S rsascion "
104 e
~@-Schizandrin A $e028c formation Proosesing
Pebing et et
~#-Ginsenoside Rg3 Human Diseases
01 oz -&-DMSO
'g§7 -2-QC
- q‘|b3 &37C e ntraton s e
-199 P Metaboliem o terpenoids and polyketides
&3¢ e
ety
& S-F gy et
Blosyniness of ciher secendary metaboites
s LT
e
s oo
vy o
Dgssave syt
-20 0 20 40 . A A z T
0,
PC1 (3035/") Number of Metabolites
Enriched GO Terms
(Shengmai Injection.vs.39C) - ( F )
g .
5
£ g
5 EH
8P cc M
Enriched GO Terms
(Ginsenoside Rg3vs.39°C)
5 1
8 g
] 5 U
s &
=) e
g £
H H
° P e e e s e s PR s R RO ¢ PR & °
T E T Tiedididssdiddisdiissiiiisssd
R T 88 S S S IS S P
T T 8 S e/ 8 888888858788 5¢78
NS @é@@ SESEESFs e ) ) S S SFEEESTSFsse
SEFLEIFES 8 85T/ I/ FEESESIgEEs °8Eee
FTTETEET F S50/ 8/ F875585888 T45%
F& FE5Fe f § & E))5))FEFEEIT § 58
S Y 8 &S & g & £ ¢ $§
F& & &F § I /)¢ 7§ $55¢ &
BP cc MF

(YNY)EBY UID.

(©)

20

PC2 (14.49%)

Shengmai Injection_3
[ )

‘Shengmai Injection_2
[ ]

(VNMEwBUBYS

(oscihewbusus

Groups.
® omo
® o
e
‘Shengmai Injection_1 oc
[ ...
® injecion
2
Ginsenoside Rg3_2
Ginsenoside Rg3_1
Ginsenoside Rg3 3
> 1
10 0 10
PC1(20.36%)
Group
Major pathway of rRNA processing in the nucleolus and cytosol Proteome
Hematoma Resolution Signaling Pathway RNAS
Regulation of mitatic cell cycle 2 -Seq
Complex | biogenesis
Mitochondrial protein import 0
Eukaryoic Translation Termination 2

Eukaryoic Translation Elongation
Response of EIF2AK4 (GCN2) to amino acid deficiency
Eukaryotic Translation nitiation

Ribosomal Quality Control Signaling Pathway
Nonsense-Mediated Decay (NMD)

Selenoarmino acid metabolism

Oxidative Phosphorylation

Respiratory electron transport

SRP-dependent cotranslational protein targeting to membrane
Mitochondrial transiation

Complex IV assembly

Intra-Golgi and retrograde Golgi-to-ER traffic
Glycerophospholipid biosynthesi

‘Transport of bile salts and organic acids, metal ions and amine compounds
Class | MHC mediated antigen processing and presentation
Mitotic Prometaphase

Cyclophilin Signaling Pathway

Generic Transcription Pathway

Metabolism of water-soluble vitamins and cofactors
‘Transport of vitamins, nucleosides, and related molecules
TP53 Regulates Metabolic Genes.

Phase Il - Conjugation of compounds

Sulfur amino acid metabolism

Immunoregulatory interactions between a Lymphoid and a non-Lymphoid cell
Neutrophil Extracellular Trap Signaling Pathway

Cell Cycle Checkpoints

Mitotic Metaphase and Anaphase.

Neutrophil degranulation

Mitotic G2-G2/M phases

Histone Modification Signaling Pathway

Nuclear Cytoskeleton Signaling Pathway

Chromatin organization

Chronic Myeloid Leuk ignaling

‘Transcriptional regulation by RUNX3

RHO GTPase cycle

Cardiac Hypertrophy Signaling (Enhanced)

Pulmonary Fibrosis Idiopathic Signaling Pathway
Ribonucleatide Reductase Signaling Pathway
Mitochondrial Dysfunction

Granzyme A Signaling

Synaptogenesis Signaling Pathway

Virus Entry via Endocytic Pathways

Human Embryonic Stem Cell Pluripotency

Sertoli Cell-Sertoli Cell Junction Signaling

‘Thrombin Signaling

Natural Killer Cell Signaling

Serotonin Receplor Signaling

Renin-Angiotensin Signaling

GNRH Signaling

RANK Signaling in Osteoclasts

IL-8 Signaling

Pancreatic Secretion Signaling Pathway

Costimulation by the CD28 family

Leukocyte Extravasation Signaling

Insulin Secretion Signaiing Pathway

Netrin Signaling

Myelination Signaling Pathway

Eicosanoid Signaling

ERKIMAPK Signaling

Hepatic Fibrosis Signaling Pathway

Gag Signaling

{RNA Charging

Glioblastoma Multforme Signaling

Melatonin Signaling

‘Transport of inorganic cations/anions and amino acidsloligopeptides
Senescence Pathway

