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Editorial on the Research Topic 
Modulation of T-cell function and survival by the tumor microenvironment


T lymphocytes are widely recognized as critical regulators of anti-tumor immune surveillance, and advances in our understanding of these cells in the context of cancer over the last two decades have sparked a rapid growth in T cell-based immunotherapies to treat the disease. From therapeutic vaccines that aim to elicit responses by otherwise dormant tumor-specific T lymphocytes, to adoptive cell transfer therapies that harness the anti-tumor potential of both natural and antigen-redirected T cells, to checkpoint blockade regimens that unleash the full power of these cells in their fight against cancer, the era of immuno-oncology has brought with it a dramatic change in the landscape of therapeutic options available for patients. At the same time, although these approaches have yielded response rates and clinical outcomes that are unprecedented in the history of cancer therapy, there remain significant challenges that often limit the reach and durability of T lymphocyte-based immunotherapies.
One challenge that has emerged as a particularly significant barrier to immunotherapy is the immunologically hostile nature of the tumor microenvironment (TME), a complex ecosystem comprised of diverse cell types (tumor cells, stromal cells, immune cells, fibroblasts, adipocytes, vascular endothelial cells, and microbes) and non-cellular components (metabolites, cytokines, extracellular matrix, exosomes, and other cell-derived factors) that evolves to support the dynamic needs of cancer cells over the course of tumor progression. The adaptation of cancer cells to not only survive in, but also thrive in, an ecological niche that at the same time promotes anti-tumor T cell dysfunction is indeed a driving force behind tumor immune escape.
In this Research Topic, we present a collection of original research and review articles from leading experts that highlight many of the complex interactions between T lymphocytes and the TME. These articles document the diverse ways in which the TME is now known to modulate T cell function and survival, and they highlight how interventions that aim to disrupt the immunosuppressive networks within this internal ecosystem can support more favorable outcomes of anti-tumor immune responses. Importantly, this collection also brings focus to important issues that remain to be addressed in this field as we seek to further improve the efficacy of immune-based interventions for cancer.
Our Research Topic opens with a comprehensive review by Mani et al., who describe various immune-modulating factors within the TME that compromise T cell functionality. Particular attention is given to the role of regulatory T cells (Tregs) and myeloid-derived suppressor cells (MDSC) in dampening T cell proliferation and effector function, oncometabolites and other metabolic constraints that inhibit anti-tumor T cell reactivity, and immune checkpoint ligands that promote T cell exhaustion. Emphasis is also placed on inflammatory mediators and chemokines within the TME that act as key regulators of T lymphocyte-vascular endothelial cell interactions necessary for effector T cell entry and infiltration into the TME. A deeper discussion of T lymphocyte suppression by MDSC is then provided by Bhardwaj and Ansell, who focus on the influence of these immunoregulatory cells specifically within the context of hematologic malignancies, and Qi et al. bring focused attention to the immunosuppressive functions of Tregs, with particular emphasis on the role of the CBM complex/NF-κB, MAPK/CDK, and STAT3/P27 signaling pathways in these cells as contributing factors to TME formation and intratumoral Treg function.
We next present two review articles that highlight how non-immune cell populations and their products can influence the function of T lymphocytes within the TME. DiPalma and Blattman discuss the regulation of intratumoral T cell function by the tumor microbiome as well as distant microbiomes (such as the gut microbiome), highlighting the roles of specific microbial species, microbe-derived metabolites, and microbial dysbiosis in shaping both the TME and anti-tumor T cell reactivity at this site. Their article concludes with a discussion of recent insights from murine and clinical studies that have shed light on microbial dysbiosis and dietary influences on microbiome composition as determinants of therapeutic efficacy for adoptive cell transfer and checkpoint blockade regimens. Whiteside then reviews the mechanisms by which melanoma-derived exosomes released from the TME can suppress effector function and induce apoptosis of T cells even prior to tumor infiltration.
Among tumors that have been successfully infiltrated by T lymphocytes, a common phenomenon associated with loss of immunologic control and tumor progression is T cell exhaustion. Arising from chronic antigenic exposure and engagement of various immune checkpoints within the TME, T cell exhaustion is associated with reduced proliferative capacity, anti-tumor reactivity, and persistence of T cells within tumor tissue. Our Research Topic offers two excellent reviews on this Research Topic. First, Blake et al. describe epigenetic regulation of various T cell exhaustion phenotypes that have been reported in the TME, highlighting the role of both transcription factors and chromatin modifiers known to program the exhausted state. They also discuss epigenetic modulators that are currently being explored as a means of rewiring T cells for more robust anti-tumor reactivity. This review is followed by a more specific assessment of exhaustion in the context of CAR-T cell therapy. Zhu et al. summarize the various factors known to influence CAR-T cell exhaustion, from the design of CAR-T receptors, to in vitro expansion conditions during CAR-T cell preparation, to regulatory effects of the TME on CAR-T cell functionality. They conclude by discussing combinatorial strategies for targeting immunosuppressive factors within the TME as a means of preventing the exhaustion of CAR-T cells at this site.
Lastly, we close our Research Topic with two original research articles that have important implications for T lymphocyte-based cancer immunotherapy. Gamache et al. demonstrate in an orthotopic mouse model of pancreatic adenocarcinoma that CD40 stimulation remodels the TME to support more robust anti-tumor immunity. Notably, CD40 agonism in combination with checkpoint blockade led to a reduction in both conventional CD4+ Tregs as well as CD8+ Tregs within the TME, and this change was associated with enhanced T cell effector function, improved responses to checkpoint blockade therapy, and establishment of CD4-dependent immunologic memory. CD4+ T cells within the TME are also the focus of a prognostic gene expression index for gastric cancer developed by Chen et al. Among CD4+ T cell-related hub genes analyzed, PROC and SERPINE1 were found to carry prognostic significance for gastric cancer and were used to construct a risk-score that correlated with patient outcome and tumor infiltration by CD8+ T cells. As such, this risk-score model may serve as a useful predictor for gastric cancer responsiveness to immunotherapy.
As the era of immuno-oncology continues to unfold at a rapid pace, there is indeed a renewed optimism for the future of cancer care. Though the TME remains a daunting barrier to the success of many immunotherapies, advances in our understanding of this dynamic structure have reshaped the way we think about tumors and tumor immunity. Rather than a simple T cell versus tumor cell battleground, the TME is now appreciated to be a unique and complicated ecological niche, with a multitude of cellular and molecular interactions ultimately influencing the outcome of the anti-tumor immune response. Insights into these relationships within the TME are now opening up exciting opportunities to reshape this ecosystem in ways that support more robust tumor immune reactivity. With this goal in mind, it is our hope that the articles presented herein not only shed light on the complexities of the TME but also spark future research efforts to further our understanding of T cell regulation in the TME and improve treatment outcomes for cancer immunotherapy in the years ahead.
AUTHOR CONTRIBUTIONS
KH: Writing–original draft, Writing–review and editing. CL: Writing–review and editing. SJ: Writing–review and editing.
ACKNOWLEDGMENTS
We would like to thank all authors for their contributions to this Research Topic as well as the many dedicated reviewers of the manuscripts herein for their thorough and timely evaluations. We also thank the wonderful support staff at the Frontiers Editorial Office for their guidance and cooperation from the inception of this Research Topic to its completion.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Hargadon, Lappas and Jalali. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		MINI REVIEW
published: 19 July 2022
doi: 10.3389/fcell.2022.911811


[image: image2]
Crosstalk between the CBM complex/NF-κB and MAPK/P27 signaling pathways of regulatory T cells contributes to the tumor microenvironment
Tongbing Qi1,2†, Ying Luo3†, Weitong Cui2, Yue Zhou2, Xuan Ma2, Dongming Wang4, Xuewen Tian1* and Qinglu Wang1,2*
1College of Sport and Health, Shandong Sport University, Jinan, China
2Key Laboratory of Biomedical Engineering and Technology of Shandong High School, Qilu Medical University, Zibo, China
3Clinical Laboratory, Zibo Central Hospital, Zibo, China
4Department of Pediatrics, People’s Hospital of Huantai, Zibo, China
Edited by:
Shahrzad Jalali, Mayo Clinic, United States
Reviewed by:
Yunshan Wang, Shandong University, China
* Correspondence: Xuewen Tian, xuewentian1978@163.com; Qinglu Wang, wql_zcq@126.com
†These authors have contributed equally to this work
Specialty section: This article was submitted to Signaling, a section of the journal Frontiers in Cell and Developmental Biology
Received: 03 April 2022
Accepted: 29 June 2022
Published: 19 July 2022
Citation: Qi T, Luo Y, Cui W, Zhou Y, Ma X, Wang D, Tian X and Wang Q (2022) Crosstalk between the CBM complex/NF-κB and MAPK/P27 signaling pathways of regulatory T cells contributes to the tumor microenvironment. Front. Cell Dev. Biol. 10:911811. doi: 10.3389/fcell.2022.911811

Regulatory T cells (Tregs), which execute their immunosuppressive functions by multiple mechanisms, have been verified to contribute to the tumor microenvironment (TME). Numerous studies have shown that the activation of the CBM complex/NF-κB signaling pathway results in the expression of hypoxia-inducible factor-1 (HIF-1α) and interleukin-6 (IL-6), which initiate the TME formation. HIF-1α and IL-6 promote regulatory T cells (Tregs) proliferation and migration through the MAPK/CDK4/6/Rb and STAT3/SIAH2/P27 signaling pathways, respectively. IL-6 also promotes the production of HIF-1α and enhances the self-regulation of Tregs in the process of tumor microenvironment (TME) formation. In this review, we discuss how the crosstalk between the CARMA1–BCL10–MALT1 signalosome complex (CBM complex)/NF-κB and MAPK/P27 signaling pathways contributes to the formation of the TME, which may provide evidence for potential therapeutic targets in the treatment of solid tumors.
Keywords: regulatory T cells, tumor microenvironment, CBM signaling pathway, MAPK/P27 signaling pathway, CARMA1
HIGHLIGHTS

1) The activation of the CBM complex/NF-κB signaling pathway results in TME formation.
2) HIF-1α and IL-6 promote Treg proliferation and migration via the MAPK/CDK4/6/Rb and STAT3/SIAH2/P27 signaling pathways.
3) The crosstalk between the CBM complex/NF-κB and MAPK/P27 signaling pathways appears in Tregs.
INTRODUCTION
The development of immune checkpoint therapy (ICT), which stimulates an immune response to cancer, has been one of the most rapid and important advances in cancer treatment over the past decade. Programmed cell death 1 (PD-1) is an immunosuppressive co-stimulatory signal receptor that belongs to the CD28 family. PD-1 and PD-L1 blockage at immune checkpoints can rejuvenate patients’ T cells to achieve long-term remission (Qi et al., 2020). However, the clinical effect of programmed cell death 1(PD-1)/programmed cell death 1 ligand 1 (PD-L1) targeted therapy for solid malignant tumors is not ideal (Cai et al., 2019). Only 20% of patients achieve favorable long-term results after treatment, and most patients relapse after treatment (Yan et al., 2019). This phenomenon may be related to the tumor microenvironment (TME), which is characterized by nutrient competition, hypoxia, low pH, and metabolite accumulation. Such complex conditions accelerate exhaustion of T effector cells and promote differentiation and accumulation of regulatory T cells (Tregs), M2-like macrophages, and Myeloid-derived suppressor cells (MDSCs). The TME also produces unique subsets of myeloid cells known as tumor-associated dendritic cells (TADC) and tumor-associated neutrophils (TAN) (Bader et al., 2020; Wang et al., 2021).
In this complex microenvironment, T cells encounter many inhibitory cells and molecules that can disrupt the survival, activation, proliferation, and effector functions of T cells (Joyce and Fearon, 2015; Turley et al., 2015). Alongside the developments in antibody therapy, modulation of cell signaling pathways using small-molecule inhibitors has gained ground within the immunotherapy field. The functional profiles of immune cells are necessarily shaped in response to environmental cues, which are conveyed to the cellular machinery via a myriad of distinct but overlapping signaling cascades (Wicherska-Pawlowska et al., 2021).
Recent studies have shown that Tregs may be involved in PD-1/PD-L1 blockage treatment, and the PD-1/PD-L1 axis may affect the differentiation and function of Tregs (Cai et al., 2019). Tregs execute their immunosuppressive functions by multiple mechanisms, such as by consuming interleukin-2 (IL-2), expressing cytotoxic T-lymphocyte-associated protein 4 (CTLA-4), secreting inhibitory cytokines (transforming growth factor-β, interleukin-10, interleukin-35) (Takeuchi and Nishikawa, 2016), and directly killing T cells or Antigen-presenting cells (APCs) by producing granular enzymes and perforin (Sakaguchi et al., 2010; Cai et al., 2019). These functions can be enhanced by classical interleukin-6 (IL-6) receptor (IL-6R) signaling (Hagenstein et al., 2019). These functions of Tregs may be related to hypoxia in the TME. The microenvironment of most tumors is usually hypoxic, and the expression level of hypoxia-inducible factor-1α (HIF-1α) is often increased in Treg (He et al., 2015). Hypoxia can also change the T cells CBM complex (CARMA1-BCL10-MALT1) activity, which is closely related to the development of solid tumor via NF-κB activation (Schaefer, 2020).
The effects of the hypoxic environment on the immunosuppressive function of Tregs are still inconclusive. Some studies have shown that HIF-1α positively affects the function of Tregs and plays a role in their suppressive function in tumors (Clambey et al., 2012; Westendorf et al., 2017). Other studies, however, have shown the opposite (Hsu and Lai, 2018). A recent study using a murine model of glioma has shown that ablation of HIF-1α leads to enhanced animal survival due to a decrease in the migratory abilities of HIF-1α Knockout Tregs (Miska et al., 2019). Here, we provide a brief review of signaling pathways in Tregs and the formation of the TME (Table 1).
TABLE 1 | Points of concern between TME, Treg, CDKs, HIF-1α, CBM, MAPK, SIAH2 and STAT.
[image: Table 1]CYCLIN-DEPENDENT KINASE SIGNALING ENHANCES TREG PROLIFERATION AND MIGRATION
Cyclin-dependent kinases (CDKs) are a class of serine/threonine kinases. As important signaling molecules that regulate transcription, CDK–cyclin complexes are involved in Treg growth, proliferation, dormancy, and apoptosis (Arnett et al., 2021). During the Treg cycle, cyclins are expressed and degraded periodically and are bound to the CDK activated by them. Through the activity of CDKs, phosphorylation of different substrates can be catalyzed to realize the promotion and transformation of the Treg cycle. Sequential phosphorylation of CDK4/6 and Rb proteins activates 1) downstream E2F and Stathmin, leading to the release of transcription factors such as E2F4 and E2F7 (Dyson, 1998; Pietrzak et al., 2018), and 2) some genes necessary for E2F4 and E2F7 activation and transcription, leading to progression into the S phase (Geng et al., 2020). As shown in Figure 1, when CDK4/6 phosphorylation is inhibited by P27 which is a CDK inhibitor (Scortegagna et al., 2020), some functions of Tregs such as gene transcription, cell proliferation, and migration, are affected.
[image: Figure 1]FIGURE 1 | MAPK/P27 signaling of Tregs contributes to the tumor microenvironment. Il-6 in the tumor microenvironment promotes the expression of HIF-1α in Tregs and removes the inhibition of CDK4/6 by P27. Meanwhile, the interaction between HIF-1α and VEGF activates the MAPK/CDK4/6 signaling pathway to promote Treg cell proliferation. HIF-1α, Hypoxia-Inducible Factor-1α; VEGF, Vascular endothelial growth factor; shc, Src-homology collagen protein; RAS, small G-protein; KRAS, V-Ki-ras2 Kirsten ratsarcoma viral oncogene homolog; RAF, Raf kinase; BRAF, v-raf murine viral oncogene homolog B1; MEK, Mitogen-activated protein kinase; ERK, Extracellular-signal-regulated kinase; MAPK, mitogen-activated protein kinase; CDK, Cyclin-dependent kinase; Rb, Retinoblastoma protein; E2F, Transcription factor; P27, Potential tumor suppressor protein; Ub, Ubiquitin; SIAH2, Seven in absentia homolog 2; STAT3, Signal Transducer and Activator of Transcription 3; TCR, T cell receptor; PHD1, Hypoxia-inducible factor prolyl hydroxylase 1.
Therefore, it is a good strategy to control the TME by inhibiting Treg proliferation by targeting CDKs with some target drugs (Johnson et al., 2010). Numerous clinical trials have been conducted with small molecules that target CDKs in patients with cancer (Albanese et al., 2010).
IL-6 ENHANCES EFFECTS OF THE STAT3/SIAH2/CDK4/6 SIGNALING PATHWAY
The IL-6 signaling pathway is associated with tumor angiogenesis, and previous studies have found that the suppression of IL-6 signaling led to suppression of angiogenesis and migration of breast cancer (Luo et al., 2020). IL-6 is produced by fibroblasts, keratinocytes, and endothelial cells in response to injury, and corresponding receptors also exist on Tregs (Hagenstein et al., 2019). IL-6 transmits signals resulting in the activation of transcription factors, signal transducers and activators of transcription 1 (STAT1) and 3 (STAT3), through the association with gp130, and then promotes Foxp3 (+) Treg proliferation (Yeh et al., 2013).
STAT3 is an important member of the STAT family, which also includes STAT1, STAT2, STAT4, STAT5a, and STAT5b. The STAT6 and STAT3 signal transduction pathways are closely related to cell proliferation, differentiation, and apoptosis. The pathways control the production of growth factors and cytokines, and the extracellular signal stimulation, thereby regulating target gene transcription. The pathway activation can lead to abnormal cell proliferation and malignant transformation (Buettner et al., 2002). Jak–STAT3 can be activated by a variety of extracellular proteins, such as interleukins (Wang and Fuller, 1994). When activated, JAKs phosphorylate the tyrosine site on the receptor, causing the receptor to produce a region that binds to STAT3. At this point, the Src homology (SH2) domain on STAT3 binds to the phosphorylated tyrosine residues on the receptor, thereby forming homo- or heterodimers, which are transported to the nucleus and interact with other transduction factors to regulate gene transcription (Liu et al., 2017).
STAT3 activates the transcription and translation of the ubiquitin ligase, Seven In Absentia Homolog 2 (SIAH2). Then, P27, which inhibits CDK4/6 activation, is degraded by ubiquitination of SIAH2 (Figure 1). According to Hoshino et al., upregulation of P27 expression is necessary for specific blockage of tumor extracellular signal-regulated kinase pathways, which in turn leads to complete growth inhibition of tumor cells (Hoshino et al., 2001). A recent study has shown that the immunosuppressive function of Tregs in tumors of Siah2−/− mice was blunted owing to P27-dependent suppression of CDK4/6 signaling activation (Scortegagna et al., 2020).
STAT3 gene is highly expressed in hepatocellular carcinoma cells, and regorafenib (Stivarga), a drug targeting STAT2 for the treatment of hepatocellular carcinoma, has been identified as a second-line oral agent (Jindal et al., 2019).
SIAH2 ENHANCES TUMOR HIF-1Α EXPRESSION
The SIAH2/PHD/HIF-1α pathway plays an important role in the development of the TME. The experiments by Nakayama et al. have confirmed that the E3 ubiquitin ligase SIAH2 shows significant ubiquitin-dependent degradation of prolyl-hydroxylase 1 (PHD1) and prolyl-hydroxylase 3 (PHD3), while its effect on PHD2 is not significant (Nakayama et al., 2004). There are two types of HIF-α, including HIF-1α and HIF-2α(Albadari et al., 2019). Among them, only the expression mechanism of HIF-1α has been well studied, and only HIF-1α has been found in a wide range of cells. As a substrate for PHD, HIF-1α can be hydroxylated in two forms, thereby undermining the stability of HIF-1α. When the intracellular oxygen concentration is below normal values (2–5%), a hypoxic environment is generated. Induction of SIAH2 expression by hypoxia serves to enhance the degradation of prolyl-hydroxylase 1/3(PHD1/3) and consequently increase the abundance of HIF-1α(Nakayama et al., 2004).
Upregulated HIF-1α expression in tumor cells and immune cells is characteristic of the TME. Some studies have shown that HIF-1α positively affects Treg function and plays a role in their suppressive function in tumors (Clambey et al., 2012; Westendorf et al., 2017). An immune escape mechanism involves Treg-mediated immunosuppression, which is used by tumors to overcome the antitumor activity of CD8+ cytotoxic T cells, dendritic cells, and natural killer cells (Bader, Voss, and Rathmell, 2020).
When the expression level of HIF-1α in Tregs is upregulated, hypoxia response element (HRE) binds to HIF-1α, resulting in the production of a variety of products, such as vascular endothelial growth factor (VEGF), which is associated with angiogenesis, and CXCR4, which is associated with cell migration (Forsythe et al., 1996). Overexpression of VEGF and activation of VEGF receptor are closely related to HIF-1α in Tregs (Vaupel and Multhoff, 2018).
VEGF and HIF-1α are also closely related to the development of blood vessels. Currently, inhibitor drugs targeting these two proteins are approved by the FDA for the treatment of some tumors (Jindal, Thadi, and Shailubhai, 2019). Given that VEGF and HIF-1α genes are also implicated in Treg reproduction, immunosuppressive drugs can be used to destroy the TME in Tregs.
MITOGEN-ACTIVATED PROTEIN KINASE SIGNALING ENHANCES CDK4/6 ACTIVATION
The mitogen-activated protein kinase (MAPK) signaling pathway is a signal transduction pathway that is widely found in animal cells. This pathway plays an important role in regulating the Treg cell cycle and gene expression (Liu et al., 2013; Klomp et al., 2021). The MAPK signaling pathway consists of a cascade of successively activated serine/threonine protein kinases that amplify and transmit extracellular signals step by step to the cell and even to the nucleus, connecting membrane receptor-bound extracellular stimuli to effector molecules in the cytoplasm and nucleus (Tetu et al., 2021).
Vascular endothelial growth factors (VEGFs) constitute a subfamily of growth factors that stimulate the growth of new blood vessels. VEGFs are important signaling proteins involved in both vasculogenesis (de novo formation of the embryonic circulatory system) and angiogenesis (the growth of blood vessels from preexisting vasculature) (Negri et al., 2019). VEGFs can bind the Treg cell membrane receptor and increase Treg cell proliferation (Vasilev et al., 2019). NRP-1, a semaphorin III receptor involved in the activation of T cells, is constitutively expressed on the surface of Foxp3+ Tregs independently of their activation status. NRP-1 has been found to interact with VEGFs and interfere with Treg-mediated immunosuppression (Pucino et al., 2014).
RAS is a small GTP-binding protein, with the GTPase domain binding GDP in the inactive state and GTP in the active state; therefore, RAS plays the role of molecular switch. RAS adjusts T cell development, differentiation, and proliferation by inducing downstream signal transduction pathways. Inhibition of RAS has been found to be associated with an increased number and boosted function of Foxp3+ Tregs (Aizman et al., 2010).
ERKs adjust Treg proliferation, differentiation, and survival, and regulate the production of a variety of downstream growth factors (EGF, model NGF, and PDGF) (Liu et al., 2013; Wang et al., 2019). The RAS/Raf/MEK/ERK axis is the main axis of the ERK pathway (Akula et al., 2019). Activation of ERK can promote the phosphorylation of cytoplasmic target proteins or regulate the activity of other protein kinases; the activated ERK is translocated into the nucleus, where it promotes the phosphorylation of a variety of transcription factors. The MAPK pathway transfers extracellular stimulatory signals to cells and their nuclei to regulate cell growth, differentiation, proliferation, apoptosis, and migration.
As shown in Figure 1, VEGF-R2 phosphorylates and activates SHC, which binds to spline protein, which binds to guanylate exchange protein via the SH2 domain to approach the RAS, thereby further activating the MAPK cascade (Raf1→MEK1/2→ERK1/2). It can also induce the activation of P38 MAPK, which in turn activates MAPKK-2/3 and phosphorylates both the polymerized regulatory molecule of filamin actin (F-actin) and heat shock protein 27 (HSP27), causing the recombination of the actin cytoskeleton and stimulating endothelial cell migration (Wu et al., 2016).
EFFECTS OF CARMA1 ON THE NF-ΚB SIGNALING PATHWAY IN TREGS
CARMA1 (CARD11) proteins are composed of 1,147 amino acid residues. Their N-termini consist of a CARD domain and a coiled-coil structure, and the C-termini contain a PDZ domain, an SH3 domain, and a GUK domain. Activated downstream of protein kinase C (PKC), CARMA1 is coupled to lipid rafts on cell membranes (Figure 2). When MHC binds to molecules on the cell surface, TCR activates tyrosine phosphoric acid, which leads to activation of PKC. PKC is then phosphorylated and couples CARMA1 to the membrane, where BCL10 is connected to the Ig region of MALT1 and to CARMA1 to form a CBM complex. The CBM complex of all the T cells—which can respond to specific antigen receptor stimulation and includes the invariant components BCL10 and MALT1, assembled with CARD9, CARD10, CARD11, or CARD14—is an important mediator of NF-κB activation (Schaefer, 2020).
[image: Figure 2]FIGURE 2 | The CBM complex/NF-κB signaling pathway of Tregs contributes to the tumor microenvironment. Activation of the CBM complex/NF-κB signaling pathway in Tregs increases HIF-1α and IL-6 expression and initiates the TME. The secretion of HIF-1α and IL-6 in the TME promotes Treg proliferation and migration. TCR, T cell receptor; PKC, Protein kinase C; CARM1, Caspase recruitment domain-containing membrane-associated guanylate kinase protein-1; BCL10, B-cell lymphoma/leukemia 10; MALT 1, Mucosa-associated lymphoid tissue 1; TRAF6, TNF receptor associated factor 6; TAK1, TGFβ-activated kinase 1; TAB2, TAK1-binding protein 2; Iκκ, inhibitor of kappa kinase; NF-kB, nuclear factor kappa B.
In addition, MALT1 interacts with CARMA1’s coiled spiral region. This complex has enzymatic activity (Oruganti et al., 2017). NF-κB usually forms homo-/heterodimers with P65 and P50 and is inactivated in the cytoplasm by binding to the inhibitory protein IκB to form a trimer complex. CARMA1 binds to lipid rafts on the cell membrane. It also acts as a signal transmitter and ultimately activates NF-κB when Tregs are stimulated by antigens (Di Pilato et al., 2019). CARMA1 plays an important role in the activation of the NF-κB signaling pathway as a junction between membrane-bound and cytoplasmic proteins (Ma et al., 2014).
The functional changes of the CBM complex in Tregs have an important relationship with the formation of TME. The CBM complex mediates TCR-induced NF-κB activation in Tregs and controls the conversion of resting Tregs to effector Tregs when needed. Partial disruption of the CBM complex in Tregs, such as due to a knockdown of CARMA1 gene, can weaken the formed TME and improve sensitivity to PD-1/PD-L1 immune checkpoint therapy (Di Pilato et al., 2019). The interaction among CARMA1, BCL10, and MALT1 also affects the activity of downstream NK-KB signaling pathway, and the control of BCL10 on MALT1 paracaspase activity affects the formation of malignant melanoma TME (Rosenbaum et al., 2019). The role of Bcl10 in the development of Tregs and formation of TME is essential (Yang et al., 2021). Based on the results of a series of studies on the CBM complex, we can predict that drugs targeting CARMA1, BCL10 and MALT1 inhibitors will be able to effectively break the TME formed by Tregs (Keller et al., 2021).
The continuously activated NF-κB in Tregs or other cells can enhance the transcription of VEGF genes and also increase the levels of some tumor promoting cytokines, such as IL-1 (acute leukemia growth factor), TNF (malignant lymphogranuloma, T cell lymphoma, glioma growth factor), and IL-6 (growth factor for multiple myeloma), thereby promoting the above signaling pathways regulated by VEGF and IL-6. Two small-molecule inhibitors regulate cell signaling pathways in a synergistic manner to inhibit the proliferation and migration of Tregs, thereby blocking the secretion of inhibitory cytokines by Tregs to aid in the formation of the TME. Currently, four clinical trials have been recruited on the https://www.clinicaltrials.gov/, and they involve solid tumors and leukemia.
CONCLUSION
In conclusion, Tregs are involved in the regulation of autoimmune diseases, allergic diseases, and graft rejection, and Treg-mediated immunosuppression has become a major obstacle to effective treatment of tumors. Tregs play an immunosuppressive role in the TME through various mechanisms. Based on our analyses (Figure 3), we think that after specific ligand binding to TCR of Tregs, the CBM complex/NF-κB signaling pathway is activated, and factors such as HIF-1α and IL-6 are produced, thereby initiating the TME formation. HIF-1α and IL-6 promote Treg proliferation and migration through the MAPK/CDK4/6/Rb and STAT3/SIAH2/P27 signaling pathways, respectively. IL-6 also promotes the production of HIF-1α and enhances the self-regulation of Tregs in the process of TME formation.
[image: Figure 3]FIGURE 3 | Crosstalk of the CBM complex/NF-κB and MAPK/P27 signaling pathways Tregs contributes to the TME. Ligand binding to TCR of Tregs, HIF-1α and IL-6 are produced via activating the CBM complex/NF-κB signaling pathway. In turn, Treg proliferation and migration are promoted by HIF-1α and IL-6 through the MAPK/CDK4/6/Rb and STAT3/SIAH2/P27 signaling pathways, respectively.
In this review, we discussed the crosstalk between the CBM and MAPK/P27 signaling pathways, in order to gain a better understanding of the complexity of the role of Tregs in the process of TME formation. However, the complex role of Tregs in the formation of the TME via either CBM or the MAPK/P27 signaling pathway and its underlying mechanisms need further exploration. Therefore, further exploration of the complex role of CBM and MAPK/P27 signaling pathway in the formation of TME will provide stronger evidence for potential therapeutic targets in solid tumor therapy.
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The functional state of chimeric antigen receptor T (CAR T) cells determines their efficacy in vivo. Exhausted CAR T cells exhibit decreased proliferative capacity, impaired anti-tumor activity, and attenuated persistence. CAR T cell exhaustion has been recognized as a vital cause of nonresponse and relapse after CAR T cell therapy. However, the triggers and mechanisms leading to CAR T cell exhaustion remain blurry and complicated. Therefore, it is essential to clear the regulation network of CAR T cell exhaustion and explore potent solutions. Here, we review the diverse inducers of CAR T cell exhaustion in terms of manufacture process and immunosuppressive tumor microenvironment. In addition to the admitted immune checkpoint blockade, we also describe promising strategies that may reverse CAR T cell exhaustion including targeting the tumor microenvironment, epigenetics and transcriptomics.
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INTRODUCTION
Despite the tremendous efficacy of chimeric antigen receptor T (CAR T) cells in hematological malignancies such as B-cell acute lymphoblastic leukemia (B-ALL), B-cell lymphoma, and multiple myeloma, as well as in solid tumors, CAR T cell exhaustion remained a main obstacle to achieve remission (Fraietta et al., 2018; Holstein and Lunning, 2019; Marofi et al., 2021). T cell exhaustion was a dysfunctional state of T cells that usually observed in chronic infections and tumors (Hashimoto et al., 2018). It was first identified as a population of CD8+ T cells without effector function which appeared during chronic lymphocytic choriomeningitis virus infection in mice, and the persistence of this cell population led to viral immune escape (Zajac et al., 1998). At the same time, Gallimore and colleagues also observed a similar phenomenon in the chronic lymphocytic choriomeningitis virus infection, which they defined as T cell exhaustion (Gallimore et al., 1998). T cell exhaustion was characterized by progressive loss of effector function, co-expression of multiple inhibitory receptors, and exaggerated effector cell differentiation. Besides, the exhausted T cells had distinct transcriptional, epigenetic, and metabolic signatures (Doering et al., 2012; Schietinger and Greenberg, 2014; Philip et al., 2017).
Abundant clinical practice and research revealed that CAR T cell exhaustion ultimately contributed to the failure of CAR T cell therapy. For instance, Fraietta et al. performed transcriptomic sequencing and functional assessment of CAR T cells from 41 patients with chronic lymphocytic leukemia (CLL). They identified that CAR T cells in responders possessed memory-like characteristics, while CAR T cells in non-responders were in a highly exhaustion state (Fraietta et al., 2018). Consistent with this, other clinical studies on B-ALL and B-cell lymphoma also indicated that CAR T cell exhaustion was related to the treatment failure (Schuster et al., 2017; Finney et al., 2019; Deng et al., 2020). Therefore, the explorations focused on the mechanisms of CAR T cell exhaustion may provide potential insights on preventing CAR T cell exhaustion and improving CAR T cell efficacy.
In this article, we reviewed the underlying regulatory factors of CAR T cell exhaustion that existed in design, generation and infusion process. We also discussed the current strategies to combat CAR T cell exhaustion including blocking immune checkpoint, resisting the tumor microenvironment (TME), and regulating epigenetic and transcriptomic profiles.
CAR DESIGN AFFECTS CAR T CELL EXHAUSTION
The second generation of CARs approved by the US Food and Drug Administration contained an antigen binding domain, a hinge region, a transmembrane domain, an intracellular co-stimulatory domain and a signal transduction domain (Zhao et al., 2018). CAR molecules were activated upon stimulation by an antigen, which triggered the effector response (Salter et al., 2021). Nevertheless, undesirable CAR design would lead to suboptimal T cell activation and ligand-independent tonic signaling (Jayaraman et al., 2020). Long and colleagues described that GD2, CD22, or ErbB2 CAR T cells contained a CD28-CD3ζ intracellular domain tended to be exhausted during early expansion in vitro, but CD19.28z CAR T cells did not. This was due to the tonic CAR signaling induced by aggregation of single-chain variable fragments (scFv) on the surface (Figure 1). The co-stimulatory domain was also involved in tonic CAR signaling, with CD28 co-stimulation enhancing while 4-1BB co-stimulation reducing the tonic CAR signaling and exhaustion (Long et al., 2015). Intriguingly, it was proved that introduction of null mutations in the CD28 domain would down-regulate exhaustion-related genes and improve the anti-tumor function of CD19 CAR T cells in vitro and in vivo (Boucher et al., 2021). Similarly, ICOS co-stimulation also had an advantage over CD28 co-stimulation in averting exhaustion. Indeed, CD28 co-stimulation and ICOS co-stimulation had a shared motif but differed only in a single amino acid residue. Guedan et al. observed that this single amino acid residue asparagine in CD28 was related to the exhaustion of CAR T cells, and replacing asparagine with phenylalanine reduced CAR T cell differentiation and exhaustion in xenograft tumor models (Guedan et al., 2020). Moreover, Nunoya and colleagues evaluated the feature of CAR T cells with different co-stimulatory domain in vitro, and they identified that the co-stimulatory domain derived from herpes virus entry mediator (HVEM) was favorable for a low-level of exhaustion (Nunoya et al., 2019). More recently, a report using CAR pooling to evaluate the propensity to resist exhaustion of CAR T cells during repetitive antigen stimulation. It was revealed that B cell-activating factor receptor (BAFF-R) and transmembrane activator and CAML interactor (TACI) delayed the exhaustion (Goodman et al., 2022). In addition to the co-stimulatory domain, signaling of the intracellular domain of CD3ζ also affected CAR T cell exhaustion. Using the xenograft model, Feucht et al. showed CD19 CAR T cells retaining only a single membrane-proximal immunoreceptor tyrosine-based activation motif (ITAM) had lower exhaustion levels and stronger persistence compared with conventional CAR T cells that had 3 ITAMs (Feucht et al., 2019).
[image: Figure 1]FIGURE 1 | The effects of CARs structure on CAR T cell exhaustion. The CARs contained an extracellular domain, a hinge region, a transmembrane domain, a co-stimulatory domain and a CD3ζ stimulatory domain. The extracellular domain was composed of the variable heavy chain (VH) and the variable light chain (VL) connected by a linker. The upstream promoter initiated the strong expression of CARs on the cell surface. However, the CD3ζ with 3 immunoreceptor tyrosine-based activation motifs (ITAMs), CD28 co-stimulation and constitutively high expression of CARs could cause tonic CAR signaling and promote cell exhaustion. However, the 4-1BB, ICOS, HVEM, BAFF-R, and TACI co-stimulation reduced the exhaustion of CAR T cells. Both incorporation of null mutations and replacement of single amino acid residue in CD28 co-stimulation could inhibit exhaustion. Redundancy of ITAMs could also inhibit exhaustion. Besides, the synthetic activator protein 1-nuclear factor κB (AP1-NF-κB) promoter, the T cell receptor alpha constant locus (TRAC) that contained CAR structure, the synNotch-CAR circuits, and drug regulation could all restrain the CARs expression. Then the ligand-independent tonic signaling and exhaustion were thus reduced.
Another important factor to consider when designing CAR T cells was the expression level of the CARs. In fact, the expression of T cell receptors (TCRs) was strictly controlled by the CD45 molecules and co-inhibitory receptors after initiating activation, but CARs typically contained a strong constitutive promoter to ensure their long-term and stable expression in T cells (Harris and Kranz, 2016; Wu et al., 2020). However, it had been recently reported that high expression of CAR molecules acted as a critical inducer of tonic CAR signaling and exhaustion (Figure 1). To disrupt constitutively expressed CARs, Webster and colleagues constructed the synthetic activator protein 1 (AP1)-nuclear factor κB (NFκB) promoter, which reduced the CAR expression at rest and drove the CAR expression under antigen stimulation. Consequently, AP1-NFκB promoted CAR T cells showed limited ligand-independent tonic signaling and exhaustion in preclinical models (Webster et al., 2021). In another attempt, Eyquem et al. designed CAR T cells through integrating the CD19 CAR into the T cell receptor alpha constant locus. These CAR T cells enabled CAR molecules to be low expressed but dynamically regulated under tumor antigen stimulation, thereby they could control tonic CAR signaling in the absence of antigen and avoid exhaustion in vitro (Eyquem et al., 2017). Recently, T cells with synthetic Notch (synNotch) receptors were developed to improve the specificity of CAR T cells. These CAR T cells with synNotch-CAR circuits activated the CAR expression only when they recognized the synNotch antigen (Srivastava et al., 2019). Impressively, this structure was showed to effectively prevent tonic signaling and enable CAR T cells to maintain memory phenotype and resist exhaustion in mouse models (Hyrenius-Wittsten et al., 2021). Besides, Weber et al. demonstrated that incorporating an FK506 binding protein 12 destabilizing domain into GD2 CAR structure would make the expression of CAR subject to the drug shield-1, this drug-regulatable system reversed the exhausted state of CAR T cells in vitro and in preclinical models. They also described that dasatinib which had been reported to reversibly inhibit TCR and CAR signaling had similar effects in reversing CAR T cells exhaustion (Weber et al., 2021). This study provided an extremely promising example for modulating the activation of CAR T cells to control their efficacy and exhaustion in clinical practice. The pharmacologic on/off switch may become a viable approach to steer the functional state of CAR T cells in vivo. Of note, Huang et al. initiated a clinical research (NCT04603872) to investigate the combination effects of dasatinib on in vitro manufacturing and in vivo infusion of CAR T cells.
Overall, the structure of CAR T cells was closely related to their functional characteristics. The component elements including scFv molecules, costimulatory domains and intracellular signaling domains all had complex regulatory effects on the activation and exhaustion. Optimizing the structure and regulating the expression pattern of CARs were feasible to weaken the tonic CAR signaling and prevent the exhaustion.
