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Lipids are a diverse class of biomolecules that have been implicated in cancer pathophysiology and in an array of immune responses, making them potential targets for improving immune responsiveness. Lipid and lipid oxidation also can affect tumor progression and response to treatment. Although their importance in cellular functions and their potential as cancer biomarkers have been explored, lipids have yet to be extensively investigated as a possible form of cancer therapy. This review explores the role of lipids in cancer pathophysiology and describes how further understanding of these macromolecules could prompt novel treatments for cancer.
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Introduction

Lipids, one of four broad classes of macromolecules in living organisms, are hydrophobic organic molecules with a diverse variety of important functions in many cellular processes. Some notable functions related to cancer progression include the involvement of lipids in cellular signaling, energy storage, and inflammatory and immune responses (1) . Accumulation of lipids in the tumor microenvironment (TME) has been shown to promote immune evasion and inflammation (2, 3), and lipids are an important source of energy for rapidly proliferating cells (3).

Lipids also affect the immune system and its components in a variety of ways (Figure 1). Abnormal lipid accumulation in tumors correlates with T-cell dysfunction, T-cell exhaustion, increased proportions of regulatory T cells (Tregs) (4, 5) and memory T cells, and increased T-cell recall responses (6). Lipids also influence macrophage functions, in some cases causing increased plasticity (7, 8) and in others leading to decreases in macrophage differentiation that can subsequently enhance tumor growth (8, 9). The presence of lipid droplets in tumors has also been linked with the presence of natural killer (NK) cells and increased metastasis (10). Similarly, triglyceride accumulation in dendritic cells (DCs) has caused downregulation of antigen presentation and increased immune evasion.




Figure 1 | Inflammatory and anti-inflammatory lipids regulation of the immune response. Lipids have key roles in regulating immune–inflammatory responses. Inflammatory lipids include the polyunsaturated fatty acid arachidonic acid, PGE2, and cholesterol. Arachidonic acid hampers immune responses by increasing Tregs. PGE 2 increases inflammatory cytokines in immature DC. Cholesterol contributes to CD8+ T-cell dysfunction due to increases endoplasmic reticulum stress. Anti-inflammatory lipids include the specialized proresolving lipid mediators (derived from docosahexaenoic acid [DHA]) resolvins D1 and D2 (RvD1, RvD2), and maresin-1 (MaR1), all of which act via dendritic cells (DCs) to upregulate T regulatory cells (Tregs). PGE2 and short-chain fatty acids (SCFA) are also anti-inflammatory lipids that regulate immune cells. SCFAs increase the effector memory phenotype of T cells. Macrophages are polarized towards M2 by MaR1, and macrophage phagocytic activity is downregulated by PGE2. PGE2 also upregulates IL-10 in mature DC.



This review focuses on the functions of lipids in the immune system and their effects on cancer progression and metastasis. Specifically, this review covers how lipids affect T cells, macrophages, NK cells, and DCs, as well as their roles in immunotherapy, cell cycling, and cancer metastasis, all as a means of prompting interest in novel treatment strategies based on this macromolecule. Also reviewed is the controversial evidence supporting the potential of lipids to serve as biomarkers in cancer treatment and early evidence of their activity in cancer progression.





Lipids and lipid oxidation in immune cells




T cells

T lymphocytes are an indispensable component of the adaptive immune system, as they mount cell-mediated responses to fight pathogens as well as tumor cells. T cells are of three broad types: helper T cells (CD4+), cytotoxic T cells (CD8+), and suppressor T cells (e.g., CD4+ Tregs). Like all cells of the immune system, T cells are created in the bone marrow; uniquely, however, they mature in the thymus. The maturation process involves negative selection, in which T cells that are activated by “self” proteins undergo apoptosis. Once the T cells leave the thymus, they are considered to be mature but naïve, meaning they have not encountered corresponding antigens and will remain in the G0 phase of the cell cycle until they do so. The differentiation processes and the effector functions of T cells are fundamentally tied to cellular metabolism. During differentiation, T cells undergo metabolic reprogramming to meet the divergent energy needs of each cell type. This means that understanding the functions of cells at each stage of differentiation will help to reveal the metabolic pathways that are upregulated (11).

For example, naïve T cells require energy to migrate throughout lymphoid organs with little need for biosynthesis (as they are not proliferating), and resting T cells generate adenosine triphosphate (ATP) as an energy source by fatty acid oxidation (FAO). Activation of T cells leads to their becoming metabolically reprogrammed to a state of anabolic metabolism in which lipid biosynthesis is upregulated (as opposed to lipid oxidation) to allow the cells to divide and proliferate (12). Activated T cells become proliferative upon encountering infectious agents, and some proportion of those proliferating antigen-specific T cells develop into memory T cells, which persist even after contraction of the antigen-specific effector cells. Like naïve T cells, memory T cells use catabolic metabolism in the form of FAO in addition to oxidative phosphorylation to meet their metabolic demands and fulfill their functions. FAO is crucial for the transition of activated CD8+ T cells into memory T cells; indeed, one study showed that altered expression of genes that regulate FAO was found to correlate with a defect in memory T cell generation (13). The same study also showed that pharmacologic modulation of FAO could enhance CD8+ T-cell development after vaccination (13). These and other studies have established a link between lipid metabolism and cellular longevity. CD4+ Tregs, which express the protein Foxp3, are a subset of T cells that are crucial for self-tolerance. Previous studies have linked the pool of colonic Tregs in the gut with the concentration of short-chain fatty acids (FAs) produced by gut bacterial fermentation (14). Follow-up studies showed that these short-chain FAs expanded Tregs by suppressing JNK1 and p38 pathway signaling (15), which is crucial for intestinal homeostasis. Short-chain FAs derived from the microbiota also affect CD8+ memory T cells. As noted earlier, FAO is important for the formation of memory T cells but microbiota-derived short-chain FAs in particular were required for optimal recall responses upon antigen re-encounter, as was observed in one study by memory-cell defects in germ-free mice (6). That same study showed that the memory T cells in mice consuming a high-fiber diet, which increases circulating levels of the short-chain FA butyrate, had significantly higher numbers of effector cells than did control mice (6). These findings confirm that metabolic substrate availability in the environment has a profound influence on the differentiation and function (or dysfunction) of T cells. Another example of this can be seen in the TME, which is often rich in cholesterol and FAs (4). Lipid uptake by Tregs in the TME depends largely on FA translocase (CD36), and TregCD36–/– mice showed a profound loss of intratumoral Tregs (16). On the other hand, increased CD36 expression on CD8+ tumor-infiltrating lymphocytes (TILs) caused by lipid accumulation in the TME was found to correlate with progressive T-cell dysfunction, thought to be caused by uptake of oxidized low-density lipoprotein by CD36, which induced lipid peroxidation and downstream activation of P38 (4). Moreover, CD36-mediated uptake of FAs by CD8+ TILs in the TME led to ferroptosis and reduced the production of cytotoxic cytokines (17).

T-cell proliferation is also affected by long-chain polyunsaturated fatty acids (PUFAs) (18). The immune response is downregulated as n-3 PUFAs become incorporated within the lipid rafts of the cellular membrane (19), causing a decrease in pro-inflammatory molecules such as PGE2, TXB2, and LTB4 and a decrease in inflammatory cytokines (20). Arachidonic acid, an n-6 PUFA, has been linked with decreased production of interleukin (IL)-10 and interferon-gamma (IFNy) and upregulated Treg production, which ultimately dampens the T-cell immune response (18).

Other compounds that affect T-cell regulation are the so-called specialized proresolving lipid mediators (SPMs) derived from the FA docosahexaenoic acid (21). In one study, treating human T cells with the SPMs resolvin D1 (RvD1), RvD2, and maresin 1 (Mar1) led to downregulated production of the inflammatory cytokines tumor necrosis factor-alpha (TNFα) and IFNy by CD8+ T cells, as well as downregulated IL-17 in CD4+ cells. Treatment of CD4+ naïve T cells with SPMs also prevented those cells from differentiating into T helper 1 (TH1) and T helper 17 (TH17) cells (21). These same three SPMs also enhanced immunosuppression by increasing the number of Foxp3+ Tregs relative to control conditions (21).

Cholesterol and cholesterol derivatives also affect T-cell functions in the TME. In one study, the presence of cholesterol in the TME and in TILs was positively associated with upregulated expression of the immune checkpoint molecules PD-1, 2B4, TIM3, and LAG3 by T cells and T-cell exhaustion (5).





Macrophages

Macrophages are another important component of the innate immune system with roles in antigen presentation, microbial killing, and regulation of the inflammatory response (22). One of the most salient features of macrophages is their plasticity; they have been shown to activate into different polarized states based on specific microenvironmental conditions and signals (23). Broadly, M1 (classically activated) macrophages mediate pro-inflammatory and antitumor immune responses, whereas M2 (alternatively activated) macrophages are generally understood to mediate anti-inflammatory and pro-tumor immune responses (24). Macrophages that infiltrate tumors, i.e., tumor-associated macrophages (TAMs), can differentiate into either of these subtypes and interact with tumor cells through a variety of signaling molecules (25). Notably, TAMs are the most abundant immune cell in the TME, and they regulate a multitude of pro-tumor effects including angiogenesis, metastasis, and immune evasion (8, 26, 27). Although TAMs also exhibit a variety of metabolic alterations, their reprogrammed lipid metabolism has particularly important effects on their activity.

Generally, increased lipid accumulation in TAMs is positively associated with their differentiation and function, especially because FAO is responsible for the downstream transcriptional regulation of several genes pertinent to TAM activity (7, 8). By extension, several studies have shown that lipid accumulation in TAMs corresponds with tumor progression in a variety of cancer types (28). In gastric cancer, lipid accumulation in TAMs resulted in the upregulated expression of phosphoinositide 3-kinase (PI3K) -γ, which induced M2-like polarization (29). Single-cell RNA sequencing of a subpopulation of TAMs in a mouse model of lung metastases from mammary tumors identified several clusters of macrophages, among them lipid-associated macrophages; these lipid-associated cells were present in greater numbers than in nontumor-bearing controls (30). In human hepatocellular carcinoma, lipid-associated macrophages were found to express TREM2 (a protein with immunosuppressive effects), which correlated with Treg recruitment and poor prognosis (31). Evidently, lipid-loaded TAMs have been broadly investigated for their pro-tumor effects, but their metabolic profiles may offer deeper insights into how they can specifically remodel the tumor immune microenvironment.