Parkinson's Signaling Pathway

Opioid Signaling Pathway

~ Roleof Tissue Factor in Cancer

(0xg)eby uo

P2Y Purinergic Receptor





OPS/images/fimmu.2025.1537398/fimmu-16-1537398-g003.jpg
(®)

E—

(E)

(G)

Frutinone A

P ———
prmsliasrid
ek o oo SR e
vt
s sarng e
o S
e S ey
oo e Py bt
eSSy et
vt otk i
o ety S )
oot Srar
[ty
oo i et e
Aoeraaorioeion
oo
e o e e
e e
ks
oo
i
[t
et oo
ey Y
o e s
[
[
i
et TS
e
e seaatoay e
e e oo s s s
[ e
[esesos
e
[asbpesdaliite
s don oot
o
[
=) Grstoe formtion
o compenbogeness.
e

RHO GTPase cycle | B
Pulmonary Fibrosis Idiopathic Signaling Pathway

Ribonucleotide Reductase Signaling Pathway 4
Cardiac Hyperirophy Signaling (Enhanced)

Pancreatic Secretion Signaling Pathway 2
Parkinson's Signaling Pathway

Mitochondrial Dysfunction 0

IL-33 Signaling Pathway
‘ Natural Killr Cell Signaling
HER-2 Signaling in Breast Cancer
| Renin-Angiotensin Signaling

| FGF Signaling

| RANK Signaling in Osteoclasts
| EGF Signaling
| PIP3 acivales AKT signaling
| HGF Signaling

| Signaling by MET

| IL6 Signaling
GPERT signaling
| Gag Signaling

| NGF Signaling
| Signaling by ERBB2
Cardiac Hypertrophy Signaling
| IL-8 Signaling
| Senescence Pathway
| GNRH Signaling
| Signaing by VEGF
| Apelin Endothelial Signaling Pathway
| Eicosanoid Signaling
Si

nt and Pigmentation Signaling
Mitochondrial protein import
Regulation of mitatic cell cycle
Maturation of TCA enzymes and regulation of TCA cycle
Hematoma Resolution Signaling Pathway
Selenoamino acid metabolism
Complex | biogenesis
'SRP-dependent cotranslational protein targeting to membrane
Eukaryotic Translation Elongation
Eukaryotic Translation Termination
Eukaryotic Translation Initiation
Nonsense-Mediated Decay (NMD)
Ribosomal Quality Control Signaling Pathway
Complex IV assembly
tive Phosphorylation
Respiratory electron transport
Mitochondrial translation
Response of EIF2AK4 (GCN2) to amino acid deficiency

PO

S i st g o e
oo L (e ke

e e

Sl s Suins
By
o e o s

SR,
e
ey i sgraca

[Eap—

NRF2-mediated Oxidatve Siress Response
VEGF Signaling

Oxidative Stross Induced Senescence
Mitochondral RNA degradation

HER-2 Signaling i Breast Cancer
Huntinglon's Disease Signaling
Extra-nuciar estrogen signaing
Prostate Cancer Signaling

Signaling by ERBB2

Welanoma Signaing

Renal Cal Carcinoma Signaling
Oncogene Induced Senescence.
Signaling by NTRK (TRKA)
Mitochonial Dystuncton

RHO GTPase cyclo

Chronic Myeloid Leukemia Signaiing
Parkinson's Signeling Pathwey

Coluiar response o hypoxia
Regulation of RUNX2 expression and aciiviy
Microautophagy Signaling Pathway
ABC-family proteins mediaed ransport
Signaling by ROBO receptors

PTEN Reguiation

Hedgehog ligand biogenesis
Degradation o beta-catenin by the destructon complex
Hedgehog off state

Intereukin-1 family signaiing
NK=>noncanonical NF-K8 signaiing
TNFRZ non-canonical NF-48 pathway
Roguation of Apoptosis

Somitogenesis
_ Mitochondrial protein import

S Selenoamino acid metabolism

Mitochondral protin degradation
Hematoma Resoluion Signaling Pattay

Citic acd cycle (TCA cycle)

S Phase

Cytoprotacton by HMOX1

Maturation of TCA enzymes and regulaton of TCA cycle
Formation of ATP by chemiosmolic coupling

Oxidative Phosphorylaion

Rospiralory elocion transport

Ribosomal Qualty Control Signaling Pathway

Response of EIF2AKA (GCN2) to amino acid deficiency
Eukaryolc Translaon Elongation

Eukaryotc Translation Termination

SRP-dependont cotransiaional protein targetng o mermbrane.
i Regulation of mitotic cell cycle.
. Eukaryotic Translation Inilation

Miochondral ransiation

Complex IV assembly

e Nosense-Mediated Decay (NMD)

Isoimperatorin ‘Sehizandrin A

(F) E:

1 RHO GTPase oycle
Histone Modmﬂnn Signaling Pathway

g 6
S IFWIETG'PPmatn B
ng Term Potentiation
T Bt o e e
Senescence Battway 2
BIES See AR Sanaing
Slariaing by MET i
Ecsandd Sianating
Rolo of NFAT h Cartiac Hypertrophy

