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Epigenetic modifications are chemical modifications that affect gene expression without altering DNA sequences. In particular, epigenetic chemical modifications can occur on histone proteins -mainly acetylation, methylation-, and on DNA and RNA molecules -mainly methylation-. Additional mechanisms, such as RNA-mediated regulation of gene expression and determinants of the genomic architecture can also affect gene expression. Importantly, depending on the cellular context and environment, epigenetic processes can drive developmental programs as well as functional plasticity. However, misbalanced epigenetic regulation can result in disease, particularly in the context of metabolic diseases, cancer, and ageing. Non-communicable chronic diseases (NCCD) and ageing share common features including altered metabolism, systemic meta-inflammation, dysfunctional immune system responses, and oxidative stress, among others. In this scenario, unbalanced diets, such as high sugar and high saturated fatty acids consumption, together with sedentary habits, are risk factors implicated in the development of NCCD and premature ageing. The nutritional and metabolic status of individuals interact with epigenetics at different levels. Thus, it is crucial to understand how we can modulate epigenetic marks through both lifestyle habits and targeted clinical interventions -including fasting mimicking diets, nutraceuticals, and bioactive compounds- which will contribute to restore the metabolic homeostasis in NCCD. Here, we first describe key metabolites from cellular metabolic pathways used as substrates to “write” the epigenetic marks; and cofactors that modulate the activity of the epigenetic enzymes; then, we briefly show how metabolic and epigenetic imbalances may result in disease; and, finally, we show several examples of nutritional interventions - diet based interventions, bioactive compounds, and nutraceuticals- and exercise to counteract epigenetic alterations.
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Graphical Abstract | Metabolic and epigenetic imbalances result in disease. There are several factors that can cause an epigenetic imbalance and consequently different diseases. Some of these factors are intrinsic including genetic variations such as Single Nucleotide Polymorphism (SNPs) or DNA mutations caused by carcinogens and Reactive Oxygen Species (ROS); environmental factors including metabolic alterations such as obesity or ageing and lifestyle (unbalanced diet or sedentary lifestyle). This epigenetic imbalance leads to cardiovascular, neurological and cancer diseases.






1 Interplay between cellular metabolism and epigenome

Epigenetics refers to heritable changes in gene expression that are not caused by DNA sequence alterations. Although epigenetics is implicated in cell fate stability in multicellular organisms, it is highly affected by short-term environmental inputs such as stress conditions or nutrient supply (1). Alterations in the epigenome have been associated to a wide variety of disease related processes including non-communicable diseases (NCD), cancer (considered as chronic disease when it can be controlled with treatment, becoming stable and/or reaching remission) and ageing (2, 3). According to the World Health Organization (WHO), 80% of heart diseases, strokes, type 2 diabetes and over a third of cancers can be prevented by modifying life-style factors, such as cutting out tobacco, eating a healthy diet, being physically active and stopping harmful use of alcohol (4). As diet and exercise can modify the metabolic disease risk, it is crucial to understand how life-style factors contribute to shape the epigenome and, subsequently, how alterations in the epigenetic landscape contribute to disease. Indeed, the epigenome is rapidly affected by the availability of central metabolites that can be used as either substrates or allosteric cofactors, fine-tuning the activities of the epigenetic enzymes (5, 6). For this reason, diet based interventions, including nutraceuticals and bioactive compounds, and exercise may provide therapeutic tools to restore a “healthy” epigenome against metabolic diseases (7).

Life-style factors, including diet and physical activity, are the main source of metabolites, which provide the chemical moieties for DNA, RNA and histone modifications, and cofactors, which modulate the activity of epigenetic enzymes-. Indeed, central cellular metabolites, such as S-adenosyl methionine (aCETY), acetyl-coenzyme A (acetyl-CoA), adenosine triphosphate (ATP), nicotinamide adenine dinucleotide (NAD+) and flavin adenine dinucleotide (FAD) are key sensors of nutrient availability and they contribute to the regulation of gene expression by epigenetic mechanisms (8). On the other hand, epigenetics contributes to regulate metabolism by affecting gene expression. Thereby, a crosstalk between epigenetics and metabolism exists to determine molecular programs.

Over the past 20 years, there has been a great interest on the identification and characterization of enzymes responsible for adding or removing epigenetic marks. The activity of many of these chromatin-modifying enzymes -DNA methyltransferases (DNMTs), DNA hydroxylases (DNHDs), histone acetyltransferases (HATs), histone deacetylases (HDACs), histone methyltransferases (HMTs), and histone demethylases (HDMs)- is regulated partially by the concentrations of their required metabolic substrates or cofactors (9). Chromatin plays important roles in DNA biology including gene expression regulation. The level of chromatin compaction has important consequences for gene transcription as it influences the accessibility of DNA sequences to transcription factors and other regulatory proteins. Thus, modifications on DNA and histones regulate the level of chromatin compaction either directly or by facilitating the binding of remodeling proteins that recognize modified sites. Modifications of RNA (epitranscriptomics) add an additional level of gene expression regulation and might influence RNA transport, splicing, stability, and translation. Furthermore, non-coding RNA sequences (mainly microRNAs and long non-coding RNAs) have been extensively shown to play a key role in the regulation of gene expression.

Nowadays, it is well established that NCD and ageing are affected by the interaction of life-style factors -diet and exercise-, metabolism and the epigenome. As such, the availability of metabolites is central for the epigenetic changes, partially determining differentiation programs, cell identity, stemness, functional plasticity and environmental responses (10).