Notably, M1 macrophages primarily use glycolysis to produce energy, whereas M2 macrophages predominantly rely on FAO (32). Several studies have been conducted to clarify how FAO specifically regulates TAMs, but they have produced conflicting findings. For example, in one study, inhibiting FAO in TAMs was found to block the pro-tumor effects of M2-like TAMs in a hepatocellular carcinoma model (33), and in another, the chemical inhibitor of FAO etomoxir was found to prevent colon cancer–associated macrophages from polarizing into the M2 subtype (34). In contrast, another study used genetic ablation of carnitine palmitoyltransferase-2 (CP2) to inhibit FAO in macrophages, but those macrophages retained their M2-like markers (35). Some studies have investigated specific pathways or intermediates in lipid metabolism for their relevance to TAM functioning. For example, studies of the role of peroxisome proliferator-activated receptor gamma (PPARγ) in TAM activity have had contradictory results. A deficiency of receptor-interacting protein kinase 3 in hepatocellular carcinoma models inhibited PPAR cleavage, which increased FAO and induced M2 polarization (36). On the other hand, another group found that a binding event between truncated PPARγ and medium-chain acyl-CoA dehydrogenase in mitochondria led to the inhibition of FAO, the accumulation of lipid droplets, and the subsequent differentiation of TAMs. These investigators reasoned that inhibiting the caspase-1-catalyzed cleavage of PPARγ and promoting FAO may actually exhaust lipid droplets, reduce TAM differentiation, and attenuate tumor growth (8, 9). In short, further research is needed to clarify the details of how FAO acts to regulate TAM activity,

Interactions between TAMs and cancer cells are known to be regulated by monoacylglycerol lipase (MGLL), a key enzyme involved in the metabolism of triacylglycerol. One study involving colon cancer models found that a deficiency of MGLL resulted in lipid overload in TAMs and specifically promoted CB2/TLR4-dependent macrophage activation, polarizing TAMs into an M2-like phenotype and suppressing the activity of CD8+ T cells in the TME (37). On the other hand, overexpression of MGLL by cancer cells can promote the generation of free FAs, which are an important nutrient source for tumors. Another research group used a nanoplatform to simultaneously block MGLL activity and suppress CB2 expression, which reduced free FA generation and repolarized TAMs into the M1 phenotype (38). More broadly, the metabolism of long-chain FAs, particularly unsaturated FAs, has been shown to promote the immunosuppressive phenotype of TAMs. These findings suggest that enriched lipid droplets may be optimal targets for reversing immunosuppression and enhancing antitumor effects on a metabolic level (34).

TAMs exhibiting altered lipid metabolism can also influence tumor progression through specific molecular factors. One group screened TAM subpopulations among colorectal cancer cells and found that TAMs with lower expression of abhydrolase domain-containing 5 (ABHD5), a coactivator for adipose triglyceride lipase, had higher levels of reactive oxygen species and matrix metalloproteins, which facilitate invasiveness (39). TAMs with enhanced lipid uptake have also been shown to express higher levels of genes for pro-tumor molecules such as Arg1, Vegf, and Hif1a (7, 40). A broad range of lipid metabolites in the TME are also responsible for regulating TAM functioning. As an example, 27-hydroxycholesterol (27HC), a primary metabolite of cholesterol, was found to be highly expressed in TAMs and positively correlated with breast cancer metastasis (41). 27HC was also shown to mediate IL-4-induced M2 macrophage polarization and promoted the recruitment of immunosuppressive monocytes (42). Prostaglandin E2 (PGE2), a mediator of inflammation, has been extensively researched for its multifaceted effects on macrophage activity in cancer. In bladder, nasopharyngeal, and melanoma cancer models, PGE2 has been implicated in promoting the differentiation of myeloid-derived suppressor cells, inhibiting the phagocytic activity of TAMs, and enhancing angiogenesis (40, 43–45). Another metabolite, 5-lipoxygenase, was highly produced by hypoxic ovarian cancer cells and promoted TAM infiltration via upregulation of MMP-7 (46). In murine melanoma models, β-glucosylceramide induced an endoplasmic reticulum stress response, triggering a STAT3-mediated signal cascade that promoted the expression of immunosuppressive genes and supported a pro-tumor phenotype in TAMs (47).

As noted earlier, SPMs can also influence macrophage function. The SPM MaR1 acts as a ligand for retinoic acid–related orphan receptor alpha (RORα), which increases macrophage M2 polarity (48). RORα is a nuclear receptor that regulates inflammatory pathways and lipid metabolism in cells (49). Activation of RORα by MaR1 also decreases M1 polarization and upregulates anti-inflammatory cytokines (48). Corroborating findings with human monocyte lines further support a role of RORα in inflammation; specifically, knocking out RORα in these cell lines led to upregulation of TNF and IL-1B, and RNA sequencing showed that RORα knockout led to activation of cells similar to M1 macrophages (49). SPMs seem to circumscribe or localize inflammation to prevent the development of chronic inflammation (21, 50). Collectively, the various lipid metabolites present in the TME dynamically influence TAM activity and may represent potential therapeutic targets for cancer on an immunological basis.





Natural killer cells

NK cells are part of the innate immune system that are broadly understood to control tumors and various microbial infections by mitigating the spread of the invading agents and subsequent tissue damage (51). In the context of cancer, NK cells can kill target cells directly through the secretion of perforins and granzymes, which is a hallmark of their cytotoxic activity. They can also produce a host of cytokines and chemokines that facilitate an antitumor immune response (52). However, the phenotype of naive NK cells, including the expression of several activating and inhibiting receptors, can be significantly altered by malignant cells. Tumor-associated natural killer (TANK) cells display these altered phenotypes, resulting either in functional anergy or reduced cytotoxicity (53). For instance, in tumor specimens from patients with non-small cell lung carcinoma, intratumoral NK cells exhibited reduced NK-cell receptor expression, impaired degranulation capacity, and decreased IFN-γ production (54). Similar observations in patients with colorectal cancer further implicate TANK cells in cancer progression (55). TANK cells display a phenotype that mechanistically explains many of their pro-tumor activities; however, the complex interaction between the TME and TANK cells also raises questions about the interplay between TANK cell metabolism—specifically, lipid metabolism—and cancer. Although lipid metabolism in the context of the tumor immune microenvironment has been extensively studied, its specific role in regulating TANK activity remains poorly understood.

One emerging focal point for investigations of lipid metabolism in NK cells is mammalian target of rapamycin (mTOR), a serine/threonine kinase with a central role in signaling lipid metabolism in NK cells, particularly those stimulated by IL-15 (56). One study found that continuous treatment of NK cells with IL-15 exhausted their spare respiratory capacity via FAO reduction and resulted in reduced tumor control; however, treating these NK cells with an mTOR inhibitor rescued their functioning (57). Moreover, obesity was found to result in PPAR-driven lipid accumulation in NK cells, and the administration of FAs along with PPARα/δ agonists (i.e., mimicking obesity) blocked mTOR-regulated glycolysis. Consequently, NK cells trafficked less cytotoxic machinery to the NK cell–tumor synapse and exhibited decreased antitumor activity (58).

Although few studies have directly examined the effects of altered lipid metabolism on TANK activity, one key investigation in the field of perioperative immunology characterized the effect of NK-cell lipid accumulation on postoperative metastasis. That study of both preclinical murine models and human colorectal cancer patient samples revealed that lipid accumulation in NK cells contributed to metastasis compared with controls (10). In the murine models, the scavenger receptors MSR1, CD36, and CD68 (all crucial for intracellular lipid transport and uptake) were all significantly upregulated (10, 56). Also, the lipid-laden TANK cells displayed profoundly reduced tumor-killing ability both ex vivo and in vivo. The human specimen studies further demonstrated accumulation of FAs in NK cells from 1 to 3 days after surgery; these lipid-laden TANK cells also expressed higher CD36 levels and reduced granzyme B and perforin expression (10). Collectively, the findings from this study suggest that lipid accumulation and dysregulated lipid metabolism in TANK cells participate in facilitating metastasis. Nevertheless, further research into specific lipid metabolic alterations in TANK cells, and research into the interactions between certain lipid metabolites (e.g., PGE2, 27HC) in the TME and TANK cells, is needed to better understand the complex relationship between TANK cells and cancer.





Dendritic cells

Dendritic cells (DCs) are another type of innate immune cells with key functions in antigen presentation that subsequently connect the innate and adaptive immune systems. The three general types of DCs are plasmacytoid DCs, conventional DCs, or monocyte-derived inflammatory DCs (59). Plasmacytoid DCs specialize in antiviral immunity and create high levels of type I IFNs. Conventional DCs are efficient in antigen presentation and support helper T cells. Monocyte-derived DCs are involved in antigen presentation in cases of infection, inflammation, and cancer and have key roles in cancer immunotherapy; monocyte-derived DCs are also affected by lipid accumulation (59).

Findings from one study of a mouse ovarian cancer model showed that abnormal lipid accumulation led to impairment in antigen presentation by DCs (60). Moreover, this model was also notable for accumulation of lipid peroxidation products, which in turn led to endoplasmic reticulum stress protein folding and subsequent activation of X-box-binding protein 1 (XBP1). Upon isolation of DCs from mice with tumors and healthy mice, cross-presentation of antigens was found to be downregulated in the mice with tumors, and accumulation of lipid droplets led to activated XBP1 (60). Other evidence has implicated PGE2 in both downregulation and upregulation of the immunoregulatory activity of DCs, depending on their stage of maturation (61).. Immature DCs have pro-inflammatory effects in the presence of PGE2, resulting in upregulation of IL-6, TNFα, and IL-1β. In mature DCs, PGE2 leads to IL-10 production, which has anti-inflammatory effects. PGE2 can also inhibit the release of the inflammatory cytokines CCL3 and CCL4 in DCs, which results in downregulation of activated DCs (61).

Lipid accumulation in DCs has also been noted in mouse models of EL-4 lymphoma stained with the lipid marker BODIPY 493/503 (62). T-cell proliferation in mice with normal-lipid-bearing DCs was compared with that of mice with high-lipid-bearing DCs; the high-lipid DCs showed lower binding affinity with antibody and reduced antigen presentation compared with the normal-lipid DCs. Conversely, manipulation of lipid regulation in tumor cells by using the acetyl-CoA carboxylase inhibitor 5-(tetradecycloxy)-2-furoic acid restored the ability of DCs to stimulate T cells, which led to increased antitumor activity (62). In another model of radiation-induced thymic lymphoma, triacylglycerol serum levels were found to be higher than in control mice (63), which led to decreases in the secretion of IL-12p40, IL-1, and IFN-y by the DCs, thereby downregulating their antigen-presenting function. In another study of specimens from patients with lung cancer, BODIPY 650/665 fluorescence staining revealed elevated triglyceride accumulation, particularly in patients with stage III or IV lung cancer (64). Evaluation of the mixed lymphocyte reaction in these samples (in which T cells are incubated with antigen-presenting cells such as DCs showed that the reaction was weakest in samples from patients with stage IV lung cancer, and that this low level correlated with higher triglyceride levels in the DCs (64). Lipids, therefore, can represent a candidate for immunotherapy targets. The pro-tumor effects of lipids on immune cells are summarized in Figure 2.