Signai 2
%mc Wb Lougemia Saling
Shrotonin oA 4
N ethin Signal
= 55 péing " > -

S
nding n et

i
o cmfs\g L Sl
O S gy e end Fiamentetion Sianatng

Fiochondnal Dystunction
Papealc Setion naing Pauay
Eannsors Senain lihwe)

rhanced)
Bl R brods et Signaing Fatnuay

Sty
Thrombiy ﬂ\?nall 5]
esponse oFET DAk (SCND) o amind acidceficency

s lc Trenslaton ferminaion

‘SkPJopondont catransiational protein targeting to membrane

Elkaryoto Transiation intiaton

Eukaryoic Translation Elongation

Ronsanse-Mediated nec.y?umm

Oxdaive Phosphonyation

Respratory cleciron trang

Ribosomal Guaity Contro

Hitochonial ransiaton

Complex IV assembly

Soleoaming acid métabolism

Mitochondna protein i

Recaton nlm\(m'g,:el ofcle
iar osponss fa

Grstae formmation 0

HER-
Carcias 1y
Natural

Sinaiing Pathway

Che ind reguiation of TCA
Hematoma Resoluton Sgnaing Patmay e

uokieqo

uBnywoIAs0onB-0-wiig

il Qne Mo
: J . ncrearg
T — llac, V‘%
.
:

mauu
hy Signaling

oo
I X i fe clase Signaling Patway
I T %%yg)ﬂ“ "‘ﬂ Lsukemla &

ing Pathway

Swj T8,

1na

wng (Enhanced)

ignaling

‘%’F""
gnaling

‘ |ul insin Signaling
EIEpmenl and Pigmentation Signaling

ln% Pathway

'%e Iﬁﬂ Breast Cancer
é'g ||a|s nai%%

ivation
«snmancn

mc on
?ao il
no transy

P 8bnaiing Paty
sa.’c‘m" fGnaiing Pathway

e eﬁeaﬂganu biogenesis
ﬁ‘ﬁiﬁ\u ys'?ﬂlcal NFB pathway

il fIE e

um IS R/ 55sam
auunu m| vcoeﬂ

le

"fmnsa.m m.n ]
il rans Ioﬂ‘a o mn
IMD)
nsene cmg )

Cv;ans lation Ini

o |ram

sudieooydos
suISIAD
QumewAxO

uidieooydosix0
SuISIAOIRUIBN-N

B Mitochondrial protein import 6
———— Regulation of mitotic cell cycle:
S I I— R Complex | biogenesis 4
S Maturation of TCA enzymes and regulation of TCA cycle 3
S I I S PTEN Reguiation

| IS S S Ribosomal Quality Control Signaling Pathway 0
| IS S E Oxidative Phosphorylation

| I S S Mitochondrial translation 2
| I E B Respiratory electron transport
| [ Selenoamino acid metabolism -4
 Nonsense-Mediated Decay (NMD)
' SRP-dependent cotranslational protein targeting to membrane | -6

' Eukaryolc Translation Intation
 Response of EIF2AK4 (GON2) to amino acid deficiency
Eukaryotc Translation Elongation
~ Eukaryolio Translaton Termination
Prostats Cancer Signaling
Serotonin Receptor Signaling
Signalng by VEGF
HER-2 Signaling n Breast Cancer
L8 Signaling
Gardiac Hypertrophy Signaling
i Mitochondrial Dysfunction
Natural Killer Cell Signaling
Renin-Angiotensin Signaling
Thrombin Signaling
Melanocyte Development and Pigmentation Signaling
Acetylcholine Receptor Signaling Pathway
Ribonucleotide Reductase Signaling Pathway
Role of NFAT in Cardiac Hypertrophy
RANK Signaling n Osteociasts
GNRH Signaing
NGF Signai
HGF Signaiing

FGF Signaling
Histone Modification Signaling Pathway
Docosahexaenoic Acid (DHA) Signaling
Synapic Long Term Pofentiation
Chronic Myeloid Leukenia Signaling
Senescence Pathway

Gag Signaling

PIP3 activates AKT signaling
Eicosanoid Signaling

Parkinson's Signaiing Pathway

RHO GTPase cycle

Cardiac Hypertrophy Signaling (Enhanced)
Pulmonary Fibrosis idiopathic Signaling Pathway
Pancrealic Secretion Signaling Patway