THE IN VITRO EXPANSION CONDITION AFFECTS CAR T CELL EXHAUSTION
In order to obtain sufficient CAR T cell numbers, CAR T cells needed to be expanded in vitro before infused into the patient. There was a growing body of evidence that the culture system also affected the exhaustion of CAR T cells (Figure 2). The cytokine IL2, which was commonly added to the expansion system would cause CAR T cell exhaustion and reduce their in vivo persistence. However, CAR T cells expanded under cytokine IL15 or IL2 plus IL4 and TGF-β maintained a less differentiated phenotype. They exhibited reduced expression of inhibitory receptors and strengthened antitumor efficacy in vitro and in vivo (Gattinoni et al., 2005; Alizadeh et al., 2019; Liu et al., 2020). Consistently, Giuffrida et al. described that IL15 promoted the production of central memory T cells and up-regulated memory-related genes including TCF7. The persistence and response to adjuvant anti-PD1 therapy were thus significantly enhanced in preclinical models (Giuffrida et al., 2020). Similarly, addition of other cytokines such as IL4, IL7 and IL21 also supported the stemness of CAR T cells and restrained the exhaustion (Ptáčková et al., 2018). Based on these, the clinical research to ascertain the efficacy of IL15 plus IL7 and IL15 plus IL21 were initiated (NCT04186520, NCT04715191). Moreover, it was recently reported that the exhaustion level of CAR T cells increased with the prolongation of expansion time in vitro. The “younger” cells with shorter culture time manifested lowered exhaustion markers and enhanced long-term killing function in vivo (Caruso et al., 2019). In summary, the in vitro expansion condition greatly impacted the differentiation and exhaustion transition of CAR T cells. It was extremely important to modulate the cytokines and expansion time to obtain CAR T cells with optimal phenotypes and healthy states.
[image: Figure 2]FIGURE 2 | The effects of cytokines on CAR T cell exhaustion. The cytokine IL2 promoted CAR T cell exhaustion through the IL2 receptor (IL2R). The combination of IL2 and IL2R led to the recruitment and activation of the Janus family of tyrosine kinases (JAK1 and JAK3). Then the signal transducer and activator of transcription 5 (STAT5) was activated and further induced the expression of tryptophan hydroxylase 1 (Tph1). The Thp1 catalyzed tryptophan to produce 5-hydroxytryptophan (5-HTP), which activated the aryl hydrocarbon receptor (AhR) and led to T cell exhaustion. Inhibitors of STAT5, Thp1 or AhR could all restrain T cell exhaustion. Importantly, the cytokine IL15, IL2 supplemented with IL4/TGF-β, and IL15/IL7 improved the exhaustion. CAR T cells under these culture conditions manifested enhanced persistence and function.
THE TME PROMOTES CAR T CELL EXHAUSTION
Recently, it was reported that the TME promoted by malignant cells played an important role in tumor development and immune regulation (DeBerardinis, 2020). The hallmarks of the TME including diverse cells such as tumor cells, immune cells and stromal cells, as well as soluble factors such as cytokines, metabolites and extracellular vesicles (EVs) (Anderson and Simon, 2020). These complex components exerted intricate regulatory effects on CAR T cells (Figure 3).
[image: Figure 3]FIGURE 3 | The factors promoting CAR T cell exhaustion in the tumor microenvironment.(A) On one hand, the PDL1 on tumor cells induced CAR T cell exhaustion through PD1/PDL1 pathway; on the other hand, the tumor antigen transferred to CAR T cells through trogocytosis and caused exhaustion. (B) The impaired death receptor signaling of leukemia cells led to their resistance to CAR T cells, and the persistent antigen in turn led to CAR T cell exhaustion. (C) The extracellular vesicles secreted by leukemia cells induced CAR T cell exhaustion through PDL1 and tumor antigen. (D) The myeloid-derived suppressor cells (MDSC) and leukemia cells secreted indoleamine 2,3-dioxygenase (IDO), which catalyzed tryptophan to kynurenine to suppress CAR T cell function. (E) The CD39 and CD73 released by tumor cells hydrolyzed ATP to adenosine, which inhibited CAR T cell activity. (F) Soluble factors including TGF-β, IL-10 and type I interferon restrained CAR T cell activity.
As the pivot, tumor cells induced CAR T cell exhaustion versatilely. For example, the multiple immune checkpoint ligands such as PDL1 on tumor cells interacted with their corresponding receptors on CAR T cells and resulted in cell exhaustion (Wang et al., 2019). Additionally, it was reported that the targeted antigen on the ALL cells would be transferred to CAR T cells through trogocytosis in xenograft mouse models, which promoted the expression of PD1, LAG3 and TIM3. Intriguingly, this phenomenon also caused the fratricide of CAR T cells (Hamieh et al., 2019). More recently, Singh et al. showed the impaired death receptor signaling in ALL cells caused the resistance to cytotoxicity of T cells, and thus the persistence of antigens induced functional impairment of CAR T cells in turn. Impressively, they observed that the inherent dysregulation of death receptor signaling in ALL cells directly contributed to CAR T cell exhaustion and correlated with clinical outcomes (Singh et al., 2020). Although CD19 CAR T cells were applied to treat CLL, B-ALL, and B-cell lymphoma, they were less effective in CLL. An explanation for this discrepancy was that the imbalance between the suppressive TME and immune cells (Yoon et al., 2018). Jitschin and colleagues observed that the myeloid-derived suppressor cells (MDSC) were significantly increased in the peripheral blood of CLL patients. On one hand, this MDSC subset promoted the regulatory T cells (Treg). On the other hand, MDSC secreted high levels of indoleamine 2, 3-dioxygenase (IDO) to metabolize tryptophan to limit T cell proliferation and function (Jitschin et al., 2014). All in one, these findings highlighted the significance of the immunosuppressive cell components for inducing CAR T cell exhaustion.
As for immunosuppressive soluble factors in the TME, EVs have attracted the most attention. Cox et al. identified that the number of EVs in patients with CLL was significantly higher than the number in normal individuals, and the same was true for PDL1 positive EVs. They further verified that PDL1 positive EVs induced CD19 CAR T cell exhaustion and attenuated effector function in vitro and in vivo (Cox et al., 2021). Our recent studies also demonstrated that EVs secreted by tumor cells such as B-ALL could induce CD19 CAR T cell exhaustion. Mechanistically, we found that B-ALL cells secreted EVs specifically carrying CD19 antigen, and thus their persistent antigenic stimulation led to exhaustion of CD19 CAR T cells (Zhu et al., 2022). In addition to EVs, tumor cells also secreted masses of metabolites to tame the TME, and consequently to regulate immunity. For instance, the AML cells in bone marrow and B-cell lymphoma cells released IDO to degrade tryptophan, resulting in local nutrient depletion while producing metabolites such as kynurenine to inhibit CAR T cell activity (Teague and Kline, 2013; Ninomiya et al., 2015). Recently, Mussai and colleagues described the AML blast in patients generated Arginase II, which consumed the arginine and led to low-arginine microenvironment. It was proved that the low-arginine conditions would cause the exhaustion and defective proliferation of CAR T cells in vitro (Mussai et al., 2019). Similarly, tumor cells produced ectoenzymes CD39 and CD73, which would hydrolyze ATP to generate adenosine. The adenosine further bound to adenosine 2A receptors on T cells to inhibit their function (Leone et al., 2015; Beavis et al., 2017). In addition, other soluble factors such as transforming growth factor-β (TGF-β), IL-10 and type I interferon were also important regulators of CAR T cell function in the TME (Chang et al., 2018; Stüber et al., 2019). Overall, a great deal of efforts had been devoted to the immune regulation of TME. However, the TME was extremely complex, new drivers of CAR T cell exhaustion were constantly emerging.
STRATEGIES FOR COMBATING CAR T CELL EXHAUSTION
Immune checkpoint blockade
An important hallmark of CAR T cell exhaustion was the up-regulation of multiple inhibitory receptors such as PD1, CTLA4, and LAG3. Their binding to corresponding ligands on tumor cells promoted the dysfunction of exhausted T cells and led to tumor immune escape. Cherkassky et al. proved that PD1-mediated cell exhaustion significantly inhibited CAR T cell function. Blocking the PD1-PDL1 pathway by PD1 inhibitors or endogenous blockade of PD1 expression could resist exhaustion and enhance function in vitro and in preclinical animal models (Cherkassky et al., 2016). Therefore, PD1 and CTLA4 inhibitors aimed at disrupting the inhibitory receptor pathway had gradually been applied for improving tumor immunity in clinical practice (Kon and Benhar, 2019; Liu, 2019). Cao et al. evaluated the efficacy of combination of CD19 CAR T cells with anti-PD1 antibody (nivolumab) in patients with refractory/relapsed B-cell non-Hodgkin lymphoma (Table 1). Encouragingly, they observed that complete response could be achieved in 45.45% of patients (Cao et al., 2019). Similarly, one recent study reported that the PD1 inhibitor, pembrolizumab, achieved complete remission or partial remission in 25% of patients with B-cell lymphoma refractory to and/or relapsed after CD19 CAR T cells treatment. Immune analysis revealed the patients who achieved remission had mild CAR T cell exhaustion, which indicating that PD1 inhibitors had certain benefits in improving exhaustion and enhancing the efficacy of CD19 CAR T cells (Chong et al., 2022). Meanwhile, administration of CAR T cells with nivolumab and ipilimumab (CTLA-4 inhibitor) was also being tested in clinical trials (NCT04003649).
TABLE 1 | Strategies for combating CAR T cell exhaustion.
[image: Table 1]In addition to PD1 and CTLA4 inhibitors, modifying CAR T cells to block immune checkpoint pathways had also been investigated intensively. For example, Pan and his colleagues introduced a fusion protein consisting of the extracellular domain of PD1 and CH3 from IgG4 into GPC3 CAR T cells to construct CAR T cells secreting a soluble PD1 protein. They found these CAR T cells were protected from exhaustion when stimulated by target cells in vitro and in murine xenogeneic models (Pan et al., 2018). Furthermore, Zou et al. demonstrated simultaneously downregulating three checkpoint receptors PD1, TIM3, and LAG3 could improve the exhaustion of CAR T cells through upregulation of CD56 in xenogenic mouse models (Zou et al., 2019). In line with this, a recent study described that simultaneous down-regulation of PD1 and TIGIT exerted a synergistic anti-tumor effect, the down-regulation of TIGIT was mainly responsible for maintaining the low-differentiation and low-exhaustion state of CAR T cells, while the down-regulation of PD1 enhanced the short-term cytotoxicity of CAR T cells in vitro functional assays (Lee et al., 2022). In summary, immune checkpoint blockade had achieved certain successes in preclinical and clinical practice, which was also the mainstream method for resisting CAR T cell exhaustion currently.
Combating the TME
With the clarification of the complex role of TME, new strategies targeting TME to improve the efficacy of CAR T cells had proliferated recently (Table 1). In terms of the excessive adenosine in the TME, the adenosine 2A receptor on CAR T cells was responsible for mediating its immunosuppressive effects. Accordingly, it was reported that using the adenosine 2A receptor antagonists and knockout of receptors in CAR T cells improved exhaustion and function in preclinical mouse models (Beavis et al., 2017; Li et al., 2020). Besides, to confront adenosine, immune cells could also catabolize it into inosine through adenosine deaminase 1 (ADA). Therefore, Qu et al. engineered ADA-overexpressing CAR T cells and proved that they had an enhanced ability to resist exhaustion in vitro and in vivo (Qu et al., 2022).
As for the arginine, it was recognized that endogenous production of arginine was mainly dependent on argininosuccinate synthetase (ASS) enzymes and ornithine transcarbamylase (OTC). However, the expression of ASS and OTC in T cells was low, so they were dependent on exogenous arginine and were sensitive to low-arginine microenvironment. Encouragingly, inhibiting the arginine metabolism or engineering CAR T cells to express functional ASS and OTC could both significantly enhance the function (Mussai et al., 2019; Fultang et al., 2020).
To overcome the excess TGF-β in the TME, Kloss et al. blocked TGF-β signaling by co-expressing a dominant-negative TGF-β receptor II (TGF-βRII) in PSMA CAR T cells targeting prostate cancer. Tang et al. used CRISPR/Cas9 technology to knockout endogenous TGF-βRII in CAR T cells. Both these modifications prevented CAR T cell exhaustion and enhanced anti-tumor effects in tumor models (Kloss et al., 2018; Tang et al., 2020). And there were abundant agents that were being tested in clinical trials including TGF-β targeted neutralizing antibodies, vaccines, antisense oligonucleotides, and small molecule inhibitors. Of particular interest, a mass of research devoted to developing agents that dual-targeting TGF-β and PDL1 molecules. Especially the bintrafusp alfa, a bifunctional fusion protein targeting TGF-β and PD-L1 (Gulley et al., 2022). More recently, Chen and his team designed CAR T cells with a bispecific trap protein structure that secreted trap proteins, which could simultaneously target TGF-β and PD1. Such CAR T cells significantly attenuated suppressive T cell signaling and resisted exhaustion in vitro and in vivo (Chen et al., 2021).
Furthermore, in order to clear the ability of different types of CAR T cells to resist exhaustion in the TME, one study used CD4 or CD8-targeted lentivirus to generate CD4 CAR T cells or CD8 CAR T cells in vivo, respectively. It was showed that the anti-tumor efficacy of CD4 CAR T cells alone was better than that of CD8 CAR T cells alone or mixture of CD4 and CD8 CAR T cells, because CD8 CAR T cells were more prone to exhaustion under high tumor burden. This report suggested that the phenotype could be adjusted to obtain CAR T cells that were resistant to exhaustion in vivo (Agarwal et al., 2020). In addition, promoting the secretion of cytokines could also resist CAR T cell exhaustion caused by the TME. For example, co-expression of IL7 gene enabled CAR T cells to produce IL7 under antigen stimulation, which promoted CAR T cell proliferation and inhibited CAR T cell exhaustion and apoptosis. These CAR T cells exhibited a less differentiated phenotype with a higher proportion of central memory T cells in preclinical models (He et al., 2020). Therefore, it was feasible to engineer CAR T cells that directly counter the immune suppressors in the TME to resist exhaustion. However, the clinical efficacy and safety of these CAR T cells remained to be further observed.
Epigenetic regulation of CAR T cell exhaustion
It had been established that exhausted T cells had completely different epigenetic characteristics from effector T cells and memory T cells. For instance, exhausted T cells lacked several open chromatin regions presented in the IFNG locus in effector T cells and memory T cells. Because blocking PD1 was unable to fully remodel the epigenetics of exhausted T cells, T cells would be re-exhausted when the antigen persisted (Pauken et al., 2016). Subsequently, Ghoneim et al. performed whole-genome sequencing of effector T cells and exhausted T cells, they identified that the acquired de novo methylation programs limited T cell proliferation and clonal diversity during transition to exhaustion (Ghoneim et al., 2017). In line with this, Zebley and colleagues observed CAR T cells acquired exhaustion-related methylation programs after infusion in patients with relapsed/refractory B-ALL, the genes associated with T cell memory maintenance including TCF and LEF1 were suppressed (Zebley et al., 2021). Consequently, restraining these epigenetic modifications had the potential to reverse exhaustion transition (Table 1). In a recent work, it was described that blocking de novo methylation programs through de novo DNA methyltransferase 3α (DNMT3A) knockout could overcome CAR T cell exhaustion in vitro and in preclinical solid tumor models (Prinzing et al., 2021). Similarly, DNA methyltransferase inhibitor, decitabine, had also been proved to reverse exhaustion-associated DNA-methylation programs. Two research teams successively demonstrated that decitabine enhanced the antitumor activity of CAR T cells both in vitro and in vivo. Through transcriptome and epigenetic sequencing, it was revealed that memory-related genes and immune synapse genes were promoted while exhaustion-related genes were suppressed (You et al., 2020; Wang Y. et al., 2021b). In addition, clinical trials of CD19 CAR T cells in relapsed/refractory CLL (NCT01029366 and NCT01747486) showed the CAR silencing was associated with CAR T treatment failure, this was caused by abnormal methylation programs of the CAR promoter. Kong and colleagues presented that epigenetic modulation by bromodomain and extra-terminal (BET) family protein blockade could reverse CAR silencing and improve CAR T cell exhaustion in vitro (Kong et al., 2021). Overall, these clinical and preclinical data provided evidence for the epigenetic involvement in the regulation of CAR T cell exhaustion and efficacy. In particular, the combination of decitabine with CAR T cell therapy was currently being tested in clinical trials (NCT04697940, NCT04850560 and NCT04553393). Thus, epigenetic regulation had the potential to become an important approach to reverse CAR T cell exhaustion in the future.
Transcriptomic regulation of CAR T cell exhaustion
Multiple genes and transcription factors were involved in the regulatory network of CAR T cell exhaustion. One of the most important was the transcription factor TCF1, it was a key regulator of T cell differentiation. TCF1-positive CAR T cells exhibited a less exhaustion level and enhanced persistence in vitro and in vivo (Wu et al., 2016; Zheng et al., 2021). The other key transcription factors were the nuclear factor of activated T cells (NFAT) family and NR4A nuclear receptor family (NR4A1, NR4A2 and NR4A3). They played an important role in the immune homeostasis, including maintaining the development of regulatory T cells, regulating the activation of T cells, controlling the survival of B cells and T cells when encountered antigen (Macian, 2005; Sekiya et al., 2013; Hiwa et al., 2022). However, their strong activity and redundant effects were thought to be related to T cell exhaustion. It was reported that the NFAT/NR4A axis cooperatively controlled the expression of inhibitory receptors including PD1, TIM3 and LAG3. Deleting all three NR4A transcription factors could enhance the anti-tumor effect in solid tumor models (Table 1) (Chen et al., 2019). And meanwhile, Seo and colleagues observed that the transcription factors TOX and TOX2 were also downstream targets of NFAT to prompt CAR T cell exhaustion. Disruption the expression and activity of TOX and TOX2 in CAR T cells promoted tumor regression in tumor-bearing mouse models (Seo et al., 2019). Another NFAT partner, transcription factor AP1, was also involved in the regulation of CAR T cell exhaustion. Lynn et al. described that there was an epigenetic dysregulation of AP1 in exhausted CAR T cells using an exhaustion cell model with tonic CAR signaling, they proposed that this may be associated with the immunoregulatory AP-1/IRF transcriptional complexes (Lynn et al., 2019). In addition, some genes that may regulate CAR T cell exhaustion had been gradually uncovered through genetic screening. For example, one study identified that MAP4K1 gene (encoding HPK1) was highly correlated with the expression of inhibitory receptors in a variety of cancer through database analysis, the HPK1-NFκB-Blimp1 axis may mediate CAR T cell exhaustion. (Si et al., 2020). More recently, Wang et al. screened the whole genome of glioblastoma stem cells and CAR T cells to obtain the key molecules that determine the cytotoxicity of CAR T cells. They found that genes TLE2 and IKZF2 had a suppressive effect on CAR T cells. Intervention to down-regulate the expression of these two genes could inhibit CAR T cell exhaustion and enhance function in glioblastoma mouse models (Wang D. et al., 2021a). Therefore, with the clarity of genetic changes, the intricate regulation network behind CAR T cell exhaustion gradually emerged. Although the intervention of these transcription factors and genes was still confined to in vitro and preclinical stage currently, these regulators provided attractive drug targets for inhibiting CAR T cell exhaustion and improving immunotherapy response. Interventions against these key factors were expected to enter clinical applications soon.
CONCLUSION
The mechanisms of CAR T cell exhaustion are extraordinarily complex and need to be explored in depth. First, inappropriate CAR T cell structure could induce ligand-independent tonic signaling and thus leading to CAR T cell exhaustion. Then, the cytokines and the duration of in vitro expansion also affect CAR T cell exhaustion. More importantly, there are abundant immunosuppressive factors in the TME. Hence, these multifaceted attacks make it difficult to reverse CAR T cell exhaustion. At present, PD1 and CTLA4 inhibitors are the dominant agents to combat CAR T cell exhaustion in clinical practice. However, the experience using immune checkpoint inhibitors with CAR T cells is limited. Besides, exhausted CAR T cells have epigenetic remodeling as well as transcriptomic abnormalities that increase the difficulty to intervene. Therefore, designing CAR T cells that can resist exhaustion or targeting these exhaustion-inducing factors may offer the potential to improve the efficacy of CAR T cells.
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In the setting of chronic antigen exposure in the tumor microenvironment (TME), cytotoxic CD8+ T cells (CTLs) lose their immune surveillance capabilities and ability to clear tumor cells as a result of their differentiation into terminally exhausted CD8+ T cells. Immune checkpoint blockade (ICB) therapies reinvigorate exhausted CD8+ T cells by targeting specific inhibitory receptors, thus promoting their cytolytic activity towards tumor cells. Despite exciting results with ICB therapies, many patients with solid tumors still fail to respond to such therapies and patients who initially respond can develop resistance. Recently, through new sequencing technologies such as the assay for transposase-accessible chromatin with sequencing (ATAC-seq), epigenetics has been appreciated as a contributing factor that enforces T cell differentiation toward exhaustion in the TME. Importantly, specific epigenetic alterations and epigenetic factors have been found to control CD8+ T cell exhaustion phenotypes. In this review, we will explain the background of T cell differentiation and various exhaustion states and discuss how epigenetics play an important role in these processes. Then we will outline specific epigenetic changes and certain epigenetic and transcription factors that are known to contribute to CD8+ T cell exhaustion. We will also discuss the most recent methodologies that are used to study and discover such epigenetic modulations. Finally, we will explain how epigenetic reprogramming is a promising approach that might facilitate the development of novel exhausted T cell-targeting immunotherapies.
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INTRODUCTION
Immunotherapy is a promising new treatment for cancer, one which harnesses a patient’s own immune system to target tumor cells. These therapies aim to boost anti-tumor activity of cytotoxic immune cells, such as cytotoxic CD8+ T cells and Natural Killer (NK) cells. During acute infections, naïve CD8+ T cells undergo robust proliferation and clonal expansion to differentiate into effector and memory CD8+ T cells. In contrast, in cancer and during chronic infections persistent antigen stimulation abrogates the development of memory T cells and T cells become exhausted. In cancer, immunotherapies attempt to enhance CD8+ T cell effector function by targeting various inhibitory receptors on the cells’ surfaces. For example, anti-programmed death protein 1 (PD-1) monoclonal antibodies are exceptional for PD-1 receptor inhibition, thereby promoting anti-tumor CD8+ T cell activity (Hellmann et al., 2019; Hellmann and Ramalingam, 2020). Anti-PD-1 therapies such as pembrolizumab and nivolumab were first approved for melanoma (Wolchok et al., 2013) and have since shown exceptional results in other cancers as well (Tawbi et al., 2018; Doki et al., 2022). Similarly, chimeric antigen receptor-T (CAR-T) cell therapy harnesses T cell-mediated anti-tumoral immune activity, an immune therapy approach that optimizes T cell activity against tumor cells. As promising as this therapy is for specific types of hematological malignancies, CAR-T therapy are less effective against solid tumors, and are also associated with some significant safety concerns (Gust et al., 2020; Rubin and Vaitkevicius, 2021). Specifically, in both CAR-T and immune checkpoint blockade (ICB) such as anti-PD-1 therapy, resistance to treatment remains a significant issue that limits their efficacy and utilization for a large subset of cancer patients (Gust et al., 2020; Rubin and Vaitkevicius, 2021). Therefore, defining the mechanisms that mediate resistance to CTL-based immunotherapies is of upmost importance (Sade-Feldman et al., 2018; Klemen et al., 2019; Lu et al., 2019).
One mechanism of resistance to T cell-targeting immunotherapies is loss of T cell effector activity (Pauken et al., 2016; Balança et al., 2021), whereby dysfunctional/exhausted CD8+ T cells fail to adequately clear cancer cells. Recently, epigenetic alterations were found to reinforce the differentiation of naive T cells to the exhausted state (Yang and Wang, 2021; Belk et al., 2022; Chen et al., 2022). Therefore, we and others believe that CD8+ T cells can be re-sensitized to ICB therapy by modulating the activity of specific epigenetic factors that mediate CD8+ T cell exhaustion. Here, we will describe effector and exhausted CD8+ T cell differentiation in the tumor microenvironment, explore transcription factors and genomic alterations reinvigorating such differentiation, and examine therapies which target these epigenetic pathways as a means to enhance the efficacy of ICB therapy.
T CELL DEVELOPMENT IN THE TME
CTLs are very effective at removing foreign invaders in the body, such as during a viral infection. To do so, CTLs differentiate into their antigen-specific subtypes. Upon antigen recognition, naïve CD8+ T cells undergo clonal expansion and differentiate into effector CD8+ T cells, as shown in Figure 1. These immune cells are capable of cytokine secretion, have cytolytic activity, and function to target and clear virally infected cells. Once an infection is cleared from the body, the majority of these effector cells die leaving a small percentage (about 5%) of them to differentiate into long-lasting memory T cells (Tonnerre et al., 2021). This process in comparison with chronic antigen exposure is illustrated in Figure 1.
[image: Figure 1]FIGURE 1 | CD8+ T cell differentiation in the tumor microenvironment and during acute infection. Naïve T cells can differentiate into various CD8+ T cell subsets upon acute antigen exposure, and this varies in comparison to chronic antigen exposure. Effector T cells are capable of secreting cytokines and have cytolytic activity. A portion of effector T cells can differentiate into memory T cells, capable of self-renewal, or undergo cell death. In contrast, exhausted T cell populations lack effector activity and undergo cell death. Progenitor Tex cells express TCF1 (as well as other markers) and have enhanced proliferation potential. Terminal Tex cells do not express TCF1 (and increased inhibitory receptor expression) and have reduced proliferation potential. Created with BioRender.com.
In the setting of a chronic antigen exposure, such as in cancer or chronic viral infections, the effector activity of CD8+ T cells is hindered. Even in tumors with a high mutational burden and the existence of a large amount of neoantigens, the immune system fails to completely clear all cancerous cells (Caushi et al., 2021; Belk et al., 2022). Thus, CD8+ T cells in the TME are thought of as being dysfunctional throughout tumorigenesis. This is mainly due to persistent antigenic stimulation during chronic infections or in the TME where CD8+ T cells lose their effector functions and are skewed towards an exhausted phenotype. There is now a wide belief that terminally exhausted CD8+ T cells are attributed to immune checkpoint blockade failures in the clinic, a point which will be discussed later in this review.
AN OVERVIEW OF CD8+ T CELL EXHAUSTION
T cell differentiation into an exhausted phenotype is a dynamic process, moving through a series of cellular states. Upon consistent antigenic stimulation either during chronic viral infections or cancer, effector CD8+ T cells begin to lose their proliferative capacity, cytokine production, and effector potential. They upregulate various inhibitory receptors (such as PD-1, CTLA4, Tim3, LAG3, etc.), alter known transcription factors (such as TCF1, T-bet, NFAT, TOX, Blimp-1, etc.), and incur a unique epigenetic state, all of which hinder their effector and cytolytic abilities (Tang et al., 2021). The upregulation of inhibitory receptors on exhausted CD8+ T cells, especially on progenitor exhausted CD8+ T cells (Tang et al., 2021), are targeted with ICBs and as a means of stimulating CTL effector functions of exhausted T cells. It is important to note that although chronic viral infection and cancer can both cause similar T cell differentiation into exhausted phenotypes as mentioned here, exhaustion in the TME is a subtly but importantly unique form of exhaustion which will be focused on throughout this review.
The different stages of exhausted CD8+ T cells differ greatly based on the expression levels of specific transcription factors and T cell inhibitory receptors. The progenitor exhausted T cells (Texprog1) have a high proliferative potential with stem-like properties but low cytolytic ability (Jiang et al., 2021). In contrast, terminally exhausted CD8+ T cells (Texterm) have a low proliferative potential but high cytotoxicity (Jiang et al., 2021). The terminally exhausted CD8+ T cell subset is characterized by higher PD-1, Tim-3 and CD38 expression, and lower CXCR5, CD44, and Ly108 expression than progenitor CD8+ Tex cells (Jiang et al., 2021). Furthermore, terminally exhausted CD8+ T cells overexpress the transcription factor TOX and do not express the transcription factors TCF1 and T-bet (Beltra et al., 2020). The differentiation into terminally exhausted CD8+T cells varies as well. For example, progenitor exhausted CD8+ T cells do not always turn into terminally exhausted subtype. Some reports suggest the existence of multiple intermediate cell subsets during this progression, if the progression occurs at all (Yang and Wang, 2021; Chen et al., 2022). To further outline the transcriptional heterogeneity of exhausted T cells, a new exhausted CD8+ T cell subset was identified recently which expresses unique natural killer (NK) cell related genes (i.e. Klr, Fcg2rb) and surface proteins (i.e. NK1.1, Ly49I, NKG2D) (Giles et al., 2022b).
The distinction between exhausted T cell subtypes is critical because although progenitor exhausted CD8+ T cells are responsive to ICBs, terminally exhausted cells are not (Kallies et al., 2020; Jiang et al., 2021). This distinction in part explains why such a large proportion of people fail to reach a complete response to ICB therapy, and why many people eventually progress with such treatments (Kallies et al., 2020; Jiang et al., 2021). One specific reason for this is that when antigen concentration remains high, exhausted CD8+ T cells which initially responded to checkpoint inhibitor therapy can become “re-exhausted” (Pauken et al., 2016). Pauken et al. demonstrated this finding in a mouse model of lymphocytic choriomeningitis virus (LCMV) with anti-PD-1 therapy. They found that CD8+ T cells failed to acquire memory after immune checkpoint therapy, even if exhausted T cells were reinvigorated (Pauken et al., 2016). This represents an important truism in cancer immunotherapy: once cells reach terminal exhaustion, it cannot be undone and likelihood of ICB resistance increases (Pauken et al., 2016).
Some immune receptors on T cells have been shown to modulate the expression levels of the inhibitory receptors that ICB therapy is trying to target, unveiling potential new approaches to immunotherapy. For example, our group demonstrated that the self-ligand immune receptor SLAMF7 was co-expressed with multiple inhibitory receptors (i.e. PD-1, Tim-3, LAG3) and when SLAMF7 signaling was induced in CD8+ T cells, the expression of PD-1, Tim-3, and LAG3 inhibitory receptors were upregulated (O’Connell et al., 2021). Also, SLAMF7 activation resulted in enhanced expression of several T cell exhaustion-promoting transcription factors and epigenetic regulators (O’Connell et al., 2021). We further demonstrated that presence of SLAMF7 on tumor-associated macrophages (TAMs) was necessary for TAMs to induce CD8+ T cell exhaustion during their cross-talk with CD8+ T cells (O’Connell et al., 2021). Accordingly, SLAMF7 expression on certain TAMs may be a prognostic factor in clear cell renal cell carcinoma (ccRCC) (O’Connell et al., 2021).
KEY TRANSCRIPTION FACTORS AND CHROMATIN MODIFIERS REGULATING T CELL EXHAUSTION
It is now widely recognized that exhausted CD8+ T cells represent a distinct state in CD8+ T cell differentiation and, as such, have a unique profile of transcription factors (TFs) and epigenetic factors that drive and enforce this state via epigenetic remodeling and other mechanisms (Sen et al., 2016; Yao et al., 2019; Ranzoni et al., 2021). Understanding the mechanisms that regulate the expression of specific TFs, their temporal dynamics during the process of T cell exhaustion, and the cellular processes regulated by each TF has critical implications. These details help us not only understand the complex process of exhaustion, but also unveil how to pharmacologically alter this process for clinical benefit. A myriad of TFs have been implicated in regulating T cell exhaustion, some better defined than others, and a complete in-depth review of each can be found elsewhere (Wherry and Kurachi, 2015). There are also a number of TFs suspected to regulate exhaustion which have not yet been formally investigated, including E2F2 (Giles et al., 2022a), and likely others. Our group recently found that the immune cell surface receptor SLAMF7 is capable of regulating some of the critical exhaustion-defining TFs and epigenetic modifiers that regulate different aspects of T cell exhaustion (O’Connell et al., 2021). Below we detail what is currently known about each of these TFs and chromatin modifiers and how they regulate CD8+ T cell exhaustion programs.
TOX
TOX has been described as the “master regulator” of T cell exhaustion (Alfei et al., 2019; Khan et al., 2019; Scott et al., 2019; Yao et al., 2019). However, the precise role TOX plays in T cell exhaustion is more nuanced and involves interplay with other TFs and temporal expression dynamics throughout T cell differentiation. As a brief review, CD8+ T cell exhaustion is not a binary state cells enter, but rather a continuous developmental trajectory which was definitively separated into four cell states by Beltra et al. (2020). Two of these cell states, Texprog1 and Texprog2, are progenitor states with stem-like capabilities. On the opposing end of the exhaustion developmental spectrum are the Texint and Texterm states, which represent progressively more dysfunctional CD8+ T cells with Texterm having a terminal and irreversible phenotype as reviewed here and in the literature (Beltra et al., 2020).
During the progression of CD8+ T cells towards terminal exhaustion, expression of TOX gradually increases along with a concomitant decrease in the transcription factor TCF1 (Scott et al., 2019; Beltra et al., 2020). This transition from TCF1 expression to TOX expression is critical in defining these divergent CD8+ T cell states. TCF1 is a well-established regulator of stem cell capabilities in CD8+ T cells (Siddiqui et al., 2019) and TOX functions to enforce the terminal exhaustion phenotype, while repressing the terminal effector state (Khan et al., 2019). Specifically, TOX epigenetically reinforces exhaustion programs via chromatin remodeling at promoters and enhancers of various genes driving T cell exhaustion. One way it does this is by inducing histone H3 and H4 acetylation and DNA methylation (Zeng et al., 2020).
There are a number of signals which induce TOX expression and this transition from stem-like CD8+ T cells to exhausted cells, including: repetitive TCR stimulation (Blank et al., 2019; Philip and Schietinger, 2019), IL-12 (Maurice et al., 2021), calcineurin (Khan et al., 2019), NFAT2 (Khan et al., 2019), STAT3 (Yao et al., 2019), SLAMF7 signaling (O’Connell et al., 2021), and likely others yet to be discovered. A number of these signals (calcineurin, NFAT2, and STAT3) are secondary to primary stimuli such as TCR activation (calcineurin and NFAT2) and SLAMF7 activation (STAT3 (O’Connell et al., 2021)). TOX expression in T cells does not itself induce exhaustion, nor is it a marker of T cell exhaustion. Indeed, increased TOX expression has been noted in PD-1+CD39+CD8+ T cells and EMRA CD8+ T cells from healthy control subjects (Balança et al., 2021; Maurice et al., 2021; Tallón de Lara et al., 2021). Furthermore, we and others have noted that TOX is transiently upregulated in T cells upon TCR stimulation (Khan et al., 2019; Maurice et al., 2021). Together, these findings suggest that TOX can be transiently expressed in CD8+T cells without committing them towards exhaustion, in a manner analogous to FOXP3 which is also transiently upregulated during CD4+ T cell TCR stimulation (Wang et al., 2007). Additionally, the expression levels of TOX vary significantly between terminally exhausted CD8+ T cells and any other T cell subset expressing TOX (Alfei et al., 2019; Khan et al., 2019; Scott et al., 2019; Yao et al., 2019). TOX expression also increases in CD8+ T cells along the exhaustion developmental trajectory defined by Beltra et al. (Beltra et al., 2020), with Texterm having a TOXhigh phenotype. This data further confirms that high TOX expression is indicative of true CD8+ T cell exhaustion, as can be appreciated in the difference in TOX expression noted between tumor infiltrating lymphocytes (TILs) and in vitro stimulated T cells (Khan et al., 2019; Giles et al., 2022a).
T-bet
The T-box family member transcription factor T-box-expressed-in-T-cells (T-bet) has been implicated in playing an important role in the regulation of CD8+ T cell exhaustion, and it’s mechanism has recently been described. T-bet has well established roles in Th1 CD4+ T cell polarization (Szabo et al., 2000) and promoting T cell effector functions (Sullivan et al., 2003). It accomplishes such roles through binding T-box DNA elements leading to control of gene expression programs promoting these activities. More recently, roles for T-bet in the regulation of other cellular phenotypes in non-T immune cells have been described, such as its role in isotype switching and propagation of an antigen-experienced subset of B cells (Knox et al., 2019). Work by McLane et al. identified that T-bet antagonizes terminal exhaustion in CD8+ T cells via competition with another TF linked to T cell exhaustion, called Eomes (McLane et al., 2021). While both TF’s can bind to T-box sites in the promoter region of Pdcd1 and block its expression, Eomes does so very weakly while T-bet strongly prevents PD-1 expression (McLane et al., 2021). McLane et al. identified that T-bet and Eomes compete for the same T-box binding domain in the promoter of Pdcd1 and other exhaustion-linked genes, resulting in competition between the two. Therefore, the fraction of nuclear-localized T-bet versus Eomes plays a strong role in regulating CD8+ T cell exhaustion (McLane et al., 2021). Another group has made similar findings in humans with chronic HIV infection (Buggert et al., 2014). Work from Beltra et al. further supports the hypothesis that high nuclear T-bet expression antagonizes terminal exhaustion. They discovered that Eomes expression is highest in terminally exhausted (Texterm) cells and that these same cells have lower T-bet (Beltra et al., 2020). Accordingly, the T-bethigh PD-1mid subset of CD8+ TILs is the subset capable of reinvigoration by checkpoint blockage, while the Eomeshigh subset is not (Wherry and Kurachi, 2015). These studies on the role of T-bet in CTL exhaustion highlight the need to measure sub-cellular localization of many of these various proteins and TF’s linked to exhaustion. Thus, identifying appropriate roles for each in the context of exhaustion cell biology and revealing that merely measuring expression levels is likely not enough.
Blimp-1
Blimp-1 (which is encoded by prdm1) was one of the first TF’s to be linked to T cell exhaustion (Wherry et al., 2007; Shin et al., 2009) and is thus one of the best characterized. Blimp-1 was first identified as a TF critical in the development of plasma cells (Shaffer et al., 2002) and has since been identified as a regulator of various functions in additional immune cell subsets (Nadeau and Martins, 2022). Blimp-1 primarily functions as a transcriptional repressor by either competing with other TFs for binding to specific DNA regulatory regions or by recruitment of other chromatin-modifying factors to specific genes (Nadeau and Martins, 2022). However, there are occasional instances where Blimp-1 can function as a transcriptional activator, as in the case of its regulation of SLAMF7 (Kim et al., 2016).
The association of Blimp-1 with T cell exhaustion occurred after it was discovered that it was upregulated in T cells expressing multiple inhibitory receptors (Shin et al., 2009) and, more recently, in terminally exhausted CD8+ T cells (Yao et al., 2019). Conditional deletion of prdm1 in activated CD8+ T cells via a granzymeB-Cre driver, so as to remove the possibility of prdm1 deletion interfering with T cell development, revealed lower levels of multiple inhibitory receptors in prdm1 cKO CD8+ T cells (Shin et al., 2009). It is important to note that while the prdm1 cKO CD8+ T cells displayed decreased levels of multiple inhibitory receptors such as PD-1, 2B4, LAG3, TIGIT, and CD160, changes in PD-1 and LAG3 were minimal and 2B4 expression changes were the most pronounced (Shin et al., 2009; Zhu et al., 2017). 2B4 (SLAMF4) is a member of the SLAM family of receptors. Considering Blimp-1 has been shown to regulate the expression of another SLAM family member (SLAMF7) (Kim et al., 2016), and SLAMF7 has been shown to regulate Blimp-1 (O’Connell et al., 2021), this suggests Blimp-1 may preferentially regulate T cell exhaustion via SLAM signaling networks over that of other T cell inhibitory receptors.
It was also found that mice with conditional deletion of prdm1 in CD8+ T cells controlled LCMV infection more effectively than WT mice (Shin et al., 2009), and that anti-CD19 CAR-T cells lacking Blimp-1 have improved in vivo tumor control (Yoshikawa et al., 2022). This data confirms the role for Blimp-1 in CD8+ T cell responses in vivo. These findings further support the theory that Blimp-1 regulates T cell exhaustion and effector functions, in conjunction with findings that high Blimp-1 expression in T cells inhibits IL-2 production (Gong and Malek, 2007).
Mechanistically, Blimp-1 drives T cell exhaustion in much the same way that it regulates cell states in other cell types, via regulation of chromatin accessibility to key genes important in driving functional T cell dysfunction (Yoshikawa et al., 2022). As a testament to how critical high Blimp-1 expression is in enforcing T cell exhaustion, Wu et al. demonstrated that Blimp-1 expression must be repressed by TCF1, the master TF regulating CD8+ T cell stemness (Wu et al., 2016). As discussed above, TCF1 functions in an inverse manner to TOX (the master positive regulator of exhaustion). Thus, the finding that TCF1 must directly antagonize both TOX and Blimp-1 demonstrates the importance of Blimp-1-controlled transcriptional programs in CD8+ T cell exhaustion.