Figure 2 | Pro-tumor aspects of lipid metabolism in immune cells. Although lipids are essential for cellular functions, there has been evidence that anormal lipid accumulation can lead to immunosuppression. In T-cells, intake of lipids mediated by CD-36 leads to lipid peroxidation, subsequently causing downstream activation of the p38 pathway. This causes ferroptosis and decreased production of cytotoxic cytokines TNF-α and IFNγ. In macrophages, lipid accumulation in TAM causes upregulation of the P13K-γ pathway, leading to IL-4 induced M2 macrophage polarization and recruitment of immunosuppressive monocyte. In NK cells, obesity has been shown to induce PPAR mediated lipid accumulation and inhibition of mTOR mediated glycolysis. Lipid laden TANK have reduced expression of granzyme B and perforin. Mature DCs have a glycolytic metabolic pathway regulated by mTOR. PGE2 activates mTOR mediated promotion of anti-inflammatory IL-10 production.








Lipids and lipid oxidation in cancer cell proliferation and survival

The uncontrolled proliferation of cancer cells necessitates accumulation of a significant quantity of lipids not only for energy but also to make up the membranes and organelles of these cells. These lipids can be acquired from exogenous sources or synthesized endogenously through lipogenic pathways (65, 66). Understanding how lipids affects tumor cell growth and cell death provides further insight as to how this broad class of biomolecules can be used as a target in cancer treatments.

Cancer that develops in areas of the body with large adipocyte stores tends to have higher amounts of circulating FAs; this higher circulating FAs level plus the nearby adipose tissue influence the metabolism of the cancer (65). As noted previously in this review, depletion of glucose stores during rapid proliferation and growth of tumors leads to areas of nutrient deprivation within those tumors, meaning that TILs rely on oxidative phosphorylation to maintain their energy levels and effector functions (67). When oxygen supplies are limited, the expression of hypoxia-inducible factor 1α enhances glycolysis (65). A lack of both oxygen and glucose may further shift the metabolic profile of TILs to increased FA uptake and catabolism to maintain effector function, with the balance between FAO and ketone body metabolism depending on the extent of oxygen deprivation (67).

As discussed throughout this review, although FA oxidation is a highly efficient form of ATP generation for cancer cells, lipids can also influence proliferation and migration in ways other than providing an energy source (65). As an example, cancer-cell proliferation can also be enhanced by cancer-associated fibroblasts, which transfer lipids to cancer cells through ectosomes. Other examples focus on the interactions between breast tumor cells and lipids, given the large amounts of adipose tissue surrounding breast tumors, with one group studying the “parasitic” relationship of breast cancer cells with adipocytes and lipid stores. That study showed that co-culturing breast cancer cells with adipocytes led to activation of lipolysis within the adipocytes, resulting in the release of FAs into the extracellular space that are then consumed by the cancer cells, fueling both the proliferation and migration of the cancer cells (68). Breast cancer cells have also been shown to respond to the lipolysis of adipose cells by increasing their expression of carnitine palmitoyltransferase 1A, which is the rate-limiting enzyme for long-chain FA transport into the mitochondria for FAO (69, 70). Activation of adipocytes by the nearby cancer cells also leads to the secretion of higher levels of proinflammatory cytokines such as IL-6 (71).

Cancer cells also take up lipids and their building blocks (FAs) to fuel their dissemination and resistance to therapy (72). One way in which this occurs is by the FA scavenger receptor CD36, which can bind and internalize long-chain FAs, lipoproteins, thrombospondin-1, and other pathogen-associated molecules (73).

Lipid metabolism can also induce cell death by changing the permeability of the cell membrane and by activating various enzymes involved in cell death, such as caspases. Changes in membrane permeability also influence ferroptosis (72), a type of cell death that is induced by the iron-dependent peroxidation of polyunsaturated FAs in membranes (72). The process of ferroptosis breaks down membrane integrity, which leads to the death of the cell. Ferroptosis is triggered in iron-rich environments such as blood and in cancer cells, which thus must regulate their membrane lipid composition to survive during dissemination. Although increased membrane lipid saturation can lead to endoplasmic reticulum stress and apoptosis, membrane lipids that contain large amounts of polyunsaturated FAs are more likely to sensitize the cells to lipid peroxidation and ferroptosis (73).





Lipid metabolism in cancer progression and angiogenesis




Overview of lipid metabolism

Lipid metabolism is the biosynthesis and degradation of lipids in the cell. Lipids can be either consumed or synthesized de novo in the liver or adipose tissue (74). Understanding the mechanism behind lipogenesis and FAO can provide insight on possible therapeutic targets that regulate lipid metabolism (Figure 3).




Figure 3 | Lipid metabolism pathways. Fatty acid synthesis occurs when there is excess acetyl-CoA in the mitochondria. Acetyl Co-A combines with OAA to form citrate and is shuttled out of the mitochondria to the cytoplasm. ACL converts citrate back into acetyl-CoA. AAC activates acetyl-CoA to malonyl-CoA. FAS then combines the malonyl-CoA with another acetyl-CoA until palmitate is formed. Lipogenesis of cholesterol, phospholipids, and triacylglycerol also play a role in cancer pathogenesis. SPMs derive from DHA PUFA. EPA PUFAs from omega-3 FAs are used to create 5 series LT. Arachidonic acid from omega-6 FA are used for synthesis of PGE2. Triacylglycerol are formed from an intermediate in glycolysis, DHAP. The catabolic lipid metabolism, also called FAO, fatty acids are used to form acetyl-CoA for use in the TCA cycle. Fatty acyl-CoA is formed from FA via ACS. CPT1 (at the outer mitochondrial membrane) converts acyl-CoA to acyl-carnitine. CPT2 (at the inner mitochondrial membrane) then causes the release of carnitine and allows acyl-CoA to enter the mitochondrial matrix. ACAD catalyzes a dehydrogenation step to form trans-enoyl CoA. The following step is hydration via ECH that yields B hydroxyl CoA. B keto acyl CoA is formed by HADH mediate oxidation. Thiolysis of this molecule catalyzed by KAT forms acetyl-CoA which enters the TCA. PUFA, poly-unsaturated fatty acids; DHA, Docosahexaenoic acid; RvD1, Resolvin D1; RvD2, Resolvin D2; Mar1, Maresin1; PGE2, prostaglandin 2; EPA, eicosapentaenoic acid; LT, leukotrienes; FATP, fatty acid binding protein; FA, fatty acid; ACS, acetyl-CoA synthetase; CPT1, carnitine palmitoyl transferase I; CPT2, Carnitine palmitoyl transferase II; ACAD, acyl-CoA dehydrogenase; ECH, enoyl-CoA hydratase; HADH, hydroxyacyl-Coenzyme A dehydrogenase; KAT, ketoacyl-CoA thiolase; ACL, ATP citrate lyase; ACC, Acetyl-CoA carboxylase; FAS, fatty acid synthase; OAA, oxaloacetate; DHAP, Dihydroxyacetone phosphate; GPDH, glyceraldehyde 3-phosphate dehydrogenase; GPAT, Glycerol-3-phosphate acyltransferase; AGPAT, 1-acylglycerol-3-phosphate-O-acyltransferase; PAP, phosphatidate phosphatase, DGAT, Diglyceride acyltransferase.



Fatty acid synthesis occurs primarily in the liver and adipose tissues using excess glucose and amino acids (74). Acetyl Co-A is an intermediate in the tricarboxylic acid cycle (TCA) that is used in fatty acid synthesis. Acetyl-CoA is combined with oxaloacetate (OAA) to form citrate and leaves the mitochondria through the citrate-malate antiport to the cytoplasm where fatty acid synthesis occurs (74). Once in the cytoplasm, ATP citrate lyase (ACL) cleaves the citrate back into acetyl-CoA and OAA. Acetyl-CoA is activated to malonyl CoA by acetyl CoA carboxylase. Malonyl CoA is then used to form FA via fatty acid synthase (FAS).

Triacylglycerols (TAGs) are another important class of lipids used to store excess fat (74). TAG synthesis takes place in the smooth endoplasmic reticulum (ER) of adipose tissue and hepatocytes. Biosynthesis of TAGs begins with glycerol-3-phosphate (G3P) which is created in the liver by glycerol kinase or through reduction of dihydroxyacetone phosphate (DHAP), a glycolytic intermediate, by glycerol-3-phosphate dehydrogenase (GPDH) (74). Lysophosphatidic acid (LPA) is then produced through an acylation reaction catalyzed by sn-1-glycerol-3-phosphate acyltransferase (GPAT). LPA is then used to produce phosphatidic acid (PA) by acyl-CoA:1-acylglycerol-3-phosphate acyltransferase (AGPAT). PA is hydrolyzed to form diacylglycerol (DAG) by PA phosphatase (PAP) and DAG is subsequently esterified to produce TAG via DAG acetyltransferase (DGAT) (75).

In order to utilize the energy stored in lipids, cells undergo FAO (74). FAO primarily occurs in the mitochondria of hepatocytes. FAO begins with the conversion of fatty acyl-CoA by acyl-CoA synthetase (ACS). Fatty Co-A is then translocated into the mitochondria via the carnitine shuttle consisting of carnitine palmitoyl transferase I (CPT I) and CPT II. CPT I catalyzes the conversion of fatty acyl Co-A to acylcarnitine which is then used to reform fatty acyl-CoA via CPT II inside the mitochondria. Fatty acyl Co-A undergoes an oxidation reaction to produce trans enoyl Co-A catalyzed by acyl Co-A dehydrogenase (ACAD). A hydration reaction follows in which trans enoyl Co-A is used to create β hydroxyacyl Co-A via enoyl Co-A hydratase (ECH). β hydroxyacyl Co-A is then oxidized by β hydroxyacyl dehydrogenase (HADH) to produce β ketoacyl Co-A. β ketoacyl Co-A then undergoes a thiolysis reaction via ketoacyl-CoA thiolase (KAT) to form acetyl Co-A which can be used in the TCA (74).