—

(I I) GomisinB  Schisandrol A GSophoranol  Schisandrol B

Sum of Absolute Values

1000

500

Golumn
Gomisin®
Schissndin
Schisandrl B
Sophoranct

M sec

M e

oo

s

B Fimoce

B Lot

Lobetyoln

B oveon

B auiitgenn

B Fuinoen

[ —

Cytsinlne

[ [——

[ —

o N & o

'7" )g‘;rfaf anwaﬂon of TCA cycle

id defi
2)t0 aming acid deficiency

oxysophocarpine

[ oomaume

| pe—,

| [—.
| p—

[ Pe——

1 Grserosito g1

| J—

I Grsoosie e

Wesve

[ [O—

[ p——

[0 insenoside Remt
J———
Gancido s
Shengra rosion
Stan  focton

mEBTOO DL ES L <2202 <E5Y3 8BSy 2 £ &
;gg%sgszgzgg ffEiffigialBpet iRl
E3F 2 Srl383fEcEs e eeeeg38g8asstt
§i3z aEE3 it ittt i s
B 5@ &3 Tso35880555§55:38 8& ¢ =
@ § 333 3233833585 £333882%

g = & 6566 ° § o0 la

Column =





OPS/images/fimmu.2025.1537398/fimmu-16-1537398-g002.jpg
Yyzipe

(©)

23
22

21

Phase Area Confluence Normalized to 0d4hOm

(E)

Yzipo

Y4opt

B Jurkat
@ Astragaloside | 40 yM
Ononin3uM

@ Calycosin-7-O-beta-D-glucoside 25 WM
© GinsenosideRg332uM

@ Formononetin 40y

- Cycloastragenol Oy

- GinsenosideRc20uM

@ GinsenosideRd 50 M

@ Calycosin 50pM

15

Phase Area Confluence Normalized to 0d12hOm

Mean vs Time

18

21 24 b1 30 3 * 39
Time (Hours)

Analysis

Green Object Count Per Well Normalized to 0d10hOm

©

)

~

o

3}

S

w

N

T
©

(F)

19

18

17

16

15

14

13

12

W Jurkat
@ shengmai Injection
@ Shenqi Fuzheng Injection
@ Kanglaite Injection

B okt

15

2 @ GinsenosideRb1 20 M
GinsenosideRb2 104M
19 | @ GinsenosideRb340uM

Phase Area Confluence Normalized to 0d4hOm

1 [
09
% o
@ Kss2
@ K862+37°Clurkat
@ K562+39'Curkat

- ShenaiFuzhenglnjection 20u
Ks52+Jurkat

[ ShendiFuzheng jection 20u
Keg2+lurkat

GinsenosideRg332uM
A seasdurkat

4 GinsenosideRb1 40uM
K562+ Jurkat

GinsenosideRe8 M
K862+Jurkat

Schizandrin A5 M
K562+Jurkat

A
A

DMSO 2 ul
- kse2-urkat

@ GinsenosideRg1 104
@ GinsenosideRe 8 M
@ GinsenosideRT10yM
- Gomisin B(Schisantherin B) 40 M

Injection - Mean vs Time

20 25 30 38 40 45 50 55
Time (Hours)

Mean vs Time

10 15 20 2% £ 3% 4 4 50 55

Time (Hours)

Jurkat+K562 - Mean vs Time

12

15 18 2 2 27 30 3 % 39
Time (Hours)





OPS/images/fimmu.2025.1537398/fimmu-16-1537398-g001.jpg
(A)

Coronavirus Pathogenesis Pathway

S{Inagtogenesm Signaling Pathway

SUMOylation of DNA damage resgonse and repair proteins
Cell Cycle: G2/M DNA Damage Checkpoint Regulation
Granzyme A Signaling

Sirtuin Signaling Pathway

Parkinson's Signaling Pathway

Cachexia Signaling Pathway

Neurotrophin/TRK Ségnallng

HER-2 Signaling in Breast Cancer

Mitochondrial IZ()‘ysfunclion

NRF2-mediated Oxidative Stress Response

Transcriptional regulation by RUNX1 '

Oxidative Phosphorylation ~
Hematoma Resolution Signaling Pathway . .
Immunoregulatory interactions between a Lymphoid and a non-Lymphoid cell

Respirator%.electron' transport
Complex | biogenesis .
MHC class Il antigen presentation
ISG15 antiviral mechanism
Xenobiotic Metabolism CAR Signaling Pathway
Clathrin-mediated endocytosis X
Rﬁ%llanon of TP53 Activity through Phosphorylation
RHO GTPases Activate Formins
Glucose metabolism EMRy
Immunogenic Cell Death Signaling Pathway
= Auto he:"‘gny ) ) 5
HSP! aperone cycle for steroid hormone receptors in the presence of ligand
Cilium Assembly ~ °
Chromatin organization
MicroRNA Biogenesis Signaling Pathway
Mitotic Prometaphase _—
Ribosomal Quality Control Signallng I?athwgav .
L Response of EIF2ZAK4 (GCN: z_lo amino acid deficiency
: Eukaryotic Translation Elongation
= Selendamino acid metabolism
Eukaryotic Translation Initiation |
Eukaryotic Translation Termination
Majgr athway of rRNA processing in the nucleolus and cytosol
‘SRP-dependent cotrans| aﬁor;\‘a’!n%rotein targeting to membrane

)

51 L

Nonsense-Mediated Decay
Regulation of mitotic cell cycle
Synthesis of DNA
itochondrial translation

e =——— FIF? Signaling )
EE—— Neutrophil degranulation

Mitotic Metaphase and Anaphase

Nucleotide Excision Repair
.~ CeliCycle Checkpoints
Peroxisomal protein import
Mitotic G2-G2/M phases ’
Costimulation by the CD28 family
Senescence-Associated Secretory Phenotype (SASP)
I(\:ﬁy(osollc sensors of pathogen-associated DNA

itochondrial protein |mé)u .