EZH2
The histone methyltransferase enhancer of zeste 2 polycomb repressive complex 2 subunit (EZH2) is a critical member of the polycomb repressive complex and has well-studied roles across developmental biology. Its importance in organismal development is exemplified by the fact that homozygous deletion of EZH2 is embryonic lethal (O’Carroll et al., 2001), and necessitates conditional knockout models for its in vivo study. More recently, the contribution of EZH2 to immune cell biology has been investigated with a number of studies showing complex and important roles for this chromatin modifier in T cell biology (He et al., 2017; Goswami et al., 2018; Wang et al., 2018; Li et al., 2020; Stairiker et al., 2020). EZH2 functions as a methyltransferase which is capable of mediating di- and tri-methylation of histone H3 at lysine 27 (H3K27) on the promoter of target genes resulting in heterochromatin formation and repression of gene expression (Stairiker et al., 2020). In addition to its methyltransferase activity, EZH2 has been detected in the cytosol and shown to regulate actin polymerization and cell signaling (such as TCR signaling) (Su et al., 2005)].
Currently, EZH2 has been linked to memory T cell responses (He et al., 2017; Li et al., 2020), regulatory T cell responses in the TME (Goswami et al., 2018), altered T cell inhibitory receptor expression (He et al., 2017), and T cell differentiation towards an exhaustion phenotype (O’Connell et al., 2021). EZH2 has pleotropic effects in T cells as evidenced by the numerous above-mentioned roles of this TF and the variety of pathways it is known to cooperate in. For example, one mechanism by which EZH2 may be able to induce T cell exhaustion is via STAT3 phosphorylation, as demonstrated in part by our group and others (Kim et al., 2013; O’Connell et al., 2021). STAT3 has previously been shown to induce PD-1 expression, limit T cell effector functions, and promote formation of regulatory T cells, which together can drive T cell exhaustion (O’Connell et al., 2021). On the contrary, active EZH2 has also been shown to alter chromatin at the prdm1 locus resulting in decreased Blimp-1 levels which may temper T cell exhaustion (He et al., 2017). To further complicate matters, EZH2 is able to regulate CD8+ T cells via activation of Id3 and inhibition of Id2 and Eomes (a TF which also plays an important role in T cell exhaustion and has been reviewed elsewhere (Li et al., 2018)) which together promote memory T cell formation and tumor control (He et al., 2017).
The key to EZH2’s diverse T cell regulatory abilities is its phosphorylation status, which determines if this chromatin modifier is active or not. When EZH2 is phosphorylated (via AKT), it is inhibited and unable to bind to and remodel chromatin and induce memory T cell formation (He et al., 2017). Additionally, signaling through the SLAMF7 cell surface receptor is capable of robustly inducing EZH2 levels in CD8+ T cells (O’Connell et al., 2021), but if this also alters EZH2 phosphorylation remains to be seen. Countering the induction of EZH2 expression in T cells by SLAMF7 signaling (which can be prevalent in the TME of certain cancers (O’Connell et al., 2021)) are unknown factors in the TME which negatively regulate EZH2 levels (Stairiker et al., 2020). Dissecting the dominant role of EZH2 in T cells in the TME is complicated by the above-mentioned pleotropic effects of this chromatin modifier, and also the fact that most studies on EZH2 have been performed in mice. As efforts move forward to modulate EZH2 for anti-tumor benefit with small molecule inhibitors (Kim and Roberts, 2016; Adema and Colla, 2022), there will need to be human-centric studies on the role of EZH2 in human TILs. The need to perform intranuclear staining for EZH2 has likely been a major factor contributing to the lack of human TIL EZH2 research, but as our group has shown (O’Connell et al., 2021), it is possible to optimize staining for this chromatin modifier.
YY1
YY1 (Yin Yang 1) is a ubiquitously expressed TF harboring a large array of diverse and often opposing regulatory abilities (Gordon et al., 2006). YY1’s ability to regulate various cellular processes comes from its DNA binding function, where it serves as a TF capable of direct or indirect regulation of gene expression. Most early studies on YY1 focused on its function in cancer cells, however, more recent studies have highlighted additional roles as a TF capable of intrinsically modulating immune cell function (Gordon et al., 2006; Balkhi et al., 2018).
With regard to T cell exhaustion, YY1 has been found to control multiple processes during this phenomenon including modulation of inhibitory receptors and cytokine production (Balkhi et al., 2018). Specifically, it was found to drive transcription of PD-1, LAG3, and Tim3 in chronically stimulated CD8+ T cells in vitro (Balkhi et al., 2018). Additionally, YY1 was noted to induce T cell dysfunction via repression of T cell-intrinsic IL-2 production in a mechanism involving recruitment of EZH2 to the IL-2 promoter (Balkhi et al., 2018). As lack of IL-2 during active T cell proliferation is known to cause T cell dysfunction (Ross and Cantrell, 2018), this was thought to be a major mechanism whereby YY1 controls T cell exhaustion. Similar to Blimp-1, YY1 is also known to regulate SLAMF7 expression, although YYA does this via direct transcriptional repression (Dongre et al., 2013). Likewise, SLAMF7 can induce YY1 expression (O’Connell et al., 2021). This suggests the presence of a negative feedback loop involving YY1 and SLAMF7, although each likely only contributes to a fraction of the many regulatory signals each protein receives during normal immune cell function (O’Connell et al., 2021). Since YY1 has a well described role in regulating NFκB function (Gordon et al., 2006; Balkhi et al., 2018), its immune cell-modifying functions can be partially attributed to this mechanism as well. However, like many of YY1’s functions, its regulation of NFκB is complex (Gordon et al., 2006; Balkhi et al., 2018) and dissecting these mechanisms may be difficult.
EPIGENETIC REGULATION OF T CELL EXHAUSTION
Recent studies have demonstrated that T cell exhaustion is commonly associated with significant and unique genome-wide epigenetic remodeling programs which differentiate Tex cells from naïve, effector, and memory T cells (Pauken et al., 2016; Sen et al., 2016; Philip et al., 2017). These epigenetic programs are associated with changes in expression of specific TFs, histone modifications, DNA methylation, and chromatin accessibility. For example, multiple epigenetic profiling studies in tumor infiltrating Tex cells demonstrated altered chromatin accessibility in thousands of differentially accessible regions, including decreases in chromatin accessibility of genes associated with effector T cell differentiation, such as IFNγ, TNFα, IL-2, KLRG1, and others, and increases in chromatin accessibility of genes associated with T cell exhaustion, such as PD-1, Tim3, LAG3, TIGIT, TOX, Tcf7, NFAT, and others (Sen et al., 2016; Abdel-Hakeem et al., 2021; Giles et al., 2022a; Belk et al., 2022). These changes in chromatin accessibility were also associated with extensive transcriptional alteration in Tex cells. Importantly, the transcriptional programs and chromatin profiles of Tex cells were largely conserved between murine Tex cells of LCMV-infected mice and human Tex cells derived from cancer and chronically-infected patients (Bengsch et al., 2018; Pritykin et al., 2021), revealing common differentiation programs and regulatory mechanisms. These results also demonstrate that T cell alteration in tumors and chronic infections follows a shared epigenetic differentiation trajectory. In addition to having a similar transcriptional and chromatin profile, studies using murine tumor models identified CD38 and CD101 as differentiating markers for Tex reprogrammability in PD-1 high CD8+ T cells. Specifically, PD-1HiCD101LowCD38Low was a plastic therapeutically reprogrammable chromatin state and PD-1HighCD101HighCD38High was a fixed dysfunctional state of exhausted CD8+T cells (Philip et al., 2017). These findings demonstrate that the epigenetic state of Tex cells is highly regulated and heterogenous, and this state governs the phenotype and function of Tex cells, as well as their response to ICB therapy (Gyorki et al., 2009).
It is now well appreciated that the terminal epigenetic state of Texterm is fixed and irreversible, even after reactivation, curative therapy, or following ICB therapies (Pauken et al., 2016; Hensel et al., 2021; Tonnerre et al., 2021; Yates et al., 2021). For example, unlike memory CD8+ T cells which robustly expanded upon restimulation, CD8+ Texterm cells from anti-PD-1-treated tumor-bearing mice failed to respond to secondary stimuli (Pauken et al., 2016). These results were associated with persistent PD-1 upregulation and a specific DNA methylation signature at the Pdcd1 and other gene loci (Pauken et al., 2016). Also, anti-PD-1 therapy was able to only change 10% of the epigenetic landscape to Texterm cells, implicating that the fixed chromatin state of Texterm cells is a major limitation for anti-PD-1 therapy (Pauken et al., 2016). Similarly, the chromatin accessibility of Texterm cells derived from HIV- and HCV-infected patients remained unchanged before and after resolution of the infection, and in particular at the Tox and Pdcd1 loci, confirming a fixed epigenetic state in Tex cells after they reach terminal exhaustion (Abdel-Hakeem et al., 2021; Yates et al., 2021). Additionally, and due to the nature of the fixed chromatin state of Texterm cells, when Tex cells from cured HCV patients were re-challenged with HCV virus, robust upregulation of T cell exhaustion-related genes like PD-1 occurred (Abdel-Hakeem et al., 2021). This phenotype was also associated with reduced expression of genes that regulate effector T cell activity, which further impaired their effector functions. These results necessitate the need to develop novel therapeutic approaches that increase the epigenetic plasticity of Tex cells. It is important to note that the Tex cell differentiation state, which is enforced at the epigenetic level, defines specific subsets of Tex cells. For example, Texprog1 (Ly108+CD69+) and Texint (Ly108+CD69−), which can proliferate and self-renew with ICB therapy (Gyorki et al., 2009) have accessible chromatin in various gene loci that is associated with T cell stemness, such as the Ly108 (SLAMF6) and TCF1 (Tcf7) gene loci (Zehn et al., 2022). In contrast, the terminally exhausted ((Ly108−CD69+); Texterm) T cell subset, which does not respond to ICB therapy, has accessible chromatin at the gene loci of NR4A, EOMES, and TOX TFs and PD-1, TIM-3, LAG3, CD101, and CD38 T cell inhibitory receptors (Hudson et al., 2019). These data reveal intricacies within the exhausted T cell population, and their implications in cancer progression and tumor evasion of ICB therapy.
TECHNOLOGIES FOR STUDYING EPIGENETICS
ATAC-seq
Various unique techniques have been developed and optimized to study the epigenetic profile of exhausted T cells, with one of the most prominent being the assay for transposase-accessible chromatin with sequencing, or ATAC-seq. Figure 2 illustrates ATAC-seq and the other methods that are discussed in this review. This specific technique involves the cleavage of chromatin by Tn5, which directly cuts only accessible chromatin (Belk et al., 2022). ATAC-seq therefore profiles only DNA fragments of genomic locations which are accessible for transcription. This technology allows one to identify the genomic accessibility at a precise location. Indeed, ATAC-seq transposes native chromatin for epigenomic profiling in a fast and sensitive way, and is thus a powerful technique for profiling the epigenetic regulation of T cell exhaustion. Recently, advances have made it possible to conduct ATAC-seq on single cells (Fang et al., 2021; Ranzoni et al., 2021)and in a spatial context (Thornton et al., 2021), making the unique cell populations and architecture of TME possible to profile.
[image: Figure 2]FIGURE 2 | Common methods for studying epigenetic modifications of chromatin. ATAC-seq, ChIP-seq, and MNase-seq have different mechanisms for DNA isolation, but all result in sequencing of specific DNA structures to identify epigenetic modulations. ATAC-seq involves the use of Tn5 to assess the location and sequence of open chromatin, ChIP-seq assesses the sequence of protein-bound DNA through crosslinking and fragmentation, and MNase identifies protein binding sites on DNA using an MNase enzyme digestion which leaves bound DNA to be isolated and sequenced. These techniques can be completed on bulk cells or single cells as described in this review. Created with Biorender.com and adapted from Chen et al., 2022.
Specific to T cell exhaustion, studies found that exhausted T cells had similar chromatin accessibility in different tumor models (Pritykin et al., 2021). This work was done by analyzing over 300 assays of ATAC-seq and RNA-seq. Authors found, through ATAC-seq, that functional and dysfunctional T cells diverged from a progenitor-like population of T cells (Pritykin et al., 2021). Multiple other studies have been done using the ATAC-seq technique, revealing different and specific chromatin accessibility changes in effector T cells, exhausted T cells, and memory T cells (Sen et al., 2016). Studies also have shown significant differences in regulatory region patterns between these different T cell populations with ATAC-seq, overall supporting its clear importance. Thorough reviews have been done on the application of ATAC-seq in the tumor microenvironment and we recommend their review for more information (Sen et al., 2016; Chen et al., 2022).
ChIP-seq and MNase-seq
Other techniques can be used to locate specific histone modifications or DNA-binding protein locations. Chromatin immunoprecipitation with sequencing (ChIP-seq) (Figure 2) is a technology for identifying genome-wide DNA binding of a protein of interest (or chromatin modification) and involves crosslinking DNA with all bound proteins, fragmenting the DNA, immunoprecipitation, followed with sequencing of the pulled-down DNA (Mikkelsen et al., 2007; Belk et al., 2022). Antibody-tethered micrococcal nuclease (MNase-seq) (Figure 2) is an advancement of ChIP-seq, also known as the CUT&RUN method, where the chromatin is cut directly next to the bound protein, allowing the DNA fragments to move out of the nucleus where they can then be isolated and sequenced (Skene and Henikoff, 2017; Belk et al., 2022). The main advantage of this technique is that is does not require fixation and can be done with fewer cells than ChIP-seq, allowing for sequencing of rare cells. Similarly to ATAC-seq, ChIP-seq can now be done on single cells, advancing its ability to detect changes in small immune populations (Grosselin et al., 2019). Furthermore, HI-ChIP is a new “protein-centric” chromatin conformation technique which improves readability and requires a lower sample size than ChIP-seq (Mumbach et al., 2016).
Multiomic approach
The above mentioned epigenetic techniques are able to be performed with other transcription- and proteome-wide profiling techniques as well, constituting a multiomic method. This allows for profiling multiple layers of cell processes at the same time in a single cell. A couple examples include nucleosome occupancy methylome sequencing (NOME-seq), which measures DNA methylation and chromatin accessibility at the same time, showing the nucleosome position along with DNA methylation in the chromatin (Mehrmohamadi et al., 2021). However, these assays are limited to the CpG frequency in the genome. To account for this limitation, one can alternatively combine ATAC-seq with bisulfite conversion in a technique known as EpiMethylTag to study DNA methylation and chromatin accessibility on the same DNA molecule (Mehrmohamadi et al., 2021). Although most of these approaches are applicable to single-cell sequencing, they are not as optimal for single cells due to low throughput (Mehrmohamadi et al., 2021). Non-etheless, the technology is improving quickly and will likely be applicable to single cells in a robust manner soon.
T CELL REPROGRAMMING
As mentioned throughout this review, resistance to ICB and CAR-T cell therapy is a critical clinical problem requiring further research. Scientists have discovered that this resistance, at least in part, occurs due to epigenetic changes in T cell differentiation and in particular in exhausted CD8+ T cells. Thereby, it is hypothesized that certain epigenetic-targeting drugs could be applied to Tex cells as a means of restoring stemness. Indeed, there are various classes of epigenetic modifiers, both in development and FDA approved, which will be discussed here along with their current utility. It is important to note that most of these epigenetic modifiers do so on a global scale, so specificity to a subset of immune cells in the tumor microenvironment is currently limited. Figure 3 demonstrates how these therapies can be conceptualized in addition to the altered epigenetic modifiers discussed here.
[image: Figure 3]FIGURE 3 | A schematic of major epigenetic alterations reinforcing CD8+ T cell exhaustion. Hypermethylation is characterized by increased methyl group attachment to DNA on chromatin, making the DNA transcriptionally inactive and closed. Hyperacetylation on the other hand acts in an opposite manner, where acetyl group binding causes chromatin to open and enhanced transcription of DNA. BET targeting to acetyl groups can also modify this transcription. These alterations are manipulated by various targeted drug approaches as listed in this figure. Created with BioRender.com.
Broad-spectrum epigenetic inhibitors target genome-wide cancer specific gene expression and include inhibition of various targets. Specifically, inhibition of DNA methyltransferase (DNMT) (Chiappinelli et al., 2015; Giri and Aittokallio, 2019), histone deacetylase (HDAC) (Eckschlager et al., 2017; Lue et al., 2019), and bromodomain and extra-terminal motif proteins (BET) (Kong et al., 2021; Shorstova et al., 2021) are the most common. DNMT inhibitors target hypermethylated DNA regions, and thus transcriptionally inactive chromatin. This reversal of silenced gene transcription by loss of DNA methylation allows the genes to become active again, which is desirable in the setting of tumor suppressor gene transcriptional silencing. DNMT inhibitors have been used in treating blood malignancies for years (Gore, 2005). Specifically, decitabine and azacytidine, two DNMTi drugs, are approved for treating myelodysplastic syndrome (MDS) and acute myeloid leukemia (AML). The drugs’ activity towards malignant cells supports the importance of epigenetic regulation in tumors. More recently, DNMTi use has been found to affect T cell exhaustion (Wang et al., 2021). Wang et al. found that that decitabine epigenetically reprogrammed CAR-T cells, enhancing and prolongating their antitumor activity (Wang et al., 2021). Furthermore, other groups showed that DNMTi therapy reversed exhausted CD8+ T cells and enhanced their effector function in different cancer models (Chiappinelli et al., 2015; Roulois et al., 2015). DNMT inhibitor therapy with various different drugs are currently being tested in clinical trials for multiple hematologic and solid malignancies, most in combination with another agent such as chemotherapy, immunotherapy, or second epigenetic modifying drug (Gore, 2005; Hu et al., 2021; Baer et al., 2022).
HDAC inhibitors on the other hand, preserve acetyl groups on lysine residues in histone tails, allowing open chromatin configurations and thus favoring gene transcription (Laino et al., 2019). Indeed, HDAC inhibitors cause apoptosis and arrest tumor cell growth and potential angiogenesis. There are multiple HDAC isoforms, and some inhibitors target specific HDAC isoforms while others are global inhibitors (Laino et al., 2019). For example, selective HDAC6 inhibition with ACY-1215 and ACY-241 was efficacious towards melanoma patients’ T cells ex-vivo, harvested from either peripheral blood or tumor biopsies (Laino et al., 2019). Specifically, HDAC6 inhibitor increased T cell effector functions, reduced exhaustive markers, and in turn enhanced the killing of malignant cells (Laino et al., 2019). Importantly, higher frequencies of T effector memory cells remained after treatment with ACY-1215 as well (Laino et al., 2019). Chromatin accessibility was increased in genetic regions associated with such effector and memory T cell functions. Furthermore, McCaw et al. found that an HDAC inhibitor, specifically the HDAC1 inhibitor etinostat (ENT), promoted immune-modulatory molecule expression which in turn re-sensitized tumors to ICB (McCaw et al., 2019). These findings support that epigenetic targeting can reprogram exhausted T cells and enhance effector function of T cells once resistant to ICB.
Another global inhibitor of epigenetic processes are bromodomain and extra-terminal domain (BET) inhibitors. BET overexpression can contribute to carcinogenesis, such as in hyper-acetylation of proliferation-promoting genes or hyper-acetylation of oncogene enhances (Jin et al., 2021). BET inhibitors recognize and bind to acetylated lysine residues, altering transcriptional activation and chromatin remodeling (Shorstova et al., 2021). Indeed, mouse studies revealed that suppression of BET proteins reduced AML burden (Zhong et al., 2022). Moreso, the specific BET inhibitor JQ1 reversed T cell exhaustion from ICB therapy in AML T cells in vitro and in vivo (Zhong et al., 2022). This BET inhibitor also reduced PD-1 and Tim-3 expression and increased cytokine secretion by AML patient-derived T cells (Zhong et al., 2022). As exciting as this data is, whether BET inhibition can reverse exhaustion in CML in vivo models which are resistant to anti-PD-1 therapy remains to be seen, and would be an important next step. Using a chronic lymphocytic leukemia (CLL) model, Kong et al. did demonstrate that BET inhibition reversed CAR-T cell exhaustion as measured by multiple factors including reduced inhibitory receptor expression and increasing their proliferation abilities (Kong et al., 2021).
Other methods of epigenetic modulation include narrow spectrum inhibitors. One of these methods focuses on EZH2 inhibition, due to its methyltransferase activity. Wang et al. found that EZH2 depletion reduced MYC expression and hindered neuroblastoma and small cell lung carcinoma tumor growth (Wang et al., 2022). However, they found that this EZH2 inhibition was independent of its methyltransferase activity (Wang et al., 2022), revealing that EZH2 may play a role in cancer beyond its enzymatic epigenetic reprogramming abilities. In 2020, the first EZH2 inhibitor was FDA approved for patients with relapsed or refractory follicular lymphoma. To receive this treatment, patients require a confirmed EZH2 mutation, as the studies determined a higher response rate in patients with confirmed EZH2 mutation in comparison to WT (69% vs 35%) (Morschhauser et al., 2020). However, the therapy was found to be tolerable and produce reasonably efficacy independent of EZH2 mutation (Morschhauser et al., 2020). Thus, it could be argued that this could be an option for refractory lymphoma patients (or other B cell malignancies) without EZH2 mutation, given its reasonable efficacy and safety profile.
Different EZH2 inhibitors exist, most targeting the methyltransferase abilities of EZH2. For this reason, it has been proposed as a promising combination with cytotoxic chemotherapy, as it makes DNA more accessible for DNA-damaging agents (Adema and Colla, 2022). In theory, one could use a lower dose of cytotoxic drug with a largely not toxic EZH2 inhibitor. This would improve safety profiles of chemotherapy, especially in older individuals (Adema and Colla, 2022). Furthermore, it can be combined with other epigenetic modifiers for better results. For example, the combination of EZH2 inhibitor with HDAC inhibitor increased lymphoma cell line apoptosis (Lue et al., 2019). The impact of combination epigenetic reprogramming on CD8+ T cell exhaustion and possible synergistic effects in vivo are unclear and warrant further investigations.
Outside of targeting epigenetic enzymes, research has supported targeting important exhaustion-driving transcription factors, and preclinical results have been promising. For example, CAR-T cells with Nrf4A family proteins knocked out had improved tumor-directed efficacy in mouse models, and knockout of TOX improved CAR-T cell efficacy as well (Tang et al., 2021). Although there are no current TOX inhibitors, this would seem to be a viable option for reversing ICB resistance. Another option could be to use an upstream regulator of TOX. Specifically, a regulator such as SLAMF7 which regulates TOX expression as discussed above. Thus, we propose that epigenetic directed therapy in combination with a SLAMF7 inhibitor may be a way to reduce CD8+T cell terminal exhaustion and warrants future investigations.
DISCUSSION
It is no question that the discovery of checkpoint inhibitors and development of CAR-T cell-based therapy have drastically changed the way clinicians approach cancer treatment and management. However, despite great success, many tumors unfortunately remain insensitive to such therapies, with solid tumors remaining particularly challenging to treat via immune-based mechanisms. Recently, the discovery of epigenetic changes driving T cell differentiation toward exhaustion has unveiled that epigenetic factors reinforce CD8+ T cell exhaustion as well. These studies, together with known transcription factors driving CD8+ T cell exhaustion, support that the exhausted CD8+ T cell phenotype is at least in part due to epigenetic modulations. Thus, the utilization of epigenetic modifying drugs either as single agents or in combination with potent therapies might improve the effector and memory responses of CD8+ T cells.
As important as the understanding of epigenetic remodeling of Tex cells is for the tumor immunology field, how these drugs will translate in vivo remains to be seen. For example, many of these drugs are global modifiers of specific epigenetic processes. Thus, they would need to be directed towards exhausted CD8+ T cells specifically to confirm these theories. Utilization of a drug-antibody conjugate for an inhibitory receptor highly expressed on exhausted CD8+ T cells, such as PD-1, may be one way to localize epigenetic modifying therapies to the Tex immune cell subset in the TME. In practice, it may be more beneficial to epigenetically modify both cancer cells and Tex cells, in which case a purely T cell-targeted approach would not be as desirable, but this remains to be seen. Not only may the inhibitors have effects on tumor cells, but they also can have off target effects on healthy cells and tissues unrelated to cancer. In addition, it is well-known that potent immune activation in the setting of cancer can trigger autoimmune-like reactions (Young et al., 2018). Thus, ensuring the therapy is selective for exhausted CD8+ T cells is an important limitation of current studies and should be further addressed.
This work leads one to wonder whether the combination of broad-spectrum epigenetic regulators in combination with ICB or CAR-T cells therapy would be optimal in cancer patients who do not respond to ICB alone, and some studies already support this hypothesis (Eckschlager et al., 2017; Li et al., 2018; McCaw et al., 2019; Wang et al., 2021; Zhong et al., 2022). Whether it is due to reversing CD8+ T cell exhaustion or some other factor remains to be seen. The lack of specificity with global epigenetic regulators may limit their efficacy and makes mechanistic understanding of the inhibitors in relation to exhaustion difficult to discern. This muddies identifying patients who will respond to the therapy versus those who will not. Currently, genetic testing of specific epigenetic regulators is being done on patients to predict their response to such inhibition. However, as we have learned from targeted therapy approaches, because a gene is altered does not mean that targeted inhibition will reverse the phenotype. Indeed, it is unclear whether patients without such mutations could also respond to therapy, which would support that these epigenetic therapies could be efficacious for a larger population. Given patients with reduced options, we propose that epigenetic approaches should be considered. The authors here believe that this is a field of study with great promise and may be a possible solution to ICB or CAR-T cell resistance. Further research is necessary to unweave the intricate epigenetic mechanisms in exhausted CD8+ T cells, improve specificity of epigenetic modifying therapy, and discover optimal approaches for reversing terminal CD8+ T cell exhaustion in the TME.
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Tumor-derived exosomes (TEX) are a subset of small extracellular vesicles (sEV) present in all body fluids of patients with cancer. In plasma of patients with metastatic melanoma, numbers of exosomes produced by melanoma cells called MTEX are elevated. To study the role of MTEX in melanoma progression, immunoaffinity-based separation of MTEX from total plasma exosomes was performed. The surface of MTEX was decorated by various checkpoint inhibitory proteins, and upon coincubation with immune recipient cells, MTEX suppressed anti-tumor functions of these cells. MTEX emerge as a major mechanism of immune suppression in melanoma and thus might play a role in promoting melanoma progression.
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INTRODUCTION
Extracellular vesicles (EVs) are produced and released by all cells. However, stressed cells, including cancer cells, produce an excess of EVs, and plasma of cancer patients is enriched in circulating tumor cell-derived vesicles called TEX. The main function of EVs is intercellular communication, which involves the transfer of information between cells, especially cells distantly located from one another. EVs are heterogenous and vary broadly in size, cellular origin, biogenesis and molecular/genetic cargos they carry (Whiteside, 2017). TEX are a subset of circulating EVs with unique characteristics that set them apart from other vesicles (Czystowska-Kuzmicz and Whiteside, 2021). Specifically, TEX originate from the late endosomes/multi-vesicular bodies (MVBs) in tumor cells and are released into extracellular space upon fusion of MVBs with the cell membrane. They are small vesicles sized at 30–150nm, and their surface topography as well as the lumen content resemble those of parent tumor cells (Czystowska-Kuzmicz and Whiteside, 2021). The current EV nomenclature places TEX in the category of small EVs (sEV) or exosomes (Thery et al., 2018), and it emphasizes their distinction from larger microvesicles (MVs) ranging in size from 200 to 500 nm and from much larger apoptotic bodies based not only on the vesicle size but also distinct biogenesis. Melanoma cell-derived TEX (MTEX) circulate freely and cross the BBB as well as all organ barriers (Banks et al., 2022). Upon contact with the cell membrane of recipient cells, MTEX enter into the cytosol, engaging various mechanisms that facilitate their entry, including receptor/ligand signaling, membrane fusion, integrin-mediated uptake, opsonization, endocytosis or phagocytosis (Mulcahy et al., 2014). The vesicle entry results in transcriptional and molecular changes in the recipient cell. These changes reflect the ability of MTEX to re-program functions of recipient cells (Czystowska-Kuzmicz and Whiteside, 2021).
This commentary discusses the interactions of TEX derived from melanoma cells (MTEX) with immune cells and describes the consequences of MTEX-mediated transfer of information from the tumor to immune cells. The impact of the MTEX-T cell crosstalk is emphasized as an example of cancer-driven functional reprogramming that promotes melanoma progression by inducing dysfunction of immune cells, especially CD8+ effector T-cell.
MTEX isolation from melanoma patients’ plasma
For the study described here (Sharma et al., 2020), the banked plasma specimens from patients with metastatic melanoma and healthy donors (HD) were obtained from the U. of Pittsburgh Melanoma SPORE Bank (IRB #991206). All study participants signed an informed consent form. The banked specimens were annotated and were randomly selected for the studies described here. Thawed plasma samples were pre-cleared by centrifugation and were ultrafiltered prior to size exclusion chromatography (SEC) as previously described (Hong et al., 2016). Small extracellular vesicles (sEV) were eluted in the void volume with PBS and harvested in fraction #4. Following concentration with 100,000 MWCO Vivaspin 500 centrifugal concentrators, protein levels of vesicles were measured using a BCA protein assay kit. The vesicle size and particle numbers were verified using qNano or NanoSite. Transmission electron microscopy (TEM) was used to visualize the vesicles. The sEV isolated from melanoma plasma had the vesicular morphology, a mean size of 90–110 nm and were positive for tetraspanins (CD63, CD81), TSG101 and ALIX, but were negative for the cytosolic proteins, calnexin and grp94 in western blots. TAM images of sEV obtained from a melanoma patient’s plasma were similar in the morphology and size to sEV isolated from plasma of patients and HDs (Figure 1). Total sEV protein levels were higher in patients than in HDs: mean 76 μg/ml vs. 54 μg/ml (Figure 2A) and were not significantly different in melanoma patients with no evident disease (NED) or active metastatic disease at blood draw for this study (Sharma et al., 2020). Total plasma-derived sEV in the SEC fraction #4 were used for the separation of MTEX from non-malignant cell-derived vesicles, non-MTEX.
[image: Figure 1]FIGURE 1 | Transmission electron microscopy images of sEV from a healthy donor’s plasma (left) and from a melanoma patient’s plasma (right).
[image: Figure 2]FIGURE 2 | Protein levels in total plasma exosomes of melanoma patients or HDs and in isolated MTEX. In (A), total exosome protein (TEP) levels in plasma of HDs or melanoma patients. In (B), the total MTEX/TEP ratio for all patients vs. patients with NED or with progressive disease following oncological therapy. In (C), protein levels in MTEX obtained from plasma of NED patients or melanoma patients with metastases (i.e., progressive disease following oncological.
MTEX isolation from total plasma exosomes was performed by immune capture using the melanoma cell-specific monoclonal Abs provided by Dr. Soldano Ferrone (Harvard U.) Anti-CSPG4 mAbs (clones 763.64 and 225.28) recognize an epitope of CSPG4 (also known as the high molecular weight melanoma associated antigen) present on melanoma cells but not on any other non-malignant cells or tissues as determined by immunostaining and previously reported (Campoli et al., 2004). The capture mAb (763.64) was biotinylated, and MTEX captured by the biotinylated mAb harvested on streptavidin-charged magnetic beads as described (Sharma et al., 2018). The non-captured vesicles were recaptured using biotinylated anti-CD63 mAb and streptavidin beads. Both fractions, MTEX and non-MTEX, were studied by on-bead flow cytometry for their protein profiles (Theodoraki et al., 2021), and the detected protein expression levels were calculated as Relative Fluorescence Intensity (RFI) values equal to the ratio of MFI detection mAb/MFI isotype control. TEM of isolated MTEX and non-MTEX showed vesicles with morphology similar to that of total plasma EVs, although the MTEX size was somewhat smaller than that of non-MTEX. The protein content of isolated MTEX ranged from 20 to 60µg/ml and was no different for melanoma patients with NED vs. patients with progressive disease (PD) after oncologic therapy (Figure 1B). The MTEX/total sEV protein (TEP) ratio was also not different for these two patient groups (Figure 1C). Among 12 melanoma patients, MTEX represented 23%–66% of total plasma sEV (Sharma et al., 2020). This may appear as a very high proportion of recovered MTEX, and it contrasts with the scarce data for the recovery of cancer TEX from plasma reported in the literature. In one study of patients with NSCLC, anti-EpCAM Abs were used to capture TEX, and their recovery ranged from 0.5%–11% of total plasma sEVs(Yoh et al., 2021). In other studies, TEX were identified based on the TEX associated gene expression profiles (Wu et al., 2021), with recoveries that were very low (Vitale et al., 2021) or by microfluidics based capture on chips, where co-expression levels of tumor-associated antigens (TAA) present on TEX were high, but TEX recovery was not evaluated (Zhao et al., 2016; Yu et al., 2021). The broad frequency range of MTEX recovered from plasma seen in our study suggests that the MTEX/non-MTEX ratios vary with disease activity, as two of the patients in our small cohort with the highest MTEX recovery had advanced ocular melanoma with pulmonary and liver metastases.
Immunocapture of MTEX with anti-CSPG4 mAb proved to be highly effective, largely due to its specificity for the melanoma cells/exosomes and its high binding avidity. As such, it has been repeatedly used in our studies of MTEX. Specificity of the immunocapture for MTEX was verified by demonstrating that MTEX isolated from various melanoma cell lines showed the presence of CSPPG4 on all sEVs albeit at various expression levels; only MTEX isolated from plasma were CSPG4+, while non-MTEX were CSPG4 (-); sEV obtained from plasma of HDs were CSPG4 (-) and only MTEX were highly enriched in melanoma-associated antigens (MAA), TYRP2, Melan A, Gp100, VLA4; only non-MTEX were CD3+, while MTEX were CD3 (−). When MTEX were added to vesicles obtained from HDs plasma in spiking experiments, immune capture recovered all CSPG4+ vesicles, while the non-captured fraction was CSPG4 (−).
Protein profiles of MTEX and non-MTEX
On-bead flow cytometry of MTEX and non-MTEX was performed as previously described (Theodoraki et al., 2021) to evaluate their surface protein profiles, primarily looking at the expression levels of immunoregulatory proteins. Table 1 and Table 2 list RFI values for immunosuppressive and immunostimulatory surface proteins on MTEX isolated from 12 patients with melanoma. By adding individual RFI values for all surface proteins carried on MTEX, we calculated the suppressor and stimulatory RFI scores for each patient (Table 1). The sum of the suppressor or stimulatory scores gave the mean RFI scores for all 12 patients. The same set of data was obtained for all paired non-MTEX fractions (data not shown). Although the same immunoregulatory proteins were detectable in MTEX and non-MTEX, the mean RFI score for immunosuppressive proteins was significantly higher (p = 0.03) for MTEX (15.3) than for non-MTEX (11.7). The mean RFI score for immunostimulatory proteins was significantly lower (p = 0.002) for MTEX (8.8) than for non-MTEX (16.2). Both suppressive and stimulatory scores for non-MTEX were similar to those calculated for sEV of HDs. We also calculated the stimulatory/suppressor ratio for MTEX, which was significantly lower (p = 0.001) than the ratio for non-MTEX or for sEV of HDs at 0.6, 1.4 and 2.2, respectively. In aggregate, the quantitative flow cytometry data indicated that MTEX were significantly enriched in immunosuppressive surface proteins, while non-MTEX largely carried immunostimulatory surface proteins. This observation indicated that MTEX are more likely to mediate suppression of immune cells than non-MTEX or sEV from plasma of HDs.
TABLE 1 | Immunosuppressive proteins in MTEXa.
[image: Table 1]TABLE 2 | Immunostimulatory proteins in MTEX.a.
[image: Table 2]IMMUNOSUPPRESSIVE FUNCTIONS OF MTEX AND NON-MTEX
Immunoregulatory activities of MTEX, non-MTEX and sEV of HDs were evaluated in co-incubation experiments with human primary immune cells (Figure 3). The following functional assays were performed: CD69 protein downregulation on the surface of T cells, changes in CD69 mRNA transcripts in T cells, NF-κB activation in CD8+ T cells, CSFE-based proliferation of CD8+ T cells, apoptosis of CD8+ T cells and NKG2D down-regulation on the surface of NK cells. Utilizing primary in vitro activated CD8+T cells or natural killer (NK) cells as vesicle recipient cells in co-incubation experiments, we compared inhibitory effects of MTEX and non-MTEX on the above listed immune cell functions. MTEX captured on beads were used in these assays, while non-MTEX and sEV of HDs were in solution. The presence of beads alone or beads coated with biotinylated CSPG4 capture mAbs did not interfere with the functional assays (data not shown). Table 3 summarizes results of these assays.
[image: Figure 3]FIGURE 3 | Measurement of TEX-induced phenotypic and functional changes in T cells following their co-incubation with TEX or sEV from cancer plasma. Following co-incubation at optimized doses for different time periods depending on the assay, T cells were tested for the vesicle uptake or entry into the cytosol or for changes in the surface protein profile, in growth and apoptosis levels or in mRNA transcription. Vertical stipled lines indicate that inhibitors of the T cell-TEX crosstalk can be used to block T cell-TEX interactions.
TABLE 3 | Results of coincubation assays of the isolated vesicles with immune cells a.
[image: Table 3]Coincubation of the isolated vesicles with human primary T cells or NK cells led to significant inhibition of activation, proliferation and survival of the immune cells interacting with MTEX but not of cells coincubated with non-MTEX or sEV obtained from plasma of HDs. The data in Table 3 are median values for inhibitory functions of the vesicles from 12 patients with metastatic melanoma. The ranges of inhibitory activity of MTEX and non-MTEX varied broadly among the patients. While non-MTEX paralleled the functional behavior of sEV of HDs in all assays, in some patients, non-MTEX showed mild inhibitory activity (Sharma et al., 2020). This observation suggested that non-MTEX, derived from plasma of melanoma patients, were not functionally identical with sEV of HDs.
We previously reported that TEX co-incubated for 6 h with human primary T cells were not readily internalized but remained at the T-cell surface for 15–30min (Muller et al., 2017). This observation suggested that both CD69 (an activation antigen) downregulation in T cells and apoptosis of CD8+ T cells measured at 6 h of coincubation with MTEX may be initiated by cell surface signaling events, which then translate into cellular alterations in T cells. Indeed, using RT-PCR we showed that MTEX, but not non-MTEX, induced downregulation of CD69 mRNA transcripts in CD8+ T cells following 6 h coincubation. Also, a 30 min coincubation of CD8+ T cells with MTEX induced translocation of the NF-κB subunit p65 to the nucleus of a T cells, confirming activation of the NF-κB pathway and surface signaling by MTEX, which leads to downregulation of the CD69 expression level. It has been reported that the normally pro-inflammatory NF-κB pathway leads to cellular apoptosis in cancer, where stress due to genetic, metabolic or environmental factors drives the cell damage responses (Janssens et al., 2014; Cao et al., 2016). Vesicles in all three fractions, MTEX, non-MTEX and HD sEV, induced vesicle dose-dependent apoptosis in activated CD8+T cells; however, MTEX induced significantly higher apoptosis than non-MTEX, which was only partially blocked by neutralizing anti-Fas (ZB4) mAbs. MTEX induced down-regulation of NKG2D (a cytolysis activating antigen) expression levels on the surface of NK cells, and thus inhibited NK cell activity. Preliminary experiments in which we attempted to interfere with the inhibitory signaling of MTEX by preincubation with neutralizing Abs to surface proteins on the MTEX surface showed only a partial and never complete inhibition of apoptosis. Also, the correlations linking the observed functional inhibition with expression of any single inhibitory protein on the MTEX surface were not significant, except for apoptosis, which was only partly blocked with anti-Fas mAb. The experiments with neutralizing mAbs suggested that not any one but rather several simultaneously delivered receptor-ligand signals might be responsible for MTEX mediated apoptosis in activated human primary CD8+T cells (Sharma P, et al., 2020).