The metabolism of lipids is highly regulated in the body. PPARα, PPARγ, SREBPs and carbohydrate response element binding protein (ChREBP) are key transcription factors that modulate FA synthesis in the body (76). PPARα is activated by FAs and reduces triacylglycerol levels in the blood via upregulation of lipoprotein lipase activity and FAO (76). PPARγ is involved in adipose tissues and contributes to increase triacylglycerol synthesis and lipid accumulation (77). Lipid metabolism can also be regulated in response to glucose via ChREBP (78). SREBPs regulate lipid metabolism by controlling the expression of enzymes required for lipogenesis (79). Given their influence on lipid metabolism, these transcription factors can serve as potential targets in lipid mediated immunotherapies.





Role of lipid metabolism in cancer

As discussed in the previous section, lipids and their metabolism have significant roles in immune function and responsiveness. Lipids are also essential components of cell membranes and are important in cellular processes such as signaling, energy storage, and immune system function, meaning that lipids and lipid metabolism can influence the effectiveness of immunotherapies. As one example, having non-small cell lung cancer with a high mutation burden in the lipid metabolism pathway has been linked with better response to immune checkpoint therapy and prolonged progression-free survival (80). Another group found that T-cell senescence caused by tumor cells or Tregs in the TME could be reversed by reprogramming lipid metabolism. Specifically, unbalanced lipid metabolism related to senescence was found to elevate group IV A phospholipase A2, pharmacologic inhibition of which enhanced antitumor immunity in melanoma and breast cancer mouse models treated with adoptive T-cell transfer therapy (81).

Cancer cells can also “hijack” metabolic pathways to meet the increased demand for energy. For example, the conversion of FAs to phospholipids provides signals that activate proteins and bind to G protein-coupled receptors; this process enhances the proliferation, survival, and migration of malignant cells to establish distant metastases (82). As noted previously, malignant cells also consume FAs to sustain energy and promote their survival and use lipids to support their cellular membranes as well (82).

Other groups studying FA metabolism in cancer found that overexpression of acyl-CoA synthetase and stearoyl-CoA desaturase-1 prompted the epithelial-to-mesenchymal transition in colorectal cancer cells (83). Moreover, adipose tissues can release free FAs and secrete growth factors and cytokines after lipolysis. Indeed, in one study, co-culture of ovarian cancer cells with adipocytes led to activated lipolysis and released free FAs which in turn contributed to tumor-cell proliferation and migration (84). Thus, malignant cells can promote their survival and metastasis via lipid metabolism. Upregulation of lipogenic enzymes such as lysophosphatidic acid in various types of cancer cells has also been found to promote the growth of those cells (85).






Lipids and cancer metastasis

The appearance of metastatic disease carries a poor prognosis for patients with cancer (86). Lipid accumulation and increased lipid production in cancer cells have been shown to increase metastasis. Different therapies to address FA-synthesizing enzymes have been explored in attempts to mitigate the tumor-cell migration. This topic remains largely unexplored, and additional research is needed to better understand the mechanism of by which lipids influence metastasis and how they affect therapies.

Two enzymes with key roles in lipid metabolism, FA synthase and monoacylglycerol lipase, participate in lipid synthesis (87, 88). In one study involving a model of prostate cancer in BALB/c mice, the metastatic potential of the cancer cells was found to increase when either enzyme was expressed in the presence of FA-binding protein 5. Specifically, expression of FA synthase and monoacylglycerol lipase led to increased prostate cancer cell migration and invasion. Conversely, treating these cells with C75, a FA synthase inhibitor, led to decreased migration and invasion compared with the control (89). Another enzyme involved in synthesizing triglycerides has also been linked with increased metastasis in gastric cancer. Specifically, mice fed a high-fat diet showed overexpression of diaglycerol acyl transferase 2 (DGAT2); when those mice were implanted with gastric cancer cells, the overexpression of DGAT2 led to increased peritoneal metastasis. Conversely, treating the mice with the DGAT2 inhibitor PF-06424439 suppressed mesenteric metastasis (86). Another series of experiments with an ovarian cancer model showed that overexpression of FA-binding protein 4 (FABP4) enhanced cancer cell proliferation via transfer of FAs from adipocytes (90, 91),; conversely, downregulation of FABP4 led to the formation of fewer metastatic nodules (90). Another group of lipids, the eicosanoids, have also been linked with inflammation and cancer progression. In a mouse model of colorectal cancer, exposure to the eicosanoid PGE2 increased the number of cancer stem cells and resulted in increased liver metastasis, which was found in mechanistic studies to be due to activation of nuclear factor κB in the EP4-MAPK and EP4-PI3K-Akt signaling pathways (92). Another type of eicosanoid, leukotrienes, have been implicated in priming the TME towards inflammatory (premetastatic) conditions (93); another group showed that leukotriene treatment promoted the epithelial-to-mesenchymal transition, thereby enhancing the capacity of the cells to migrate and metastasize (94).

The effects of lipids on cancer progression can also be assessed by studying transcription factors responsible for lipid production. Sterol regulatory element-binding protein 1 (SREBP-1) is a nuclear transcription factor responsible for the regulation of cholesterol, FA, and phospholipid synthesis. SREBP-1 has been shown to promote the gene transcription for three enzymes: FA synthase, acetyl-CoA carboxylase, and 3-hydroxy-3-methylglutaryl-CoA reductase. SREBP-1 is an important regulator of hepatocellular carcinoma; tissue samples from patients with hepatocellular carcinoma with upregulated SREBP-1 were associated with poor outcomes, and corresponding in vitro experiments showed that downregulation of SREBP-1 led to increased numbers of apoptotic cells and inhibited cell proliferation (95). These investigators concluded that SREBP-1 could be a potential therapeutic target in hepatocellular carcinoma.





Lipids in cancer immunotherapy




Lipids as adjuvants

Lipids have essential functions in cancer immunotherapy and can contribute directly or indirectly to therapy outcomes. Lipids are often used in cancer immunotherapy as adjuvants, that is, substances that augment an immune response by enhancing tumor-associated antigen presentation or activating antigen-presenting cells. One example of this is the use of adjuvants with tumor-associated-antigen subunit–based vaccines that elicit only weak immune response on their own. Among the many available cancer vaccine adjuvants are TLR4 and TLR7/8 agonists, which induce robust activation of antigen-presenting cells, CD4+ and CD8+ T cells, and NK cells, and shift the TME toward an inflammatory state through the expression of cytokines and chemokines (96). Moreover, lipid adjuvants can be combined with prophylactic or therapeutic cancer vaccines to enhance the effectiveness of those vaccines. One example is monophosphoryl lipid A, a modified form of a lipid presents in an endotoxin from Gram-negative bacteria that activates TLR4 and stimulates an inflammatory response (97). The adjuvant AS04, which contains monophosphoryl lipid A and alum, has been used successfully in Cervarix, a vaccine to prevent human papillomavirus (HPV) -16 and -18 –associated cervical cancer. The inclusion of the ASO4 adjuvant in this vaccine has been shown to evoke a more robust immune response in vaccinated people (98). Other synthetic lipid adjuvants such as 3M-052, GLA-SE, CRX-527, Ono-4007, OM-174, and DT-5461 have also been developed and applied for this purpose (99–103). Despite their somewhat limited clinical efficacy on their own, incorporating lipids as adjuvants in cancer therapy has promising potential, especially for tumors of low immunogenicity. Further study is required to improve their effectiveness and define their mechanistic effects on immunotherapies.





Lipids as vehicles

Lipids are also used in nanoparticle form, including liposomes, solid lipid nanoparticles, and nanostructured lipid carriers, as a drug delivery vehicle to facilitate the transport of therapeutic agents to cancer cells and enhance their effectiveness. Coating drugs with lipid nanoparticles can increase drug bioavailability, biocompatibility, and biodegradability; reduce side effects; enable controlled release and extended periods in circulation; offer protection from chemical or enzymatic degradation; avoid the hepatic first-pass effect; and bypass the blood-brain barrier. Liposomes or lipid nanoparticles can carry both hydrophilic and lipophilic drugs, including immunomodulators, which can be loaded by mixing, conjugating, or encapsulating them into lipid particles to increase their efficacy. These nanoparticles can be administered via various routes, including topical, oral, parenteral, ocular, pulmonary, and intracranial (104). Further, coupling antibodies to the surface of the liposomes, thereby creating immunoliposomes, can enable and increase the specificity of targeted therapies (105).

Lipid nanoparticles are widely used to enhance antitumor responses by increasing the immunogenic effects of cancer immunotherapy. One example is resiquimod, a hydrophobic agonist of the Toll-like receptor (TLR) -7/8 used as an adjuvant in topical preparations for skin carcinomas; it has also been made more water-soluble by combining it with lipid particles and administering the compound systemically, to increase the efficacy of immunotherapy (106). Another group also showed that a liposomal preparation of resiquimod improved the adjuvant’s pharmacokinetics and prolonged its retention time in the blood, which also improved the effectiveness of immunotherapy (107). CpG oligodeoxynucleotides are another type of immune stimulator and vaccine adjuvant that act as a TLR9 agonist; their effectiveness can be increased by combining them with a liposomal nanoparticle carrier to enhance their delivery to macrophages and other immune cells after the initiation of antitumor response (108). Mifamurtide is a liposomal formulation of an immunomodulator used to treat osteosarcoma; it contains bacterial cell wall peptides that trigger the innate immune system to modulate an antitumor effect via NOD2 receptors (109).

Another novel way to use lipid nanoparticles in cancer immunotherapy is by loading them with tumor-specific or tumor-associated antigens to develop cancer vaccines. However, even though encasing these antigenic peptides in liposomes can reduces their degradation, increase their presentation to antigen-presenting cells, and stimulate CD4+ T-cell response to tumors, generating peptide vaccines is expensive and time-consuming. Therefore, mRNA vaccines have emerged as a better alternative because they are cheaper, well-tolerated, faster to produce on a large scale, and easier to combine with liposomes (110). After an mRNA vaccine is injected, cells take up the mRNA and begins the translation of desired proteins in the cytoplasm. These proteins in turn are split into peptides and then enter the MHC presentation cascade. Lipid nanoparticles can drastically enhance the effectiveness of mRNA vaccines by facilitating uptake of the mRNA and offering protection from degradation (111). The advent of mRNA vaccines encapsulated in lipid particles has led to many clinical trials for various types of cancer, including melanoma, glioblastoma ovarian, breast, gastrointestinal, genitourinary, hepatocellular, head and neck cancer, and lymphoma (112). Promising results from some of these trials provide the impetus for further investigation.