1 Intra-Golgi and retrograde Golgi-to-ER traffic
Regulation of TP53 Expression and Degradation
Aggrephagy
H Fanconi Anemia Pathway
Asparagine N-linked glycosylation
DNA Damage Bypass
Complex IV assembly

(©)

@ Jurkat39C crange [ e [ e

@ Jukat3TC

26 @ Jurkat38C
D S B O D IIIIIIIIIII

@ Jurkat40C
ey £ 5058, B AP SIS PP S SN R B,
e i SOy

IR < LA W S S S oS
L
v %

39C/37C 38T/37C 40T/37C

C)

Phase Area Per Well Normalized to 0d0hOm

AN oy SITEHLS SN 9 P S
‘ Vo7 e Al s et
& Y ¢ o
s < S P
0 5 0 5 2 % 2 5 o s 50 s & o @f‘ p N & 4 f
Time (Hours) @f o i ‘?@
& 38 f"
.
P
e B e Bl e E e o Bl e B e

T T
y .. = Ay
LT S S SRR S ok, e g
SLESEG T TGS G G BT G RSy PN
VA D S L AR G B Sh g S A I
p - FE A SE & ﬁ S °f;ﬁ N &
y” s &Iy S S \f‘:;gf P
y‘f ’ Kt s‘ﬁ w;‘f‘;; i <
& o &





OPS/images/fimmu.2024.1492323/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2024.1492323/fimmu-15-1492323-g001.jpg
a

M1 Macrop

e" frc o ___ Tumor Regression

oSN 2 | DSPE-PEG2000
~IMEK
®iCSFIR

Cancer Cell

M2 Macrophages M1 Macrophages

Colony-Stimulating
& Factor 1 Receptor
CSF-1R

Extracellular

Extracellular

Intracellular Intracellular

Receptor Tyrosine
Kinases (RTKs)

1

Survival, Growth, Pro-Tumor Factors

Pro-Inflammatory Factors
Increased Phagocytosis, Tumor Growth Inhibition

Vehicle BL7+SEL . C

z 31 wxer

O ’

2 . L mm DSNs

= T

@ € 2 BN BLZ+SEL

3 : g

O SELSNP BLZ-SNP___ BLZ-SNP+SEL-SNP = ,E|

: li

[ =1

2 0 e &

S S &

KN N3 %QQQ \QQQ \QQ

Vehicle BLZ + SEL

BLZ-SNP SEL-SNP

BLZ-SNP + SEL-SNP






OPS/images/fimmu.2024.1448485/table2.jpg
Adverse event Any grade Grade >3

Hematologic, n (%)

Decrease in neutrophil count 12 (40.0) 4 (13.3)
Decrease in platelet count 12 (40.0) 2 (6.7)
Anemia 6 (20.0) 4(13.3)
Decrease in white blood cell count 5(16.7) 1(3.3)

Nonhematologic, n (%)

Nausea 16 (53.3) 0
Decreased appetite 15 (50.0) 1(3.3)
Vomiting 5(16.7) 1(3.3)
ncrease in alanine 5(16.7) 0

aminotransferase level

ncrease in aspartate 5(16.7) 0
aminotransferase level

Fatigue 5(16.7) 0

Diarrhea 3 (10.0) 0
Other, n (%)

Angioma 10 (33.3) 1(3.3)
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Characteristic Value

Median age, y (53-81) 67.5 (53-81)

Sex, n (%)

Male 20 (66.7)

Female 10 (33.3)

ECOG (screening phase), n (%)

1 22 (733)

2 8 (26.7)
Primary location, n (%)

Gastric 24 (80.0)

Gastroesophageal junction 6 (20.0)

History of surgery, n (%)

Yes 14 (46.7)

No 16 (53.3)

Disease state, n (%)

Metastasis 28 (93.3)
Local progression/recurrence 2 (6.7)
Liver metastasis 14 (46.7)

PD-L1 CPS, n (%)

<1 5 (16.7)
>1 17 (56.7)
Unknown 8 (26.7)

CPS, comprehensive positive score; ECOG, Eastern Cooperative Oncology Group; PD-L1,
programmed death ligand 1.
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Date of approval

Drugs'/

biosimilars’ name

Treatment strategy

Breast cancer subtypes

Trial information

Oct-2024

Sep-2024

Nov-2023

Feb-2023

Jan-2023

Aug-2022

May-2022

March-2022

Oct-2021

July-2021

April-2021

Dec-2020

June-2020

April-2020

Feb-2020

May-2019

May-2019

March-2019

Oct-2018

Jan-2018

Dec-2017

Dec-2017

Sep-2017

July-2017

Inavolisib (Itovebi, Genentech, Inc)
Ribociclib (Kisqali, Novartis
Pharmaceuticals Corporation)