Interestingly, MTEX mediate suppression of immune functions that exclusively target anti-tumor immune responses and do not appear to interfere with responses to infections. Such selective suppression of anti-tumor immunity is seen in most patients with malignancies (Whiteside, 2006; Chen and Mellman, 2013), but its severity varies broadly among patients and may relate to disease progression. Thus, patients with melanoma have variously depressed anti-tumor immunity but appear to respond normally to viral or bacterial antigens, except for patients with advanced metastatic disease, whose immune system may be generally compromised.
MTEX and non-MTEX protein profiles versus their functional attributes
Functional changes induced in recipient immune cells by MTEX and non-MTEX were correlated with the protein profiles of these vesicles. Total exosome protein (TEP) levels in plasma correlated with the MTEX immunosuppressive score (p = 0.002, r = 0.79), linking the high TEP levels with the enrichment in suppressive MTEX. Thus, apoptosis correlated with the MTEX/TEP ratio (p = 0.01, r = 0.68). The RFI scores for FasL and TRAIL in MTEX were significantly elevated relative to non-MTEX, accounting for high MTEX-driven apoptosis. The stim/supp ratio correlated positively with the immuno-stimulatory score (p = 0.006, r = 0.74). Unexpectedly, apoptosis mediated by non-MTEX was inversely correlated with the stim/supp ratio (p = 0.007, r = -0.75) and with the immunostimulatory score (p = 0.009, r = -0.72). Non-MTEX -induced proliferation of T cells positively correlated with their immunostimulatory score (p = 0.04, r = 0.59). In aggregate, these and other correlations linking immune activities of MTEX and non-MTEX with their phenotypic characteristics showed that: i) MTEX had superior immune suppressor activity vis a vis non-MTEX; ii) the stimulatory/inhibitory vesicle activities were dependent on the surface profile of immunoregulatory proteins in MTEX and non-MTEX; and iii) MTEX and non-MTEX abilities to alter functions of immune receptor cells depended on the stim/suppr protein ratios in these vesicles.
MTEX and non-MTEX profiles and patients’ clinicopathological data
The group of patients we evaluated consisted of 12 individuals (6 males and six females) aged 32–82 years, previously treated with oncological therapies. Five of these patients had no evident disease (NED) and seven had progressive disease at the time of blood draw for this study. We attempted to explore associations of the observed characteristics of MTEX and non-MTEX with disease status or activity in this small cohort of melanoma patients. While the study was not powered for a formal correlative assessment, it provided several potentially important insights. While MTEX-mediated apoptosis of CD8+T cells did not correlate with disease status or stage at diagnosis, the non-MTEX ability to induce apoptosis associated with disease stage (p = 0.04, r = 0.61). This was an unexpected observation, which suggests that non-MTEX might potentially serve as a correlate of disease progression in future studies. We also observed a significant inverse correlation between of the stim/supp ratio with disease stage (p = 0.0007, r = -0.83). This suggests that the stim/supp ratio might be more informative about disease progression than individual regulatory protein expression in the vesicular profile. In this study, with the exception of an inverse correlation between disease status and PD-L1 expression levels in MTEX (p = 0.03, r = -0.62), no other regulatory proteins on the MTEX surface correlated with disease status or activity.
CONCLUDING REMARKS
It has been reported that TEX isolated from supernatants of tumor cell lines carry on their surface immunosuppressive ligands, FasL, TRAIL and immunosuppressive proteins such as TGF-β or CD39/CD73, and suppress functions of immune cells in vitro and in vivo in tumor-bearing mice (Ludwig et al., 2018; Razzo et al., 2020). Recent studies confirm that the surface of sEV (exosomes) isolated from plasma of melanoma patients is decorated by immunosuppressive proteins, including PD-L1 (Chen et al., 2018; Cordonnier et al., 2020). The cellular source of these immunosuppressive vesicles in plasma has remained unknown, however. Here, we considered the evidence for a major role played by MTEX isolated from plasma of patients with melanoma in suppression of immune cell functions. The immunoaffinity-based separation of MTEX from the non-malignant cell-derived exosomes (non-MTEX) in melanoma patients’ plasma allowed for the analysis and comparison of molecular cargos of MTEX and non-MTEX and for establishing MTEX as the main source of immunosuppressive signals delivered to recipient immune cells. MTEX are abundant in plasma of melanoma patients, and in patients with metastatic melanoma, MTEX might represent a majority of circulating vesicles. In this context, MTEX emerge as a major immunosuppressive mechanism that promotes melanoma escape from the host immune system. Our data are in agreement with other reports on tumor-promoting attributes of melanoma-derived EVs (Peinado et al., 2012; Gyukity-Sebestyen et al., 2019; Bollard et al., 2020; Amor Lopez et al., 2021).
To support this conclusion, we showed that the short-term (6 h) coincubation of MTEX with activated effector (CD8+T and NK cells) reduced CD69 expression levels and initiated apoptosis in CD8+T-cell or reduced NKG2D expression in NK cells contributing to the attenuation of NK activity (Hong et al., 2014). These results suggest that signaling via MTEX-associated surface proteins is sufficient for eliciting changes in the phenotype or function of recipient T or NK cells. The downregulation of CD69 expression on the T-cell surface was followed by changes in CD69 mRNA transcripts in recipient T cells, indicating that signals delivered by MTEX resulted in transcriptional activation. Further, a 30min coincubation of MTEX with CD8+T cells induced activation of the NF-κB pathway, as evidenced by the translocation of p65 to the nucleus of the recipient cells. These results clearly implicate MTEX in functional reprogramming of normal human effector cells. Interestingly, non-MTEX isolated from peripheral blood of patients with melanoma, but not sEV from plasma of HDs, also downregulated functions of immune cells, albeit much less effectively than MTEX. This observation indicates that non-malignant cells in patients with melanoma may be subverted by the tumor to also produce immunosuppressive vesicles, contributing to melanoma progression. The presented evidence for MTEX as drivers of molecular and transcriptional changes in effector immune cells of patients with melanoma calls for additional studies of MTEX in larger cohorts of patients to better define their role in melanoma progression and confirm their clinical significance.
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The impact of microbiome dysbiosis on T cell function within the tumor microenvironment (TME)
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Insights into the effect of the microbiome’s composition on immune cell function have recently been discerned and further characterized. Microbiome dysbiosis can result in functional alterations across immune cells, including those required for innate and adaptive immune responses to malignancies and immunotherapy treatment. Dysbiosis can yield changes in or elimination of metabolite secretions, such as short-chain fatty acids (SCFAs), from certain bacterial species that are believed to impact proper immune cell function. Such alterations within the tumor microenvironment (TME) can significantly affect T cell function and survival necessary for eliminating cancerous cells. Understanding these effects is essential to improve the immune system’s ability to fight malignancies and the subsequent efficacy of immunotherapies that rely on T cells. In this review, we assess typical T cell response to malignancies, classify the known impact of the microbiome and particular metabolites on T cells, discuss how dysbiosis can affect their function in the TME then further describe the impact of the microbiome on T cell-based immunotherapy treatment, with an emphasis on recent developments in the field. Understanding the impact of dysbiosis on T cell function within the TME can carry substantial implications for the design of immunotherapy treatments and further our understanding of factors that could impact how the immune system combats malignancies.
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INTRODUCTION
Microbial species inhabit nearly every organ of the human body; their significance has recently been established in proper health and immune cell function, with potential impacts in the tumor microenvironment (TME) through the presence or absence of microbial-derived metabolites such as short-chain fatty acids (SCFAs), that can impact T cell functioning. The human microbiome comprises a complex network of various organisms, including those of bacterial, archaeal, fungal, viral, and protozoan populations, many of which are capable of symbiotic or pathogenic manifestations on the host, particularly when oscillations in microbial composition occur (Riiser, 2015). In a healthy host, microbial populations typically outnumber human cells; current studies have estimated the number of bacteria alone in the human body is roughly the same as that of human cells (Sender et al., 2016). Technological advancements such as metagenomic sequencing and sophisticated data analysis have allowed scientists to characterize the abundance and diversity of the human microbiome, classifications that have allowed researchers to elucidate the potential mechanisms by which these species impact health and disease (Freilich et al., 2009; Qin et al., 2010; Methé et al., 2012). Studies support the necessity of a diverse, stable, and balanced microbiome to maintain general health and proper immunity to disease, with negative impacts during microbiome dysbiosis (Tuddenham and Sears, 2015). Microbial dysbiosis is an imbalance in the composition of microbial communities within a host resulting in perturbations from normal cellular and organ function, illness, or reduced treatment efficacy for an infection or disease (Petersen and Round, 2014). The etiology of dysbiosis is diverse and includes pathologies resulting from inflammation, infection, diet, genetics, and antibiotic administration (Willing et al., 2010; Claesson et al., 2012; Pham and Lawley, 2014). Current studies have also demonstrated the impact of host-microbiome interactions during dysbiosis on cancer progression and treatment, including disease presence and chronic inflammation (Czesnikiewicz-Guzik and Müller, 2018). Dysbiosis is believed to impact the regular functioning of immune cells caused by modifications in microbial-produced metabolites needed for proper performance (Arpaia et al., 2013; Luu et al., 2019). Such alterations in immune cells can impact not only how we respond to pathogenic infections but also the immune response to neoplastic events.
The degree of T cell tumor site infiltration and proper function within tumor sites can significantly affect tumor progression or regression (Al-Shibli et al., 2008). Therefore, an alteration in T cell function can cause a massive change in the efficacy of how T cells respond within the TME and, ultimately, their ability to clear malignancies. Understanding the mechanistic impact of microbial composition on T cells and their function within the TME is essential if we hope to understand and improve treatment strategies for malignancies. Here, we review canonical T-cell responses to malignancies, the impacts of the microbiome in the context of its typical and dysbiotic state on T-cell signaling and further how this can change T-cell function within the TME, recent discoveries in the field, and the potential that research stemming from these investigations can have on how we design and administer cancer therapies.
CONVENTIONAL ANTI-TUMORAL ACTIVITY OF T-CELLS
Adaptive immune cells, such as T cells, play a considerable role in the antitumor immune response, with the presence of tumor-infiltrating T lymphocytes exhibiting positive prognostic value across a wide range of cancers (Zhang et al., 2003; Taylor et al., 2007). To understand how microbiome dysbiosis can affect the ability of T cells to react to malignancies, we must first understand conventional anti-tumoral T-cell mechanisms.
Typical CD4 T cell signaling and function in response to malignancies
CD4 T cells are directly and peripherally involved in the antitumor immune response through effects on innate and adaptive immune cells such as macrophages and T cells. Individually, CD4 T cells can be cytotoxic to incipient and progressive malignancies, acting directly on unhealthy cells that present neoepitopes to eliminate them through differentiation into Th1 cells and ensuing perforin/granzyme B-dependent killing or target cell elimination via ligation of Fas/FasL (or other TNF/TNFR family) death receptors (Figure 1A) (Lundin et al., 2004). Peripherally, CD4 T cells can also secrete IL-2 and IFN-γ, which have been found to elicit M1 macrophages to inhibit tumor propagation via secretion of nitric oxide synthase (iNOS), reactive oxygen species (ROS), and IL-12, resulting in direct and indirect clearance of tumor cells. Additionally, M1 macrophages can engulf malignant cells to eliminate them (Figure 1B) (Zhou et al., 2021). These M1 mechanisms are productive during MHC class II negativity, which can result from the loss of MHC Class II trans-activator (CIITA) expression during carcinogenesis (Haabeth et al., 2014). Additionally, CD4 T cells are necessary to support continued CD8 memory T cell survival and function (Janssen et al., 2003). They secrete cytokines, such as INFγ and IL-2, that can act on CD8 T cells to improve the anticancer immune response (Figure 1C) (Ossendorp et al., 1998).
[image: Figure 1]FIGURE 1 |  Conventional Mechanisms of T Cell Anti-Tumoral Activity. (A) Th1 differentiated CD4 T cell killing of cancerous cells that present neoepitopes on MHC II via secretion of perforin and granzyme B. (B) CD4 T cells release cytokines IL-2 and IFN-γ to recruit M1 macrophages; activated M1 Macrophages can kill cancerous cells either by direct phagocytosis or release of NOS or ROS, which results in tumor cell death and continue to secrete IL-12, among other cytokines which recruit T cells to the site of the tumor. (C) Activated CD4 T cell release of cytokines such as IL-2 and IFN-γ, which recruits CD8 T cells to the site of tumor growth. (D) CD8 T cells directly kill cancerous cells that present neoepitopes via MHC I via the Fas/FasL and the release of perforin/ granzyme B, resulting in tumor cell killing. Image Created with BioRender.com.
Typical CD8 T Cell signaling and function in response to malignancies
The presence of CD8 T cells within the TME has been associated with improved tumor clearance and overall prognosis, often characterized by the concomitant presence of pro-inflammatory cytokines such as Type I IFN (Trujillo et al., 2018). The mechanisms by which CD8 T cells within the TME are believed to eliminate cancerous cells are via ligation of the Fas ligand (Fas L) on T cells with the Fas receptor (FasR) on target cells or by the perforin/granzyme B pathway, with a preference for FasL/FasR pathway for cancerous cells (Figure 1D) (Chávez-Galán et al., 2009). Though these mechanisms can aid in the clearance of tumors, tumor-infiltrating lymphocytes often display upregulation of inhibitory markers, such as PD-1 and CTLA-4, which bind PD-L1 and CD80/CD86, respectively; these can halt anti-tumoral effector functions and result in reduced effector cytokine production (Ahmadzadeh et al., 2009).
MOLECULAR IMPACT OF THE MICROBIOME ON ANTI-TUMORAL ACTIVITY OF T-CELLS
There is evidence that microbial species within the mucosal tissue of a host and within the tumor microbiome contribute to patient tumor immune response variations, with correlations between metabolic functions of microbes present within the TME and clinical patient presentation (Nejman et al., 2020). These trends have been documented for several pancreatic, bone, and breast cancers (Riquelme et al., 2019; Nejman et al., 2020; Banerjee et al., 2021). Alteration of the host microbiome can change host cell function, including that of innate and adaptive immune cells (Russo et al., 2016; Thaiss et al., 2016). The mechanisms underlying these cellular changes are still being investigated but have been better characterized in recent studies and are believed to be primarily associated with alterations in metabolite secretions by microbial species that subsequently impact immune cell function (Luu et al., 2019; Yang et al., 2020). In particular, microbes produce fermentation products known as short-chain fatty acids (SCFAs); these free fatty acids contain short aliphatic carbon chains and are composed of less than six carbons. Typically when referring to SCFAs, the following are included: formic acid (C1), acetic acid (C2), propionic acid (C3), butyric acid (C4), and valeric acid (C5) (Tan et al., 2014). SCFAs are predominantly water-soluble, and therefore easily transported throughout the body, and are believed to play a significant role in the differentiation, function, and regulation of T cells and other immune cells through the promotion of pro- or anti-inflammatory cytokines needed for particular effector functions (Arpaia et al., 2013; Ryu et al., 2022). Thus, alterations in microbiome composition and consequent changes in microbial metabolite secretion may disrupt T cells’ conventional effector functions against malignancies.
Tumor-specific microbiome associations with malignancies
Microbial composition within the TME varies across cancers and further differs from adjacent healthy tissues, even in solid tumors with no direct contact with the external environment (Nejman et al., 2020). Several cancers, including breast, lung, ovarian, colorectal, melanoma, brain, prostate, and bone, have exhibited the presence of specific microbial species contributing to a dysbiotic state within tumor tissue (Sfanos et al., 2008; Apostolou et al., 2011; Castellarin et al., 2012; Thompson et al., 2017; Costantini et al., 2018; Greathouse et al., 2018; Nejman et al., 2020). These tumor-specific microbial populations can sometimes vary for different cancer types within the same organ systems (Banerjee et al., 2018). Considering the known impact of microbial changes on immune cell function, changes within the TME regarding tissue-specific microbial populations may initiate changes in T cell function within neoplasms (Nejman et al., 2020). Intriguingly, Rotter-Maskowitz et al. recently identified correlations between intratumoral bacterial presence and predicted clinical presentation and response to anticancer treatment (Nejman et al., 2020). Similar concepts can be traced back to William Coley in the late 19th century, who showed that injecting killed bacterial species into tumor tissue resulted in tumor regression, which we now believe is due to adjuvant effects via activation of innate immune receptors and engagement of subsequent immune responses within the tumor (Kopenhaver et al., 2020). Further investigations are needed to determine if bacterial presence in cancer impacts cancer progression via changes in immune cell function or if metabolites preferred by certain bacteria that are present as a result of cancer progression provide a niche for those found in specific tumor tissues, the presence of particular bacterial species in tumor tissue compared to healthy tissue indicates a potential avenue for understanding better what factors impact cancer progression within the TME (Thompson et al., 2017).
Gut microbiome associations with malignancies
Investigations during cancer progression and treatment suggest certain gut microbial presence outside the TME correlate with systemic inflammatory processes that affect the TME, including the upregulation of pro-inflammatory cytokines such as tumor necrosis factor (TNF) caused by increased immune cell responses, resulting in more significant tumor regression (Iida et al., 2013). These systemic alterations could be associated with secreted metabolites from specific bacteria, noting that metagenomic studies concluded that the enrichment of anabolic pathways resulting from cellular metabolism and differences in pro-inflammatory cytokines caused by some bacteria’s presence affect tumor response (Gopalakrishnan et al., 2018). Additionally, several studies suggest that gut microbiome composition plays a role in cancer progression at mucosal sites and in tumors not confined to mucosal tissue, which may be partly due to metabolites produced by microbes in the gut (Zhuang et al., 2019; Sánchez-Alcoholado et al., 2020).
Transport of microbial-derived metabolites to T immune cells
Metabolites can be produced by gut-specific or organ-specific bacteria and passively or actively transported to other locations impacting organ and cellular function at local and peripheral sites (Cummings et al., 1987; Kamp and Hamilton, 2006). For this reason changes in microbiome composition will also impact metabolite presence. For instance, during dysbioisis, certain SCFAs or other metabolites may be reduced in quantity if the bacteria that produce them are no longer present. Active diffusion of metabolites in T cells can occur via membrane transporters, including MCT1 (monocarboxylate transporter-1/Slc16a1) and SMCT1 (sodium-coupled monocarboxylate transporter-1/Slc5 a8) (Park et al., 2014). Once inside the cell, SCFAs are known to act via G-protein-coupled receptor (GPCR) signaling, inhibition of histone deacetylase (HDAC), production of acetyl-CoA, and further changes in the metabolism of the cell resulting in increased or decreased functionality (Kim, 2021). Evidence shows that SCFA presence activates mTOR, and STAT3 in T cells via GPCR41, GPCR43, GPCR109a resulting in Blimp-1 expression, which triggers the expression of many downstream signaling cascades (Zhao et al., 2018). Studies in germ-free mice suggest that changes in microbiota can directly impact the expression of toll-like receptors (TLRs) (Lundin et al., 2008) and can affect antigen-presenting cell presence, T cell differentiation, and systemic immunity (Rangan and Mondino, 2022).
Molecular effects of dysbiosis on CD4 T cell signaling and function
Recent studies showed C2, C3, and C4 metabolites, which can be produced by microbiota, could exhibit immunomodulatory functions by altering CD4 T cell differentiation in a concentration-dependent manner, as high concentrations of C2 and C3 drove expression of IL-17A, IL-17F, RORα, RORγt, T-bet, and IFN-γ, cytokines associated with Th17 and Th1 profiles (Figure 2A). (Park et al., 2014). More specifically, the natural killer group 2, member D (NKG2D) ligand system is a central immunomodulatory system in which immune cells recognize NKG2DL on stressed or infected cells through NKG2DR, present on immune cells such as CD4 T cells, CD8 T cells, and NK cells, activating effector functions (Groh et al., 2003). C3 produced by propionibacteria during cellular metabolism can induce the expression of NKG2D ligands MICA/B on both activated T lymphocytes and cancer cells in an intracellular calcium-dependent manner, allowing for proper immune effector function and potential prophylaxis of malignant cells (Figure 2B). (Andresen et al., 2009). This finding also implies the absence of C3 during the elimination of microbial populations that produce it can limit the degree of NKG2D ligands and, therefore, limit subsequent NKG2D/NKG2D interactions, resulting in a reduced overall T cell effector function within the TME. Further, C4 presence was shown to drive Treg differentiation in a concentration-dependent manner both in vitro and in vivo (Figure 2C). (Furusawa et al., 2013; Kespohl et al., 2017). Additional studies have indicated issues with the development of regulatory T cells (Tregs) in antibiotic-treated mice, indicating a requirement for healthy intestinal microbiota to achieve even normal Treg development (Han et al., 2021).
[image: Figure 2]FIGURE 2 | Impact of microbial secreted metabolites on T cell function (A). Bacterial-produced acetic acid (C2) and propionic acid (C3) can result in upregulation of T-bet and RORγt, causing upregulation of IFNy and IL-17 and subsequent differentiation into Th1 and Th17 T cells, respectively. (B). Microbial produced propionic acid (C3) has resulted in the upregulation of NKG2D and NKG2DL on CD4 T cells, CD8 T cells, and NK cells, contributing to an anti-tumoral environment and death of cancer cells. (C). Microbial-produced butyrate has been shown to cause the differentiation of T-regulatory cells (Tregs) in a concentration-dependent manner. (D). Microbial-produced pentanoate and butyrate have been shown to contribute to increased CD8 T cell effector functions. Image created with BioRender.com.
Molecular impact of dysbiosis on CD8 T cell signaling and function
In pre-clinical mouse models, microbial dysbiosis induced by maternal antibiotic treatment found that the offspring had altered CD8+ T Cell receptor signaling apparent by an inability to sustain interferon-gamma (IFN-γ) production in vivo after vaccination and in vitro upon T cell receptor (TCR) stimulation. Resultantly, these cells did not maintain protein tyrosine phosphorylation and Erk1/2 activation, which are necessary for the proper functioning of CD8+ T Cells (Brownlie and Zamoyska, 2013). Further, SCFA presence was shown to enhance the function of cytotoxic T lymphocytes through an increased function of mTOR post-treatment of T cells with pentanoate and C4 and driving supplementary inhibition of class I histone deacetylase activity. mTOR typically drives differentiation into Th1, Th2, and Th17 but is also a critical regulator in CD8 T cell differentiation through the regulation of cytolytic effector molecules (Finlay et al., 2012; Liu et al., 2015). Effector molecules such as CD25, IFN-γ, and TNF-α were then elevated in these treated cells, demonstrating enhanced cytotoxic activity and potential for pentanoate and C4 as supplements to cancer treatment for some malignancies (Figure 2D). (Schiweck et al., 2022).
Elimination of microbial species by antibiotics and the resulting effect on T cell populations
Considering the impact of microbial species on T-cell function, clinicians should be cognizant of the immunopharmacological behavior of antibiotics regarding microbial species-specific elimination based on antibiotic type. For instance, neomycin, which predominantly eradicates facultative gram-negative species, and vancomycin which predominantly eradicates gram-positive species, have both been associated with the reduced expansion of T cells in mouse models during antibiotic administration (Duan et al., 2010; Cheng et al., 2017). Cocktails of ampicillin, vancomycin, neomycin and metronidazole (AVNM) have been associated with lower immune function and decreased concentrations of bacterial metabolites C3 and C4 in mice (Ubeda and Pamer, 2012). γδ T cells are a part of the Th17 subset and are a source of the pro-inflammatory cytokine IL-17. Antibiotics have also been shown to modulate γδ T cell populations, with variations depending on the antibiotic type used and species of bacteria eliminated (Duan et al., 2010). Understanding which antibiotics eliminate microbial populations may be critical when designing patient treatment regimens to reduce the chances of anomalous immune cell function.
INTERACTIONS OF DYSBIOSIS ON T CELL-BASED IMMUNOTHERAPY IN THE TME
Both CD4 and CD8 T cells play an essential role in the clearance of malignancies. The impact of microbiome dysbiosis on immune cell function generates a challenging dilemma, considering that many immunotherapies in pre-clinical and clinical use, such as immune checkpoint blockade and adoptive cellular therapies, are T-cell-based.
Impact of dysbiosis on T cell dependent immune checkpoint blockade
It has been documented that specific microbes in the gut can impact ICB immunotherapy approaches across several cancers (McCulloch et al., 2022). For instance, anti-CTLA-4 treatment for melanoma relies on the presence of Bacteroides species; additionally, the treatment showed no effect on germ-free and antibiotic-treated mice (Vétizou et al., 2015). Bacteroides species can be propionogenic, having the capacity to generate the SCFA C3. Therefore, the absence of C3 can alter the proper function of T cells, which anti-CTLA-4 treatment relies on (Louis et al., 2014). In a separate study, the introduction and restoration of propionogenic bacteria during antibiotic-induced dysbiosis resulted in the restoration of C3 levels, indicating that the re-establishment of propionogenic bacteria could counteract decreases in SCFAs required for the efficacy of particular immunotherapy (El Hage et al., 2019). In mice and humans, high C4 concentrations in the blood were associated with resistance to anti-CTLA-4 therapies, evidenced by restrained upregulation of B7 on T cells (Coutzac et al., 2020). Similar results of reliance of immunotherapy efficacy on bacterial presence were seen in anti-PD-L1 treatment for melanoma, which depended on the presence of Bifidobacterium (Sivan et al., 2015). Bifidobacterium species produce SCFAs C2, C3, and C4 SCFAs that contribute to immune cell function (Louis et al., 2014). Strikingly, more recent investigations have shown fecal transplants from ICB responders to non-responders for melanoma treatment saw that more than one-third of human patients previously unresponsive to treatment become responsive after transplants (Davar et al., 2021).
Impact of dysbiosis on adoptive T-cell therapy
Recent studies in mice have further shown that differences in gut microbiome composition and dysbiosis due to antibiotic administration could alter the efficacy of adoptive T-cell cancer treatments. However, these changes in response to treatment are likely species-specific since they vary based on the type of antibiotic administered. In fact, some mice treated with vancomycin displayed an increase in CD8α+ dendritic cells (DCs) with supplemental decreases in tumor burden in an IL-12-dependent manner. At the same time, alternative antibiotics did not produce the same effect (Uribe-Herranz et al., 2018). Additional studies have indicated that severe cytokine release syndrome during CAR- T cell therapy is associated with particular microbiome alterations and a higher abundance of Bifidobacterium, Leuconostoc, Stenotrophomonas, and Staphylococcus and that desired responses may require specific gut microbial presence (Hu et al., 2022; Smith et al., 2022). These results demonstrate that microbiome composition can also impact T-cell therapies whose efficacy relies on proper immune cell function.
The impact of diet on T cell based cancer therapies
It is well known that diet can influence the establishment of microbial communities within a host (David et al., 2013). Since we now know that microbial community composition can impact T cell function, investigations regarding how diet can impact cancer treatments that rely on T cell function have been recently investigated. In mice, the western diet of high fat, high carbohydrate, and low fiber diet can decrease downstream production of short-chain fatty acids (SCFA), which originate from microbiota; this could impact T cell function and efficacy of treatments that rely on T cells. (Statovci et al., 2017). Other findings have shown that ketogenic diets can increase antitumor immunosurveillance by reducing PD-L1 expression on tumor cells in a malignant glioma model. (Lussier et al., 2016). Additionally, when placed on a ketogenic diet, mice have displayed enhancement of the anticancer effects of PD-1 blockade. (Ferrere et al., 2021). More recent studies have shown that when fucoidan, a polysaccharide naturally derived from brown algae, was co-administered with ICB treatment, it significantly improved the antitumoral activity of PD-1 antibodies in a murine melanoma model in vivo through consistent activation of tumor-infiltrating CD8+ T cells. (Yang et al., 2021). Recent studies also indicate that calorie restriction can increase the antitumoral ability of T cells (Pietrocola and Kroemer, 2019), an approach that, when applied to a murine triple-negative breast cancer model, augmented radiation efficacy (Saleh et al., 2013). Further, clinical trials analyzing melanoma patients showed that patients who consumed a high-fiber diet were five times more likely to respond to PD-1 therapy (Spencer et al., 2019). Modulation of diet serves as a potential interventional strategy that can be used to enhance T cell-based immunotherapies therapies in the future.
DISCUSSION
With the onset of technological advancements such as molecular sequencing and sophisticated Metabolic-network modeling, insights into how microbiome composition impacts health, disease, immune cell function disease, cancer, and immune cell function have been recently better illuminated. Further insights into cohesion between microbiome composition and proper immune cell function may be a helpful resource that will eventually allow scientists to regulate the immune response to and clearance of malignancies. Further, broadening our understanding of T cell function in the TME concerning microbiome composition may improve our understanding of how best to administer current antineoplastic drugs and therapies.
There also exists potential to exploit the dysbiotic microbiome’s impact on immune cell function as an augmentation to anti-tumoral therapies for some cancers originating in common lymphoid progenitors (CLP). For instance, patients with cutaneous T-cell lymphoma (CTCL) reported decreased overall tumor burden when treated with an aggressive antibiotic regimen. Upon immunohistochemistry analysis, samples displayed a decrease in interleukin-2 high-affinity receptors in T cells at these sites, indicating a decline in mechanisms that allow for T cell proliferation (Lindahl et al., 2019). Similar regimens have also been pursued in Mucosal Associated Lymphoid Tissue (MALT) lymphomas, improving 5- year survival rates (Ferreri et al., 2018). These incidents demonstrate the importance of identifying how antibiotics can affect immune cells and the specific malignant cells clinicians might target during treatment.
Though the composition of the microbiome and microbial dysbiosis can impact immune cell function and subsequent immune response to malignancy, research gaps still exist that must be pursued to mitigate the adverse effects of microbial dysbiosis and immune system dysfunction. Further research is needed into what comprises the “optimal” microbiome and whether this composition differs for particular diseases and malignancies. Current data indicate a requirement for the presence of specific microbial species’ therapeutic efficiency (Sivan et al., 2015), but this also tends to vary from cancer to cancer, making it difficult to classify what an optimal microbiome for patients might look like. For this reason, a more significant effort is needed to determine what microbes may offer benefits during cancer treatment and what causes these microbiomes to be beneficial or harmful in particular organ systems. Since both gut and tumor-specific microbial composition can potentially permute disease progression, identifying what comprises microbial populations both locally and systemically across specific cancers may serve as a helpful resource for future diagnostic approaches. Several microbial signatures between blood and tissues have already been identified across cancers, indicating a potential diagnostic approach to cancer treatment that may soon be available (Poore et al., 2020).
Further research into how the dysbiotic state of the microbiome can impact T cell function can lead to potentially better treatments for cancer patients through the modulation of microbes present in the host. Knowledge pertaining to which bacterial communities and their associated mechanisms are needed for proper immune cell function would allow physicians to be aware of the implications associated with specific antibiotic use and subsequent species-specific elimination of bacterial communities in conjunction with ICB treatments. Overall, expanding our knowledge about the microbiomes’ interconnection with the immune system and T-cell function during cancer progression and treatment can improve our knowledge of how to design best and administer cancer treatments and ultimately improve patient outcomes.
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Myeloid-derived suppressor cells (MDSCs) are pathologically activated neutrophils and monocytes that negatively regulate the immune response to cancer and chronic infections. Abnormal myelopoiesis and pathological activation of myeloid cells generate this heterogeneous population of myeloid-derived suppressor cells. They are characterized by their distinct transcription, phenotypic, biochemical, and functional features. In the tumor microenvironment (TME), myeloid-derived suppressor cells represent an important class of immunosuppressive cells that correlate with tumor burden, stage, and a poor prognosis. Myeloid-derived suppressor cells exert a strong immunosuppressive effect on T-cells (and a broad range of other immune cells), by blocking lymphocyte homing, increasing production of reactive oxygen and nitrogen species, promoting secretion of various cytokines, chemokines, and immune regulatory molecules, stimulation of other immunosuppressive cells, depletion of various metabolites, and upregulation of immune checkpoint molecules. Additionally, the heterogeneity of myeloid-derived suppressor cells in cancer makes their identification challenging. Overall, they serve as a major obstacle for many cancer immunotherapies and targeting them could be a favorable strategy to improve the effectiveness of immunotherapeutic interventions. However, in hematological malignancies, particularly B-cell malignancies, the clinical outcomes of targeting these myeloid-derived suppressor cells is a field that is still to be explored. This review summarizes the complex biology of myeloid-derived suppressor cells with an emphasis on the immunosuppressive pathways used by myeloid-derived suppressor cells to modulate T-cell function in hematological malignancies. In addition, we describe the challenges, therapeutic strategies, and clinical relevance of targeting myeloid-derived suppressor cells in these diseases.
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1 INTRODUCTION
Myeloid cells are highly diverse cells that are essential for the efficient functioning of innate and adaptive immunity. These cells are divided into two categories (a) monocytic myeloid cells which include monocytes, macrophages, and dendritic cells (DC), and (b) granulocytic/polymorphonuclear (PMN) myeloid cells including neutrophils, eosinophils, basophils, and mast cells. Under steady-state conditions, hematopoiesis is a well-regulated process that includes a series of cell lineage commitments, defined steps of cell differentiation (dedicated transition of hematopoietic stem cells to lymphoid cells/myeloid cells), and lastly, maturation/circulation of immune cells. During stress/pathological conditions such as cancer or infection, certain signals derived from the hematopoietic stem cell (HSC) niche modify the fate of HSCs, known as “emergency hematopoiesis”. This emergency hematopoiesis results in increased demand for both lymphoid and myeloid cells. The persistence of emergency myelopoiesis results in the accumulation of immature myeloid cells/neutrophils/monocytes which are characterized by their immune suppressor activity, now known as myeloid-derived suppressor cells (MDSCs). The immunosuppressive activity of neutrophils and monocytes was first reported around 30 years ago and these immunosuppressive cells were later named MDSCs (Gabrilovich et al., 2007). In healthy individuals, MDSCs are present in very low numbers and are involved in regulating immune responses and tissue repair (Gabrilovich and Nagaraj, 2009). However, MDSCs rapidly expand attesting to their critical role during pathological conditions such as chronic infections, autoimmune disorders, and cancer.
Given the adverse effects of MDSCs, the question arises as to why this population is evolutionary conserved. The first report by Köstlin et al. (2017) reported the expansion of polymorphonuclear MDSCs (PMN-MDSCs) during human pregnancy and the modulation of T-cell response. This provides maternal tolerance for the allogenic fetus. During pregnancy PMN-MDSCs accumulate in the peripheral blood of the mother and the human placenta/cord blood of the newborns. However, after giving birth, the mother’s MDSCs revert to their normal levels with the polarization of T-cell association with MDSCs (Köstlin et al., 2016). Additionally, Ostrand-Rosenberg and Fenselau (2018) found that MDSCs serve as a frontline barrier (in placenta) and facilitate maternal-fetal tolerance. These studies attest to the fact that MDSC’s play an important role in pregnancy and neonates (Veglia et al., 2018; Dorhoi et al., 2020).
On the other hand, activated MDSCs participate in several aspects of angiogenesis, tumor growth and metastasis, premetastatic niche formation, and epithelial-mesenchymal transition (EMT). The tumor microenvironment (TME) plays a critical role in supporting the growth and differentiation of MDSCs. The TME is a complex network of cellular and non-cellular components around the tumor cells which consists of lymphocytes, other immune cells, stromal cells, and extracellular matrix (ECM). The TME provides a permissive environment for tumor growth, invasion, and metastasis. The composition of TME in B-cell malignancies in divided into two parts: The immune microenvironment and the non-immune microenvironment (discussed below in section 4.1). The bidirectional interaction of MDSCs and tumor cells creates a haven in TME for the tumor growth. Accumulating evidence supports a pivotal role of MDSCs in cancer progression and immune suppression. Recent studies have reported the importance of the TME and the expansion of MDSCs in the pathogenesis of B-cell lymphoma (Höpken and Rehm, 2019; Liu et al., 2021). Briefly, B-cell lymphomas are a group of hematological malignancies that are characterized by complex clinical and biological heterogeneity. Lymphomas comprises Hodgkin lymphoma (HL) and non-Hodgkin lymphoma (NHL). Further, B-cell lymphoma constitutes for almost 95% of the total NHL cases. (Ennishi et al., 2020; Sehn and Salles, 2021).
In this review, we will discuss the phenotypic characteristics of MDSC, along with their genomic and metabolic profiles. We also describe how the characteristic features of MDSCs can be potentially used for therapeutic purposes in B-cell lymphomas. However, due to the short lifespan (Condamine et al., 2014) and immune escape properties of MDSCs, the therapeutic strategies in B-cell malignancies are currently somewhat limited. Therefore, we highlight the gaps in the literature which can be explored in emerging studies that will help to limit the severity of the disease. In summary, we define the challenges and clinical relevance of targeting MDSCs in hematological malignancies.
2 BIOLOGY, DEVELOPMENT AND DIFFERENTIATION OF MYELOID-DERIVED SUPPRESSOR CELLS
Hematopoietic stem cells (HSPCs) reside in bone marrow and differentiate into all cell types including lymphoid cells, myeloid cells, and red blood cells (RBCs.) Common myeloid progenitor cells in bone marrow generate myeloid-derived suppressor cells (MDSCs). The generation of MDSCs is considered as a two-phased, somewhat overlapping process,—(a) expansion of myeloid cells and (b) procurement of MDSCs features by myeloid cells. Generally, MDSCs develop in bone marrow, however, their generation may also take place in other organs including spleen or liver as demonstrated in tumor bearing mice (TB mice) and in patients diagnosed with cancer (Tavukcuoglu et al., 2020).
Classically, bone marrow derived immature myeloid cells (IMCs) differentiate into granulocytes, dendritic cells and macrophages. However, during demand adapted myelopoiesis (or emergency myelopoiesis), there is robust expansion of IMCs. If the inflammation is resolved, the mechanism of natural myelopoiesis is restored. However, a persistent low strength stimulus during chronic inflammation or cancer causes substantial changes in the biology of these IMCs resulting in their accumulation. During diseased conditions like cancer, the mechanism of emergency myelopoiesis is hijacked by cancer cells, releasing cytokines, chemokines, reactive radicals, immune checkpoint population, and metabolites. These secreted factors strongly contribute to tumor niche formation and to activation of immunosuppressive mechanisms.
The development of MDSC is a complex signalling network which can be understood by dividing the process into two categories: Firstly, signals which promote the accumulation of IMCs and secondly, signals which facilitate pathological activation of IMCs (Condamine et al., 2015a). The accumulation of MDSC in tumor bearing hosts is reported in many clinical studies (Sinha et al., 2008; Porembka et al., 2012; Capietto et al., 2013; Cassetta et al., 2020). Pathological activation of MDSC arises with the persistent stimulation of myeloid cells during prolonged exposure to inflammatory molecules and myeloid growth factors. These activation signals include granulocyte colony stimulating factor (G-CSF), granulocyte-macrophage colony stimulating factor (GM-CSF), macrophage colony stimulating factor (M-CSF), IL-6, IL-1β, VEGF, adenosine, hypoxia-inducible factor (HIF1α) and many more (Gabrilovich and Nagaraj, 2009). Once activated, these MDSC actively participate in various aspects of tumor progression including tumor invasion, angiogenesis, tumor microenvironment formation and epithelial-mesenchymal transition (Karakhanova et al., 2015; Li et al., 2017; Fleming et al., 2018). Furthermore, immune cell suppression is also a defining feature of MDSCs. Despite their profound effects, the characterization standards of MDSC are not very well defined and the defining phenotypic, morphological, and functional features of MDSC are still an area of intensive research.
The major subgroups of MDSCs in humans and mice are granulocytic/polymorphonuclear MDSC (PMN-MDSCs) and monocytic MDSC (M-MDSCs). The classification of PMN-MDSC and M-MDSC is based on their origin in granulocytic and monocytic cell lineages, respectively. Bronte et al. in 2016 reported another small group of MDSC in humans termed as early-MDSC (eMDSC) (Bronte et al., 2016). However, the precise characteristic features of the three subtypes of MDSC is still unclear. The three main populations of MDSCs are found at different frequencies in various cancer subtypes and every pathological condition such as cancer, autoimmunity, and infection may affect their existence (Youn and Gabrilovich, 2010). For instance, the fate and differentiation of hematopoietic cells in the bone marrow is affected by tumor cells and is clearly distinct from the effect of infection and sepsis related myelopoiesis. Specifically, the cues that lead to the expansion and mobilization of myeloid cells specially MDSCs, namely, endotoxins, cytokines, chemokines, and hormones, play an important role to define the plasticity and longevity and cytokine profile of MDSCs.