The role of lipids in immune responsiveness

Lipids are essential components of the cell membrane and play a role in critical cellular processes, including signaling, energy storage, and immune system function. In the context of cancer immune therapy, lipids play critical roles in immune responsiveness and immune cells’ lipid metabolism in the tumor microenvironment is reprogrammed according to their unique needs and survival adaptations by increasing lipid uptake or de novo lipid synthesis. Lipid uptake is facilitated via transport proteins, including CD36, fatty acid transport proteins (FATPs), FABP or low-density lipoprotein receptors (LDLR) (113). For instance, intratumoral Tregs are shown to alter their lipid metabolism to increase their survival via the CD36- PPAR-β axis for metabolic adaptation to the tumor microenvironment by enhancing fatty acid transport and mitochondrial fitness. Targeting CD36 induces selective intratumoral Treg apoptosis due to metabolic stress in the microenvironment and contributes to immune checkpoint therapy (16). In another study, CD36 also facilitates ferroptosis, a regulated cell death mediated by iron-dependent lipid peroxidation in CD8+ T cells and reduces cytotoxic cytokine production. Blocking CD36 on CD8+ increases antitumor response and immune checkpoint therapy effect (17). It is also shown that fatty acid binder protein 2 (FATP2) is responsible for reprogramming pathological neutrophils called myeloid-derived suppressor cells (MDSc) via upregulation of arachidonic acid metabolism synthesis of PGE2. Pharmacologically targeting FATP2 diminished the evasive effect of MDSCs and tumor growth by reducing reactive oxygen species (ROS) and PD-L1 expression on tumor-infiltrating CD8+ T-cells (114, 115). Targeting de novo lipid synthesis is also promising in cancer immunotherapy to improve immune responsiveness. Tregs in the tumor microenvironment are responsible for immune evasion and it is shown that SREBs are responsible for de novo lipid synthesis and are required for the functional integrity of Tregs (116). Tregs also push M2 macrophage polarization and increase the M2 macrophage’s metabolic fitness, mitochondrial integrity and survival via de novo lipid synthesis. Targeting M2 macrophage survival by blocking de novo fatty acid synthesis via SREBP1 inhibitors in Tregs improves antitumor immunity and the efficacy of immune checkpoint therapy (117). Furthermore, elevated fatty acid synthase (FASN), a crucial enzyme in de novo lipid synthesis, confers more aggressive phenotypes to ovarian cancer. It is reported that high FASN expression diminishes tumor-infiltrating dendritic cells’ antigen-presenting capacity and blunts T cell-dependent antitumor immunity in mouse models. Adding FASN inhibitors partially restores immune response (118). Another study also showed supporting findings that lipid accumulation in dendritic cells causes functional dysfunction of dendritic cells that leads to immune evasion and pharmacological normalization of lipid levels via acetyl CoA carboxylase inhibitor augment cancer vaccine efficacy by restoring dendritic cell function (63).

It is shown that PD-1 expression in T cells, which is an exhaustion marker, alters T cell metabolism by increasing lipid metabolism and fatty acid oxidation (119). Fatty acid oxidation is also enhanced in Tumor-infiltrating MDSCs and FAO inhibition reduces the inhibitory effect of MDSCs and decreases their inhibitory cytokine productions (120). In melanoma models, it is shown that paracrine signaling enhances fatty acid oxidation via the β-catenin/PPAR-γ pathway in dendritic cells and induces the tolerization of the local dendritic cells. Blocking fatty acid oxidation with etomoxir reverses this immune-tolerant environment in the melanoma model and increases the immune checkpoint therapy effect (121). On the other hand, it is reported that exhausted CD8+ T cells enhance fatty acid catabolism to keep their function. Furthermore, augmenting fatty acid metabolism with peroxisome proliferator-activated receptor PPAR-α signaling activator agonist fenofibrate improves CD8+ function in vitro melanoma models and synergizes with immune checkpoint therapeutic effect (67).

In summary, promising evidence of correlations between lipids and cancer progression and metastasis is tantalizing, but much more research is needed to elucidate the mechanisms underlying these observations and apply them to anticancer therapy. Lipids are known to have profound effects on the immune system, and thus are candidate targets in immunotherapy to address cancer progression. However, lipids are also an important component of normal cellular functions, and targeting this biomolecule will require considerably deeper understanding of the mechanisms by which the immune cells are affected. The contradictory findings obtained to date on lipids and cancer progression could be attributable to the diversity of lipids, variations in different cellular contexts, and whether the experiments were conducted in vitro or in vivo. Further understanding of this important biomolecule can, it is hoped, prompt the development of novel lipid-targeted treatment approaches for cancer.






Author contributions

LD and MC conceptualized and developed this review. LD, HC, TR, SG, SN, TV, and HB collected, analyzed, and interpreted the relevant literature. JW and MC critically reviewed the manuscript. All authors contributed to the article and approved the submitted version.





Funding

This work was supported U.S. Department of Defense (DOD) Lung Cancer Research Program (LRP; W81XWH-21-1-0336) to MC and by Cancer Center Support (Core) Grant P30 CA011672 from the National Cancer Institute, National Institutes of Health, to The University of Texas MD Anderson Cancer Center ({I:PW Pisters).




Acknowledgments

The authors thank Christine F. Wogan, MS, ELS, for providing editing support during the preparation of this manuscript. Figures created with BioRender.com.





Conflict of interest

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





References

1. Ahmed, S, Shah, P, and Ahmed, O. Biochemistry, lipids. Treasure Island (FL: Statpearls (2022).

2. Kane, H, and Lynch, L. Innate immune control of adipose tissue homeostasis. Trends Immunol (2019) 40(9):857–72. doi: 10.1016/j.it.2019.07.006

3. Snaebjornsson, MT, Janaki-Raman, S, and Schulze, A. Greasing the wheels of the cancer machine: the role of lipid metabolism in cancer. Cell Metab (2020) 31(1):62–76. doi: 10.1016/j.cmet.2019.11.010

4. Xu, S, Chaudhary, O, Rodriguez-Morales, P, Sun, X, Chen, D, Zappasodi, R, et al. Uptake of oxidized lipids by the scavenger receptor Cd36 promotes lipid peroxidation and dysfunction in Cd8(+) T cells in tumors. Immunity (2021) 54(7):1561–77 e7. doi: 10.1016/j.immuni.2021.05.003

5. Ma, X, Bi, E, Lu, Y, Su, P, Huang, C, Liu, L, et al. Cholesterol induces Cd8(+) T cell exhaustion in the tumor microenvironment. Cell Metab (2019) 30(1):143–56 e5. doi: 10.1016/j.cmet.2019.04.002

6. Bachem, A, Makhlouf, C, Binger, KJ, de Souza, DP, Tull, D, Hochheiser, K, et al. Microbiota-derived short-chain fatty acids promote the memory potential of antigen-activated Cd8(+) T cells. Immunity (2019) 51(2):285–97 e5. doi: 10.1016/j.immuni.2019.06.002

7. Su, P, Wang, Q, Bi, E, Ma, X, Liu, L, Yang, M, et al. Enhanced lipid accumulation and metabolism are required for the differentiation and activation of tumor-associated macrophages. Cancer Res (2020) 80(7):1438–50. doi: 10.1158/0008-5472.CAN-19-2994

8. Wang, D, Ye, Q, Gu, H, and Chen, Z. The role of lipid metabolism in tumor immune microenvironment and potential therapeutic strategies. Front Oncol (2022) 12:984560. doi: 10.3389/fonc.2022.984560

9. Niu, Z, Shi, Q, Zhang, W, Shu, Y, Yang, N, Chen, B, et al. Caspase-1 cleaves ppargamma for potentiating the pro-tumor action of tams. Nat Commun (2017) 8(1):766. doi: 10.1038/s41467-017-00523-6

10. Niavarani, SR, Lawson, C, Bakos, O, Boudaud, M, Batenchuk, C, Rouleau, S, et al. Lipid accumulation impairs natural killer cell cytotoxicity and tumor control in the postoperative period. BMC Cancer (2019) 19(1):823. doi: 10.1186/s12885-019-6045-y

11. Yoon, H, Shaw, JL, Haigis, MC, and Greka, A. Lipid metabolism in sickness and in health: emerging regulators of lipotoxicity. Mol Cell (2021) 81(18):3708–30. doi: 10.1016/j.molcel.2021.08.027

12. Caro-Maldonado, A, Gerriets, VA, and Rathmell, JC. Matched and mismatched metabolic fuels in lymphocyte function. Semin Immunol (2012) 24(6):405–13. doi: 10.1016/j.smim.2012.12.002

13. Pearce, EL, Walsh, MC, Cejas, PJ, Harms, GM, Shen, H, Wang, LS, et al. Enhancing Cd8 T-cell memory by modulating fatty acid metabolism. Nature (2009) 460(7251):103–7. doi: 10.1038/nature08097

14. Smith, PM, Howitt, MR, Panikov, N, Michaud, M, Gallini, CA, Bohlooly, YM, et al. The microbial metabolites, short-chain fatty acids, regulate colonic treg cell homeostasis. Science (2013) 341(6145):569–73. doi: 10.1126/science.1241165

15. Haghikia, A, Jorg, S, Duscha, A, Berg, J, Manzel, A, Waschbisch, A, et al. Dietary fatty acids directly impact central nervous system autoimmunity Via the small intestine. Immunity (2015) 43(4):817–29. doi: 10.1016/j.immuni.2015.09.007

16. Wang, H, Franco, F, Tsui, YC, Xie, X, Trefny, MP, Zappasodi, R, et al. Cd36-mediated metabolic adaptation supports regulatory T cell survival and function in tumors. Nat Immunol (2020) 21(3):298–308. doi: 10.1038/s41590-019-0589-5

17. Ma, X, Xiao, L, Liu, L, Ye, L, Su, P, Bi, E, et al. Cd36-mediated ferroptosis dampens intratumoral Cd8(+) T cell effector function and impairs their antitumor ability. Cell Metab (2021) 33(5):1001–12 e5. doi: 10.1016/j.cmet.2021.02.015

18. Carlsson, JA, Wold, AE, Sandberg, AS, and Ostman, SM. The polyunsaturated fatty acids arachidonic acid and docosahexaenoic acid induce mouse dendritic cells maturation but reduce T-cell responses in vitro. PloS One (2015) 10(11):e0143741. doi: 10.1371/journal.pone.0143741

19. Stulnig, TM. Immunomodulation by polyunsaturated fatty acids: mechanisms and effects. Int Arch Allergy Immunol (2003) 132(4):310–21. doi: 10.1159/000074898

20. Al-Khalaifah, H. Modulatory effect of dietary polyunsaturated fatty acids on immunity, represented by phagocytic activity. Front Vet Sci (2020) 7:569939. doi: 10.3389/fvets.2020.569939

21. Chiurchiu, V, Leuti, A, Dalli, J, Jacobsson, A, Battistini, L, Maccarrone, M, et al. Proresolving lipid mediators resolvin D1, resolvin D2, and maresin 1 are critical in modulating T cell responses. Sci Transl Med (2016) 8(353):353ra111. doi: 10.1126/scitranslmed.aaf7483