Capivasertib (Truqap,
AstraZeneca Pharmaceuticals)

Sacituzumab govitecan-hziy
(Trodelvy, Gilead Sciences, Inc)

Elacestrant (Orserdu, Stemline
Therapeutics, Inc)

Enhertu (fam-trastuzumab
deruxtecan-nxki)

Enhertu (fam-trastuzumab
deruxtecan-nxki)

Olaparib (Lynparza, AstraZeneca
Pharmaceuticals, LP)

Abemaciclib (Verzenio, Eli Lilly
and Company)

Pembrolizumab (brand
name Keytruda)

Sacituzumab govitecan-hziy
(Trodelvy, Immunomedics Inc)

Margetuximab-cmkb
(MARGENZA, MacroGenics)

PHESGO (Genentech, Inc)

TUKYSA (Seattle Genetics, Inc)

Neratinib (NERLYNX, Puma
Biotechnology, Inc)

PIQRAY® (alpelisib)

Ado-trastuzumab emtansine
(KADCYLA, Genentech, Inc)

Atezolizumab (TECENTRIQ,
Genentech Inc)

Talazoparib (TALZENNA,
Pfizer Inc)

Olaparib tablets (Lynparza,
AstraZeneca Pharmaceuticals LP)

Pertuzumab (PERJETA,
Genentech, Inc)

OGIVRI® (trastuzumab-dkst)

Abemaciclib (VERZENIO, Eli Lilly
and Company)

Neratinib (NERLYNX, Puma
Biotechnology, Inc)

Combined with palbociclib
and fulvestrant

Combined with an aromatase
inhibitor for the adjuvant treatment

Combined with fulvestrant

Adjuvant treatment

Combined with tamoxifen or an
aromatase inhibitor for
adjuvant treatment

Combined with chemotherapy as
neoadjuvant treatment

Combined with chemotherapy

Neoadjuvant treatment

Combined with trastuzumab
and capecitabine

Combined with capecitabine

Combined with fulvestrant

Adjuvant treatment

Combined with paclitaxel
protein-bound

Combined with trastuzumab and
chemotherapy as adjuvant treatment

Combined with fulvestrant

Adjuvant treatment

HR', HER2, locally advanced or
metastatic breast cancer

HR', HER2" stage II and III early
breast cancer

HR', HER2" locally advanced or
metastatic breast cancer

HR', HER2" (IHC 0, IHC 1" or
THC 2°/ISH’) breast cancer

ER’, HER2', ESRI-mutated
advanced or metastatic
breast cancer

HER2-low breast cancer

HER2" breast cancer

HER2" high-risk early
breast cancer

HR', HER2', node-positive, early
breast cancer

High-risk, early-stage, TNBC

Advanced or metastatic TNBC

Metastatic HER2" breast cancer

HER2" breast cancer

HER2" breast cancer

HER2" breast cancer

HR', HER2', PIK3CA-mutated
advanced or metastatic
breast cancer

HER2" early breast cancer

Unresectable locally advanced or
metastatic TNBC with PD-
L1 expression

Deleterious or suspected
deleterious germline BRCA-
mutated, HER2" locally advanced
or metastatic breast cancer

Deleterious or suspected
deleterious germline BRCA-
mutated, HER2™ metastatic
breast cancer

HER2" early breast cancer

HER2" breast cancer

HR', HER2" advanced or
metastatic breast cancer

Early stage HER2-overexpressed/
amplified breast cancer

HR, hormone receptor; HER2, human epidermal growth-factor receptor 2; ER, estrogen receptor; TNBC, triple-negative breast cancer.

INAVOI120
(NCT04191499)

NATALEE
(NCT03701334)

CAPItello-
291 (NCT04305496)

TROPiCS-
02 (NCT03901339)

EMERALD
(NCT03778931)

DESTINY-Breast04

DESTINY-Breast03

OlympiA
(NCT02032823)

MonarchE
(NCT03155997)

KEYNOTE-522

ASCENT
(NCT02574455)

SOPHIA
(NCT02492711)

FeDeriCa
(NCT03493854)

HER2CLIMB
trial (NCT02614794)

NALA (NCT01808573)

SOLAR-
1 (NCT02437318)

KATHERINE
(NCT01772472)

IMpassion130
(NCT02425891)

EMBRACA
(NCT01945775)

OlympiAD
(NCT02000622)

APHINITY
(NCT01358877)

Comparisons
of Herceptin

MONARCH 2

ExteNET
trial (NCT00878709)
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Biomaterial types

Effective
composition of
the biomaterial

Biomaterial target

References

Supramolecular self-assembly
nanoparticle
(liposome nanoparticle)

Supramolecular self-assembly
nanoparticle
(liposome nanoparticle)

Liposomal nanoparticle

Biomineralized CaCOj silk
fibroin hydrogel

Albumin nanoparticle

CePO,/CS/GO scaffold made of
graphene oxide (GO)
nanoparticles, hydrated CePO,
nanorods and bioactive

chitosan (CS)