2.1 Phenotypic characteristic features of MDSC
In mice, the MDSCs were first characterized as cells expressing Gr-1 and CD11b. These markers were subsequently improved by identifying the existence of subpopulations of MDSCs, namely, PMN-MDSCs (CD11b+ Ly6G+ Ly6Clow) and M-MDSC (CD11b+ Ly6G− Ly6Chi). Ginderachter and others validated the two distinct MDSC subfractions with a detailed description of their morphological, molecular and functional complexity (Movahedi et al., 2008). These cell surface characteristics have defined an initial framework for the MDSC characterization.
With the increased relevance of MDSCs in tumor immunology, uniformity in the classification of MDSC has gained interest. This challenge was explored by the Cancer Immuno guiding Program under the umbrella of the Association of Cancer Immunotherapy to establish the foundation of MDSC phenotypic characteristics. An interlaboratory collaboration of 23 laboratories (15 Europe and 8 US) coordinated a proficiency panel program which aimed at harmonizing the accepted MDSC phenotype. The results documented high variability in MDSC phenotyping which was associated with the variance of gating strategy. Therefore, a strong recommendation to harmonize the marker combinations and gating strategies for the identification of MDSC subsets was proposed (Mandruzzato et al., 2016). This collaborative research successfully described a specific gating strategy for the identification of human MDSC through flow cytometry.
Human peripheral mononuclear blood (PBMC) contains PMN-MDSC which are defined as CD11b+ CD14− CD15+ or CD11b+ CD14− CD66b+ cells and M-MDSC defined as CD11b+ CD14+ CD15− cells. CD33, another myeloid marker can also be used instead of CD11b+, since a very few CD15+ cells are CD11b−. Three markers, namely, Lin− (CD3, CD14, CD15, CD19, CD56), HLA-DRlow and CD33+ define an immature progenitor of MDSCs. Another immature subset of MDSC is now termed early MDSCs (eMDSC) which are CD11b+ and CD33+ but CD14−/CD15−. This group of cells comprises of myeloid progenitors and precursors, representing less than 5% of the MDSC population (Bronte et al., 2016). A recent study also reported a monocytic lineage termed monocyte-like precursors of granulocytes (MLPGs) which differentiates into PMN-MDSCs (Mastio et al., 2019). However, the possibility of differentiating PMN-MDSC from precursor cells requires additional validation.
Despite specific gating criteria for the identification of MDSC (both in human and mouse), discrimination of monocytes from M-MDSC and neutrophils from PMN-MDSCs is difficult because unique phenotypic markers for MDSCs. (Bronte et al., 2016). Functional studies using MDSCs are performed on the entire cell population, therefore the precise nature of M-MDSCs and PMN-MDSCs remains unclear.
Additionally, a major challenge is also observed in recognizing MDSC in tissue samples by immunohistochemistry (IHC). Gr-1 and Ly6G markers are used for identification of MDSC in mice by IHC. However, it is impossible to differentiate between neutrophils and monocytes in frozen and paraffin-embedded tissue samples. Similarly, in human samples, distinction of MDSC from monocytes and neutrophils is difficult. Generally, CD33 is considered for the identification of MDSC in human samples but this does not allow for the discrimination of MDSC from macrophages, dendritic cells (DC) and other myeloid cells. Therefore, a combination of CD33 and S100A9 is suggested for MDSC identification as this excludes DC and macrophages. Some recent studies have also suggested lectin-type oxidized LDL receptor 1 (LOX1; encoded by ORL1 gene) as a specific marker to identify human PMN-MDSCs in peripheral blood and patients with cancer (Condamine et al., 2016; Nan et al., 2018; Kim et al., 2019a; Chai et al., 2019). Similarly, M-MDSC can be distinguished from monocytes by the low expression of MHC class II. The challenge for future studies is the identification of unique cell surface markers of MDSCs so that, their function in various diseases can be explored.
Briefly, in other cancers, evidence suggests that M-MDSCs from tumor bearing (TB) mice can differentiate into PMN-MDSCs, attesting to the transition of monocytic cells to differentiated granulocytes (Youn et al., 2012; Youn et al., 2013). Transcriptional silencing of retinoblastoma (Rb1) gene by histone deacetylase 2 (HDAC-2) has been implicated in this process. Involvement of the Rb1 gene in PMN-MDSC differentiation is also supported by recent preclinical studies in breast cancer (Casbon et al., 2015). However, only a certain percentage of M-MDSCs population can be differentiated into PMN-MDSCs. This evidence raises a discussion as to whether M-MDSCs may constitute granulocytic progenitors. The phenotype and nature of these cells was explored by Mastio and others in 2019. They clearly demonstrated the existence of monocytic precursors of granulocytes which only expanded in mouse models but also in cancer patients. The mechanistic studies showed the myeloid differentiation pathway is controlled by the downregulation of Rb1 which is an important factor for the accumulation of PMN-MDSCs. However, the exact mechanism for abnormal myelopoiesis and reason for expansion of PMN-MDSCs in cancer patients requires additional study.
Phenotypic characteristics of hematological malignancies based on similar patterns of MDSCs appear to be shared by other cancers. For instance, in patients with B cell non-Hodgkin lymphoma (B-NHL) or T-NHL, M-MDSCs were increased as compared to healthy donors, andis associated with advanced stage of lymphoma (Wang et al., 2022). M-MDSC dependent T cell suppression correlated with the overexpression of Arg-1, IL-10, PD-L1 and S100A12 (Lin et al., 2011; Tadmor et al., 2013; Khalifa et al., 2014; Wu et al., 2015; Xiu et al., 2015; Azzaoui et al., 2016). In other lymphoid malignancies an enrichment has been also described in myeloma (Görgün et al., 2013), chronic lymphoid leukemia (CLL) (Jitschin et al., 2014), DLBCL (Tadmor et al., 2013; Azzaoui et al., 2016) and T-cell lymphoma (Movahedi et al., 2008). An expanded immunosuppressive population of CD66b+CD33 low HLA-DR− cells was observed within PBMCs from patients with Hodgkin and non-Hodgkin lymphoma. This was the first report on the presence of G-MDSCs in lymphomas. The study defined the G-MDSCs as CD66b+CD33dimHLA-DR−CD11b+CD16+ (Marini et al., 2016) and co-related with unfavorable prognosis and disease aggressiveness. M- and G-MDSCs were also reported in peripheral blood of DLBCL patients. Myeloid dependent T-cell suppression was co-related with the release of IL-10 and S100A12 and increase in PD-L1 expression. In vitro experiments noted the restoration of T-cell proliferation with the depletion of the M-MDSC population (Azzaoui et al., 2016). In multiple myeloma, MDSCs showed a strong tumor promoting and immune-suppressive activity. Both, M- and G-MDSCs were significantly increased with high expression of ROS and ARG1 in peripheral blood and bone marrow of MM patients as compared to healthy donors (Görgün et al., 2013).
3 FUNCTIONS OF MDSC
3.1 Immunological function
The important characteristic that defines MDSC is their suppression of immune cells including B-cells (Li et al., 2014), NK cells (Elkabets et al., 2010; Hongo et al., 2014) and T-cells. Both M-MDSC and PMN-MDSC share similar biochemical features which enables the suppression of the immune response that includes upregulation of signal transducer and activator of transcription 3 (STAT3), expression of Arginase one and S100A8/A9, and induction of ER stress. Specifically, PMN-MDSC upregulate reactive oxygen species (ROS), peroxynitrite, prostaglandin E2 (PGE2) and arginase 1. Additionally, M-MDSC upregulate nitric oxide (NO), cytokines such as IL10 and TGFβ (Figure 1), and increase expression of PD-L1 (Gabrilovich, 2017). Therefore, MDSCs in the TME strongly contribute to the formation of a pre-metastatic niche and subsequent development of metastatic lesions. MDSCs also facilitate the escape of tumor cells from the primary site by suppressing the immune system via multiple signaling pathways which directly corelate to poor patient prognosis. Therefore, MDSC-directed cancer therapies usher in a new era of research for establishing novel anticancer therapies.
[image: Figure 1]FIGURE 1 | MDSCs suppressive mechanism targets both innate and adaptive immunity 1. Targeting T cell and NK cell function by TGFβ/IL10 induced inhibition. Also, MDSCs release ROS, H2O2 and peroxynitrite which dysregulate the TCR Z chain inhibiting T-cell/MDSC interaction 2. MDSCs maintain a pre-metastatic niche inhibiting T-cell migration, 3. MDSCs interact with Tregs via CCL4/5 and CD40 that recruitments them to the TME, 4. MDSCs induce a M2 macrophage phenotype by secretion of IL-10, thereby promoting immune escape for tumor cells. Furthermore, secretion of factors like IL-10 and TGF-b, and reduction of L-arginine by MDSCs induce Treg polarization. (iNOS-Inducible nitric oxide synthase, Arg- Arginase, PD-L1- Programmed death-ligand 1, TGFβ- Transforming growth factor beta, IL-10- Interleukin 10, 1L-6- Interleukin 6,CCL-2- C-C Motif Chemokine Ligand 2, CCL4- C-C Motif Chemokine Ligand 2, ADAM17-a disintegrin and metalloprotease domain).
3.1.1 T-cell suppressive function
MDSCs affect T-cell function by depleting the fundamental amino acids such as L-arginine and cysteine. Also, MDSC drive ROS production by increasing NADPH oxidase activity. Studies have found that administration of ROS inhibitors effectively regains T-cell activation (Corzo et al., 2009; Wei et al., 2015). The VEGF receptors on MDSC also support expansion and recruitment into theTME (Kusmartsev et al., 2008; Corzo et al., 2009). Other MDSC receptors such as adisintegrinandmetalloproteinase17 (ADAM17), downregulate L-selectin levels on CD4/CD8 T-cells preventing T-cell homing (Hanson et al., 2009). MDSCs have also been shown to increase PD-L1 expression which downregulates T cell mediated antitumor reactivity (Weber et al., 2018). Fuse et al. (2016) effectively blocked PD-L1 and reported a significant decrease in MDSC suppressing T-cell activity (Figure 1). MDSCs produce CCR5 ligands (CCL4 and CCL5) which recruit Tregs and promote immune escape for tumors (Figure 1). Schlecker et al. (2012) have shown that intratumoral injection of CCL4/CCL5 increased tumor infiltration of Treg cells (Figure 1). Similarly, lack of CCR5 reduced the recruitment of Tregs into the TME.
3.1.2 B-cell suppressive function
In 2015, Crook and others reported for the first time B-cell inhibition by MDSCs in a murine model of rheumatoid arthritis (Crook et al., 2015). Despite extensive research, limited studies attest to MDSC and B cell crosstalk. In human PBMC, PMN-MDSCs were shown to modulate B-cell function by suppressing cell proliferation. It was further demonstrated that arginase-1, NO, ROS were involved in the suppression of B-cells (Lelis et al., 2017). A novel finding revealed an interaction between MDSCs and B-cells in tumor bearing mice. It was observed that MDSCs accumulated in the germinal center of the spleens of tumor bearing mice and co-localized with B-cells. In vitro co-culture of MDSCs with B-cells promoted proliferation and differentiation of B-cells into plasma cells producing IgA. Further experimental validations suggested that IL-10 and TGF-β1 play an important role in promoting MDSCs mediated IgA production (Xu et al., 2017a).
Wang et al. (2018) and others found that MDSCs suppress B cell function in a murine lung cancer model. It was reported that B-cells were significantly reduced in the bone marrowand spleen of tumor bearing mice. Mechanistic studies revealed that IL-7 and STAT5, key regulators for B cell commitment, were also downregulated. The B-cell impairment was positively co-related with MDSC infiltration and cancer prognosis. Furthermore, IgG levels were decreased with B-cell dysfunction. MDSCs suppressed B-cell proliferation in an arginase-dependent manner, indicating cell-cell interactions between MDSCs and B-cells.
3.1.3 Suppression of other cells
MDSCs are further known to inhibit NK cell cytotoxicity. Expression of indoleamine 2,3-dioxygenase (IDO) expression by MDSCs reduces tryptophan concentration in the TME. This not only stimulates Treg cells (Arandi et al., 2018) but also induces apoptosis of NK cells (Fang et al., 2022). Murine studies have reported MDSC related inhibition of NK cells mediated by TGFβ (Li et al., 2012). Membrane bound TGFβ was shown to impair NK cell cytotoxic activity, reduce NKG2D expression and decrease INF-γ production (Li et al., 2009). Ligands such as IL-33 (Fournié and Poupot, 2018; Shen et al., 2018)- produced by epithelial andendothelial cells and IL-1β (Elkabets et al., 2010) expressed by MDSCs have greater inhibitory properties for NK cells than other immune cells. In humans, MDSC inhibit the effects on INF-γ via NКp30-dependent mechanism (Hoechst et al., 2009) and interfere with NK FcR-mediated cytotoxicity which impairs NK cytotoxic and cytokine production (Stiff et al., 2018).
INF-γ and other molecules present in the TME promote MDSC expansion which results in the release of IL-10. The increased amount of IL-10, an anti-inflammatory molecule, inhibits the release of inflammatory cytokines thereby promoting a pro-tumorigenic microenvironment. The IL-10 mechanism strongly suppresses NK-cell and CD8+ T-lymphocyte activation (Figure 1) (Ibrahim et al., 2018; Yaseen et al., 2020). Additionally, NO production by MDSCs also arrests NK function and the secretion of INF-γ, granzyme B and TNF-α (Zhang et al., 2018). MDSCs produce IDO, which impairs development and activation of NK cells via STAT3 and TGF-β signaling (Sun et al., 2013; Sui et al., 2014). On the other hand, in-vitro studies on murine NK cells have shown Jak-3 inhibition and activation of STAT5 when co-cultured with MDSC (Hoechst et al., 2009). Furthermore, other NK-MDSCs cells interactions include TIGIT-CD155 (Sarhan et al., 2016) interactions and IL-1R8 (Molgora et al., 2017) signaling induced by interactions with MDSCs.
3.2 Non-immunological function
MDSCs also contribute to the progression of primary tumors by promoting angiogenesis and metastasis. Yang et al. (2004) demonstrated a tumor-promoting role for Gr+CD11b+ cells in tumor bearing animals. Co-injection of tumor cells with Gr+CD11b+ cells increased angiogenesis, reduced tumor necrosis and enhanced tumor growth. It was also reported that MMP9 produced by Gr+CD11b+ cells contributes to tumor angiogenesis and growth. In another study, MDSCs isolated from mouse tumors displayed STAT3 activation and induced angiogenesis by expressing VEGF (Kujawski et al., 2008). MDSCs also promote a mesenchymal phenotype in tumor cells by secreting several inflammatory factors such as TGF-β, IL-6, IL1-β and Hepatocyte Growth Factor (HGF) (Figure 1). These factors reduce E-cadherin expression in tumor cells which drives epithelial-mesenchymal transition (Toh et al., 2011; Ouzounova et al., 2017; Pastaki Khoshbin et al., 2019).
Studies in the literature have reported a critical role for MDSCs in establishing a pre-metastatic niche. Generally, primary tumors release signaling molecules before the onset of metastasis to regulate secondary tumor formation and recruitment of cells including neutrophils, macrophages, Treg and MDSCs. These cells communicate via signals that prepare healthy tissues at secondary sites to act as “soil” that encourage the inhabitation of circulating tumor cells (CTCs) (Peinado et al., 2017; Nasrollahzadeh et al., 2020; Wu et al., 2020). It has been reported that VEGFR1+ hematopoietic bone marrow progenitors promote the formation of a pre-metastatic niche that supports tumor metastasis. VEGFR1+ cells express VLA-4 (also known as integrin alpha4beta1) which can act in concert to promote a supportive niche for tumor growth (Kaplan et al., 2005). A study by Yan et al. (2010) reported an increased population of Gr-1+CD11b+ cells (immature myeloid cells) in the lungs of mice bearing mammary adenocarcinoma. The immature myeloid cells in the premetastatic lungs showed significant decrease in INF-gamma production with increased production of proinflammatory cytokines. Also, these cells expressed high levels of matrix metalloproteinase 9 (MMP9) and promoted vascular remodeling. The deletion of MMP9 diminished lung metastasis. Further studies have shown MDSC derived exosomes, containing TGF- β, VEGF and S100A8/A9, significantly induced metastasis, immunosuppression and promotes PMN-MDSC expansion (Wang et al., 2019a; Hsu et al., 2019).
3.3 Gene expression profiles of MDSC from solid tumors
The MDSCs genotype has benn widely studied in several cancers, namely, breast cancer, colorectal cancer, lung adenocarcinoma, etc. However, research on hematological malignancies is much more limited as indicated by gaps in the literature. For instance, an RNA sequencing analysis on non-small cell lung carcinoma (NSCLC) patients by Mastio and others defined of M-MDSCs and monocytes with distinct gene signature profiles. The gene expression profile of HLA-DR−/LOW CD14+ CD15− showed 619 differentially expressed genes as compared to monocytes. A notable upregulation of neutrophil-associated genes was observed including IL-8, MNDA (Myeloid cell nuclear differentiation antigen), CSF3R (G-CSF receptor), LYZ (lysozyme), NCF4 and NCF2 (neutrophil cytosolic factors 4 and 2). Additionally, downregulation of CSF1R (M-CSF receptor), NR4A1 (Nur77), CXCR1, ITGA4 (CD49d) and CD52 was observed (Table 1) (Mastio et al., 2019). The higher expression of neutrophil function genes in HLA-DR−/LOW CD14+ CD15− cells suggests that these cells may have neutrophil precursors. Further extensive analysis showed an upregulation of the CXCR1 gene, which is a chemokine receptor on neutrophils and is not associated with monocytes. Experimental validation on prostate cancer in the same study showed that 20% of M-MDSCs were CXCR1 positive and had potent immunosuppressive activity. Furthermore, these CXCR1+ M-MDSCs not only had the ability to differentiate into neutrophils but also shared features of macrophages (Mastio et al., 2019). This study therefore strongly attests to the enrichment of MLPGs (MDSC originating from M-MDSC and differentiating into PMN-MDSC) in humans.
TABLE 1 | Phenotype and genotype of MDSCs in human cancer.
[image: Table 1]Another study on pancreatic ductal carcinoma (PDAC) showed distinct cytological features (small size) and T cell suppressive function in M- MDSCs. Genome wide mRNA expression profile on M-MDSCs from three suppressive and four non-suppressive PDAC patients demonstrated an overall cancer-related gene signature including increased TNFα signaling via NF-κB, inflammatory response, IL6 JAK/STAT3 signaling and apoptosis categories. The suppressive CD14+ cells showed higher expression of FBN2, TSPAN16, LEPR, CLTA and CD163 which are genes associated with classic monocytes and differential expression patterns of MAP3K3, PRKRA, JAK2, as well as differential expression of components of the STAT family (STAT1, STAT2, STAT3, STAT5A, STAT5B and STAT6) (Trovato et al., 2019). This study also reported upregulation of metabolic genes linked to immunosuppression including fatty acid and lipoprotein metabolism-related genes, namely, CD36, LYPLA1 and CERS5, ATP and glucose metabolism genes such as ATP51C, ATP5G2, SDHB and PDK4, GXYLT1. Additionally, the BM-MDSCs and cancer patient immunosuppressive M-MDSCs shared a common gene signature profile, i.e., non-differentially expressed genes such as PTGS2, TNF, CD38, ARG1, AKT3, JAK1, JAK3, STAT1, STAT4, STAT5, STAT6 and STAT3, suggesting a common regulatory mechanism among the myeloid cells. Briefly, this study states an important immunosuppressive phenotype of M-MDSCs (Table 1).
Other studies have also reported CD33 as a specific marker expressed on MDSCs (Ortiz et al., 2015), which is one of the potential targets for cancer therapies (Jitschin et al., 2018). Other genes associated with gene ontology (GO) analysis included chemokine receptor 2 (CXCR2) (Veglia et al., 2019; Ugolini et al., 2020), colony Stimulating Factor 1 Receptor (CSF1R) (Zhou et al., 2018), and C-C Motif chemokine receptor 1(CCR1) (Cai et al., 2017), suggesting that MDSCs might communicate with recruitment signals from other sites of inflammation including the primary tumor or metastatic sites. This study also validated MDSC gene signatures from spleens of healthy and tumor bearing mice the upregulation of CD11B + Gr1+ cells (Alshetaiwi et al., 2020).
Leader et al. applied scRNA to corelate transcriptome profiles of tumor early-stage NSCLC and normal tissues from early-stage NSCLC. The interrogation into immune ecosystem revealed a remarkable heterogeneity and plasticity in the myeloid cells. According to analyses, M-MDSCs trajectory analysis M-MDSCs and PMN-MDSCs transitioned along the monocyte-to-M2 macrophage path. However, MDSCs subsets did not show any root or branch-level enrichment. Gene expression analysis of M-MDSCs and PMN-MDSCs showed a distinct gene signatures of IL-10, CD14, VEGFA and IL-6, OLR1, TGFβ1, respectively (Leader et al., 2021).
Studies in the literature attest to distinct transcriptome profiles of MDSCs with the upregulation of genes characterized by immunosuppression, high transcriptional activity, and increased pro-inflammatory pathways. These hallmark genes can be further explored in hematological malignancies and their functions can be studied. However, we also face challenges to clearly distinguish MDSCs from monocytes and neutrophils. Therefore, a more comprehensive analysis the gene expression signatures of the MDSCs subtypes will create new opportunities for selective targeting MDSCs populations and thereby designing new therapies.
4 MDSCS IN HEMATOLOGICAL MALIGNANCIES
Mostexperimental and clinical studies on solid tumors have reported dysregulation of MDSCs However, recent studies have defined their role in immune dysregulation in hematologic malignancies, immune-mediated cytopenias and allogeneic hemopoietic stem cell transplantation. Also, MDSCs potential role as biomarkers and therapeutic targets have started gaining attention in B-cell malignancies. The signaling pathways associated with the differentiation, expansion, circulation, and function of MDSCs, as well as the crosstalk between MDSCs and tumor cells make therapeutic strategies challenging. This section will summarize the research studies on the MDSCs in hematological malignancies and their tumor microenvironment.
4.1 MDSCs in tumor microenvironment
The TME of B-cell lymphomas is highly variable, which consists of immune cells, stromal cells, blood vessels and extracellular matrix. Genetic aberrations harbored by tumor cells, their proliferation, increased angiogenesis, and an immune response by the host, contributes to the complex spatial cellular distribution of TME. Therefore, crosstalk between the TME elements is distinct in different types of lymphoma. Lymphomas can have variable amounts of tumor cell content, which ranges from a minimum of ∼1% in Hodgkin’s lymphoma to a maximum of 90+ % in Burkitt’s lymphoma (BL). Generally, the TME in hematological malignancies can be divided into three models based on the interaction between tumor cells and the TME: 1. ‘recruitment’, 2. ‘re-education,’ and 3. ‘effacement.’
Briefly, the ‘re-education’ pattern is commonly seen in FL, CLL, MM, and MALT lymphomas, which primarily affect lymph nodes. In this pattern, the malignant cells have a substantial degree of dependency on the TME for survival. Proliferation of lymphoma cells is partially supported by external stimuli in the TME, such as cytokines, chemokines, growth factors and signaling via stromal cells. The spatial arrangement of the tumor tissue is very similar to the normal lymphoid tissue, comprising of residual reactive germinal centers with distinct follicular dendritic cell (FDC) meshworks and follicular T-helper cells (TFH cells) (Scott and Gascoyne, 2014; Nathan et al., 2016).The second pattern is one of ‘recruitment’ and is typically observed in classical Hodgkin’s lymphoma (CHL). Here, the tumor comprises of a supportive non-malignant milieu which surrounds the infrequent malignant Hodgkin Reed-Sternberg cells (HRS cells). In this pattern, the tumor cells rely completely on the TME for survival and growth (Scott and Gascoyne, 2014; Nathan et al., 2016). Lastly, the third pattern is ‘effacement’ and includes BL where malignant cells express genetic aberrations such as MYC translocations and cooperative mutations (Schmitz et al., 2012). These changes remove the dependency of the malignant cell on the microenvironment for growth and proliferation, causing cell-autonomous survival (Scott and Gascoyne, 2014; Nathan et al., 2016).
As discussed earlier, the composition of TME in B-cell malignancies in divided into two parts: Immune microenvironment and non-immune microenvironment. The immune microenvironment consists of immune cells including T and B lymphocytes, MDSCs, tumor-associated macrophages (TAMs), tumor associated neutrophils (TANs), NK cells, dendritic cells, and many other cells. Furthermore, the non-immune microenvironment mostly includes fibroblasts, stromal cells, secretory molecules including growth factors, exosomes, cytokines, and chemokines.
TAMs are the most intensive immunosuppressive cells in TME. These cells inhibits T-cell activation and recruits at the tumor site by secreting cytokines, chemokines and other factors (Pathria et al., 2019). Based on immunomodulatory functions, TAMs are classified into M1 and M2 phenotypes. M1 macrophages are cytotoxic and play a critical role in tumor development. However, during the process of tumor growth M1-like macrophages are transformed into M2-like macrophages (Mantovani et al., 2017). M2-like macrophages produce cytokines and growth factors which contribute to tumor development, angiogenesis, inflammation and immunosuppression (Wang et al., 2019b) (Figure 1). As discussed in previous sections, the TME cells express specific cell surface markers which is associated with poor prognosis in B cell lymphoma patients. The cytokines and chemokines secreted by TME cells creates an immunosuppressive environment which modulates the activity of immune cells such as suppression of T cell function. These cytokines are divided into two groups. The first group includes VEGF, granulocyte-macrophage colony-stimulating factor (GM-CSF), macrophage colony-stimulating factor (M-CSF) and granulocyte colony-stimulating factor (G-CSF).Similarly, the second group of cytokines includes interferon-γ (INF- γ), IL-6, IL-4, IL13, high-mobility group box 1 (HMGB1), and tumor necrosis factor (TNF) (Sevko et al., 2013; Condamine et al., 2015b).
A direct relationship between MDSC and TME is reported in many cancers including prostate, breast, colon, melanoma and in B-cell malignancies. As an important immunosuppressive cell, MDSCs effectively suppress T-cell, B-cell, and NK cell activation, and recruits Tregs at the site of tumor. Therefore, tumor cells escape by the immune surveillance and increases tumor growth and metastasis. A recent report demonstrated the secretion of exosomes in TME. These tumor derived exosomes accelerate the activation and expansion of MDSCs (Tian et al., 2019) delivering molecules and proteins such as miRNAs (Ren et al., 2019), IL-10, 1L-16, PEG2 and TGF-β.
4.2 Lymphomas
A preclinical study on murine A20 B-cell lymphoma model, Serafini and others identified a population of cells with a unique phenotype. These cells showed expression of Gr1, F4/80 and IL-4Rα, with low expression of MHC class I and II molecules. In subsequent studies, the population was confirmed to be MDSCs, and these cells suppressed CD8+ T cell activity and induced recruitment and expansion of Treg cells (Serafini et al., 2008) (Figure 1). The immunosuppressive activity of MDSCs was inhibited by lenalidomide, in that the drug reduced the frequency of MDSCs in A20 lymphoma mice. (Sakamaki et al., 2014). Furthermore, inflammatory changes promoted infiltration of MDSCs in the spleens of EL4-luc2 lymphoma mice model. These mice demonstrated elevated numbers of neutrophils resulting in abnormal myelopoiesis, which stimulated MDSCs thereby supporting tumor development (Abedi-Valugerdi et al., 2016). In murine B- cell lymphoma, the expression of mir-30 further promoted the development of MDSCs. Activation of JAK/STAT3 signaling pathway by miR-30 decreased the expression of suppressor of cytokine signaling-3 (SOCS3), thereby promoting differentiation of MDSCs and releasing immunosuppressive factors such as ARG-1, IL-10 and ROS (Xu et al., 2017b). To confirm increased levels of PDL-1 expression and expansion of MDSCs (at the tumor site) in DLBCL patients, PDL-1 expression was evaluated in an A20 B-cell lymphoma mouse model. It was observed that anti-PDL-1 treatment decreased MDSCs at the tumor site (Lu et al., 2021). Further, another study identified calmodulin kinase 2 (Camkk2) as an important target responsible for the accumulation and expansion of MDSCs in, E.G.,7-OVA TB mice (a mouse lymphoma model derived by electroporating T lymphoblast, EL4 cells). Knockdown of Camkk2 in mice decreased the accumulation of MDSCs, enhanced the anti-tumor response of T-cells and slowed tumor growth. Tumor growth was restored in Camkk2−/− mice when transplanted with MDSCs. This study confirmed the immune suppressive function of MDSCs and potential role of Camkk2 in targeting MDSCs expansion (Huang et al., 2021). Also, M-MDSC accumulation via an IL-35 mechanism was significantly decreased with the anti-IL-35 treatment in the Ly8DLBCL murine model (Wang et al., 2021a).
Clinically, Romano et al. (2015) reported an increase in M-MDSCs, PMN-MDSCs and CD34+ MDSCs in peripheral blood of Hodgkin’s lymphoma (HL) patients as compared to healthy individuals. It was observed that the levels of MDSCs were much lower in complete remission patients when compared to the patients who did not have a complete remission after chemotherapy. Amini et al. (2019) also observed increased numbers of PMN-MDSCs in the peripheral blood of 19 HL patients when compared to healthy individuals. A similar study found that PMN-MDSCs (CD66b+ CD33dim HLADR−) were higher in 124 B-cell lymphoma patients which included HL and B-NHL. The study found that depletion of CD66b+ MDSCs restored the T-cell response and proliferation (Marini et al., 2016). Furthermore, in DLBCL patients, there was a significant increase in MDSCs in the peripheral blood and this was a poor prognostic factor. However, only the increased number of M-MDSCs correlated with the international prognostic index (IPI), high numbers of circulating Treg cells and elevated expression of IL10, PDL-1 and S100A12. These factors were associated with the immunosuppressive mechanism of MDSCs, and inhibition of IL-10, PDL-1 and S100A12 increased T-cell activation and proliferation (Azzaoui et al., 2016). Some recent studies have reported that high levels of M-MDSCs in newly diagnosed and relapsed patients correlated with tumor progression and patient survival. Additionally, a clinical trial with lenalidomide and R-GDP (Rituximab plus gemcitabine, cisplatin and dexamethasone) chemotherapy in relapsed DLBCL patients showed decreased levels of MDSCs and Treg cells in individuals with a favorable 24-month survival rate. This study also demonstrated that Vit-D deficient DLBCL patients had increased numbers of MDSCs and Treg cells, suggesting that an enhanced treatment outcomes could be achieved by Vit-D supplementation in DLBCL-patients (Jiménez-Cortegana et al., 2021a; Jiménez-Cortegana et al., 2021b). Additionally, patients with NK/T-cell lymphoma (ENKL) had high MDSCs levels and specially M-MDSCs were responsible for a poorer disease-free survival and overall survival. Studies have found that IL-17 produced by CD4+Th17 cells in ENKL patients increases MDSC expansion and inhibits T cell proliferation (Zhang et al., 2015). The effect of MDSCs on other types of NHL including cell lymphoma and follicular lymphoma is still unexplored.
4.3 Multiple myeloma
MDSCs expansion in bone marrow was observed during early stages of multiple myeloma (MM) in the 5TMM mouse model and in later stages, MDSCs could be detected in peripheral blood. Also, myeloid leukemia cell differentiation protein (Mcl-1) was reported as a potential target promoting MDSCs survival. In vitro studies have shown that mesenchymal stem cell (BMSC)- derived exosomes induced the survival of MM MDSCs and increased NO production in MDSCs by activating STAT3 and STAT1 signaling. These bone marrow-derived mesenchymal stem/stromal cells (BMSC) also increased the expression of anti-apoptotic proteins, namely, Bcl-xL and Mcl-1 suppressing T-cell activation and contributing to bortezomib and melphalan resistance (Wang et al., 2015a; Veirman et al., 2015; De Veirman et al., 2019). A mechanistic study reported the presence of S100A9 and its receptor TLR4 in MM MDSCs model mice which triggered MDSCs expansion and secreted inflammatory molecules such as TNF- α, IL-6 and IL-10 (Figure 1). However, blocking S100A9 did not affect the MDSCs expansion but rather decreased the cytokine production (De Veirman et al., 2017). Further, in a clinical study, a pro-tumorigenic affect of MM derived Galectin-1 was observed on the expansion of M-MDSCs with CD304 interaction, thereby facilitating MM progression following autologous stem cell transplant (ASCT) (Lim et al., 2021). These studies attest that MDSC in the MM microenvironment play an important role in interaction between cells, cytokines and other factors present in the tumor niche which together influence MM progression.
Clinically, for the first time in 2010, Brimnes et al. (2010) reported an increase in M-MDSCs in peripheral blood of MM patients as compared to controls. In later studies Wang et al. (2015b) showed a positive correlation of M-MDSCs with MM recurrence and negative correlation with treatment outcomes. A similar study found out that neutrophils from bone marrow were immune suppressive and had MDSCs like activity. Furthermore, it was found that CD11b+ CD113+ CD16+ neutrophils have G-MDSCs (Perez et al., 2020) phenotype.
Several studies have reported an accumulation of G-MDSCs in the bone marrow and peripheral blood of MM patients as compared to healthy individuals and the expansion is corelated with the disease pathogenesis (Ramachandran et al., 2013; Favaloro et al., 2014; Giallongo et al., 2016). In context to treatment with bortezomib, lenalidomide (immunomodulatory agent) and DC vaccination there are inconsistent results on its effect on MDSCs and MM patients (Gunes et al., 2020). A study by Kuwahara-Ota et al. (2020) identified lenalidomide and pomalidomide as potential inhibitors for MDSCs induction, which downregulated CCL5 and MIF in MM patients. This study also found out that downregulation of CCL5, and induction of interferon regulatory factor 8 (IRF8) affected MDSCs expansion. Additionally, it was also observed that high amount of M-MDSCs in MM patients inhibited the cytotoxicity of pre-autologous stem cell transplantation (ASCT) and was associated with poor clinical outcome (Lee et al., 2019). A co-culture study of MPC11 cells (B lymphocyte cell line) with MDSCs of MM patients showed high proliferation of MPC11 cells and reduction in T cell immune response when compared to no MDSCs, and decitabine (DAC) treated bone marrow cells (Zhou et al., 2019).
A study by Nakamura et al. (2018) have reported the high expression of IL-18 in the bone marrow microenvironment of MM patients. It was observed that, IL-18 driven MDSCs immune suppression via C/EBβ was associated with poor prognosis. The migratory inhibitor factor in the MM bone marrow microenvironment is an important factor which leads to the expansion and differentiation of MDSCs, increases levels of PDL-1 expression on MDSCs and suppresses T-cell function (Lewinsky et al., 2021). But now we know that some MM targeting drugs such as Daratumumab (targeting CD38) successfully diminished the immune suppressive cells, namely, Tregs, Bregs and MDSCs (van de Donk and Usmani, 2018). Additionally, estrogen has also been associated with MM disease progression (Ozerova and Nefedova, 2019). Together, all the studies identified new molecules which promotes MDSC formation/expansion and targeting them could improve drug therapeutics for MM.
4.4 Leukemia
In earlier studies, Sun et al. (2015) found expansion of MDSCs in acute myeloid leukemia (AML) and a complete remission group of patients as compared to partial and no remission group of patients. This study also reported the overexpression of WT1 (Wilms tumor gene) gene in the bone marrow samples of AML patients which had positive correlation with MDSCs expansion. Another study identified higher amounts of M-MDSCs and e-MDSCs in the peripheral blood of AML patients (Lv et al., 2021). Further, an elevated expression of MDSCs corelated with the poor remission, higher relapse rates and reduced long term survival (Wang et al., 2020).
In AML, it was also observed the cytarabine (Ara-C)- triggered increased expression of TNFα from the AML cells resulting in the expansion and survival of the MDSC by activating IL-6/STAT3 and NFКB signaling (Bai et al., 2022). It has also been observed that the combination of Ara-C, Plerixafor (CXCR4 inhibitor) and PDL-1 in AML murine model decreased the number of Tregs and MDSCs in peripheral blood and bone marrow (Hwang et al., 2019). Additionally, MDSC expansion was observed in B-cell acute lymphoblastic leukemia (B-ALL) (Zahran et al., 2021). Hohtari et al. (2019) noted that in all the AML bone marrow (n = 52) there was a decrease in M1-type macrophages and effector T cells with an increase in M2-type macrophages and MDSCs as compared to healthy individuals. They also observed an elevation of PD-1 and CTLA-4 (negative immune check point) which was responsible for immune suppressive role in AML patients. Furthermore, in acute promyelocytic leukemia (APL) patients innate lymphoid cells (ILC2s) were increased and hyper-activated which in turn activated M-MDSCs via IL-13 secretion. After treatment with all trans retinoic acid (ATRA), the levels of PGD2, NKp30, ILC2s, IL-13 and M-MDSCs was restored (Trabanelli et al., 2017).
In chronic granulocytic leukemia (CML), an increased number of MDSCs and its immune suppressive markers such as IL10 and ARG1 was observed. Further, it was noted that imatinib and dasatinib (tyrosine kinase inhibitor) treatment reduced MDSCs numbers to the normal range (Giallongo et al., 2014; Christiansson et al., 2015). Additional studies also reported the tyrosine kinase inhibitor (TKI) treatments reduced G-MDSCs in patients, however, only dasatinib showed a significant reduction in M-MDSCs. Therefore, dasatinib can serve as an important targeting agent for M-MDSCs in chronic myeloid lymphoma (CML) patients (Giallongo et al., 2018). Also, an elevated number of M-MDSCs was observed in the peripheral blood of fifty CLL patients and was associated with poor survival (Zahran et al., 2020). It was also seen that Tregs and MDSCs can be reduced to normal range with ibrutinib treatment in 1–2 years (Solman et al., 2021). Furthermore, PMN-MDSCs showed greater immunosuppressive impact on M-MDSCs in CLL patients. However, ibrutinib successfully lowered the PMN-MDSCs, targeted MDSCs differentiation, induced naïve T cells and improve the tumor microenvironment (Ferrer et al., 2021).
4.5 Myeloproliferative syndromes
The first study on MDSC expansion in myeloproliferative syndromes (MDS) was shared by Chen et al. (2013). Using multiple cell transfection models, it was noted that the expansion of MDSCs was driven by S100A9 and CD33. These two important proteins form functional ligand/receptor pairs which suppress immunoreceptor tyrosine-based inhibition motif and induce secretion of suppressive cytokines such as IL-10 and TGFβ. In MDS, MDSCs suppress T cells by recruitment and proliferation of Tregs in the bone marrow (Kittang et al., 2016). Also, Gal-9, an important ligand for immune checkpoint molecule TIM3 is highly expressed on the MDSCs of MDS patients. This Gal9 was observed to bind TIM3 on CD8+T cells, suppressing their immune function and cause T-cell exhaustion (Tao et al., 2020). Studies have also shown that ARG1, an immune suppressive molecule suppresses the ani-tumor response of CD8+ T cells via STAT3 signaling pathway (Qi et al., 2021) (Figure 1). Therefore, targeting these negatively corelated immune checkpoint molecules of MDSCs in MDS patients could suppress the activation and proliferation of MDSCs.
4.6 Hematopoietic stem cell transplantation
In previous sections we have discussed the immune suppressive and tumor promoting role of MDSCs in hematological malignancies. However, in hematological stem cell transplantation (HSCT), the relationship between graft versus leukemia (GVL), graft versus host disease (GVHD) and MDSCs is complicated (Figure 2).