22. Varol, C, Mildner, A, and Jung, S. Macrophages: development and tissue specialization. Annu Rev Immunol (2015) 33:643–75. doi: 10.1146/annurev-immunol-032414-112220

23. Murray, PJ. Macrophage polarization. Annu Rev Physiol (2017) 79:541–66. doi: 10.1146/annurev-physiol-022516-034339

24. Ley, K. M1 means kill; M2 means heal. J Immunol (2017) 199(7):2191–3. doi: 10.4049/jimmunol.1701135

25. Mantovani, A, Bottazzi, B, Colotta, F, Sozzani, S, and Ruco, L. The origin and function of tumor-associated macrophages. Immunol Today (1992) 13(7):265–70. doi: 10.1016/0167-5699(92)90008-U

26. Lopez-Yrigoyen, M, Cassetta, L, and Pollard, JW. Macrophage targeting in cancer. Ann N Y Acad Sci (2021) 1499(1):18–41. doi: 10.1111/nyas.14377

27. Cassetta, L, and Pollard, JW. Targeting macrophages: therapeutic approaches in cancer. Nat Rev Drug Discovery (2018) 17(12):887–904. doi: 10.1038/nrd.2018.169

28. Marelli, G, Morina, N, Portale, F, Pandini, M, Iovino, M, Di Conza, G, et al. Lipid-loaded macrophages as new therapeutic target in cancer. J Immunother Cancer (2022) 10(7). doi: 10.1136/jitc-2022-004584

29. Luo, Q, Zheng, N, Jiang, L, Wang, T, Zhang, P, Liu, Y, et al. Lipid accumulation in macrophages confers protumorigenic polarization and immunity in gastric cancer. Cancer Sci (2020) 111(11):4000–11. doi: 10.1111/cas.14616

30. Huggins, DN, LaRue, RS, Wang, Y, Knutson, TP, Xu, Y, Williams, JW, et al. Characterizing macrophage diversity in metastasis-bearing lungs reveals a lipid-associated macrophage subset. Cancer Res (2021) 81(20):5284–95. doi: 10.1158/0008-5472.CAN-21-0101

31. Zhou, L, Wang, M, Guo, H, Hou, J, Zhang, Y, Li, M, et al. Integrated analysis highlights the immunosuppressive role of Trem2(+) macrophages in hepatocellular carcinoma. Front Immunol (2022) 13:848367. doi: 10.3389/fimmu.2022.848367

32. Kelly, B, and O'Neill, LA. Metabolic reprogramming in macrophages and dendritic cells in innate immunity. Cell Res (2015) 25(7):771–84. doi: 10.1038/cr.2015.68

33. Zhang, Q, Wang, H, Mao, C, Sun, M, Dominah, G, Chen, L, et al. Fatty acid oxidation contributes to il-1beta secretion in M2 macrophages and promotes macrophage-mediated tumor cell migration. Mol Immunol (2018) 94:27–35. doi: 10.1016/j.molimm.2017.12.011

34. Wu, H, Han, Y, Rodriguez Sillke, Y, Deng, H, Siddiqui, S, Treese, C, et al. Lipid droplet-dependent fatty acid metabolism controls the immune suppressive phenotype of tumor-associated macrophages. EMBO Mol Med (2019) 11(11):e10698. doi: 10.15252/emmm.201910698

35. Nomura, M, Liu, J, Rovira, II, Gonzalez-Hurtado, E, Lee, J, Wolfgang, MJ, et al. Fatty acid oxidation in macrophage polarization. Nat Immunol (2016) 17(3):216–7. doi: 10.1038/ni.3366

36. Wu, L, Zhang, X, Zheng, L, Zhao, H, Yan, G, Zhang, Q, et al. Ripk3 orchestrates fatty acid metabolism in tumor-associated macrophages and hepatocarcinogenesis. Cancer Immunol Res (2020) 8(5):710–21. doi: 10.1158/2326-6066.CIR-19-0261

37. Xiang, W, Shi, R, Kang, X, Zhang, X, Chen, P, Zhang, L, et al. Monoacylglycerol lipase regulates cannabinoid receptor 2-dependent macrophage activation and cancer progression. Nat Commun (2018) 9(1):2574. doi: 10.1038/s41467-018-04999-8

38. Cao, S, Saw, PE, Shen, Q, Li, R, Liu, Y, and Xu, X. Reduction-responsive rnai nanoplatform to reprogram tumor lipid metabolism and repolarize macrophage for combination pancreatic cancer therapy. Biomaterials (2022) 280:121264. doi: 10.1016/j.biomaterials.2021.121264

39. Shang, S, Ji, X, Zhang, L, Chen, J, Li, C, Shi, R, et al. Macrophage Abhd5 suppresses nfkappab-dependent matrix metalloproteinase expression and cancer metastasis. Cancer Res (2019) 79(21):5513–26. doi: 10.1158/0008-5472.CAN-19-1059

40. Xiang, Y, and Miao, H. Lipid metabolism in tumor-associated macrophages. Adv Exp Med Biol (2021) 1316:87–101. doi: 10.1007/978-981-33-6785-2_6

41. Nelson, ER, Wardell, SE, Jasper, JS, Park, S, Suchindran, S, Howe, MK, et al. 27-hydroxycholesterol links hypercholesterolemia and breast cancer pathophysiology. Science (2013) 342(6162):1094–8. doi: 10.1126/science.1241908

42. Shi, SZ, Lee, EJ, Lin, YJ, Chen, L, Zheng, HY, He, XQ, et al. Recruitment of monocytes and epigenetic silencing of intratumoral Cyp7b1 primarily contribute to the accumulation of 27-hydroxycholesterol in breast cancer. Am J Cancer Res (2019) 9(10):2194–208.

43. Kale, S, Raja, R, Thorat, D, Soundararajan, G, Patil, TV, and Kundu, GC. Osteopontin signaling upregulates cyclooxygenase-2 expression in tumor-associated macrophages leading to enhanced angiogenesis and melanoma growth Via Alpha9beta1 integrin. Oncogene (2014) 33(18):2295–306. doi: 10.1038/onc.2013.184

44. Hsiao, YW, Li, CF, Chi, JY, Tseng, JT, Chang, Y, Hsu, LJ, et al. Ccaat/Enhancer binding protein delta in macrophages contributes to immunosuppression and inhibits phagocytosis in nasopharyngeal carcinoma. Sci Signal (2013) 6(284):ra59. doi: 10.1126/scisignal.2003648

45. Eruslanov, E, Daurkin, I, Vieweg, J, Daaka, Y, and Kusmartsev, S. Aberrant Pge(2) metabolism in bladder tumor microenvironment promotes immunosuppressive phenotype of tumor-infiltrating myeloid cells. Int Immunopharmacol (2011) 11(7):848–55. doi: 10.1016/j.intimp.2011.01.033

46. Wen, Z, Liu, H, Li, M, Li, B, Gao, W, Shao, Q, et al. Increased metabolites of 5-lipoxygenase from hypoxic ovarian cancer cells promote tumor-associated macrophage infiltration. Oncogene (2015) 34(10):1241–52. doi: 10.1038/onc.2014.85

47. Di Conza, G, Tsai, CH, Gallart-Ayala, H, Yu, YR, Franco, F, Zaffalon, L, et al. Tumor-induced reshuffling of lipid composition on the endoplasmic reticulum membrane sustains macrophage survival and pro-tumorigenic activity. Nat Immunol (2021) 22(11):1403–15. doi: 10.1038/s41590-021-01047-4

48. Han, YH, Shin, KO, Kim, JY, Khadka, DB, Kim, HJ, Lee, YM, et al. A maresin 1/Roralpha/12-lipoxygenase autoregulatory circuit prevents inflammation and progression of nonalcoholic steatohepatitis. J Clin Invest (2019) 129(4):1684–98. doi: 10.1172/JCI124219

49. L'Homme, L, Sermikli, BP, Molendi-Coste, O, Fleury, S, Quemener, S, Le Maitre, M, et al. Deletion of the nuclear receptor roralpha in macrophages does not modify the development of obesity, insulin resistance and Nash. Sci Rep (2020) 10(1):21095. doi: 10.1038/s41598-020-77858-6

50. Serhan, CN. Pro-resolving lipid mediators are leads for resolution physiology. Nature (2014) 510(7503):92–101. doi: 10.1038/nature13479

51. Vivier, E, Tomasello, E, Baratin, M, Walzer, T, and Ugolini, S. Functions of natural killer cells. Nat Immunol (2008) 9(5):503–10. doi: 10.1038/ni1582

52. Chiossone, L, Dumas, PY, Vienne, M, and Vivier, E. Natural killer cells and other innate lymphoid cells in cancer. Nat Rev Immunol (2018) 18(11):671–88. doi: 10.1038/s41577-018-0061-z

53. Bassani, B, Baci, D, Gallazzi, M, Poggi, A, Bruno, A, and Mortara, L. Natural killer cells as key players of tumor progression and angiogenesis: old and novel tools to divert their pro-tumor activities into potent anti-tumor effects. Cancers (Basel) (2019) 11(4). doi: 10.3390/cancers11040461

54. Platonova, S, Cherfils-Vicini, J, Damotte, D, Crozet, L, Vieillard, V, Validire, P, et al. Profound coordinated alterations of intratumoral nk cell phenotype and function in lung carcinoma. Cancer Res (2011) 71(16):5412–22. doi: 10.1158/0008-5472.CAN-10-4179

55. Rocca, YS, Roberti, MP, Arriaga, JM, Amat, M, Bruno, L, Pampena, MB, et al. Altered phenotype in peripheral blood and tumor-associated nk cells from colorectal cancer patients. Innate Immun (2013) 19(1):76–85. doi: 10.1177/1753425912453187

56. Chen, Y, and Sui, M. Lipid metabolism in tumor-associated natural killer cells. Adv Exp Med Biol (2021) 1316:71–85. doi: 10.1007/978-981-33-6785-2_5

57. Felices, M, Lenvik, AJ, McElmurry, R, Chu, S, Hinderlie, P, Bendzick, L, et al. Continuous treatment with il-15 exhausts human nk cells via a metabolic defect. JCI Insight (2018) 3(3). doi: 10.1172/jci.insight.96219

58. Michelet, X, Dyck, L, Hogan, A, Loftus, RM, Duquette, D, Wei, K, et al. Metabolic reprogramming of natural killer cells in obesity limits antitumor responses. Nat Immunol (2018) 19(12):1330–40. doi: 10.1038/s41590-018-0251-7