Macrophage membrane
coating-nanoparticle

SHP2 inhibitors (SHP099),
amphiphilic CSF1R-inhibitor

Amphiphilic MEK-inhibitor and
CSF1R-inhibitor

cGAMP

4T1-dendritic fusion cells’
membrane proteins, CaCOs

PI3Ky inhibitor (IPI-549),
paclitaxel (PTX)

GO, CePO4, CS

Emtansine, macrophage membrane

M2 macrophages

M2 macrophages

M2 macrophages

Dendritic cells, T cells,
M2 macrophages

M2 macrophages

M2 macrophages

Cancer cells

« Simultaneously inhibit CSF1IR
and SHP2 pathways

« Repolarize M2 macrophages to
M1 phenotype

« Enhance phagocytic capabilities
« Improve anti-cancer efficacy in
aggressive 4T1 breast cancer
mouse model

« Repolarize M2 macrophages to
M1 phenotype, improve anti-
tumor efficacy

« Repolarize M2 macrophages to
M phenotype

« Increase MHC expression and
CD4" and CD8" T cell infiltration
« Increase IFN-y-producing T cells
« Augment tumor apoptosis and
prevent the formation of
secondary tumors

« Promote the maturation and
activation of dendritic cells and T
cells within the TME

« Increase the pH of TME

« Promote the polarization of M2
macrophages to M1 phenotype

+ Promote the polarization of M2
macrophages to M1 phenotype

« Increase infiltration of CD4" and
CD8" T cells, B cells and dendritic
cells

« Prevent T cell exhaustion

« Promote the polarization of M2
macrophages to M1 phenotype

« Promote blood vessel formation
« Facilitate bone

tissue regeneration

« Inhibit cell viability
« Suppress cancer metastasis

(67)

(68)

(70)

(71)

(73)

(74)

(43)

CSFIR, colony stimulating factor 1 receptor; SHP2, Src homology region 2 (SH2) domain-phosphatase; cGAMP, cyclic [G(3'5)pA(3',5)pl; MHC, major histocompatibility complex; TME,
tumor microenvironment; PI3Ky, phosphatidylinositol 3-kinase Y.
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« Eliminate CAFs in tumors
Ferritin nanoparticles ZnF16Pc, anti-FAP scFv CAFs « Enhance T cell infiltration (81)
« Promote cancer cell death

Navitoclax (an experimental Bcl-2 inhibitor « Show specific targeting ability to induce

H-ferritin (HF CAF: 91
it (HEw) fatiocages pro-apoptotic drug), anti-FAP fragments s CAFs’ apoptosis @
Doxorubicin (DOX), irinotecan (Iri) and « Achieve enhanced drug delivery and promising
Self-assembly nanoparticle paclitaxel (Tax), CAP (containing TGPA Cancer cells antitumor effects by responding to FAP-o. 87)
sequence which can be digested by FAP-0) expressed on the CAFs’ surfaces in tumor
« Improve the intratumoral accumulation and
Losartan-loaded C16- penetration of nanomedicine
F
N hydrogel Losartan Gats « Inhibit the CAFs and collagen I synthesis in o8
orthotopic 4T1 tumors
« Decrease ROS production to deactivate CAFs
— « Improve the stromal microenvironment in
. Puerarin, DSPE-PEG-AEAA CAFs murine TNBC model (95)
emulsion (nanoPue)
« Enhance the chemotherapy efficacy
of paclitaxel
« Reverse the immunosuppressive TME for
PD-L1 siRNA, MMP2, CAFs and TNBC
N: i 9t
anoparticle cholesterol, LY3200882 cancer cells + Suppress breast cancer cdl prolifération ©6)

and metastasis

CAF, cancer-associated fibroblasts; FAP, fibroblast-activation protein; scFv, FAP-specific single chain variable fragment; CAP, cleavable amphiphilic peptide; C16-N, peptide C16-
GNNQQNYKD-OH; DSPE-PEG-AEAA, DSPE-PEG-aminoethyl anis amide; ROS, reactive oxygen species; PD-L1, programmed cell death protein 1; MMP2, matrix metalloproteinase 2.
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HA-coated COS-ATRA Ganicar « Inhibit NF-kB activation

. . DOX, COS-ATRA, HA « Promote MDSCs depletion to inhibit postoperative (104)
micellar nanoparticle cells, MDCSs .
recurrence and lung metastasis of 4T1 breast cancer
« Induce MDSC differentiation and depletion
R]..A/DOX/OLGC ) 0oGC, DOX, a.tumor targeting ¢ VECs, MDSCs . I.mprove: the inflammatory and lmmunos?ppresswe (103)
micellar nanoparticle (RGDIK) peptide microenvironment of the lung and tumor sites
« Improve the anti-tumor immunity
« Induce cytotoxicity effects and immunogenic cell death
« E HEi K cells infiltratic
Folated pH- Docetaxel, NLG919 (IDOI inhibitor), nhance CDS” T cells/NK cellsinfiltration and reduce