[image: Figure 2]FIGURE 2 | Role of MDSCs in hematological malignancies and Hematopoietic stem cell transplantation. MDSCs have a favorable role in that they suppress T cell activity thereby preventing GVHD after HSCT (Left side of figure). In contrast, the unfavorable expansion of MDSCs promotes tumor growth by increasing angiogenesis, creating a pre-metastatic niche, suppressing T-cell activity and recruiting Tregs in the TME (Right side of figure).
In mice and humans, the expression of MDSCs have been detected in the peripheral blood during allogenic hematopoietic stem cell transplantation (allo-HSCT) (Luyckx et al., 2012). A clinical study by Fan et al. (2017) showed that G-CSF mobilization improved relapse free survival and GVHD in bone marrow hematopoietic transplantation (G-BM) as compared to G-PBMC transplantation. A similar study also showed that mobilization with pegylated-G-CSF in allo-HSCT elevates M-MDSCs in the donors and improved the rates of severe GVHD (Li et al., 2021).
A transcriptomic study by Andrea et al. reported that G-CSF mobilized PMN-MDSCs had upregulation of genes promoting DNA replication, cell cycle, and cell division, namely, Ki-67, topoisomerase II alpha, and cyclin B, respectively. This study showed that G-CSF-mobilized PMN-MDSCs enrichment in the graft displayed remarkable molecular characteristics with significant inhibition of donor NK cells (Pelosi et al., 2021). A retrospective study reported encouraging improvement in ani-leukemic affect of donor lymphocyte infusion (DLI) after G-CSF treatment as compared to standard DLI after relapsed allo-HCT (Schneidawind et al., 2019). Wang et al. (2021b) described that human umbical cord mesenchymal stem cells causes MDSCs expansion and prevents GVHD after HSCT by secreting CXCL1 and HLA-G (Yang et al., 2020). The mechanistic study on GVHD mice models revealed that MDSCs suppresses GVHD and preserves GVL activities by inducing NKG2D expression on T cells and suppresses GVHD by increasing Tregs (Zhang et al., 2019). It was also observed that the delay in M-MDSCs recovery and invariant natural killer cells (iNKT) after transplantation was associated with a high incidence of grade III-IV acute GVHD. However, low levels of M-MDSCs and high levels of iNKT cells significantly reduced leukemic relapse (Kim et al., 2019b). This study suggests that the balance between MDSCs and other immune cells is critical for achieving good outcomes in HSCT.
The major challenges in the field of GVHD during transfusion of immune suppressive cells is the inefficient immune system, dysregulation in growth of immune cells and the risk of infection. Pre-transplantation measures together with stem cell infusion and inflammation in the host causes M-MDSCs expansion, and this expansion of MDSCs causes non-relapse mortality (Lee et al., 2018). In recent studies treatment with cyclophosphamide (an immunosuppressant) after allo-HSCT caused early differentiation of MDSCs with reduced GVHD incidence (D'Aveni et al., 2020). It was observed that post-transplant cyclophosphamide (PTCy) patients showed healthy MDSC recovery, particularly PMN-MDSCs than standard of care (SOC) recipients, with active T-cell suppressive function (Oshrine et al., 2022). For the first time, it was also found that mitochondrial permeability transition pore (MPTP) opened in the PMN-MDSCs is due to the intense inflammatory environment of GVHD causing mitochondrial damage, oxidative stress, and apoptosis of PMN-MDSCs. By obstructing MPTP opening by cyclosporine A (CsA) (an immunosuppressant), restored the immunosuppressive function and viability of PMN-MDSCs in vitro and in vivo. Therefore, MPTP blockade by CsA can preserve/active PMN-MDSCs which can improve efficiency bone marrow transplantation. Also, restoration of immunosuppressive function of PMN-MDSCs by enhancing mitochondrial health could serve as a novel therapeutic strategy for aGVHD (Figure 2).
Cyclosporin A blocks mitochondrial permeability transition pore (MPTP) of PMN-MDSCs therefore, inhibiting MDSCs damage in GVHD inflammatory environment (Li et al., 2022). These studies strongly attest that MDSCs could enhance the function of immune suppressive drug in GVHD. Therefore, more studies are required to confirm whether MDSCs regulating GVHD incidence regulates tumor suppression and whether MDSCs can cause tumor recurrence?
5 TARGETING MDSCS IN B-CELL MALIGNANCIES
Although MDSCs have a short lifespan, their continuous recruitment to the sites of inflammation enables a significantly long-lasting affect at that TME site. Also, as the life span of MDSCs in the tissue is short, it is very difficult to reverse its pathological state. Therefore, targeting MDSCs for effective therapies could be achieved by 1. Targeting MDSC recruitment, 2. MDSC depletion and 3. reprograming MDSCs to enhance antitumor immunity.
Strategies to target MDSCs in hematological malignancies have provided some initially promising results. STAT3 and cyclooxygenase 2 (COX2)/PGE2 plays an important role in MDSCs formation, differentiation, and accumulation. Veltman et al. (2010) reported ‘celecoxib’, an inhibitor of COX2, as a potential tool to improve dendritic cell based immunotherapy and can also effectively suppress MDSC function. A retrospective population-based study on DLBCL patients showed a survival benefit to COX-2 inhibitors prior to chemo-immunotherapy treatment (Smyth et al., 2020). A pre-clinical study by De Henau et al. (2016) showed that resistance to immune checkpoint blockade (ICB) is corelated with the infiltration of myeloid cells in various tumors. These findings strongly suggest the inhibition of PI3Kγ (gamma isoforms of phosphoinositide 3-kinase, which are highly expressed in myeloid cells) could be a potential target to overcome immune checkpoint blockade resistance in tumor immune landscape. Furthermore, in HL, it has been reported that RP6530, a PI3Kδ/γ inhibitor decreases the MDSC percentage, and downregulates iNOS which results in tumor regression (Locatelli et al., 2019).
Additionally, miRNAs are also known to affect MDSC function. In a B-cell lymphoma mouse model, mir-30a was upregulated M- and G-MDSCs which further increased the immunosuppressive function of MDSCs by inhibiting the expression of the suppressor of cytokine signaling (SOCS3) gene (Xu et al., 2017c). Li et al. (2020) reported R96A, ‘c-Rel’, which is a member of NF-B family, as a myeloid checkpoint for cancer immunotherapy. A deficiency of c-Rel in MDSCs was reported to inhibit cancer growth in mice which was further confirmed by pharmaceutical inhibition of c-Rel. Furthermore, a combinational therapy of c-Rel and PD1 blockade was more effective in cancer treatment than either strategy alone.
Chimeric antigen receptor (CAR) T-cell therapy, also known as a “living drug”, works on the principle of ‘engineering the patient’s T-cells for the treatment of cancer’. This treatment is routinely used in blood cancers, including lymphomas, some forms of leukemia, and, most recently, multiple myeloma (Neelapu et al., 2017; Schuster et al., 2017; Maude et al., 2018). However, Jain et al. (2021) reported that CAR T-cell failure in large B-cell lymphoma (LBCL) was associated with increased numbers of circulating M-MDSC and tumor associated IFN signaling. Some more clinical studies ongoing are listed in Table 2.
TABLE 2 | Clinical trials performed worldwide for MDSCs (listed in clinicaltrials.gov).
[image: Table 2]6 CONCLUSION
Emerging evidence suggests a significant role for MDSCs in maintaining homeostasis in the immune system. Research studies have explored the immunosuppressive function of MDSCs and identified their pro-tumor characteristics as well as their negative prognostic impact for patients with malignant hematological diseases. In contrast, MDSCs may also have a favorable role in hematological diseases, for example, by preventing GVHD after HSCT (Figure 2). With the clear understanding of the origin, development, and differentiation of MDSCs, the genomic and metabolic mechanisms could be manipulated to optimize the relationship between MDSCs and other cells in the tumor microenvironment and utilize their function to improve patient outcomes. Aside from the role of MDSCs in suppressing the antitumor immune response in the TME, MDSCs also substantially impact the efficacy of immunotherapy, particularly CAR-T cell treatment (Lindo et al., 2021; Tumino et al., 2021). Several studies have developed ways to inhibit or remove MDSCs by modulating their differentiation (Luo et al., 2022), or by developing NK cells expressing chimeric activated receptors that eliminate MDSCs and improve the anti-tumor affects of CAR-T cells (Parihar et al., 2019). Therefore, treating hematological malignancies by targeting MDSCs will be an important future therapeutic direction. However, a critical challenge will be how best to identify and then target specific subsets of MDSC to improve the clinical outcome of patients. Clearly, substantial additional research is needed to achieve this goal.
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Immune checkpoint blockade immunotherapy has radically changed patient outcomes in multiple cancer types. Pancreatic cancer is one of the notable exceptions, being protected from immunotherapy by a variety of mechanisms, including the presence of a dense stroma and immunosuppressive myeloid cells. Previous studies have demonstrated that CD40 stimulation can remodel the tumor microenvironment in a manner that promotes effector immune cell responses and can cooperate with immune checkpoint inhibition for durable tumor control mediated by T cells. Here we confirm the capability of this combination therapy to dramatically, and durably, control pancreatic cancer growth in an orthotopic model and that the immune memory to this cancer is primarily a function of CD4+ T cells. We extend this understanding by demonstrating that recruitment of recently primed T cells from the draining lymph nodes is not necessary for the observed control, suggesting that the pre-existing intra-tumoral cells respond to the combination therapy. Further, we find that the efficacy of CD40 stimulation is not dependent upon CD70, which is commonly induced on dendritic cells in response to CD40 agonism. Finally, we find that directly targeting the receptor for CD70, CD27, in combination with the TLR3 agonist polyIC, provides some protection despite failing to increase the frequency of interferon gamma-secreting T cells.
Keywords: CD40, CD27, CD70, TIL activation, PDAC, KPC, CPI therapy
INTRODUCTION
Pancreatic ductal adenocarcinoma (PDAC) is notoriously resistant towards immune checkpoint inhibitor therapy (CPI) (Royal et al., 2010; Bian and Almhanna, 2021). Several features have been implicated in the lack of response to CPI, including a dense fibrous stroma that limits immune cell and molecule penetration; the presence of immunosuppressive myeloid cells; and a low mutational burden limiting the availability of antigenic epitopes available to effector T cells (Balli et al., 2017). Therefore, it is imperative to explore alternative approaches to activate and enhance the immune system’s response in this context.
CD40 is a tumor necrosis factor receptor superfamily member that is expressed on dendritic cells (DC), macrophages, monocytes, and B cells(Bullock, 2022). CD40 can be engaged by CD40 ligand (CD40L), which is expressed by activated CD4+ T cells and NKT cells and leads to cellular activation. This process drives B cell survival and contributes to class switching, and is the critical activation step for licensing DC to initiate CD8+ T cell responses to cross-presented antigens (Bennett et al., 1998; Ridge et al., 1998; Schoenberger et al., 1998; Pérez-Melgosa et al., 1999). Agonist αCD40 monoclonal antibodies (mAbs) have been used to simulate CD40L engagement in vivo and circumvent the need for CD4+ T cell help (Rowley and Al-Shamkhani, 2004; Bullock and Yagita, 2005; French et al., 2007; McWilliams et al., 2010; Vonderheide and Glennie, 2013). Moreover, CD40 has been combined with various therapies, including TLR agonists, chemotherapy, radiotherapy, and checkpoint inhibitors, to increase the performance of cancer vaccines and enable immunological control of tumors (Vonderheide, 2020; Burrack et al., 2021).
Despite earlier studies that have shown that CD40 agonism is extremely potent against PDAC, the mechanistic basis for these anti-tumor capabilities is poorly understood. On the one hand, CD40 stimulation can drive a T cell-independent activation of macrophages that is sufficient to curtail tumor growth (Beatty et al., 2011). On the other, subsequent studies have implicated a role for the CD40-mediated activation of conventional DC (cDC) leading to T cell-dependent control of experimental PDAC (Winograd et al., 2015; Byrne and Vonderheide, 2016; Rech et al., 2018; Morrison et al., 2020; Byrne et al., 2021). The basis by which CD40-mediated activation of DC drives T cell responses in the context of PDAC is being elucidated. Various immunologically-relevant molecules are produced by cDC after the agonism of CD40, and blocking innate components, such as type-1 interferons, modestly limits the therapeutic activity of CD40 stimulation (Morrison et al., 2020). Pertaining to this, the CD70:CD27 axis has been shown to be a critical component in bridging CD40-mediated activation of DC and adaptive immunity in vaccination and cancer (Rowley and Al-Shamkhani, 2004; Bullock and Yagita, 2005; Feau et al., 2012). Stimulation of CD27 drives the expression of Eomesodermin, and critical cytokine receptors associated with T cell differentiation and survival (Dong et al., 2012). Further, stimulation of CD27 in combination with the IFNαβ receptor results in a synergistic expansion of CD8+ T cells and is associated with the induction of the effector T cell transcription factor, T-bet. Studies in other systems have implicated a role for CD70 in the anti-tumor activity of CD40-stimulation (French et al., 2007; Oba et al., 2020). Thus, we hypothesized that the effectiveness of CD40 stimulation at limiting the growth of PDAC is mediated, in part, by the induction of CD70 on cDC.
Here, we employed a syngeneic murine LSL-KrasG12D/+, LSL-Trp53R172H/+, Pdx1Cre (KPC) cell-implantation model to investigate the underlying mechanism for αCD40-induced tumor control (Byrne and Vonderheide, 2016; Long et al., 2016). We validate previous findings that αCD40 and CPI treatment results in tumor regressions and immunological memory(Morrison et al., 2020). We find that the intratumoral reservoir of T cells present at the time of CD40 activation is sufficient to mediate tumor control, without recruitment of newly primed T cells from the tumor-draining lymph node. However, surprisingly we find that the activity of αCD40 is independent of CD70, but can in part be replicated by the provision of CD27 stimulation in combination with the TLR agonist polyIC (pIC), which potently induces the expression of interferons.
MATERIALS AND METHODS
Mice
6–8 week-old C57BL/6J mice were purchased from Jackson Laboratories. Mice were housed in a controlled environment that was free of specific pathogens, and their treatment was conducted in compliance with the Animal Care and Use Committee’s guidelines at the University of Virginia (Charlottesville, Virginia).
Tumor implantation models
Two LSL-KrasG12D/+, LSL-Trp53R172H/+, Pdx1Cre (KPC) cell lines were used as indicated. KPC4662 was kindly provided by the Vonderheide laboratory (Byrne and Vonderheide, 2016). KPC7940b was procured from the Beatty laboratory (Long et al., 2016). For subcutaneous (s.c.) implantations, 250k tumor cells were implanted in 100ul of 1:1 matrigel (Corning) and DPBS (Gibco). Tumor volume estimates were based off length and height measurements via calipers as described (Sápi et al., 2015). Mice were humanely euthanized to collect tumors at specified time points, once they had grown to their maximum permitted size, or if wet ulcers had developed.
For the orthotopic experiments, we implanted 500k KPC4662 cells in a 25 µL suspension of 1:1 matrigel and DPBS or RPMI (as indicated), using the same procedure as previously described (Stokes et al., 2011). Tumor measurements were taken via ultrasonography and volume was calculated as described (Faustino-Rocha et al., 2013).
For rechallenge experiments, mice were implanted with tumor cells on the opposing rear flank for the initial rechallenge, and on either fore flanks for tertiary and quaternary implantations.
Blocking antibodies: αPD1 (200ug; RMP1-14), αCTLA4 (200ug; 9H10), αCD70 (600ug; FR70), agonist antibodies: αCD40-agonist (100ug; FGK45), or αCD27-agonist (100ug; AT124) (BioXcell, Ichor Biosciences, or Celldex), and depletion antibodies: αCD8 (250 μg; 2.43) and αCD4 (250 μg; GK1.5) were all administered intraperitoneally (i.p.) as indicated.
Brefeldin A (BFA) (250ug; Selleckchem), was injected i.p. 6 h prior to euthanasia. pIC (100ug) were administered i.p. as indicated. Fingolimod (FTY720; Sigma) was administered as previously described (Stevens and Bullock, 2021).
Flow cytometry
Flow cytometry was performed using an Aurora Northern Lights (Cytek) or Attune™ NxT Acoustic Focusing cytometers (Thermo Fisher). Data were collected using Spectroflo or Attune NxT software and analyzed using FlowJo (version 10.8). After titrating for optimal resolution, fluorescent mAbs from BD Biosciences, BioLegend, Invitrogen, and Phitonex were used to stain for CD45 (30-F11), MHCII (2G9), CD3 (145-2C11), CD127 (SB/199), CD44 (IM7), TCRγδ (GL3), CD11c (HL3), CD27 (LG 3A10), CD8α (5H10), Ly6G (1A8), XCR1 (ZET), F4/80 (T45-2342), CD11b (M1/70), CD4 (GK1.5), CD172a (P84), CD19 (6D5), Ly49G2 (4D11), NKp46 (AF700), NK1.1 (PK136), EOMES (Dan11mag), FOXP3 (FJK-16s), IFN-γ (XMG1.2). LIVE/DEAD fixable dye from Thermo Fisher Scientific was also used to evaluate viability of cells.
Freshly harvested tumors were minced, homogenized, and underwent lympholyte-M (Cedarlane) gradient centrifugation for immune cell isolation. Samples were viability and surface stained prior to fixation with the Cytofix/Cytoperm, or FOXP3 fixation, kit (BD) for intracellular staining.
Statistical analysis
GraphPad Prism (GraphPad Software, Inc.) was employed to compute all statistical analyses. Mantel-Cox test was employed for survival analysis. Two-way ANOVA or a mixed effects model was used to determine significance of difference in tumor growth among multiple treatment arms. The Holm-Šídák multiple comparison, or Brown-Forsythe and Welch ANOVA tests, were used to define significance among groups. Symbols (*, **, ***, ****) are used to denote p values < 0.05, 0.01, 0.001, or 0.0001, respectively.
RESULTS
Checkpoint inhibition and CD40 diminish discreet Treg cell populations in the tumor microenvironment (TME)
We initially evaluated the effectiveness of PD1 and CTLA4 checkpoint inhibitors and CD40 (CPI40) treatment in suppressing KPC4662 tumors in a C57BL/6J mouse model. The treatment with CPI40 produced a noticeable reduction in tumor growth, both in orthotopically and subcutaneously implanted tumors (Supplementary Figure S1; Figures 1A, B). These data suggest that CPI40 treatment can lead to robust tumor control independent of additional treatment interventions and is effective against well-established tumors.
[image: Figure 1]FIGURE 1 | CPI40 treatment promotes robust PDAC tumor regression. 250k KPC-4662 tumor cells were implanted s.c. into C57BL/6mice. (A) Average and (B) individual tumor growth curves over time. Black arrows denote administration of αPD1 (200 ug) and αCTLA4 (200 ug), the green arrow denotes administration of the former plus αCD40 (100 ug). Mice were treated on days 15, 18, 22, and 25. N = 9 per group. For average curves, maximal tumor volume was repeated in this experiment for mice that reached endpoint before day 35. Mixed-effects analysis was performed, p < 0.0001 across time and treatment. This experiment was performed once.
CPI40 has the potential to expand a T cell response within the tumor TME. Thus, we characterized immune cell infiltrate 6 days after CPI40 treatment via flow cytometry to understand alterations in lymphocyte representation and function. We initially confirmed that CD4+ and CD8+ T cells and innate lymphoid (ILC) cells were increased in frequency (Figure 2A). Interestingly, there was no indication of an increase in lymphocyte numbers, suggesting that other hematopoietic cells were reduced within the TME as a function of treatment (Figure 2B).
[image: Figure 2]FIGURE 2 | CPI40 treatment promotes maintenance and activation of TILs in the TME. Characterization of TILs 27* days post-implantation (N = 9 per group). Mice were injected i.p. with BFA 6 h prior to harvest. Figure shows the frequency and number of (A, B) TIL lineage, (C–E) IFN-γ producers, and (F–H) CD8+ Treg cells. Holm-Šídák multiple comparison test was run in all cases. This experiment was performed once.
IFN-γ is a hallmark cytokine released by effector tumor infiltrating lymphocytes(TIL) populations. We assessed native TIL cytokine production within the TME by injecting animals with brefeldin A 6 h prior to sacrifice (Figures 2C–E). Although we found that CD4+ and CD8+ T cells and ILCs skewed towards enhanced IFN-γ production in the CPI40 treated group, the most robust phenotype was associated with CD8+ T cells. This suggests that CPI40 has the potential to enable CD8+ T cells to elicit anti-tumor functions within the TME.
Studies have indicated that CD4+ Treg cells are diminished within the TME of mice treated with α-CTLA4 and α-CD40 in the context of PDAC. (Morrison et al., 2020). NK cell-associated MHC I receptors have been shown to be expressed by CD8+ Treg cell populations (Kim et al., 2011). However, CD8+ Treg cells have never been characterized in the context of tumor immunity. Ly49G2 is an MHC I receptor commonly expressed on NK cells and has been shown to be expressed on a discreet population of CD8+ Treg cells (Kim et al., 2011). As expected, Ly49G2 can be found within the ILC compartment in the TME (Figures 2F–H). Interestingly, there were fewer Ly49G2+ CD8+ T cells in the CPI40 treated group, suggesting there is a higher CD8+ effector to CD8+ Treg cell ratio in CPI40 treated mice. These data suggest that CPI40 treatment alters the CD8+ effector to CD8+ Treg ratio.
We repeated the experiment in an orthotopic setting to verify that our initial findings would hold true in this context. CPI40 treatment had a robust effect on orthotopically implanted tumor outgrowth, as had been seen in subcutaneously implanted tumors (Supplementary Figures S1A, B). Additionally, we observed a similar increase in TIL frequency in the TME (Supplementary Figures S2). Despite similar numbers of total TILs (Supplementary Figures S2) there is clearly an increase in the density of CD8+ effector cells when normalizing cell number to the mass of the tumor (Supplementary Figures S2). These data suggest that CD8+ T cells are maintained during control of tumor outgrowth.
The presence of Treg cells was analyzed after treatment with CPI40 in an orthotopic setting. Results showed a reduced representation of both conventional CD4+ CD25+ Treg cells and CD8+ Ly49G2+ Treg cells in mice treated with CPI40. (Supplementary Figures S2). Again, this suggests that CPI40 therapy polarizes the TME immune landscape to be comprised of more effector, rather than suppressive, constituent cell populations.
Regulation of PD1 expression in response to CPI40
PD-1 is a well-known inhibitory receptor linked to both lymphoid cell activation and exhaustion. The expression level of PD-1 on a per cell basis correlates with the activation state of a cell, with higher expression associated with acute activation and lower expression associated with exhaustion (Wherry and Kurachi, 2015). To determine which cells are responding to PD-1 blockade and how they respond to CPI40, PD-1 expression was analyzed on TIL populations. (Supplementary Figures S2). CPI40 therapy led to no change in the proportion of PD-1+ CD8+ T cells, but there was a sharp decrease in expression on a per-cell basis. Additionally, there was a higher representation of PD-1+ CD4+ T cells, with no change in expression on a per-cell basis. These findings suggest that CD8+ T cell expression may reflect acute activation rather than exhaustion during CPI40 treatment, whereas CD4+ T cells have a higher frequency of PD-1 expression, which could potentially limit their effector potential in the absence of PD-1 blockade.
CPI40 induces CD4+ T cell-dependent immune memory to PDAC
Our subcutaneous CPI40 experiment (Figure 1) resulted in 6 of 8 CPI40 survivors that fully controlled tumors (no palpable mass) (Figure 3A). Two of 6 of these mice redeveloped tumors naturally 15- and 28-day post observations of no palpable mass (i.e., transiently dormant tumor cells were still present). We investigated whether CPI40 treatment induced immune memory and rechallenged the remaining mice with KPC4662 on their opposing flank. 2/4 mice showed no signs of tumor development after rechallenge 36 days post-implantation (data not shown), suggesting that CPI40 treatment can induce tumor-specific memory. We then tested whether adaptive immunity was dependent upon CD8+ T cells by depleting the remaining mice with CD8+ T cell depleting antibody. Both mice were able to reject the tertiary implanted tumors (Figure 3B). We then tested whether CD4+ T cells were involved using a similar approach. Interestingly, both mice developed tumors after a fourth rechallenge (Figure 3C). These data suggest that CD4+ T cells are necessary for CPI40-induced adaptive immunity against KPC4662 tumor cells.
[image: Figure 3]FIGURE 3 | CPI40 treatment leads to prolonged survival that is dependent upon CD4+ T cells. (A) Survival curves of treated groups (N = 9 per group). Tumor free survival after depletion of (B) CD8+ then (C) CD4+ T cells in naïve or CPI40 survivors. Depletions were performed sequentially in two independent experiments with the same subjects from the CPI40 treated group. Mantel-Cox analysis was performed in all cases. These experiments were performed once.
Circulating lymphoid cells are dispensable for PDAC growth control
We have previously shown that αCD40-mediated, T cell dependent tumor control does not require the recruitment of newly primed effector T cells in well-infiltrated melanomas (Stevens and Bullock, 2021). However, PDACs are reported as being immunologically “cold” due to a paucity of TILs with limited effector activity in the tumor microenvironment. This suggests that CPI40’s efficacy may depend on freshly primed T cells. We therefore tested whether a de novo T cell response is responsible for CPI40-driven control of pancreatic tumors. FTY720 is a drug that activates S1P1 receptor which induces its downregulation and subsequently prevents T cell egress from lymphoid tissues. FTY720 had no impact on tumor control in the context of CPI40 (Supplementary Figures S3A, B). These data suggest that a de novo induced response, driven by T cells that emigrate from the draining lymph node, is unnecessary for tumor control and that the cells intrinsic to the tumor at time of therapy are sufficient for the observed activity of the combination therapy.
Role of the CD27:CD70 axis in CD40-dependent growth control
Our previous studies have indicated an ability for CD40 stimulation along with pIC to enhance T cell responses within melanomas without the need for checkpoint blockade (Stevens and Bullock, 2021). Further, we have demonstrated that a major component of the efficacy of CD40 stimulation occurs via the induction of CD70 on cDCs (Bullock and Yagita, 2005). Others have demonstrated that the CD70:CD27 axis potentiates tumor specific T cell expansion after CD40 stimulation (Oba et al., 2020). Thus, we also hypothesized that blockade of CD70 would abrogate CD40-mediated control of subcutaneous PDAC tumors. Accordingly, we treated mice with just CD40 agonist mAb with, or without, a CD70 antagonist mAb. As we have previously demonstrated that the combination of CD27 (the receptor for CD70) and IFNαβR stimulation can substitute for CD40 stimulation, we reasoned that circumventing CD70-signaling with a CD27-agonist mAb would promote tumor control. Therefore, we also included a group that received plC and an agonistic CD27 mAb. Mice that were given αCD40 exhibited robust tumor control, regardless of blocking CD70 (Figure 4). While the degree of tumor control induced by the combination of plC and αCD27 is significant, it does not reach a comparable level to that provided by αCD40 treatment. These results indicate that CD40-specific stimulation is required for optimal PDAC tumor control, independent of its downstream signaling through CD70.
[image: Figure 4]FIGURE 4 | Interrogating the role of the CD27:CD70 axis in CD40-mediated tumor control. 250k KPC-7940b tumor cells were implanted s.c into C57BL/6 mice. Mice were treated with clg (600 ug) (D-1, D2, D5), CD70-blockade (600 ug) (D-1,D2, D5 (N = 4), or D-2 and D3 (N = 8)), CD40-agonist (100 ug) (D0), or CD27-agonist (100 ug) and pIC (100 ug) (D0, D3, D9). Tumor volumes over time are shown for each treated group. Standard deviations are shown for each time point. Mixed-effects analysis was performed, p < 0.0001 across time and treatment. These are aggregate data from two independent experiments.
After initiation of immunotherapeutic treatments, we measured tumors daily until there was either clear tumor control or a lack thereof. Upon reaching this point, we characterized the immune cell infiltration of tumors via flow cytometry to evaluate immunological changes in the TME. Changes in the numbers of specific cell types were not informative regarding comparison between groups due to the small size of immune populations present in resolved tumors (data not shown). However, the tumors of mice that received treatments display a three-fold increase in the frequency of T cells present, indicating that the various immunotherapies can mobilize a T cell response (Figure 5A). CD8+ T cells are often considered vital mediators of the antitumor response, however, the αCD27 and pIC treated mice exhibit suboptimal tumor control, despite having the highest representation of CD8+ T cells (Figure 5B). On the contrary, the frequency of CD4+ T cells is highest among the well-controlled αCD40 treated tumors, even when CD70-signaling is blocked (Figure 5C). However, CPI40 does not induce the same pattern, perhaps due to a CPI specific mechanism (Figure 2A). The proportion of CD4+ Treg cells among CD4+ T cells and total immune cells declined similarly among all treated groups, suggesting that differences in the degree of tumor control may be due to the accumulation of CD4+ T cells (Figures 5D, E). This does not extend to the ILC compartment, as the frequency of NK1.1 + NKp46 + ILCs does not change after αCD40 monotherapy, despite an increase after CPI40 (Figure 5F).
[image: Figure 5]FIGURE 5 | Stimulation of CD40 improves representation and cytokine production of CD4+ T cells within tumors independent of CD70-signaling. Evaluation of T cell infiltration into KPC-7940b tumors 23 days post implantation. (A) Frequency of total T cells among CD45+ immune cells in the TME. (B) Frequency of CD8+ and (C) CD4+ T cells among all CD45+ immune cells. (D) Frequency of FOXP3+ Treg cells among CD4+ T cells and (E) total CD45+ immune cells. (F) Frequency of NK1.1+ NKp46+ ILCs among CD45+ immune cells. (G) Ratio of CD8+ (H) and CD4+ T cells to CD4+ FOXP3+ Treg cells. (I) Representative flow plots of IFN-γ production by CD4+ and CD8+ T cells. (J) Frequency of IFN-γ+ events among CD4+ and CD8+ T cells. Samples with fewer than 100 CD4+ or CD8+ T cells were insufficient for analysis of IFN-γ production and subsequently excluded. Grey dot denotes statistically determined outlier which was excluded from the analysis. Brown-Forsythe and Welch ANOVA tests were performed in all cases. This experiment was performed once.
Considered a benchmark for measuring the antitumor immune response, the ratio of CD8+ T cells to Treg cells only modestly increased in the tumors of αCD40 treated mice but increased more significantly in the pIC and αCD27 treated tumors (Figure 5G). Conversely, the ratio of CD4+ T cells to CD4+ Treg cells trended towards being the highest among the αCD40 groups and moderate in the pIC and αCD27 group (Figure 5H). This further supports a role for CD40 stimulation in skewing T cell infiltration of tumors towards CD4+ T cells, even in the absence of signaling through CD70.
Beyond examining αCD40-specific changes in tumor infiltration by T cells, we wanted to determine if there are αCD40 dependent changes in T cell activity. To assess in vivo IFN-γ production, we injected mice with brefeldin A 6 hours before sacrificing. This yielded evidence of improved IFN-γ production by CD4+ but not CD8+ T cells, even in mice treated with the αCD70 antagonist. (Figures 5I, J). pIC and αCD27 treatment did not change IFN-γ production by CD4+ T cells (Figures 5I, J). Thus, the enhancement of CD4+ T cell function requires CD40 stimulation but occurs independent of CD70-signaling. Immunotherapeutic treatments did not alter CD8+ T cell production of IFN-γ, further suggesting that a CD4+ T cell effector signature specifically coincides with robust tumor control (Figure. 6A and C).
DISCUSSION
In this study, we have provided further evidence that targeting the stimulation of CD40, with or without concomitant use of immune checkpoint inhibition, is a potent mechanism for improving pancreatic cancer control, both in orthotopic and subcutaneous settings. The combination therapy promotes the presence of activated T cell effector populations with increased cytokine production, and this therapy remains effective when T cells are prevented from leaving the draining lymph nodes. We further find that the combination therapy results in substantial immunological protective memory that is remarkably dependent of CD4+ T cells, not CD8+ T cells. Finally, the efficacy of CD40 stimulation appears independent of its ability to induce the expression of CD70, though targeting CD27 and IFNαβR can modestly replicate the efficacy of CD40 agonism.
In previous studies we determined that CD40-mediated stimulation of melanoma intratumoral T cells is sufficient to promote tumor control without further contribution of T cells primed in draining lymph nodes (Stevens and Bullock, 2021). However, in that study, we needed to provide antigen to achieve consistent tumor control. In this study of pancreatic cancer, we find CD40 stimulation is sufficient, without further need to provide antigen. This suggests that the makeup of CD40-expressing cells and their ability to either present already acquired antigen or respond with direct tumoricidal activity to release more antigen is distinct in different models of cancer. Further, in the melanoma model control was transient, and the activation of T cells rapidly diminished. Conversely, only a single infusion of αCD40 was necessary to drive durable tumor control in this current study. Thus, resistance mechanisms that arise after CD40 stimulation in these models appear to be different. This becomes particularly relevant when considering the inconsistent outcomes for the PRINCE combination therapy clinical trial, in which only a subset of pancreatic cancer patients received a benefit (Padrón et al., 2022). Understanding how well mouse models correlate with the human experience, and whether they can reveal distinct resistance mechanisms, will be imperative for designing next-generation trials with increased efficacy.
Consistent with previous studies, we find that resolution of tumors after combination therapy provides potent resistance to rechallenge, demonstrating the establishment of memory against pancreatic tumor antigens. While initial control of these tumors depended upon either CD4+ or CD8+ T cells, rejection by memory T cells was attributed to the CD4+ T cell subset. Given that the mice were challenged at distal sites, this argues that central, rather than tissue-resident, memory CD4+ T cells are responsible for this protection. This outcome suggests that the CD4+ T cell responses within patients should be examined as a potential biomarker of efficacy, and that strategies that promote CD4+ T cell immunity may be particularly effective in pancreatic cancer. Due to our prior experience with CD40-mediated vaccination, we directly tested the hypothesis that the effectiveness of CD40 agonists was due to their capacity to drive CD70 expression, with the resultant engagement of CD27 on effector T cell populations. Counter to our hypothesis, we find that tumor control and T cell presence and activation in the TME are independent of CD70, consistent with a recent study genetically showing that CD70 is dispensable for the activation of T cells by DC in a tumor setting (Wu et al., 2022).
To some degree, targeting CD27 along with IFNαβR, which we have previously shown to be a potent driver of CD8+ T cell responses to vaccination (Dong et al., 2012; Dong et al., 2019) and to promote tumor control (Roberts et al., 2010; van de Ven and Borst, 2015; Riccione et al., 2018), had limited success in this model of pancreatic cancer. This held true, even though αCD27+pIC led to a large expansion of CD8+ T cells within the pancreatic TME and a reduction in Treg cells. Notably, αCD27 and pIC did not improve the proportion of T cells producing IFN-γ compared to that achieved by αCD40. This suggests that there are suppressive mechanisms in the TME that are subverted by CD40 but not CD27 stimulation (which likely directly acts on intratumoral T cells). Immature myeloid cells are an obvious candidate, and future studies that are intended to identify the therapeutic target of CD40 stimulation will help tease apart this distinction. Further, given the T cell dependency of the tumor control achieved with CD40 stimulation, we conclude that CD40 stimulation is promoting T cell responses by a pathway independent of CD70. CD40 stimulation can promote a variety of costimulatory molecules on cDC, including 4-1BB and OX40, and cytokines such as IL-12 and Type-I interferons, each of which could provide the link to expanded T cell function. It is of special interest to note that OX40 (CD134) stimulation has been shown to strongly promote CD4+ T cell responses (Croft, 2010; Kurche et al., 2010). Future studies will examine the contribution of these molecules with respect to the tumor control achieved by CD40 stimulation.
It is of note that we observe that the vast majority of the efficacy of the combination therapy is driven by CD40 stimulation, and that CPI therapy on its own was ineffective (data not shown). Studies from other labs have argued that increased tumor control is achieved by the inclusion of CPI (Rech et al., 2018; Morrison et al., 2020)) Reasons for this difference are not readily apparent, but the nature of the immune cell infiltration and myeloid cell makeup can differ considerably between institutions, often as a function of different microbiomes. This possibility is currently being studied.
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Background: Gastric cancer (GC) is one of the most common malignancies in the human digestive tract. CD4+T cells can eliminate tumor cells directly through the mechanism of cytolysis, they can also indirectly attack tumor cells by regulating the tumor TME. A prognostic model of CD4+T cells is urgently needed to improve treatment strategies and explore the specifics of this interaction between CD4+T cells and gastric cancer cells. Methods: The detailed data of GC samples were downloaded from the Cancer Genome Atlas (TCGA), GSE66229, and GSE84437 datasets. CD4+ T cell-related genes were identified to construct a risk-score model by using the Cox regression method and validated with the Gene Expression Omnibus (GEO) dataset. In addition, postoperative pathological tissues of 139 gastric cancer patients were randomly selected for immunohistochemical staining, and their prognostic information were collected for external verification. Immune and molecular characteristics of these samples and their predictive efficacy in immunotherapy and chemotherapy were analysed.
Results: The training set and validation set had consistent results, with GC patients of high PROC and SERPINE1 expression having poorer prognosis. In order to improve their clinical application value, we constructed a risk scoring model and established a high-precision nomogram. Low-risk patients had a better overall survival (OS) than high-risk patients, consistent with the results from the GEO cohort. Furthermore, the risk-score model can predict infiltration of immune cells in the tumor microenvironment of GC, as well as the response of immunotherapy. Correlations between the abundance of immune cells with PROC and SERPINE1 genes were shown in the prognostic model according to the training cohort. Finally, sensitive drugs were identified for patients in different risk subgroup.
Conclusion: The risk model not only provides a basis for better prognosis in GC patients, but also is a potential prognostic indicator to distinguish the molecular and immune characteristics of the tumor, and its response to immune checkpoint inhibitor (ICI) therapy and chemotherapy.
Keywords: T-cell score, T Cell related gene, gastric cancer, immune therapy, immune microenvironment infiltration
INTRODUCTION
Gastric cancer (GC) is one of the most common malignancies in the human digestive tract. According to the global cancer statistical analysis data, GC has become the sixth most diagnosed cancer and the third largest cause of cancer death, and thus it is a major global health crisis (Sung et al., 2021). Clinically, GC is mainly treated with surgical resection, chemotherapy, radiotherapy, targeted therapy, or in combination. In spite of this, patients still face many life-threatening issues like recurrence, metastasis, drug resistance, lack of corresponding drug targets, side effects and so on. The 5-year survival rate is as low as 10%–15% (Li Y. et al., 2020; Smyth et al., 2020), hence exploring new and more effective treatment methods have become a hot spot of research.
Immunotherapy is based on the study of the mechanism of immune escape, which can reactivate the anti-tumor immune response and overcome the escape pathway by “manipulating” the immune system (Kennedy and Salama, 2020). In recent years, it has been used to treat malignancies as a new treatment model, and has shown good therapeutic effects. Tumor microenvironment (TME), due to its key role in cancer progression and drug resistance, has become a potential immunotherapy target for many kinds of malignant tumors, including GC (Rihawi et al., 2021).
TME consists of different types of cells, including immune and inflammatory cells (lymphocytes and macrophages), stromal cells (fibroblasts, adipocytes and pericytes), small organelles, RNA, blood and lymphatic vessels, extracellular matrix (extra cellular matrix, ECM) and secreted proteins (Arneth, 2019). Many studies have reported that the occurrence and development of any tumor and the clinical prognosis of patients are closely related to the level of infiltration of tumor immune cells (Hainaut and Plymoth, 2013; Dashti et al., 2016; Kono et al., 2020). As a member of the immune regulatory network, the changes in immune-related genes (IRGs) will cause cascade reactions, thus promoting the progression of tumors (Zhang S. et al., 2020). Studies have shown that IRGs are closely related to the occurrence, development and metastasis of tumors. For example, studies have shown that the overexpression of YKT6 is closely related to the poor prognosis of OSCC, and its low expression is associated with the high level of CD8+T cells in OSCC and the potential response to immunotherapy (Yang et al., 2021). The high expression of HCST is closely related to the level of tumor infiltrating immune cells, especially dendritic cells, and is closely related to the clinicopathology and poor prognosis in renal clear cell carcinoma as well (Zhou et al., 2021). Gene ANGPT1 can increase T Cell infiltration and improve the prognosis of EC patients (Nong et al., 2021). CD4+T cells are a special type of T cells that can target tumor cells in many ways. On the one hand, they can eliminate tumor cells directly through the mechanism of cytolysis, while on the other, they can indirectly attack tumor cells by regulating the tumor TME (Kennedy and Celis, 2008; Melssen and Slingluff, 2017). Additionally, CD4+ T cells can also kill tumor cells by increasing the number and quality of B Cells and CTL (Cytotoxic T Lymphocytes) responses (Bevan, 2004; Castellino and Germain, 2006).