59. Veglia, F, and Gabrilovich, DI. Dendritic cells in cancer: the role revisited. Curr Opin Immunol (2017) 45:43–51. doi: 10.1016/j.coi.2017.01.002

60. Cubillos-Ruiz, JR, Silberman, PC, Rutkowski, MR, Chopra, S, Perales-Puchalt, A, Song, M, et al. Er stress sensor Xbp1 controls anti-tumor immunity by disrupting dendritic cell homeostasis. Cell (2015) 161(7):1527–38. doi: 10.1016/j.cell.2015.05.025

61. Harizi, H. Reciprocal crosstalk between dendritic cells and natural killer cells under the effects of Pge2 in immunity and immunopathology. Cell Mol Immunol (2013) 10(3):213–21. doi: 10.1038/cmi.2013.1

62. Gao, F, Liu, C, Guo, J, Sun, W, Xian, L, Bai, D, et al. Radiation-driven lipid accumulation and dendritic cell dysfunction in cancer. Sci Rep (2015) 5:9613. doi: 10.1038/srep09613

63. Herber, DL, Cao, W, Nefedova, Y, Novitskiy, SV, Nagaraj, S, Tyurin, VA, et al. Lipid accumulation and dendritic cell dysfunction in cancer. Nat Med (2010) 16(8):880–6. doi: 10.1038/nm.2172

64. Arai, R, Soda, S, Okutomi, T, Morita, H, Ohmi, F, Funakoshi, T, et al. Lipid accumulation in peripheral blood dendritic cells and anticancer immunity in patients with lung cancer. J Immunol Res (2018) 2018:5708239. doi: 10.1155/2018/5708239

65. Corn, KC, Windham, MA, and Rafat, M. Lipids in the tumor microenvironment: from cancer progression to treatment. Prog Lipid Res (2020) 80:101055. doi: 10.1016/j.plipres.2020.101055

66. Butler, LM, Perone, Y, Dehairs, J, Lupien, LE, de Laat, V, Talebi, A, et al. Lipids and cancer: emerging roles in pathogenesis, diagnosis and therapeutic intervention. Adv Drug Delivery Rev (2020) 159:245–93. doi: 10.1016/j.addr.2020.07.013

67. Zhang, Y, Kurupati, R, Liu, L, Zhou, XY, Zhang, G, Hudaihed, A, et al. Enhancing Cd8(+) T cell fatty acid catabolism within a metabolically challenging tumor microenvironment increases the efficacy of melanoma immunotherapy. Cancer Cell (2017) 32(3):377–91 e9. doi: 10.1016/j.ccell.2017.08.004

68. Balaban, S, Shearer, RF, Lee, LS, van Geldermalsen, M, Schreuder, M, Shtein, HC, et al. Adipocyte lipolysis links obesity to breast cancer growth: adipocyte-derived fatty acids drive breast cancer cell proliferation and migration. Cancer Metab (2017) 5:1. doi: 10.1186/s40170-016-0163-7

69. Yang, D, Li, Y, Xing, L, Tan, Y, Sun, J, Zeng, B, et al. Utilization of adipocyte-derived lipids and enhanced intracellular trafficking of fatty acids contribute to breast cancer progression. Cell Commun Signal (2018) 16(1):32. doi: 10.1186/s12964-018-0221-6

70. Wang, YY, Attane, C, Milhas, D, Dirat, B, Dauvillier, S, Guerard, A, et al. Mammary adipocytes stimulate breast cancer invasion through metabolic remodeling of tumor cells. JCI Insight (2017) 2(4):e87489. doi: 10.1172/jci.insight.87489

71. Dirat, B, Bochet, L, Dabek, M, Daviaud, D, Dauvillier, S, Majed, B, et al. Cancer-associated adipocytes exhibit an activated phenotype and contribute to breast cancer invasion. Cancer Res (2011) 71(7):2455–65. doi: 10.1158/0008-5472.CAN-10-3323

72. Martin-Perez, M, Urdiroz-Urricelqui, U, Bigas, C, and Benitah, SA. The role of lipids in cancer progression and metastasis. Cell Metab (2022) 34(11):1675–99. doi: 10.1016/j.cmet.2022.09.023

73. Broadfield, LA, Pane, AA, Talebi, A, Swinnen, JV, and Fendt, SM. Lipid metabolism in cancer: new perspectives and emerging mechanisms. Dev Cell (2021) 56(10):1363–93. doi: 10.1016/j.devcel.2021.04.013

74. Gyamfi, D, Awuah, EO, and Owusu, S. Lipid metabolism: an overview. In: The molecular nutrition of fats. Amsterdam, The Netherlands: Elsevier (2019). p. 17–32.

75. Coleman, RA, and Mashek, DG. Mammalian triacylglycerol metabolism: synthesis, lipolysis, and signaling. Chem Rev (2011) 111(10):6359–86. doi: 10.1021/cr100404w

76. Park, CY, and Han, SY. Lipid pathway in liver cells and its modulation by dietary extracts. In:  VB Patel, editor. The molecular nutrition of fats. Amsterdam, The Netherlands: Elsevier (2018). p. 433–44.

77. Gervois, P, Torra, IP, Fruchart, JC, and Staels, B. Regulation of lipid and lipoprotein metabolism by ppar activators. Clin Chem Lab Med (2000) 38(1):3–11. doi: 10.1515/CCLM.2000.002

78. Ortega-Prieto, P, and Postic, C. Carbohydrate sensing through the transcription factor chrebp. Front Genet (2019) 10:472. doi: 10.3389/fgene.2019.00472

79. Eberle, D, Hegarty, B, Bossard, P, Ferre, P, and Foufelle, F. Srebp transcription factors: master regulators of lipid homeostasis. Biochimie (2004) 86(11):839–48. doi: 10.1016/j.biochi.2004.09.018

80. Cheng, T, Zhang, J, Liu, D, Lai, G, and Wen, X. Prognosis of non-Small-Cell lung cancer patients with lipid metabolism pathway alternations to immunotherapy. Front Genet (2021) 12:646362. doi: 10.3389/fgene.2021.646362

81. Liu, X, Hartman, CL, Li, L, Albert, CJ, Si, F, Gao, A, et al. Reprogramming lipid metabolism prevents effector T cell senescence and enhances tumor immunotherapy. Sci Transl Med (2021) 13(587). doi: 10.1126/scitranslmed.aaz6314

82. Zhang, F, and Du, G. Dysregulated lipid metabolism in cancer. World J Biol Chem (2012) 3(8):167–74. doi: 10.4331/wjbc.v3.i8.167

83. Sanchez-Martinez, R, Cruz-Gil, S, Gomez de Cedron, M, Alvarez-Fernandez, M, Vargas, T, Molina, S, et al. A link between lipid metabolism and epithelial-mesenchymal transition provides a target for colon cancer therapy. Oncotarget (2015) 6(36):38719–36. doi: 10.18632/oncotarget.5340

84. Koundouros, N, and Poulogiannis, G. Reprogramming of fatty acid metabolism in cancer. Br J Cancer (2020) 122(1):4–22. doi: 10.1038/s41416-019-0650-z

85. Ray, U, and Roy, SS. Aberrant lipid metabolism in cancer cells - the role of oncolipid-activated signaling. FEBS J (2018) 285(3):432–43. doi: 10.1111/febs.14281

86. Li, S, Wu, T, Lu, YX, Wang, JX, Yu, FH, Yang, MZ, et al. Obesity promotes gastric cancer metastasis Via diacylglycerol acyltransferase 2-dependent lipid droplets accumulation and redox homeostasis. Redox Biol (2020) 36:101596. doi: 10.1016/j.redox.2020.101596

87. Fhu, CW, and Ali, A. Fatty acid synthase: an emerging target in cancer. Molecules (2020) 25(17). doi: 10.3390/molecules25173935

88. Gil-Ordonez, A, Martin-Fontecha, M, Ortega-Gutierrez, S, and Lopez-Rodriguez, ML. Monoacylglycerol lipase (Magl) as a promising therapeutic target. Biochem Pharmacol (2018) 157:18–32. doi: 10.1016/j.bcp.2018.07.036

89. Carbonetti, G, Wilpshaar, T, Kroonen, J, Studholme, K, Converso, C, d'Oelsnitz, S, et al. Fabp5 coordinates lipid signaling that promotes prostate cancer metastasis. Sci Rep (2019) 9(1):18944. doi: 10.1038/s41598-019-55418-x

90. Prendeville, H, and Lynch, L. Diet, lipids, and antitumor immunity. Cell Mol Immunol (2022) 19(3):432–44. doi: 10.1038/s41423-021-00781-x

91. Nieman, KM, Kenny, HA, Penicka, CV, Ladanyi, A, Buell-Gutbrod, R, Zillhardt, MR, et al. Adipocytes promote ovarian cancer metastasis and provide energy for rapid tumor growth. Nat Med (2011) 17(11):1498–503. doi: 10.1038/nm.2492

92. Wang, D, Fu, L, Sun, H, Guo, L, and DuBois, RN. Prostaglandin E2 promotes colorectal cancer stem cell expansion and metastasis in mice. Gastroenterology (2015) 149(7):1884–95 e4. doi: 10.1053/j.gastro.2015.07.064

93. Luo, X, Zhao, X, Cheng, C, Li, N, Liu, Y, and Cao, Y. The implications of signaling lipids in cancer metastasis. Exp Mol Med (2018) 50(9):1–10. doi: 10.1038/s12276-018-0150-x

94. Tian, W, Jiang, X, Kim, D, Guan, T, Nicolls, MR, and Rockson, SG. Leukotrienes in tumor-associated inflammation. Front Pharmacol (2020) 11:1289. doi: 10.3389/fphar.2020.01289

95. Li, C, Yang, W, Zhang, J, Zheng, X, Yao, Y, Tu, K, et al. Srebp-1 has a prognostic role and contributes to invasion and metastasis in human hepatocellular carcinoma. Int J Mol Sci (2014) 15(5):7124–38. doi: 10.3390/ijms15057124

96. Wang, J, Zope, H, Islam, MA, Rice, J, Dodman, S, Lipert, K, et al. Lipidation approaches potentiate adjuvant-pulsed immune surveillance: a design rationale for cancer nanovaccine. Front Bioeng Biotechnol (2020) 8:787. doi: 10.3389/fbioe.2020.00787

97. Cluff, CW. Monophosphoryl lipid a (Mpl) as an adjuvant for anti-cancer vaccines: clinical results. Adv Exp Med Biol (2010) 667:111–23. doi: 10.1007/978-1-4419-1603-7_10

98. Dawar, DM, Harris, MT, McNeil, DS, and approved by NACI. Update on human papillomavirus (Hpv) vaccines: an advisory committee statement (Acs) national advisory committee on immunization (Naci) (Dagger). Can Commun Dis Rep (2012) 38(ACS-1):1–62. doi: 10.14745/ccdr.v38i00a01

99. Zanker, DJ, Spurling, AJ, Brockwell, NK, Owen, KL, Zakhour, JM, Robinson, T, et al. Intratumoral administration of the toll-like receptor 7/8 agonist 3m-052 enhances interferon-driven tumor immunogenicity and suppresses metastatic spread in preclinical triple-negative breast cancer. Clin Transl Immunol (2020) 9(9):e1177. doi: 10.1002/cti2.1177

100. Tondini, E, Reintjens, NRM, Castello, G, Arakelian, T, Isendoorn, M, Camps, M, et al. Lipid a analog crx-527 conjugated to synthetic peptides enhances vaccination efficacy and tumor control. NPJ Vaccines (2022) 7(1):64. doi: 10.1038/s41541-022-00484-y

101. de Bono, JS, Dalgleish, AG, Carmichael, J, Diffley, J, Lofts, FJ, Fyffe, D, et al. Phase I study of Ono-4007, a synthetic analogue of the lipid a moiety of bacterial lipopolysaccharide. Clin Cancer Res (2000) 6(2):397–405.