Cancer cells MDSCs infiltration (111)
« Reverse the IDO1-mediated immunosuppressive
tumor microenvironment

degradable nanogels Folic acid

« Induce tumor cell apoptosis

Nifuroxazide, DOX, Cathepsin B/pH | Can :
SRR athepsin B/p cer « Reduce MMPs expression (112)

Self-assembly micelles

dual-sensitive block copolymer cells, MDCSs + Decieass MDSC il toH
. « Deplete MDSCs
DTX@VTX rticle MDCSs,
TX@VIX nanoparticle 1 pypy vy 5337 S + Repolarize M2 macrophages to M1 phenotype (113)
with a core/shell structure M2 macrophages ) N
« Increase number of cytotoxic CD8" T cells
« Suppress TAAs
. . CCL2 trap plasmid, protamine, « Increase T cell infiltration
Hiposome panoparticle DSPE-PEG, DSPE-PEG-AEAA Taks « Reduce M2-like macrophages and MDSCs numbers e

in TNBC

MDSC, myeloid-derived suppressor cell; HA, hyaluronic acid; COS-ATRA, chitosan oligosaccharide-all-trans-retinoic-acid; DOX, doxorubicin; VECs, vascular endothelial cells; DTX, Docetaxel;
VX, VTX-2337 or Motolimod; CCL2, C-C Motif Chemokine Ligand 2; DSPE-PEG-AEAA, DSPE-PEG-aminoethyl anis-amide; TAAs, tumor-associated adipocytes; PLG, poly (DL-lactide-
co-glycolide).
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« Activate DCs and induce tumor-
specific T cell responses

References

Mannosylated PLGA nanoparticle PLGA, TCL, poly I:C, mannan DCs « Decrease tuma growth (124)
and metastasis
. ly a highly efficient MR
N-alkyl-PEI2k-LAC/ ) + Supplys highlyieticient
: IDO siRNA DCs imaging platform for sIRNA (133)
SPIO nanocomposites S
transfection into DCs
DNA vaccine, anti- « Transfect with high selectivity
Chitosan-shelled bubbl DC: 136
HOSESHEICERIEDEanE CD1a antibodies . « Induce DC activation (136)
3 tumor-produced 5 <
PLGA-MnO, nanoparticle MnO,, PLGA | « Enhance NK cells’ cytotoxicity (137)
" hydrogen peroxide
« Increase natural killer cell numbers
Acetylated dextran (Ace- : in TME
1 MP-AMP NK cell: 138,
DEX) microparticle eydici el « Result in NK and T cell-dependent | ()
anti-tumor immune response
DOPC-DPPC-IT]PEGZOOO- dGMP, MPLA STING pathway and toll-like « Upregulate APCs and NK cells in (139)
DSPE nanoparticle receptor 4 the blood and tumor
« Increase NK cell number
CD155 siRNA, anti-PD- « Reduce Tregs percentage
Self- bl; rticle 1l 140
EEsemIEYRAnOpaIice L1 antibody faneenes « Inhibit cell growth and metastasis (o
« Induce ICD
« Improve immune cell infiltration
Liposome CHI, BMS-202 cancer cells « Boost T cell-mediated anti- (141)
tumor immunity
« Promote T cell infiltration
oD ji -activati
Micelle PTX, anti-PD- L1 peptide cancer cells Hiciense GURGEINMIUNo-aciveting (142)
factors
« Synergize PTX chemotherapy
« Raise tumor-infiltrating cytotoxic T
. cells and helper T cells
ZrC nanoparticle ZrC, PAH, BSA, FA cancer cells + Achieve lower dose PTT and RT (143)
to treatment
PD-1 siRNA, A2aR siRNA, cell- s A2%R and PD-1 .
SPION nanoparticle penetrating peptide HIV-1 tumor- infiltrating T cells ~RAPPIS Soh s 2D PN | (i)

TAT peptide

« Enhance T cells’ function

DC, dendritic cell; PLGA, polylactic-co-glycolic acid; TCL, tumor cell lysate; poly I:C, poly riboinosinic polycytidylic acid; NK, natural killer cells; MnO,, manganese dioxide; cdGMP, cyclic
diguanylate monophosphate; MPLA, mono-phosphoryl lipid A; STING, stimulators of interferon genes; APC, antigen-presenting cell; DOPC, 1,2-dioleoyl-sn-glycero-3-phosphocholine; DPPC,
1,2-dipalmitoyl-sn-glycero-3-phosphocholine; mPEG2000-DSPE, methoxy-poly(ethylene glycol)-2000 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N; cdGMP, cyclic diguanylate
monophosphate; MPLA, mono-phosphoryl lipid A; ICD, immunogenic cell deaths CHI, chidamide; PTX, paclitaxel; PAH, polyallylamine hydrochloride; BSA, bovine serum albumin; FA,
folic acids RT, radiation therapy; PTT, photothermal therapy; SPION, superparamagnetic iron oxide.
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