Lately, the emergence of immune checkpoint inhibitor (ICI) represented by PD-1 (programmed cell death protein-1) has brought about a new dawn of treatment for tumor patients. Tumor tissue disables our T cells by expressing programmed death molecules such as PD-1 and B7-1 and subsequently binding them to PD-L1 (programmed death ligand-1) and CTLA-4 (cytotoxic T lymphocyte antigen-4) receptors on said T cells (Sharma and Allison, 2015). By blocking this binding, ICI keeps T cells alert and capable of searching and destroying tumor cells (Ganesh et al., 2019). ICI therapy is effective in the treatment of melanoma and non-small cell lung cancer, for example, and can be as effective as 50% in advanced melanomas (Mushti et al., 2018; Carlino et al., 2021). Hence, seeking for more potential targets for immunotherapy is understandably prioritized in many bleeding-edge studies. At present, there are many studies on immunotherapy for gastric cancer, but most of these studies only focus on one or two genetic biomarkers related to the prognosis of gastric cancer, which is far from enough. At the same time, more evidences are required to detect specific characteristics in GC patients which makes immunotherapy effective.
Therefore, in this study, WGCNA (weighted gene co-expression network analysis) was used to construct a network map of co-expression of immune cells, from which the key marker related to gastric cancer was screened. Then the risk-score model was established and verified in clinical practice in the aspects of prognosis, immune microenvironment and drug sensitivity of patients with gastric cancer. Thus, it provides important insights and strategies for individualized treatment of patients with gastric cancer.
METHODS
Datasets collection of GC and preprocessing
The flow chart (Supplementary Figure S1) shows sample utilization at each stage of the statistical analysis. Data such as somatic mutation, gene expression, and corresponding clinical information of gastric cancer (GC) samples were collected for further analysis from The Cancer Genome Atlas (TCGA) database (https://tcga-data.nci.nih.gov/tcga/), which includes detailed information of tumor and para tumor samples. In addition, detailed characteristics and survival time of 433 gastric cancer samples in South Korea (GSE84437) and 300 gastric cancer samples in the ACRG (Asian Cancer Research Group) study (GSE66229) were obtained from the GEO database (https://www.ncbi.nlm.nih.gov/geo/).
Evaluation of immune cell infiltration
CIBERSORT is used to dissect the mixture of data from unknown content and noise. The algorithm can statistically estimate the relative proportions of subtype populations in complex tissue expression profiles and is a useful tool for estimating specific cell abundances in mixed tissues. We used CIBERSORT algorithm to analyze RNA-seq data of GC patients to estimate the relative proportions of various immune-infiltrating cells and its content. Then, each subtype of immune cells in these GC sample was used as trait data for WGCNA.
Construction of co-expression network
In this study, we have selected 493 genes to construct a weight co-expression network in order to identify the relationship between functional modules and immune cell infiltration in GC patients. According to the Pearson correlation value between paired genes, the expression levels of individual transcripts were transformed into a similarity matrix, and then to an adjacency matrix, as calculated by amn = |cmn| β (cmn = Pearson’s correlation between paired genes; amn = adjacency between paired genes). Parameter β can enhance the strong correlation between genes and decrease the weak correlation. When the power of β is set to 6, the adjacency matrix was converted into a topological overlap matrix. To divide genes with similar expression patterns into different modules, we applied a dynamic hybrid cutting method by using a bottom-up algorithm with a minimum block size truncation of 60.
Identification of hub genes
The candidate hub genes were selected according to the module connectivity and immune cell relationship of each gene in hub module. Module connectivity is defined as the absolute value of the Pearson’s correlation between genes (Module Membership). The immune cell relevance is defined as the absolute value of the Pearson’s correlation between each gene and its trait (Gene Significance). For each gene, we define the MM by the correlation between the gene expression profile and the ME (Module Eigengenes) of a given module. For example, MMturquoise (a) = cor (xa, Eturquoise) measures the correlation between gene “a” and the ME of the turquoise module. If MMturquoise (a) is close to 1 or −1, it is highly connected to the ME of the turquoise module. On the other hand, if MMturquoise (a) is close to 0, the “a” gene is not part of the turquoise module. In this study, we selected the MEblue module that is highly relevant to activated memory CD4+ T cells for further analysis.
Function enrichment analyses
To verify the biological functions of modules, we employed the gene ontology (GO) annotation and Kyoto encyclopedia of genes and genomes (KEGG) pathway enrichment analysis by clusterProfiler R package (Huang da et al., 2009; Yu et al., 2012). The parameters of clusterProfiler R package were set to default. The thresholds of the GO functions and KEGG pathways were set as p-value <0.05 and qvalue <0.05 respectively. Gene Set Enrichment Analysis (GSEA) is used to identify a set of basically defined genes which exhibit statistical differences between two biological states (Hänzelmann et al., 2013). “c2.cp.kegg.v7.4.symbols.gmt” gene set enrichment analysis was executed according to gene expression, with p-value <0.05 and q-value <0.05 as indicative of statistical significance. In this study, we applied GSEA to find the signaling pathways of core genes by R packages “ggplot2” and “clusterProfiler”.
Construction and validation of prognostic model
In our research, we used Lasso-Cox analysis to minimize the risk of over-fitting by using the “glmnet” R package. Multivariate Cox analysis was used to select the candidate genes for establishing a prognostic risk-score in the training cohort. The risk-score was calculated as follows:
[image: image]
where Coefi and Expi denote the risk coefficient and expression of each gene, respectively. The cut-off point was determined by the “survminer” package. According to the risk-score, we showed that the survival curve was used for visualization with both training and testing cohorts in the high- or low-risk group by Kaplan-Meier analysis. p values <0.05 were considered to be statistically significant.
In vitro validation and survival analyses
Surgically treated and pathologically confirmed GC patients (n = 139) between 2010 and 2012 from the First Affiliated Hospital of Sun Yat-sen University (FAHSYSU) were randomly selected. The follow-up period was up to January 2019.139 paraffin-embedded GC specimens were obtained from Department of Pathology of FAHSYSU, and their IHC staining and tissue microarrays were conducted using an anti-PROC antibody (1:200; Proteintech, Wuhan, China) and anti-SERPINE1 antibody (1:100; Proteintech, Wuhan, China) as previously described. IHC results were evaluated by two independent investigators blinded to the experiments, and a semiquantitative method was used to score the specimens (Zhai et al., 2018). Positive was defined as samples in which more than 10% of the tumor cells were stained. The staining intensity was defined as follows: 0 (negative), 1 (weak), 2 (moderate), and 3 (strong). Negative to weak staining indicated low PROC and SERPINE1 expression, and moderate to strong staining indicated high PROC and SERPINE1 expression. Patient consent and ethical approval from the Institutional Review Board of Seventh Affiliated Hospital of Sun Yat-sen University were obtained for this study. Statistical analyses were performed using SPSS 22.0. The chi-square test was used for numerical data. Survival curves were generated using the Graphpad Prism 8.0.
Assessment of immunotherapy
In further analysis, we showed the correlations between the abundance of immune cells and two genes, specifically PROC and SERPINE1 in the prognostic model according to the training cohort. Beside comparing the prognostic among the risk-score, we also utilized the immunophenoscore (IPS) to predict the response of immune checkpoint inhibitors (ICIs) based on the expression of the main component in tumor immunity. On a scale of 0–10 based on representative z-scores of cell type gene expression, IPS was calculated where the immunogenicity was positively correlated to its IPS (Charoentong et al., 2017). The IPSs of patients with GC were derived from The Cancer Immunome Atlas (TCIA) (http://tcia.at/home). The result was obtained using the R package “ggpubr”.
Establishment and validation of a nomogram scoring system
According to the independent prognosis outcome, a predictive nomogram was created by incorporating clinical characteristics and risk-score using the R package “rms”. In the nomogram scoring system, each variable has a corresponding score and the total score is obtained by adding up the scores of all variables for each sample (Iasonos et al., 2008). The Nomogram was evaluated using ROC curves for 1-, 3-, and 5-year survival rates. The nomogram calibration plots were used to describe the predictive value of the anticipated 1-, 3-, and 5-year survival events in relation to the actual observed outcomes.
Assessment of drug sensitivity
The sensitivity of various drugs was predicted between high-risk and low-risk subgroups using the R package “pRRophetic” (Geeleher et al., 2014). The differences in IC50 between the two groups was compared using Wilcoxon signed-rank test. The results were plotted using the R package “ggplot2”.
Statistical analysis
We used R software for statistical analyses (version 4.1.3; https://www. R-project.org). The significance of different immune cell infiltration and gene expression was calculated using Wilcoxon test analysis. Pearson correlation analysis was used to calculate the correlation between genes (Module Membership). When the p < 0.05, the result was considered statistically significant.
RESULTS
Differentially expressed immune-related genes and analysis of immune cell infiltration in GC
The process flow chart of our study was clearly illustrated in Supplementary Figure S1. Initially, we obtained the transcriptome profiling data of Stomach adenocarcinoma (STAD) project from the Cancer Genome Atlas (TCGA) database, which included 375 tumor samples and 32 normal samples. Through differential expression genes analysis, there were 8,832 differentially expressed genes retrieved from the TCGA cohort, including 7,497 upregulated genes and 1,335 downregulated genes in the tumor samples when compared with normal samples (Supplementary Table S1A) (Figure 1A). Meanwhile, we cross-referenced these differential genes with the lists of immune-related genes retrieved from ImmPort and InnateDB. A total of 493 differentially expressed immune-related genes were obtained from the list, which can be broken down into 309 upregulated genes and 184 downregulated genes in the tumor samples when compared with normal samples (Supplementary Table S1B) (Figure 1B). In addition, we analyzed the different cell subtype abundance between GC and normal tissues by using the CIBERSORT algorithm. As a result, we identified the composition of immune cells in each GC sample (Supplementary Figure S2). The immune cells between tumor and normal sample are presented in the heat map (Figure 1C). The correlation analysis of immune cells can be found in Figure 1D. These results suggested that the aforementioned immune cells may be involved in the progression of GC.
[image: Figure 1]FIGURE 1 | Differentially expressed immune-related genes and Analysis of Immune Cell Infiltration in GC. (A) Differentially expressed immune-related genes from the intersecting list. (B) Differentially expressed genes retrieved from the TCGA cohort. (C) The heat map of the immune cells between tumor and normal. (D) Correlation analysis of immune cells.
Construction weighted gene Co-Expression network
The expression values of these 493 genes were utilized to build a co-expression network of GC using the R package “WGCNA”. We clustered the samples of TCGA by estimating average linkage and Pearson’s relation values. Soft threshold power analysis revealed the scale-free fit index of the network topology in the WGCNA pipeline. We used β = 6 as the soft thresholding value to build a scale-free network (Figure 2A). Dynamic hybrid cut was utilized to construct hierarchical clustering tree. Each leaf of the tree shows a single separate gene, in which genes with similar expression data are grouped close together to form a branch of the tree representing a gene module (Figure 2B).
[image: Figure 2]FIGURE 2 | Construction Weighted Gene Co-Expression Network. (A) The scale-free fit index of the network topology in the WGCNA pipeline. (B) Dynamic hybrid cutting to construct hierarchical clustering tree.
Identification of hub modules and validation of enrichment analysis
The correlation between the modules and immune cell is showed in Figure 3A. Compared with other immune cells, the relationship between activated memory CD4+ T cells and GC is less studied. In this study, the MEblue module was highly related to activated memory CD4+ T cells. All genes in the MEblue module are shown in Supplementary Table S2. Hence, we selected MEblue module and activated memory CD4+ T cells for further analysis. There was a very significant correlation between module membership and gene significance (cor = 0.48, p = 1E-22), suggesting that the 173 genes in the MEblue module tended to be significantly correlated with the infiltration level of activated memory CD4+ T cells. For this reason, the MEblue module was considered to be a GC-related hub module. To illustrate the affected functions of the genes clustered in the MEblue module, GO and KEGG analysis was further performed. Based on the GO enrichment analysis, cellular response to biotic stimulus, cellular response to molecule of bacterial origin, response to lipopolysaccharide, neutrophil chemotaxis, and neutrophil migration were tagged as significantly enriched GO terms (Figure 3B). The KEGG pathway enrichment analysis revealed that most genes were mainly enriched in pathways including leukocyte chemotaxis, myeloid leukocyte migration, cell chemotaxis, and so on. (Figure 3C).
[image: Figure 3]FIGURE 3 | Identification of hub modules and Validation of enrichment analysis. (A) The correlation between the modules and immune cell. (B) The GO enrichment analysis of the MEblue module. (C) The ICEGG pathway enrichment analysis of the MEblue module.
Establishing risk assessment model and survival outcomes in GC
Through a univariate Cox survival analysis, 21 CD4+ T cell-related hub genes among the 173 genes in MEblue module deemed closely correlated with GC patient are set for follow-up analysis, as shown in Figure 4A (p < 0.05, log-rank test). To determine the best independent prognostic genes, lasso and multivariate Cox regression analysis for OS was performed among those 21 CD4+ T cell-related hub genes (Supplementary Figure S3). There were only 2 genes (PROC, SERPINE1) that significantly affected the OS of GC patients. Meanwhile, based on the selected CD4+T cells-related hub genes, we constructed a prognostic index for all cancer samples. The risk model was established by multiplying expression data of hub genes by the Cox regression coefficient, such as follows: risk-score = expression level of PROC*(0.193,582) + expression level of SERPINE1*(0.267008). The distribution plot of the risk score demonstrated that the survival times were reduced while the risk-score increased in Figure 4B.
[image: Figure 4]FIGURE 4 | Establishment Risk Assessment Model and Survival outcomes in GC. (A) 21 CD4+ T cells-related hub genes Through a univariate Cox survival analysis in MEblue module. (B) The distribution plot of the Risk score with survival times. (C, D) Kaplan-Meier analysis of the OS between the two risk groups in the GSE84437 and TCGA cohort.
Finally, we used the identified cut-off point to re-distinguish high-risk groups from low-risk groups in the cohort for validation. As illustrated in Figures 4C,D, the patient within low-risk groups had a better OS than the high-risk patients (p < 0.05, log-rank test) no matter the TCGA cohort or GEO cohort.
The 2 gene survival and GSEA of risk model in GC
The GC patient with low-expression of PROC and SERPINE1 had a better OS than the high-expression patients (Figures 5A,B). Consistent with our results, compared to normal tissues, the protein expression of PROC and SERPINE1 were both significantly higher in GC tissues (Figures 5C,D). In addition, GSEA was conducted to identify gene sets associated with the different risk subgroups. The top 5 GSEA terms of PROC and SERPINE1 were illustrated in Figures 5E,F, respectively. The genes of PROC were enriched in graft versus host disease, hematopoietic cell lineage, leishmania infection, olfactory transduction, and ribosome. While, the gene of SERPINE1 were enriched in aminoacyl-tRNA biosynthesis, cell cycle, DNA replication, pyrimidine metabolism, and spliceosome. Detailed GSEA results can be viewed in Supplementary Table S3.
[image: Figure 5]FIGURE 5 | The 2 gcnc survival and GSEA of risk model in GC. (A) The relationship between gene expression of PROC and SERPINE I and OS. (B, C) Protein expression of PROC and SERPINEI in tumor and normal GC tissue. (D) The top 5 GSEA terms of PROC and SERPINEI. .
In vitro validation and survival analyses
PROC and SERPINE1 genes were further validated in vitro. Immunohistochemistry and western blotting experiments on 139 paired GC patients and normal tissue samples showed that the protein expression of PROC and SERPINE1 were significantly higher in GC samples than in normal tissue samples (Figures 6A,B). Moreover, patients with high expression of PROC and SERPINE1 were found to have worse prognosis in our cohort (Figures 6C,D). These findings were consistent with the results obtained from the GC cohort of TCGA.
[image: Figure 6]FIGURE 6 | In Vitro Validation and Survival Analyses. (A) IHC staining of the PROC protein in GC tissues. (B) IHC staining of the SERPINEI protein in GC tissues. (C) Survival analyses of the PROC protein in GC patients. (D) Survival analyses of the SERPINEI protein in GC paticnts.
Construction of a nomogram to assess survival
Given the inconvenient clinical value of the risk-score in predicting OS in patients with GC, a nomogram incorporating risk-score and clinicopathological characteristics was developed to predict 1-, 3-, and 5-year OS rates in patients with GC (Figure 7A). For TCGA, our AUC studies on the nomogram model revealed a good accuracy for OS at 1-, 3-, and 5- years (Figure 7B). In TCGA, the proposed nomogram performed similarly to an ideal model according to the calibration plots (Figure 7C). Finally, we compared the nomogram’s prediction accuracy to that of the TNM stage in the TCGA (Figure 7D). The results illustrated that the nomogram’s AUC values were greater than the TNM stage in three cohorts.
[image: Figure 7]FIGURE 7 | Construction of a nomogram to assess survival. (A) Nomogram for prcdicting the 1-, 3-, and 5-year OS of GC patients in TCGA cohort. (B) ROC curves for predicting the I-, 3-, and 5-year ROC curves in TCGA. (C) Calibration curves of the nomogram for predicting of I-, 3-, and 5-year OS in the TCGA. (D) The prediction accuracy of nomogram and the TNM stage in the TCGA.
Characteristics in clinicopathology and gene mutation in GC
Univariate Cox regression analysis illustrated that risk-score and stage were significantly associated with the prognosis of GC (Figure 8A). Multivariate Cox regression analysis showed that risk-score is an independent prognostic factor after adjusting for other clinicopathologic factors (Figure 8B). We analyzed the gene mutations to further understand the immunological nature in different risk subgroups. We identified the top 20 genes with the highest mutation rates in the high-risk subgroup (Figure 8C) and low-risk subgroup (Figure 8D). The results showed that missense mutation was the most common mutation type. The mutation rates of TTN, TP53, and MUC16 were not only higher than 25% in both groups, but are also the most common in both groups. Additionally, we analyzed the relationship between the risk-score and tumor mutational burden (TMB). The expression of TMB was significantly higher in the low-risk subgroup than in the high-risk subgroup (Figure 8E). Moreover, risk-score was correlated with TMB in gene subtypes (r = −0.18, p < 0.05), as revealed in Figure 8F. Finally, we found that high TMB was associated with longer survival time, with the effect of higher TMB on prognosis more obvious in the low-risk group. This may be related to the immune cells in the tumor microenvironment (Figures 8G,H).
[image: Figure 8]FIGURE 8 | Characteristics in clinicopathology and gene mutation in GC. (A, B) The univariate and multivariate cox regression analysis in Risk-score subgroups. (C, D) Significantly mutated genes in the mutated GC samples of the high and the low risk groups, respectively. Mutated genes (rows, top 20) are ordered by mutation rate; samples (columns) are arranged to emphasize mutual exclusivity among mutations. The right shows mutation percentage, and the top shows the overall number of mutations. The color-coding indicates the mutation type. (E) The TMB of two different risk subgroups. (F) Relationships between Risk-score and TMB. (G) The prognosis of GC in different Risk-score and TMB subgroup. (H) The prognosis of GC in different Risk-score and TMB.
Drug sensitivity
We attempted to discover the relationship between different risk groups and the effectiveness of chemotherapy for treating GC in the TCGA cohort. We elucidated that low risk was associated with a lower half maximal inhibitory concentration (IC50) of chemo-therapeutics such as Nutlin.3a (p < 0.05), whereas high risk was associated with a lower IC50 in drugs such as Bexarotene, Imatinib, and Bortezomib (p < 0.05). Therefore, Figures 9A–D revealed that Risk-score acted as a potential predictor for chemo-sensitivity and the detail can be found in Supplementary Figure S4.
[image: Figure 9]FIGURE 9 | Drug sensitivity. (A–D) The relationship between different risk groups and the effectiveness of chemotherapy for treating GC in the TCGA cohort.
Relationship of risk-score with immune checkpoint inhibitors and immunotherapy prediction
In our study, we found an inverse relationship between the number of CD8+ T cells and the degree of risk in the model (Supplementary Figure S5). In addition, we found that these two genes and risk-score are highly related to most immune checkpoints, such as CTLA4 and CD274 (PDL-1) (Figure 10A). As such, it is no surprise that immune checkpoint inhibitors have achieved good clinical results in recent years, even replacing and becoming the main treatment in some malignant tumors.
[image: Figure 10]FIGURE 10 | Relationship of Risk-Score with Immune checkpoint inhibitors and Immunotherapy prediction. (A) The relationship between PROC, SEP,PINEI, Risk-score and immune checkpoints. (B–E) The vioplot of the difference expression of Cf LA4 and PD- I between high- and low-risk groups.
In order to assess the potential efficacy of clinical immunotherapy in different risk subgroups, we analyzed the correlation between the risk-score and IPS in GC patients to predict the response of ICIs. For IPS, the immune checkpoints were CTLA-4, PD-1 and PD-L1. Therefore, their immune checkpoints were utilized to evaluate the potential of ICI treatment (Figures 10B–E). As a result, we found that the immune response was significantly elevated in the low-risk group, which means that the ICIs will illicit more immunogenicity in the low-risk group. Collectively, these results suggested that the low-risk group will benefit more from immunotherapy due to a better immune response.
DISCUSSION
GC is one of the human malignant tumors with the highest incidence in the world, but because the early symptoms are not obvious, most patients are diagnosed late stage (Nie et al., 2020), and the recurrence rate in these later stages are high, with poor prognosis and high rates of fatality (Galon and Bruni, 2020). In recent years, due to the incredibly complex and heterogeneous tumor microenvironment, more and more attention has been paid to the changes of tumor-associated immune cells. Many reports have pointed out that evading immune surveillance is one of the bases for the occurrence and development of cancer (Griss et al., 2019). Studies have concluded that the type and proportion of immune cell infiltration are closely related to the clinical outcome of patients (Zeng et al., 2019). IRGs participate in the regulation of the immune system and play an important role in the complex regulatory network of tumors. Thus, as our understanding grew, immunotherapy has sprouted as a new treatment method, and is now actively applied to a variety of tumors, with its efficacy verified (Das et al., 2020).
Therefore, in this study, we first analyzed the differentially expressed genes between gastric cancer samples and normal tissues in the TCGA database, and found hundreds of immune-related genes that may be meaningful. At the same time, we analyzed the types of immune cells in GC and explained the close correlation between them through CIBERSORT. Then, we selected the key modules from among them through WGCNA. Our study found that MEblue is a key module of gastric cancer, which contains gene groups related to the level of activated CD4 memory T Cell infiltration. Currently, it is known that CD4+ T cells have a variety of ways to kill tumor cells, and memory T cells are a subset of CD4+ T cells. However, there are few studies on this kind of cells at present, so exploring the function of activated CD4+ T cells has important research significance. Studies have shown that CD4 memory T cells are associated with better survival in patients with gastric cancer. Such as, Activin-A can enhance the anti-tumor ability of the body by preventing the depletion of CD4 T cells (Morianos et al., 2021). In mice, IL11 can inhibit the anti-tumor effect mediated by CD4+ T cells (Huynh et al., 2021). Activated CD4 T cells can enhance antigen reactivity through NOTCH signaling pathway (Wilkens et al., 2022). GO and KEGG pathway enrichment analysis found that many of the above genes are related to leukocyte chemotaxis and neutrophil migration signal pathways, and these components play an important role in tumor microenvironment and affect tumor occurrence and development. According to study, MMP-9 is mainly secreted by neutrophils. By up-regulating the expression of MMP-9, SETDB1 can promote the occurrence and metastasis of gastric cancer (Shang et al., 2021). IL-17 can promote the proliferation and migration of gastric cancer cells by targeting SLP1 (Xu et al., 2020). CXCL5 can promote the metastasis of gastric cancer by inducing epithelial-mesenchymal transformation and activating neutrophils (Mao et al., 2020). Based on the regression analysis of the above genes, we found that only two genes (PROC and SERPINE1) had significant effects on OS in patients with gastric cancer.
SERPINE1 is an important inhibitor of serine protease and plays a major role in signal transduction, cell adhesion and cell migration (Simone et al., 2014; Zhang Q. et al., 2020). Plasminogen activator inhibitor-1 (PAI-1), the coding product of SERPINE1 gene, is a key regulator of tissue plasminogen activator (tPA) and urokinase plasminogen activator (uPA), and is a member of the plasminogen activator system. As a secretory protein, increased activity of PAI-1 increases the risk of metastasis in melanoma (Hanekom et al., 2002). In patients with breast cancer, elevated plasma PAI-1 level is a potential prognostic marker as well (Palmirotta et al., 2009; Ferroni et al., 2014). In GC, LncRNA NKX2-1-AS1 promotes tumor progression by up-regulating the expression of SERPINE1. SERPINE1 is an effective biomarker related to epithelial mesenchymal transformation of GC (Xu et al., 2019). In addition, the expression of PAI-1 is abnormal in ovarian cancer, glioma, renal clear cell carcinoma and other tissues, and is related to the poor prognosis of patients (Liao et al., 2018; Peng et al., 2019; Vachher et al., 2020; Ahluwalia et al., 2021; Ma et al., 2021; Zhao et al., 2021). Furthermore, as a protein encoded by the PROC gene, protein C is known to engage in hemostasis, inflammation, and signal transduction, and it has a protective effect on the endothelial barrier as well. In recent years, protein C has been recognized for its importance in a multitude of diseases, including sepsis, myocardial infarction, and cancer (Griffin et al., 2015). For example, activated protein C cross-activates sphingosine-1-phosphate receptor-1 (S1P1) in cancer thus leading to greater cell-to-cell junction stability, thereby decreasing extravasation (Van Sluis et al., 2009). In fact, addition of activated protein C in vitro decreases endothelial adhesion and transmigration of melanoma cells (Bezuhly et al., 2009). Other researches show that activated PROC-PROCR-F2R axis can stimulate the MAPK pathway via activation of epidermal growth factor receptor (EGFR) to promote the progression of breast cancer (Gramling et al., 2010). Additionally, activated protein C promotes anticoagulation of cancer cell microenvironment and upregulates cancer cell migration in ovarian cancer (Althawadi et al., 2015). However, at present, there is not much research on PROC gene in gastric cancer, so we predict that this gene may be associated with gastric cancer.
Our study found that age, risk-score and pathological stage were significantly associated with the prognosis of gastric cancer. Gastric cancer is an age-related disease because the overall survival outcome of elderly cancer patients is poor (Nelen et al., 2018). In the latest edition of AJCC, In et al. found that pathological stage was closely related to the prognosis of gastric cancer (In et al., 2017). Therefore, in order to better improve the accuracy of prognosis prediction, we combined risk-score with age and pathological stage to construct a line map to predict the OS of patients with gastric cancer. The results show that the line chart has high accuracy in OS prediction and is close to the ideal model after correction. And in the test of TCGA data set, the prediction accuracy of line chart risk-score is better than that of TMN stages. The results showed that risk-score was an independent prognostic factor. Chemotherapy is one of the important treatment methods for patients with gastric cancer, which generally needs to be evaluated after several cycles of treatment, so as to judge the efficacy of those chemotherapeutic drugs. In the calculation, we found that there are great differences in drug sensitivity among different risk groups, which may help patients with gastric cancer to select sensitive drugs before chemotherapy and reduce potential trial and error, potentially prolonging survival time.
A large number of studies on various tumors have shown that patients with high TMB tend to have a good survival rate (Cheng et al., 2022). Similarly, our study found that higher TMB was found in patients with low risk-score. The OS of patients with high TMB was significantly longer than that of patients with low TMB. In some literatures, MUC16 mutation is associated with better prognosis and higher TMB in gastric cancer, while TTN mutation is associated with immune checkpoint blockade in solid tumors (Li et al., 2018; Yang et al., 2020). Although TP53 is one of the most common mutant genes, it is not enough to correctly predict the prognosis of patients (Li L. et al., 2020; Wang et al., 2022). Therefore, gastric cancer patients with low risk-score benefit better from immunotherapy. Our study found that risk-score is closely related to many immune cells, such as macrophages, dendritic cells, NK cells, B Cells, T cells and so on, and these cells play an important role in the tumor microenvironment. For example, CD80 and CD86 are markers of M1 macrophages, which can inhibit tumor growth of gastric cancer (Xie et al., 2020). CD40 is a marker of dendritic cells. Its main roles in anti-tumor immune response are phagocytosis of dead tumor cells, capture and presentation of tumor-associated antigens and activation of various T cells, thus stimulating a series of immune responses to kill tumor cells (Murphy and Murphy, 2022). CD48 is a marker of NK cells. Inhibiting the function of NK cells can promote the growth of gastric cancer cells (Guo et al., 2021). Therefore, the TME score can reflect the prognosis of the tumor.
It has been reported that CD8+ T cells are a highly destructive immune effector cell population in anti-tumor response. After activation, they form CD8+ cytotoxic T cells, which circulate to the tumor site to induce immune clearance (Farhood et al., 2019). Immune checkpoint blockade therapy uses immune checkpoint blocking agents to relieve the inhibitory pressure on CD8+ T cells and restore their sensitivity and killing ability to tumor cells (Darvin et al., 2018). In our study, it was found that CD8+ T Cell infiltration in the low-risk group was significantly higher than that in the high-risk group and had a stronger killing effect on the tumor. To find out which gastric cancer patients are sensitive to immunotherapy, we investigated the sensitivity of two risk subgroups to ICI. In our study, we used IPS to explore risk-score based on TME differences that may reflect the different immune benefits of ICI therapy. IPS is mainly associated with several immune checkpoints, including CTLA4, PD-1 and PD-L1. Our study shows that the low-risk group has a higher potential for ICI response. For clinical trials of immunotherapy, the literature shows that pd-1 has anti-tumor activity and is safe for patients with GC. It has been included in NCNN guidelines as an important treatment for advanced gastric cancer (Ajani et al., 2022). Consistent with our results, mortality was significantly lower in the low-risk group (classified according to Risk-score score). Based on the results of IPS, we found that risk-score can distinguish the different outcomes of individuals receiving immunotherapy. Risk-score as a predictive score is expected to provide a theoretical basis for the selection of ICI treatment in clinical trials. This means that further research can focus on the combination therapy of patients with gastric cancer, and the predictive model may help to accelerate the development of personalized cancer treatment.
In conclusion, our research shows that risk-score plays a very important role in analyzing the clinicopathological features, immune infiltration and clinical prognosis of patients with gastric cancer. In addition, this study also revealed the role of risk-score in predicting the prognosis, and provided a guide to immunotherapy combined with chemotherapy in GC patients. However, the interaction between these model genes and their biological mechanisms needs to be further studied.
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Cancer immunotherapy is shifting paradigms in cancer care. T cells are an indispensable component of an effective antitumor immunity and durable clinical responses. However, the complexity of the tumor microenvironment (TME), which consists of a wide range of cells that exert positive and negative effects on T cell function and survival, makes achieving robust and durable T cell responses difficult. Additionally, tumor biology, structural and architectural features, intratumoral nutrients and soluble factors, and metabolism impact the quality of the T cell response. We discuss the factors and interactions that modulate T cell function and survive in the TME that affect the overall quality of the antitumor immune response.
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INTRODUCTION
It is well-established that the immune system plays a major role in tumor control. Presentation of tumor-associated antigens (or lack thereof) can activate the immune system to recognize and eliminate dysfunctional and aberrant tumor cells. From decades of research, we appreciate the complexity of the immune machinery, which involves all aspects of the immune system from innate to adaptive responses, that acts as a defense mechanism against tumor growth. Dedicated and persistent efforts by many investigators have ushered in a new era for the clinical management of cancer and has brought the immune system to the forefront of clinical medicine for patients with cancer. Therapies targeting all components of the immune system, also known as immunotherapy and once significantly underappreciated, are now the standard of care for many patients with different types of tumors. The preponderance of evidence supports the CD8 T cell as the major subset of immune cells that is critically important for antitumor immunity and clinical efficacy in preventing disease progression and extending overall survival.
While the lymphoid compartments generally act as the sites for the initiation and development of antitumor immunity, the TME exerts significant influence on the quality of the immune response (Figure 1). In addition to the TME recruiting immune cells and supporting de novo T cell activation, it is generally an immunosuppressive environment. This suppressive environment poses challenges and limits the clinical efficacy of immunotherapy. In this review, we will discuss how T cells function and survive in the TME with an emphasis on CD8 T cells. We will also address challenges in maintaining an effective T cell response and opportunities to improve the clinical efficacy of antitumor immunity.
[image: Figure 1]FIGURE 1 | Negative regulation of T cell function in the TME. Several factors in the TME negatively impact T cell function. High metabolic activity of tumors metabolism and increased mitochondrial activity results in accumulation of harmful metabolic byproducts in the interstitial space that negatively impacts T cells in the TME. Regulatory immune cells, like T regs and myeloid derived suppressor cells (MDSCs), are recruited to the sites of tumors and suppress proliferation and function of conventional T cells through both the engagement of checkpoint inhibitors (e.g., PD-1 on conventional T cells) and through the release of suppressive cytokines (e.g., TGFβ, IL-10, and IL-35). These cytokines also serve to further activate T regs. Activated T regs upregulate CTLA-4, which selectively binds to CD80 and CD86 on APCs blocking interaction between CD80/86 and CD28 on conventional T cells. This hinders T cell activation. The binding of CTLA-4 to CD80 and CD86 can also initiate the endocytosis of these ligands further decreasing availability for binding to CD28 on conventional T cells. Despite the buildup of metabolic waste that suppress conventional T cells in the TME, regulatory immune cells are better able to tolerate the harsh conditions and can continue to extend their suppressive roles against the anti-tumor effector functions of conventional T cells. Created with Biorender.com.
T CELL ACTIVATION AND DEVELOPMENT OF EFFECTOR FUNCTION
Antigens derived from tumor cells may be first encountered in the interstitial fluid that drains from lymphatic vessels and into lymph nodes. Proteins and peptides are taken up by immune scavengers and specialized antigen presenting cells (APCs) such as dendritic cells (DCs). These APCs process and present the proteins and peptides derived from the tumor cells and the TME on major histocompatibility complexes (MHC) I and II by direct priming or through a process known as cross-presentation (Huang et al., 1994; Wolkers et al., 2001; Hargadon et al., 2006; McDonnell et al., 2010). Although macrophages (Pfeifer et al., 1993; Rock et al., 1993), neutrophils (Tvinnereim et al., 2004), B cells (Ke and Kapp, 1996), and DCs (Chung et al., 2005; McDonnell et al., 2010) can cross-present, the process is most efficiently carried out by DCs expressing CD8a (den Haan et al., 2000; Belz et al., 2004; Allan et al., 2006) and CD103 (Bedoui et al., 2009; del Rio et al., 2007). Recognition of the MHC-peptide complexes by naïve T cells and engagement of costimulatory receptors by ligands on the activated APCs results in a signaling cascade that leads to T cell activation, clonal expansion supported by interleukin 2 (IL-2), and the differentiation into effector T cells (Smith-Garvin et al., 2009). Cancer cells that have metastasized into lymph nodes can also directly present antigens to T cells, but this interaction is generally suboptimal in activating naïve T cells due to the lack of co-stimulatory ligand expression by the cancer cells. The TME can also serve as a site for the initial activation of naïve T cells. In experiments using mice that lack lymph nodes and adoptive transfer of naïve T cells, investigators have shown that the TME can support de novo naïve T cell activation and differentiation into effector T cells (Yu et al., 2004; Thompson et al., 2010).
T cell activation is negatively regulated by inhibitory molecules, the most extensively studied being cytotoxic T lymphocyte-associated antigen 4 (CTLA-4). It is constitutively expressed on T cells and binds to the same ligands (CD80 and CD86) as CD28 (Linsley et al., 1991; Azuma et al., 1993; Freeman et al., 1993; Hathcock et al., 1993; Linsley et al., 1994). The affinity of CTLA-4 for CD80 and CD86 is significantly higher than that of CD28 and the general dogma is that CTLA-4 competes with CD28 to modulate the amplitude of TCR signaling during CD4 and CD8 T cell activation (Linsley et al., 1994; Egen and Allison, 2002; Riley et al., 2002; Schneider et al., 2002; Parry et al., 2005; Schneider et al., 2006). In binding to its ligands, CTLA-4 sequesters CD80 and CD86 and may actively remove the ligands from the surface of APCs further limiting CD28 engagement with the ligands (Qureshi et al., 2011). Aside from its inhibitory effects, CTLA-4 is a downstream transcriptional target of FOXP3 and its expression on regulatory T cells (T regs) enhances the suppressive activity of this subset of T cells (Fontenot et al., 2003; Hori et al., 2003; Wing et al., 2008; Peggs et al., 2009).
TUMOR ANTIGENS
Recognition of antigens presented by tumor cells is critical for an effective T cell response. Tumors arise from normal cells in which genetic alterations lead to uncontrolled proliferation and transformation into malignant cells (Hanahan and Weinberg, 2000). As such antigens presented by non-viral tumors are of self-proteins or variations thereof. Identification of tumor antigens can be accomplished in several ways. They can be identified using serological analysis of recombinant tumor cDNA expression library (Kawakami et al., 1994) or synthetic peptide libraries (Townsend et al., 1986) by T cell clones. Alternatively, peptides can be isolated from MHC molecules and analyzed by mass spectrometry (Hunt et al., 1992). Over 170 antigenic peptides derived from 60 human antigens that are recognized by T cells have been identified (Renkvist et al., 2001). These antigens are generally classified into four groups: 1) cancer/testis or germline antigens, 2) tissue-specific differentiation proteins, 3) mutated self-proteins, and 4) those derived from post-translational modifications (PTMs) of proteins such as phosphopeptides (Boon and van der Bruggen, 1996; Zarling et al., 2000; Zarling et al., 2006; Mohammed et al., 2008; Depontieu et al., 2009; Zarling et al., 2014). Despite the fact that many tumor antigens are of unmutated self-proteins, CD8 (van der Bruggen et al., 1991; Cox et al., 1994; Van den Eynde et al., 1995) and CD4 (Topalian et al., 1994; Chaux et al., 1999; Pieper et al., 1999) T cell responses against antigens in all classes can be generated, sometimes spontaneously in humans (Bakker et al., 1994; Kawakami et al., 1994; Robbins et al., 1996).
The amount of tumor antigen present can modulate immune surveillance. Suboptimal activation of T cells may occur due to the lack of the necessary costimulatory molecules on tumor cells or because of induction of APCs that are ineffective at stimulating T cells (Gabrilovich et al., 1996; Menetrier-Caux et al., 1998; Munn et al., 2004; Hargadon et al., 2006). In situations where antigen is limited, highly avid CD8 T cells, which require only small amounts of antigen for activation, are needed to generate productive immune responses. Otherwise, those tumors go unnoticed by the immune system (Dudley et al., 1999; Zeh et al., 1999). Several studies in mice (Urban et al., 1986; Shankaran et al., 2001) and in humans (Slingluff et al., 2000; Yamshchikov et al., 2005) have shown that an ongoing immune response can place selective pressure that leads to the emergence of antigenic loss variants of tumors that escape immune recognition. This suggests that some tumor antigens are dispensable and not functionally important for tumor formation and/or metastasis. It also illuminates the need to identify and target functionally relevant tumor antigens for cancer therapy (Hirohashi et al., 2009). Antigens derived from proteins that regulate the malignant properties of tumors are necessary because such antigens are needed to maintain the malignant phenotype of tumors. Additionally targeting such antigens may counteract the emergence of antigenic loss variants of tumors as downregulation of the proteins would not be beneficial to the tumor. Systematic evaluation and careful selection of tumor antigens that are 1) differentially expressed in tumors and minimally expressed in normal cells, 2) functionally relevant to malignancy, and 3) antigenically distinct and immunogenic should provide a collection of peptides that will be more efficacious in clinical trials.