102. Matzner, P, Sorski, L, Shaashua, L, Elbaz, E, Lavon, H, Melamed, R, et al. Perioperative treatment with the new synthetic tlr-4 agonist gla-Se reduces cancer metastasis without adverse effects. Int J Cancer (2016) 138(7):1754–64. doi: 10.1002/ijc.29885

103. Reisser, D, and Jeannin, JF. Lipid a in cancer therapies preclinical results. Adv Exp Med Biol (2010) 667:101–10. doi: 10.1007/978-1-4419-1603-7_9

104. Ghasemiyeh, P, and Mohammadi-Samani, S. Solid lipid nanoparticles and nanostructured lipid carriers as novel drug delivery systems: applications, advantages and disadvantages. Res Pharm Sci (2018) 13(4):288–303. doi: 10.4103/1735-5362.235156

105. Paszko, E, and Senge, MO. Immunoliposomes. Curr Med Chem (2012) 19(31):5239–77. doi: 10.2174/092986712803833362

106. Zhang, Z, Kuo, JC, Zhang, C, Huang, Y, Zhou, Z, and Lee, RJ. A squalene-based nanoemulsion for therapeutic delivery of resiquimod. Pharmaceutics (2021) 13(12). doi: 10.3390/pharmaceutics13122060

107. Pauli, G, Chao, PH, Qin, Z, Bottger, R, Lee, SE, and Li, SD. Liposomal resiquimod for enhanced immunotherapy of peritoneal metastases of colorectal cancer. Pharmaceutics (2021) 13(10). doi: 10.3390/pharmaceutics13101696

108. Nikoofal-Sahlabadi, S, Matbou Riahi, M, Sadri, K, Badiee, A, Nikpoor, AR, and Jaafari, MR. Liposomal cpg-odn: an in vitro and in vivo study on macrophage subtypes responses, biodistribution and subsequent therapeutic efficacy in mice models of cancers. Eur J Pharm Sci (2018) 119:159–70. doi: 10.1016/j.ejps.2018.04.018

109. Ando, K, Mori, K, Corradini, N, Redini, F, and Heymann, D. Mifamurtide for the treatment of nonmetastatic osteosarcoma. Expert Opin Pharmacother (2011) 12(2):285–92. doi: 10.1517/14656566.2011.543129

110. Zhang, Z, Yao, S, Hu, Y, Zhao, X, and Lee, RJ. Application of lipid-based nanoparticles in cancer immunotherapy. Front Immunol (2022) 13:967505. doi: 10.3389/fimmu.2022.967505

111. Lorentzen, CL, Haanen, JB, Met, O, and Svane, IM. Clinical advances and ongoing trials on mrna vaccines for cancer treatment. Lancet Oncol (2022) 23(10):e450–e8. doi: 10.1016/S1470-2045(22)00372-2

112. Tenchov, R, Bird, R, Curtze, AE, and Zhou, Q. Lipid nanoparticles horizontal line from liposomes to mrna vaccine delivery, a landscape of research diversity and advancement. ACS Nano (2021) 15(11):16982–7015. doi: 10.1021/acsnano.1c04996

113. Yu, Y, Gao, L, Wang, Y, Xu, B, Maswikiti, EP, Li, H, et al. A forgotten corner in cancer immunotherapy: the role of lipids. Front Oncol (2021) 11:751086. doi: 10.3389/fonc.2021.751086

114. Veglia, F, Tyurin, VA, Blasi, M, De Leo, A, Kossenkov, AV, Donthireddy, L, et al. Fatty acid transport protein 2 reprograms neutrophils in cancer. Nature (2019) 569(7754):73–8. doi: 10.1038/s41586-019-1118-2

115. Adeshakin, AO, Liu, W, Adeshakin, FO, Afolabi, LO, Zhang, M, Zhang, G, et al. Regulation of ros in myeloid-derived suppressor cells through targeting fatty acid transport protein 2 enhanced anti-Pd-L1 tumor immunotherapy. Cell Immunol (2021) 362:104286. doi: 10.1016/j.cellimm.2021.104286

116. Lim, SA, Wei, J, Nguyen, TM, Shi, H, Su, W, Palacios, G, et al. Lipid signalling enforces functional specialization of T(Reg) cells in tumours. Nature (2021) 591(7849):306–11. doi: 10.1038/s41586-021-03235-6

117. Liu, C, Chikina, M, Deshpande, R, Menk, AV, Wang, T, Tabib, T, et al. Treg cells promote the Srebp1-dependent metabolic fitness of tumor-promoting macrophages Via repression of Cd8(+) T cell-derived interferon-gamma. Immunity (2019) 51(2):381–97 e6. doi: 10.1016/j.immuni.2019.06.017

118. Jiang, L, Fang, X, Wang, H, Li, D, and Wang, X. Ovarian cancer-intrinsic fatty acid synthase prevents anti-tumor immunity by disrupting tumor-infiltrating dendritic cells. Front Immunol (2018) 9:2927. doi: 10.3389/fimmu.2018.02927

119. Patsoukis, N, Bardhan, K, Chatterjee, P, Sari, D, Liu, B, Bell, LN, et al. Pd-1 alters T-cell metabolic reprogramming by inhibiting glycolysis and promoting lipolysis and fatty acid oxidation. Nat Commun (2015) 6:6692. doi: 10.1038/ncomms7692

120. Hossain, F, Al-Khami, AA, Wyczechowska, D, Hernandez, C, Zheng, L, Reiss, K, et al. Inhibition of fatty acid oxidation modulates immunosuppressive functions of myeloid-derived suppressor cells and enhances cancer therapies. Cancer Immunol Res (2015) 3(11):1236–47. doi: 10.1158/2326-6066.CIR-15-0036

121. Zhao, F, Xiao, C, Evans, KS, Theivanthiran, T, DeVito, N, Holtzhausen, A, et al. Paracrine Wnt5a-Beta-Catenin signaling triggers a metabolic program that drives dendritic cell tolerization. Immunity (2018) 48(1):147–60 e7. doi: 10.1016/j.immuni.2017.12.004




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

Copyright © 2023 Duong, Corbali, Riad, Ganjoo, Nanez, Voss, Barsoumian, Welsh and Cortez. 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.


OEBPS/Images/fonc-13-1187279-g003.jpg
DHA ‘Arachidonic™ (EPA (from
acid (from ) \ ome
l ©omega -6) l

D Fatty acid synthesis
[] Biosynthesis of SPMs, LT and PGE2
D Fatty acid oxidation

D Triacyglycerol synthesis

O
oo
‘ Glucose

Cytoplasm

Glycolysis

Glucose

l

Gluconeogenesis|
SPDH GPAT TR\ AGPAT
glycerol-3-P) —» YSOPh:;;‘lihandm

l | »e

Pyruvate
l DGAT

ACS
(a9) ———> (Jatty Acyl co) —SFTL_

crr 2

fatty Acyl Co-A

ACAD{

trans enoyl Co-A

ECH §

B hydroxyacyl Co-A

HADHJ,

Mitochondria

Acetyl-coA

/' TCA \
B keto acyl Co-A \ cycle /

AcLy o il . _F
Acetyl-CoA Acetyl-coA l l
ACCl ‘

Malonyl-CoA

FAS l

Citrate Malate






OEBPS/Images/logo.jpg
& frontiers | Frontiers in Oncology





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Lipid metabolism in tumor immunology and immunotherapy

      

        		

          Introduction

        



        		

          Lipids and lipid oxidation in immune cells

        

          		

            T cells

          



          		

            Macrophages

          



          		

            Natural killer cells

          



          		

            Dendritic cells

          



        



        



        		

          Lipids and lipid oxidation in cancer cell proliferation and survival

        



        		

          Lipid metabolism in cancer progression and angiogenesis

        

          		

            Overview of lipid metabolism

          



          		

            Role of lipid metabolism in cancer

          



        



        



        		

          Lipids and cancer metastasis

        



        		

          Lipids in cancer immunotherapy

        

          		

            Lipids as adjuvants

          



          		

            Lipids as vehicles

          



          		

            The role of lipids in immune responsiveness

          



        



        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/fonc-13-1187279-g002.jpg
Q — @—»"p'd I T mTORC ; .
B ) peroxidation pathway —_ PPAR —%— mediated —» Fatty aCId L Perforin

IFNy
¢ glycolysis accumulatlon — erral:

T-cells Natural Killer Cells

-
/ ac Ie@n
" in TA&

Q mTOR medlated T iL10

P13Ky pathway ——» T L4 , M2-like metabolism

polarization

Macrophages Dendritic cells





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fonc-13-1187279-g001.jpg
SCFA t Ten

:pf]gmmatow Anti-inflammatory
Ipids lipids
e arachidonic ° DHARcIeDri1ved SPM's
acid o Rv
e PGE2 (in - / o II\Q/IVaDR21
immature cholesterol > o
DC) o ¢ PGE2 (in mature DC)
e cholesterol e SCFA

(immature DC) PGE * IL-6, TNFa,
and IL-1b

(mature DC) PGE tIL-10 MaR14 M2
PGE2 | phagocytic
activity

SCFA t Tem

RvD1?t
RvD2 %
MaR1t
arachidonic 4
acid





OEBPS/Images/fonc.2023.1187279_cover.jpg
, frontiers ‘ Frontiers in Oncology

Lipid metabolism in tumor immunology and
immunotherapy