T CELL DIFFERENTIATION AND FUNCTION
In the process of differentiation, T cells acquire certain properties and attributes that dictate their functional capacity. In the context of effector function, CD4 T cells can differentiate into several different subsets (Murphy and Stockinger, 2010; Zhu, 2018). TH1 that produce interferon gamma (IFNγ) and tumor necrosis factor (TNF) to activate macrophages and recruit leukocytes. TH2 subsets that secrete IL-4 and IL-13 and stimulate mast cells and eosinophils. Other subsets such as T regs hinder effective T cell response (Kim and Cantor, 2014). The differentiation of CD4 T cells into various subsets is heavily influenced by the cytokines present in the microenvironment. Polarization of CD4 T cells into the proinflammatory TH1 phenotype is mediated by IL-12 and IFNγ (Hsieh et al., 1993; Perez et al., 1995) while TH2 polarization is regulated by IL-2 and IL-4 (Le Gros et al., 1990; Swain et al., 1990). TH17 CD4 T cell differentiation is mediated by transforming growth factor beta (TGFβ), IL-6, IL-21 and/or IL-23 (Veldhoen et al., 2006; Zhou et al., 2007). T regs comprise natural and inducible T regs cells that require TGFβ and IL-2 for differentiation (Chen et al., 2003; Davidson et al., 2007; Takeuchi and Nishikawa, 2016). Both natural and inducible T regs can suppress effector function of CD4 and CD8 T cells through direct cellular interactions and through the release of cytokines and growth factors such as IL-10, IL-35, and TGFβ that negatively regulate effector function. For example, IL-10 has been shown to suppress TH17 effector cytokine production, while TGFβ dampens the effector response by regulating TH1 and TH17 differentiation and subsequent T cell tolerance (Li et al., 2007; Chaudhry et al., 2011). These cytokines have also been shown to block antigen presentation and interactions between conventional T cells and APCs in the TME. CD8 T cells differentiate into cytotoxic cells with the ability to directly kill tumor cell targets by producing cytokines and producing lytic granules including granzymes and perforin (Breart et al., 2008; Schietinger et al., 2013). Some subsets of T cells differentiate into circulatory effectors that move through tissues, lymphatics, and blood while others acquire features that lead to their retention within tissues. The acquisition of effector function renders some subsets of T cells terminally differentiated in that those cells become fully committed to a specific differentiation program and will not revert to a pluripotent or a state of plasticity.
In addition to the development of effector T cells, some T cells differentiate into memory cells that are highly efficient at recall responses. There are several memory T cell subsets that have been described and these subsets can contribute to effective antitumor immunity. Central memory T cells have high proliferative capacity and are generally found in lymphoid tissues while effector memory T cells have limited proliferative capacity but swiftly gain effector function upon restimulation (Mueller et al., 2013). Within this subset are stem-cell memory cells identified in humans that express CD45RA, are multipotent, and have superior proliferative and self-renewing capacity (Gattinoni et al., 2009; Zehn et al., 2022). Tissue resident memory cells express tissue retention markers such as CD69 and CD103 and have a distinct transcriptional profile that is partly dictated by the tissue microenvironment (Schenkel and Masopust, 2014; Amsen et al., 2018; Pao et al., 2018; Szabo et al., 2019). The emergence and differentiation of memory T cells has traditionally been defined by a sufficient period of the absence of cognate antigen that allows for a resting period in memory formation. Memory cells are pluripotent with the ability to maintain their molecular signature and differentiate into effector cells when a specific antigen is subsequently recognized. Within the TME and in chronically infected tissues where antigen is constantly presented, new subsets of T cells with memory-like features that help to sustain the in situ immune response are being recognized.
T CELL ENTRY AND INFILTRATION INTO THE TME
Migration of effector T cells into tumors is orchestrated by interactions between chemokines, chemokine receptors, and adhesion molecules. Egress from the lymph nodes after T cell activation requires downregulation of lymph node homing molecules such as CD62L and CCR7 (Guarda et al., 2007; Groom et al., 2012) and the upregulation of sphingosine 1-phosphate receptor 1 (S1PR1) (Cyster and Schwab, 2012; Baeyens et al., 2015) and other chemokine receptors such as CXCR3 and CXCR6 (Groom and Luster, 2011; Karaki et al., 2021) and tissue-specific adhesion molecules (Mora and von Andrian, 2006; Ferguson and Engelhard, 2010). These changes in adhesion molecule expression permits the egress of activated T cells from lymphoid tissues and migration to peripheral sites. T regs may be more readily recruited into the TME because they express higher levels of various chemokine receptors such as CCR4, CCR5, and CCR8 compared to other T cell types (De Simone et al., 2016; Nishikawa and Koyama, 2021; Sasidharan Nair et al., 2021). Additionally, tumors that secrete CCL1 the ligand for CCR8 preferentially promote the recruitment of T regs into the TME (Barsheshet et al., 2017).
T cells extravasate into tissues at points of low shear stress in postcapillary venules (Choi et al., 2004) and endothelial cells lining vessels at peripheral tissue sites are key mediators of T cell migration and extravasation into the TME. Under ideal conditions, local inflammatory cues in the TME including TNF-α and IL-1 enhance the expression of chemokines and adhesion molecules in the microenvironment and on endothelial cells (Bellone and Calcinotto, 2013; Slaney et al., 2014; Peske et al., 2015). These changes allow binding of effector T cells to the vasculature and their extravasation into the TME. Interaction between selectins (carbohydrate binding molecules) such as E-selectin (CD62E) and P-selectin (CD62P) expressed on endothelial cells and their respective ligands, cutaneous lymphocyte antigen 1 (CLA-1) and P-selectin glycoprotein ligand 1 (PSGL-1), that are expressed on effector T cells results in slow rolling of the T cells on the vascular surface (McEver, 2015; Krummel et al., 2016). The slow rolling further allows chemokine receptors on the T cells to engage chemokines secreted by the endothelial cells. Engagement of the chemokine receptors then leads to changes in the conformational state of adhesion molecules from low affinity to high affinity states that permit stronger adhesive bonds between the T cells and the vasculature to support endothelial transmigration of the effector T cells into the TME (Bellone and Calcinotto, 2013).
Modulation of adhesion molecules, chemokines, and chemokine receptors
Infiltration of T cells into the TME is dependent on the TME generating the appropriate inflammatory environment to active endothelial cells lining tumor associated vessels (Figure 2). However, even with the appropriate inflammatory signals in the TME, the tumor vasculature has been shown to be less responsive to inflammation leading to what has been described as endothelial anergy (Piali et al., 1995; Griffioen et al., 1996a; Weishaupt et al., 2007; Clark et al., 2008; Afanasiev et al., 2013).
[image: Figure 2]FIGURE 2 | Modulation of T cell infiltration into the TME. (A) Growth and energetic demands of tumor cells creates a hypoxic TME that drive secretion of angiogenic factors such as VEGF-A into the microenvironment. This leads to neovascularization with new vessel formation that are immature, tortuous, easily compressed, and leaky with reduced pericytes and suboptimal surrounding basement membranes. The abnormal tumor vasculature contributes to the disruption of laminar flow and shear stress. Increased VEGF-A also leads to downregulation of adhesion molecules like ICAM-1 and VCAM-1 that are required for T cell adhesion and extravasation. Tumor cells may also preferentially secrete chemokines that attract T regs. These changes in the microenvironment lead to decreased effector T cell infiltration into the TME. (B) Reduction in the amount of VEGF-A in the TME such as through the blockade of VEGF-A using antibodies leads to normalization of the tumor vasculature with better perfusion and increased T cell adhesion to endothelial cells as well as less vascular compression and less mechanical stress that improve effector T cell infiltration into the TME. Created with Biorender.com.
Endothelial anergy has been partially attributed to angiogenic factors (Griffioen et al., 1996b; Dirkx et al., 2003) present in the TME that can be secreted by tumor, immune, and stromal cells (Hendry et al., 2016). Angiogenic factors such as vascular endothelial growth factor A (VEGF-A) and basic fibroblast growth factor (bFGF) are upregulated in many tumors partly because of hypoxic conditions in the TME (Keck et al., 1989; Leung et al., 1989). Intercellular adhesion molecule 1 (ICAM-1), ICAM-2 (Griffioen et al., 1996b), and vascular cell adhesion molecule 1 (VCAM-1) (Piali et al., 1995) expression on endothelial cells can be suppressed by VEGF-A and bFGF (Griffioen et al., 1998; Zhang and Issekutz, 2002). This results in the inhibition of T cell adhesion and extravasation. Consistent with this, investigators have shown that blocking antibodies against VEGF enhances infiltration of adoptively transferred T cells that translates into better tumor (Jain, 2005; Shrimali et al., 2010). Similarly, vascular E-selectin expression can be downregulated by angiogenic factors in the TME that results in decreased infiltration of T cells (Tromp et al., 2000; Maksan et al., 2004; Clark et al., 2008; Afanasiev et al., 2013).
The endothelin 1 and endothelin B receptor (ETBR) axis also interfere with ICAM-1 expression and T cell homing. Overexpression of ETBR on ovarian tumor endothelial cells suppresses ICAM-1 expression and induces nitric oxide synthase and nitric oxide (Tsukahara et al., 1994; Buckanovich et al., 2008). Increased nitric oxide in the endothelium also hinders ICAM-1 clustering thereby preventing T cell adhesion and extravasation (Buckanovich et al., 2008). Reactive nitrogen species in the TME promote chemokine nitration that also blocks T cell infiltration (Molon et al., 2011). Consequently, tumors with minimal to no TILs are associated with overexpression of ETBR and blocking ETBR leads to increased expression and clustering of ICAM-1 on endothelial cells and increased T cell infiltration into tumors (Buckanovich et al., 2008). In glioblastomas, vessels expressing ETBR have less T cell infiltrates in the surrounding area in comparison to areas with ETBR negative vasculature (Nakashima et al., 2016). The association between ETBR expression and TILs may be dependent on the type of tumor as other studies have failed to find an association between T cell infiltration and ETBR expression in oral squamous cell carcinoma (Tanaka et al., 2014).
Structure and mechanics of tumor vasculature
The physical properties of vasculature in the TME also impacts T cells trafficking into tumors. New vessels are formed through a process called neovascularization in response to hypoxia and angiogenic factors secreted by tumor and stromal cells in the TME (Katayama et al., 2019). These vessels are generally immature, disorganized, tortuous, saccular, and leaky. Loose attachment or lack of pericytes, smooth muscle cells, thick or thin basement membrane around the vessels, increased fenestrations, and wide intercellular junctions between endothelial cells contribute to leakiness and abnormal tumor vasculature (Jain, 2005; Chung et al., 2010; Carmeliet and Jain, 2011; Farnsworth et al., 2014). Furthermore, tumor cells can mimic endothelial cells (Hendrix et al., 2003) creating pseudo-vessels that lack the properties of normal vasculature. The leakiness of the vasculature and compression of vessels by surrounding tumors also increase interstitial pressure in the microenvironment that disrupts perfusion thereby perpetuating a hypoxic environment (Heldin et al., 2004; Jain, 2013; Jain et al., 2014). The abnormal formation of vessels in the TME causes discontinuous laminar blood flow and points of low and no shear stress (Hendry et al., 2016). Additionally, endothelial cell polarity and the expression of adhesion molecules on endothelial cells is regulated in part by shear stress (Carmeliet and Jain, 2011). T cell rolling on endothelial cells requires a certain threshold of shear stress (Finger et al., 1996; Lawrence et al., 1997). Consequently, disruptions in shear stress negatively impact T cell rolling, adhesion, and extravasation.
IMMUNE CELL NICHES IN THE TME THAT SUPPORT T CELL FUNCTION
Chemokines, cytokines, tumor vasculature, and environmental cues direct T cell migration and localization within the TME. Heterogeneous distribution of these factors likely lead to discrete areas of immune cell aggregates within the TME. Inflammatory signals from factors such as TNF-α can lead to the remodeling of tumor vasculature and the upregulation of adhesion molecules, chemokines, and chemokine receptors that attract T cells and other immune cells into those perivascular areas. The cascade of events results in the formation of discrete clusters of immune and stromal cells that contribute to the localized immune response in the TME.
Tertiary lymphoid structures
The presence of aggregates of immune cells in inflamed non-lymphoid tissues has been noted for many years. These aggregates are inducible, transient, and unencapsulated structures that range from simple clusters of lymphoid cells to well-organized immune structures with compartmentalized B and T cell areas intertwined in a stromal network and vasculature that closely resemble secondary lymphoid organs (SLOs) (Schumacher and Thommen, 2022). The well-organized aggregates are known as tertiary lymphoid structures (TLSs). While there is a range in the composition and organization of immune aggregates in inflamed non-lymphoid tissues, the current accepted definition of TLSs is the presence organized lymphocyte and myeloid cell aggregates in inflamed tissues with discernable B and T cell-like areas within these structures (Ruddle, 1999). TLSs have been identified in several diseases and conditions including infection, cancer, autoimmunity, and transplanted tissues (Hjelmstrom, 2001; Aloisi and Pujol-Borrell, 2006; Sato et al., 2009; Pitzalis et al., 2014; Hiraoka et al., 2015). They are thought to form through a process akin to that which governs the ontogeny of SLOs (Ruddle, 1999) and CXCL13-expressing effector CD8 T cells seem to play a major role in the induction of TLS formation (Workel et al., 2019; Rodriguez et al., 2021). TLSs are also functionally similar to SLOs with compartmentalized B cell-rich and T cell-rich areas and evidence of T and B cell activation and differentiation (Murakami et al., 1999; Moyron-Quiroz et al., 2006) and have been implicated in perpetuating autoimmune disease and allograft rejection as well as in helping to control infection and tumor growth (Hjelmstrom, 2001; Aloisi and Pujol-Borrell, 2006; Sato et al., 2009; Pitzalis et al., 2014; Hiraoka et al., 2015).
The functional significance of TLSs has largely been inferred from phenotypic evidence of T cell function in TLSs and correlative studies linking the presence of TLSs with increased T cell infiltration, tumor control, and prognosis in human patients. In melanoma tumor samples, T cell activation markers are increased in TLSs (Helmink et al., 2020). Naïve T cells have also been observed to proliferate within TLSs (McMahon et al., 2005; Lee et al., 2006). Germinal centers and upregulation of AICD, BCL6, and other markers of germinal center formation, somatic hypermutation, and class switching have also been identified in TLSs (Armengol et al., 2001; Sims et al., 2001; Nielsen and Nelson, 2012; Germain et al., 2014).
In addition to the correlative analyses, studies in mice lacking SLOs have provided data that suggest functional relevance of TLSs in the TME and in infection. In such models, induction of TLS formation has been associated with the presence of antigen-specific T cells and some level of disease control. For example, induction of TLS by lymphotoxin-α leads to T cell effector function and tumor control in mice that lack lymph nodes (Schrama et al., 2001; Schrama et al., 2008). Furthermore, mice lacking spleen, lymph nodes, and Peyer’s patches are capable of developing antigen-specific effector and memory T cells that are associated with inducible bronchus-associated lymphoid tissues, a type of TLS in the lung, when infected with influenza (Moyron-Quiroz et al., 2004; Moyron-Quiroz et al., 2006; Rangel-Moreno et al., 2007).
In support of the evidence suggesting the functional capacity and relevance of TLSs, several studies have shown an association between the presence of TLSs and overall survival and/or clinical responsiveness to different forms of cancer immunotherapy. While some studies have reported no effect or a negative impact of TLSs on immune response against cancer (Bento et al., 2015; Figenschau et al., 2015; Finkin et al., 2015; Joshi et al., 2015), there is strong and growing evidence to suggest that the presence of TLSs has a positive predictive value for patients. In several different tumor types, the presence of TLSs has been associated with responsiveness to immune checkpoint inhibition and better survival (Cabrita et al., 2020; Helmink et al., 2020; Petitprez et al., 2020). It is unclear whether immune checkpoint blockade drives de novo TLS formation; however, it can enhance the number of TLSs within tumors (Cottrell et al., 2018; van Dijk et al., 2020). On the other hand, vaccines and neoadjuvant chemotherapy can induce TLS formation in several tumor types (Lutz et al., 2014; Maldonado et al., 2014; Remark et al., 2016; Morcrette et al., 2019). In aggregate, the data strongly suggest that TLSs, immune niches within the TME, contribute to T cell function and the antitumor immune response.
T CELL EXHAUSTION
As effector CD8 T cells engage tumor cells in the TME, they become dysfunctional over time and lose the ability to produce effector molecules such as cytokines and cytotoxic granules (Barber et al., 2006; Wherry, 2011). This state results from continued and persistent antigenic stimulation and is referred to as T cell exhaustion. There are two main subsets of exhausted T cells (terminally differentiated exhausted and stem-like, also known as progenitor exhausted cells) that have been described (Zehn et al., 2022). The terminally differentiated exhausted T cells express many inhibitory receptors collectively known as immune checkpoint molecules (Virgin et al., 2009). T cells in this state have limited to no capacity to kill tumor cells thereby hampering the quality of the immune response (Bengsch et al., 2016). Loss of effector function is progressive with the loss of the ability to produce IL-2, reduced proliferative capacity, and ineffective target cell killing occurring first (Wherry, 2011). This is followed by the decreased capacity to produce other cytokines such as TNF-α and IFNγ and then cell death.
The programmed cell death 1 (PD-1) molecule is the major mediator of T cell exhaustion. It is upregulated on T cells upon T cell activation and the expression of PD-1 on the cell surface can be detected very early in the T cell activation phase (Ahn et al., 2018). The induction of PD-1 expression is dependent on TCR-antigen/MHC interaction and inhibition of PD-1 signaling in the early T cell activation phase results in enhanced mTOR signaling and increased production of effector molecules (Ahn et al., 2018). Repeated antigen exposure and T cell stimulation leads to high levels and persistent PD-1 expression on activated T cells. T regs constitutively express high levels of PD-1 and PD-1 expression serves to promote proliferation of T regs (Francisco et al., 2009). PD-1 has two ligands, PD-L1 that is expressed on a wide variety of cells including many cancer cells, and PD-L2 that is expressed mainly on DCs (Keir et al., 2008). Engagement of PD-1 on effector T cells leads to diminished proliferation and cytokine production (Freeman et al., 2000; Carter et al., 2002; Brown et al., 2003). Blocking the interaction between PD-1 and its ligands results in the reinvigoration of T cells as evidenced by an expansion of effector cells and the recovery of cytokine production and cytolytic ability (Barber et al., 2006; Huang et al., 2017). PD-1 also regulates metabolism in T cells. Engagement of the PD-1 pathway plays a role in metabolic reprogramming of T cells by promoting fatty acid oxidation and limiting glycolysis, amino acid metabolism, and glutaminolysis (Parry et al., 2005; Patsoukis et al., 2015). Since effector T cells depend on glycolysis to maintain proliferation and cytokines, this change in metabolism compromises effector function.
As effector cells progress through the process of exhaustion, additional inhibitory molecules such as lymphocyte activation gene 3 (LAG-3), T cell immunoglobulin and mucin-domain containing-3 (TIM-3), and T cell immunoglobulin and ITIM domain (TIGIT) are upregulated. LAG-3 is a type I transmembrane protein that is structurally like CD4 (Triebel et al., 1990) and binds to MHC class II (Baixeras et al., 1992), galectin-3 (Kouo et al., 2015), α-synuclein (Mao et al., 2016), LSECtin (Xu et al., 2014a), and fibrinogen-like protein 1 (Wang et al., 2019). It is expressed on activated T cells and other immune cells and exists in transmembrane and soluble forms (Li et al., 2004). It colocalizes with CD3 in immune synapses to regulate TCR and calcium channel signaling to leads to inhibition of proliferation and cytokine production (Maçon-Lemaître and Triebel, 2005; Guy et al., 2022). TIM-3 is expressed on IFNγ-secreting T cells and engagement of TIM-3 with its ligands inhibits T cell function and induces apoptosis by regulating intracellular calcium flux (Zhu et al., 2005; Kang et al., 2015; Wolf et al., 2020). TIGIT is mainly expressed on T and NK cells and has two known ligands, CD155 and CD112 (Yu et al., 2009). TIGIT suppresses immune function by competing with costimulatory molecules CD266 and CD96 (Dougall et al., 2017). Interaction with CD155 on DCs results in IL-10 production that reduces effector function (Yu et al., 2009). It also negatively regulates T cell proliferation and inhibits IFNγ production (Lozano et al., 2012). Knockdown of TIGIT using short hairpin RNA restores T cell proliferation and cytokine production (Lozano et al., 2012). Many of these inhibitory molecules (ligands and receptors) are upregulated in the TME and are associated with poor prognosis (Zhang et al., 2017).
Given the negative effects of immune checkpoint molecules on effector T cell function and negative prognosis for patients with cancer, immune checkpoint molecules are being targeted for immunotherapy using different approaches that block the negative regulation these molecules exert on T cell function. Blockade of the inhibitory pathways in T cells leads to recovery of some, if not all, of the effector T cell function and has been associated with improved clinical response and outcome for patients with cancer (Brahmer et al., 2012; Topalian et al., 2012; Lipson et al., 2013). Inihibitors of mmune checkpoint molecules such as blocking antibodies against PD-1 and CTLA-4 are currently FDA approved and used routinely for the clinical management of cancer as monotherapeutic agents or in combination with other treatments (Twomey and Zhang, 2021) and many more are currently in clinical trials.
Stem-like CD8 T cells
The second subset of exhausted CD8 T cells are known as stem-like CD8 T cells or progenitor exhausted cells and differentiate in chronic disease states such as chronic viral infections and cancer (He et al., 2016; Im et al., 2016; Utzschneider et al., 2016). These cells have pluripotent and memory-like features and are present in lymphoid and inflamed tissues as well as in the TME (Utzschneider et al., 2016; Im et al., 2020). They express PD-1, TCF-1, CD73, co-stimulatory molecules, low levels of CD127 and generally lack expression of other inhibitory molecules such as TIM-3 (Im et al., 2016). They have the capacity for self-renewal as well as the ability to differentiate into effector cells. As such, stem-like CD8 T cells sustain the terminally differentiated effector population in chronic infection and tumors and are essential for the maintenance of the effector response. Inhibition of the PD-1 pathway using blocking antibodies against PD-1 or its ligand, PD-L1, results in expansion of the stem-like CD8 T cells and differentiation into effector cells (Im et al., 2016; Hudson et al., 2019). This proliferative burst requires CD28 co-stimulation and stem-like CD8 T cells lacking CD28 fail to proliferate (Kamphorst et al., 2017). The expansion and generation of new effectors from stem-like CD8 T cells after PD-1 inhibition underscores the immunological and positive clinical responses seen in cancer patients treated with immune checkpoint inhibitors.
Of note, the T cell exhaustion molecular program, marked by upregulation of TOX and NR4A1, is maintained in stem-like CD8 T cells and is imprinted onto effector progeny derived from the stem-like cells (Utzschneider et al., 2013; Martinez et al., 2015; Pauken et al., 2016; Alfei et al., 2019; Khan et al., 2019; Scott et al., 2019; Seo et al., 2019; Yao et al., 2019). This programming cannot be overridden by using immune checkpoint inhibition to drive the differentiation of new effector progeny (Utzschneider et al., 2013; Pauken et al., 2016; Ghoneim et al., 2017; Philip et al., 2017). However, recent studies have shown that the combination of IL-2 and inhibition of the PD-1 pathway modifies the transcriptional program of effector progeny derived from stem-like CD8 T cells (Codarri Deak et al., 2022; Hashimoto et al., 2022). This effect is mediated by the high affinity IL-2 receptor, CD25. Stem-like CD8 T cells transferred into a new host that receive IL-2 stimulation in the presence of PD-1 blockade produce progeny with a molecular profile distinct from the exhaustion pathway with downregulation of Tox, Nr4a1, other genes in the exhaustion pathway, and several inhibitory receptors. The molecular profile of effector cells that differentiate in this context resemble highly functional effector cells that are generated from acute viral infections. Thus, the cytokine milieu during reactivation and expansion of stem-like CD8 T cells in lymphoid tissues and the TME can significantly impact the quality of the immune response.
METABOLISM AND NUTRIENTS IN THE TME
Several metabolic pathways regulate T cell differentiation and effector function. Resting T cells use oxidative phosphorylation to fuel ATP production. Once activated, downstream signaling pathway feeding through the P13K/AKT/mTOR pathway promotes Myc-dependent metabolic reprogramming to glycolysis (Araki et al., 2009; MacIver et al., 2011; Wang et al., 2011; Verbist et al., 2016). This switch in metabolism is required for the high energy demands for T cell expansion and the production of effector molecules such as IL-2, IFNγ, and granzyme B (Cham et al., 2008; Chang et al., 2015). Short-lived effector T cells such as terminally differentiated cells also depend on glycolysis. In contrast, T regs and memory T cells depend on oxidative phosphorylation and fatty acid metabolism. In T regs, fatty acid oxidation and oxidative phosphorylation promote immunosuppressive activity and these metabolic pathways are driven by FOXP3 (Michalek et al., 2011; Angelin et al., 2017). In fact, the expression of the enzymes required for glycolysis can be suppressed by FOXP3 (Angelin et al., 2017). T regs also upregulate molecules involved in fatty acid transport such as CD36 and sterol-regulatory-element binding protein that supports the use of lipids in the TME for proliferation and immunosuppressive activity (Wang et al., 2020; Lim et al., 2021). Consistent with this, an accumulation of T regs has been noted in tumors that produce fatty acids such as gastric cancer cells with RHOA Y42 mutation (Kumagai et al., 2020). In TMEs with low levels of fatty acids, T regs upregulate fatty acid binding proteins to scavenge for nutrients to support the immunosuppressive function (Field et al., 2020).
High metabolic activity of tumor cells that maintains growth depletes nutrients in the TME leaving limited supply of glucose for activated T cells to maintain proliferation and adequate effector function (Kishton et al., 2017). Additionally, the abnormal vasculature in the TME results in heterogenous distribution of nutrients that further compromises effector T cell metabolism. Limited nutrients in the TME, in addition to chronic stimulation, result in changes in the metabolic profile of effector T cells that lead to reduced glucose uptake, increased expression of reactive oxygen species, loss of mitochondrial mass, and reduced effector function in T cells (Scharping et al., 2016; Siska et al., 2017). To adapt to the limited nutrients in the TME, activated T cells can incorporate other biomolecules like glutamine and amino acids into mitochondrial respiration to support proliferation and effector function (Michalek et al., 2011; Sinclair et al., 2013; Johnson et al., 2018). T cells can breakdown glutamine into a-ketoglutarate and other intermediates that feed into the TCA cycle (Johnson et al., 2016). However, some cancer cells do not express the enzymes required for glutamine synthesis (Cluntun et al., 2017) and therefore also compete with T cells for exogenous glutamine. Activated T cells can also utilize endogenous and exogenous lipids for β-oxidation to maintain proliferation and function (MacIver et al., 2013; Howie et al., 2017). However, the use of other metabolic pathways may not be as effective as glycolysis in promoting effector function in the TME as suggested by studies showing insufficient production of cytokines when T cells are forced to use other pathways such as oxidative phosphorylation (Chang et al., 2013). Other molecules such as methionine and arginine can also be depleted by cancer cells and myeloid-derived suppressor cells in the TME that negatively impact T cell proliferation effector function (Rodriguez et al., 2003; Bian et al., 2020; Grzywa et al., 2020).
Metabolic byproducts produced in the TME can also impact T cell proliferation and effector function. The most widely recognized metabolite in the TME to negatively impact T cells is lactate or lactic acid that is transported from cancer cells as a byproduct of glucose metabolism (Halestrap and Wilson, 2012). Lactate hinders proliferation and cytokine production by depleting intracellular levels of nicotinamide adenine dinucleotide (NAD+) (Fischer et al., 2007). T regs are generally unaffected by the effects of lactic acid on intracellular NAD+ because mitochondrial metabolism in T regs generates NAD+ (Angelin et al., 2017). Additionally, PD-1 expression on T regs can be upregulated in response to lactic acid in the TME and this enhances the immunosuppressive activity of T regs (Kumagai et al., 2022). Increased levels of lactate in the TME also lowers the pH within tumors, which poses further restrictions on cytokine production and the cytolytic activity of T cells (Fischer et al., 2007; Erra Díaz et al., 2018). Consequently, neutralization of the acidic pH in murine tumors with sodium bicarbonate leads to increased sensitivity of tumors to immune checkpoint blockade therapies and reduction of tumor volume (Pilon-Thomas et al., 2016).
HYPOXIA
Rapidly growing cancer cells have high oxygen consumption requirements that create hypoxic environments within tumors. Tortuous and abnormal tumor vasculature can also result in poor perfusion of the TME leading to low oxygen levels, especially in the central tumor bed, that can impact T cell function. Hypoxia triggers the activation of the hypoxia-inducible factor-1 (HIF-1) pathway and upregulation of HIF-1 proteins. Activation of this pathway influences the fate of differentiating CD4 T cells by promoting the polarization of the cells into the proinflammatory TH1 and TH17 subsets of helper cells (Dang et al., 2011). Additionally, HIF-1 can directly promote gene transcription of FOXP3 in a process mediated by TGF-β (Ren et al., 2016). In ovarian and hepatocellular tumors, hypoxia can drive the increased secretion of CCL28 that leads to increased recruitment of CCR10-expressing T regs into the TME (Facciabene et al., 2011; Ren et al., 2016). A similar effect of hypoxia on T reg migration involving CXCL12 and CXCR4 has also been reported in breast cancer (Yan et al., 2011). Within the TME, sustained exposure to hypoxia has been shown to promote the progression of effector CD8 T cells into terminally differentiated cells with an exhausted phenotype. In TMEs with severe hypoxia such as tumors with increased oxidative metabolism, the exhausted T cells are unresponsive to immune checkpoint inhibitors (Najjar et al., 2019). In hypoxic conditions, MHC class II and co-stimulatory molecules such as CD86 and CD40 expression on DCs have been found to be downregulated (Correale et al., 2012). Additionally, hypoxia negatively impacts chemotaxis to CCR5 and CCR4 ligands by monocyte-derived DCs (Labiano et al., 2015). As discussed earlier, increased levels of VEGF-A, which can be induced by hypoxia, in the TME inhibits DC maturation that results in ineffective T cell stimulation (Noman et al., 2015). Overall, hypoxia adds to the hostile microenvironment that limits effective T cell activation, effector function, and survival.
T CELL SURVIVAL IN THE TME
Maintenance of a robust antitumor immune T cell response is essential to control tumor growth. This can be accomplished by continued replenishment of effector T cells in the TME through the activation and migration of new effector cells from lymphoid tissues, the activation and differentiation of naïve T cells within the TME, and/or supporting T cell survival in the TME. Effector T cells upregulate pro-apoptotic receptors such as FAS and TNFRs upon activation, which leaves them vulnerable to apoptosis (Singer and Abbas, 1994; Ettinger et al., 1995; Zheng et al., 1995). Progressive differentiation of T cells also leads to the telomere shortening (Weng et al., 1995) that decreases lifespan and promotes senescence. However, the main factors that influence T cell longevity are cytokines and metabolism (Chang and Pearce, 2016; Kishton et al., 2017; Pan et al., 2017; Lin et al., 2020).
Several cytokines promote T cell survival. The IL-2 family of cytokines that includes IL-2, IL-4, IL-7, and IL-15 has a major influence on T cell lifespan. They are expressed by a variety of immune cells as well as epithelial and endothelial cells (Benczik and Gaffen, 2004) and they can regulate T cell survival independent of their capacity to induce proliferation and in part, through the upregulation of anti-apoptotic genes such as BCL2 (Marrack et al., 1998; Vella et al., 1998; Zhang et al., 1998). However, T cells may respond to these environmental cues differently depending on their differentiation state. T cell sensitivity to cytokines can also vary between resting (naïve and memory) T cells and activated/effector T cells. While IL-6 supports the survival of resting T cells, it has little effect on the longevity of activated T cells (Teague et al., 1997). Activated T cells rely on IL-2 and IL-4 signaling for survival and withdrawal of these cytokines lead to T cell death (Marrack et al., 1998; Borthwick et al., 2003). Sequestration of IL-2 by T regs in the TME (Ku et al., 2000; Carmenate et al., 2018) limit the availability of the cytokine for other T cell subsets and thereby impede their survival.
Interestingly transmigration of activated T cells across endothelial cells can support T cell survival through the interaction between ICAM-1 and LFA-1 in the absence of IL-2 (Borthwick et al., 2003). Effector T cells are also more sensitive to survival cues from Type I interferons secreted in inflammatory conditions than resting cells (Marrack et al., 1998). In addition to supporting the survival of memory T cells, IL-15 can also rescue activated T cells from death (Vella et al., 1998; Zhang et al., 1998; Di Pilato et al., 2021). A subset of DCs known as DC3 or LAMP3+ DCs support T cell survival in the TME by secreting CXCL16 to attract CXCR6-expressing T cells into perivascular areas in the TME where CCR7+ DC3 are clustered (Di Pilato et al., 2021). In these clusters, the DCs provide IL-15 stimulation to the T cells to prevent activation-induced cell death. Notably, DC3s do not express XCR1, the receptor for XCL1 that is secreted by stem-like CD8 T cells (Im et al., 2016) and it is not known if other subsets of DCs such as conventional DC1s that express XCR1 are also capable of trans-presenting IL-15 to different subsets of T cells.
In addition to cytokines, specific metabolic and catabolic pathways can regulate T cell survival. Lipid uptake and fatty acid metabolism supports T cell survival. Resident memory T cells deficient in fatty acid-binding proteins 4 and 5 reduces lipid uptake and impairs survival (Pan et al., 2017). Blockade of mitochondrial fatty acid β-oxidation also reduces the lifespan of resident memory T cells. However, the survival of central memory T cells is not impacted in the absence of FABP4 and FABP5 suggesting that different subsets of T cells rely on distinct cues for survival. In contrast to memory T cells, chronic mTOR signaling in effector T cells enforces glycolysis and amino acid metabolism that render the cells vulnerable to cell death (Araki et al., 2009; MacIver et al., 2011; Pollizzi et al., 2016; Verbist et al., 2016). Consequently, inhibition of mTOR signaling improves T cell persistence (Araki et al., 2009). When exposed to high levels of L-arginine, metabolism in activated T cells shifts from glycolysis to oxidative phosphorylation that drives better survival (Geiger et al., 2016). Autophagy has also been shown to impact T cell longevity. T cell survival and memory formation are defective in T cells that lack autophagy related 4 and 5 genes (Xu et al., 2014b). These data show that the mechanisms that support T cell survival in the microenvironment are complex and distinct for different subsets of T cells in the TME. As investigators elucidate critical factors that regulate T cells in the TME, targeted therapeutic approaches that promote T cell survival may further enhance clinical efficacy of cancer immunotherapy.
THERAPEUTIC APPLICATIONS AND OPPORTUNITIES
Therapeutic strategies for cancer immunotherapy span all stages of the adaptive immune response and include vaccine development, adjuvant, immune modulators, and adoptive T cell therapy. Cancer vaccines involve regimens consisting of tumor antigens alone or in combination with adjuvants. Tumor antigens can be delivered as vaccines in a variety of formulations. These include whole tumor lysates, peptides, in DNA and mRNA-based constructs, and peptides loaded onto DCs (Saxena et al., 2021). There are also several therapeutic strategies targeting DC activation and maturation to induce robust antitumor T cell responses. Strategies and adjuvants that stimulate toll-like receptor pathways such as polyICLC and CpG that induced DC maturation and activation are being investigated (Chiang et al., 2013; Woo et al., 2014; Barber, 2015; Liau et al., 2018; Ramanjulu et al., 2018).
Previous efforts for cancer vaccines have been focused on shared tumor antigens derived from overexpressed self-antigens, differentiation proteins, and cancer testis antigens and these efforts have resulted in limited efficacy for a subset of cancer types (Comiskey et al., 2018; Pavlick et al., 2020). Although the intent of using shared tumor antigen is to develop vaccines that can be broadly used against several tumor types and for different patients, the tumor antigen profiles that can elicit strong and protective immune responses can be distinct between patients and tumor types. As such, there is now a focus on strategies utilizing individualized neoantigens as therapeutic vaccines (Carreno et al., 2015; Ott et al., 2017; Sahin et al., 2017; Keskin et al., 2019) as well as a combination of shared antigens and personalized neoantigens (Hilf et al., 2019; Saxena et al., 2021). High tumor mutational burden correlates with the presences of neoantigens and clinical response to immune checkpoint inhibitors (ICIs) (Maleki Vareki, 2018; Miao et al., 2018). Therapeutic approaches combining neoantigen vaccines with ICIs are being pursued (Ott et al., 2020; Saxena et al., 2021). Prophylactic vaccines targeting pathogen-mediated/driven tumors such as human papillomavirus-associated cervical cancer and oropharyngeal squamous cell carcinoma have also shown significant efficacy in reducing the risk of cancer in patients (Melief et al., 2015; Tomaić, 2016; van der Burg et al., 2016).
Immune modulators are a class of cancer immunotherapeutic agents that are used to induce and support antitumor responses. Immunomodulators include adjuvants, cytokines, chemokines, costimulatory agonists, and ICIs. IL-2 and IFNα were the first immunomodulators used to treat melanoma and renal cell carcinoma (Waldmann, 2018), and molecules that target the IL-2 and IFNAR pathways are FDA-approved for some cancer types. Other cytokines are being investigated to support T cell function and survival include IL-12, IL-15, and IL-21 (Floros and Tarhini, 2015). Co-stimulatory agonists for CD40, CD137 (4-1BB), OX-40 and others are currently in clinical trials to treat different cancer types (Mayes et al., 2018). Several ICIs against PD-1, PD-L1, CTLA-4, and LAG3 are FDA-approved therapies for several different types of cancers including melanoma, lung, gastrointestinal, breast, and renal cell cancer (Vaddepally et al., 2020). Other immunosuppressive factors including indoleamine 2, 3-dioxygenase (IDO) (Zhai et al., 2018; Kjeldsen et al., 2021) and the adenosine pathway (Leone and Emens, 2018; Fong et al., 2020) are also being targeted for cancer therapy.
Adoptive T cell therapy involves the transfer of expanded tumor infiltrating lymphocytes or engineered T cells to reduce tumor burden. The isolation, in vitro expansion, and reinfusion of tumor infiltrating lymphocytes into patients as personalized therapy have resulted in good durable clinical responses (Hinrichs and Rosenberg, 2014) and adoptive T cell therapy is a viable approach to treat some types of cancers. T cells can also be engineered to express distinct tumor-specific T cell receptors that can then be infused into patients. Engineered T cells with a specific T cell receptor against the cancer testis antigen New York esophageal squamous cell carcinoma 1 (NY-ESO-1) have been used to treat solid tumors (D'Angelo et al., 2018; Robbins et al., 2011). Chimeric antigen receptor (CAR) T cells that are engineered to recognize tumors and specific proteins (June et al., 2018) have demonstrated strong clinical efficacy for hematologic cancers (Huang and Huang, 2022) and can be modified to target other tumor types.
CONCLUSION
T cell function in the TME is complex and influenced by a myriad of factors at every step of the life cycle of a T cell. These factors include direct cellular interactions with tumor, stromal, and other immune cells, structural and architectural features of the TME, soluble factors such as chemokines and cytokines, nutrients and metabolites, and metabolism in the TME. The resulting functional phenotype of effector T cells in the microenvironment is likely dictated by the sum and balance of opposing signals and cues in the TME. This poses challenges in developing robust therapeutic strategies with strong clinical efficacy. Despite these challenges, cancer immunotherapy has revolutionized clinical care and management of patients with cancer. There is an active and robust research community studying combinatorial approaches to bolster cancer treatment and many of the factors and cellular pathways that mediate T cell function provide new opportunities for innovation in cancer immunotherapy and in synergizing with other treatment modalities such as chemotherapy and radiation therapy.
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