Plasticity is crucial for all biological functions, and epigenetics is implicated in the adaptation to multiple signals and conditions by mean of several mechanisms (11, 12):

(1) Changes in the levels of cellular metabolites modulate the epigenome translating the metabolic state of a cell into changes of the chromatin pattern. For example, high levels of acetyl-CoA facilitate the acetylation of histone and non-histone proteins of transcriptional complexes (TC); high levels of NAD+ activate sirtuin-HDACs to promote transcriptional silencing; high glucose levels may increase the synthesis of UDP-GlcNac by the hexosamine pathway, stimulating the activity of the MLL5 methyltransferase to increase GlcNAcylation (13).

(2) DNA-binding factors recruit histone-modifying enzymes to specific chromosomal domains to stimulate their enzymatic activity locally. This is the case of Mat IIIa, implicated in the synthesis of SAM, for H3K9-specific histone methyltransferases to repress transcription (14).

(3) Enzymes that use the same metabolite, such as DNA or histone methyltransferases, may compete with each other resulting into distinct methylation products (15).

(4) Global and local fluctuations in the concentration of cofactors also modulate the activity of epigenetic enzymes. The relative activity of the three sirtuins present in the nucleus (SIRT1, SIRT6, and SIRT7) may modulate the local concentration of NAD+, thereby resulting in the reciprocal regulation of the other sirtuins localized nearby chromatin microdomains.

(5) Epitranscriptomic modifications, including the N6-methyladenosine (m6A), have been shown to regulate the processing, translation, and stability of mRNAs; thereby influencing cell biology (16). Posttranscriptional epigenetic modification of RNA (the so-called ‘epitranscriptome’) has emerged as a fascinating field of research (for a detailed discussion on this topic, readers can refer to several excellent reviews (17–19).

As indicated, metabolism mainly modulates the activity, the localization of chromatin remodelling enzymes, and the levels of substrates and cofactors used by chromatin modifying enzymes. For example, chromatin regulators can directly recognize specific patterns of DNA sequence, such as the percentage of GC (20), or can be affected by the local levels of specific metabolites. Although a vast network of central metabolites are substrates for chromatin regulators, such as histone and DNMTs (21), some others can bind to chromatin proteins affecting the cell metabolism and function. A recent study showed a metabolic link between the macrodomain of H2A1.1 histone regulating the mitochondrial metabolism and cell function by sequestering the NAD+ metabolite for ADP-ribose and ADP-ribosylated proteins (22, 23).

Here, we first describe key metabolites derived from the cellular metabolic pathways that are used as substrates -to “write” the epigenetic marks-; and cofactors that modulate the activity of epigenetic enzymes; then we briefly show how metabolic and epigenetic imbalances result in disease; and finally, we show several examples of nutritional interventions - diet based interventions, bioactive compounds, and nutraceuticals- and exercise to counteract epigenetic imbalances.




2 Metabolic regulations of epigenetic marks


2.1 Metabolic regulation of DNA methylation

DNA methylation is one of the most vastly studied epigenetic marks that determines gene expression profiles, as well as germline imprinting. However, balanced DNA methylation is essential to coordinate these processes. To achieve DNA methylation balance, both, DNA methyltransferase enzymes and the TET (ten eleven translocation) family of dioxygenases mediate the deposition and removal of methyl groups on DNA, respectively.

DNA methyltransferase enzymes -DNMT1, DNMT3a, and DNMT3b- generate 5-methylcytosine (5mC), which is a major transcriptional repressive mark in many eukaryotes (24, 25). DNMT1 is mainly implicated in the germline imprinting (26) meanwhile “de novo’’ methyltransferases (27) are more prone to be activated in response to intracellular metabolic changes. On the contrary, demethylation of 5mC is driven by the TET family of dioxygenases that oxidize 5mC to form 5-hydroxymethylcytosine (5hmC) which can be further oxidized to form carbonylmethylcytosine (camC) and formylmethylcytosine (fmC), or glycosylated (28). The activity and expression levels of cytosine methyltransferases are also affected by specific epigenetic marks and post-translational modifications such as the histone methylation H3K4, H3K36 (29), highlighting the complexity of the epigenetic network.

The methylation and the demethylation of cytosines use central metabolites as substrates such as the one carbon donor SAM for methylation, and alpha ketoglutarate (α-KG) and Fe2+ for TET mediated demethylation, which is enhanced by ascorbate (vitamin C) (30). Thus, the levels of these metabolites shape the cytosine methylation profile with downstream effects on gene expression (Figure 1).
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Figure 1 | Metabolic regulation of cytosine methylation. A family of DNA methyltransferases (DNMTs) catalyse the transfer of a methyl group from S-adenylmethionine (SAM) to the fifth carbon of cytosine residue to form 5-methylcytosine (5mC) producing S-adenosyl-L-homocysteine (SAH). The opposite process is carried out by ten-eleven-translocation (TET) proteins which use α-Ketoglutarate (α-KG) and Fe2+ as cofactors to generate 5-hydroxymethylcytosine (5hmC). 5hmC can be further oxidised to form carbonylmethylcytosine (camC) and formylmethylcytosine (fmC), or glycosylated (not shown).

Intracellular cell signalling pathways drive rapid epigenetic mechanisms through metabolic manipulation to restore cellular homeostasis. In this line, activated AMPK favours the increase levels of α-ketoglutarate (αKG) to activate the TET-dependent demethylation of the PRDM16 promoter during brown adipogenesis (31). Interestingly, dietary α-KG promotes beige adipogenesis to prevent obesity in middle-aged mice (32), indicating the therapeutic potential of diet to shape the altered epigenome in metabolic diseases.

Increased levels of α-KG -after the administration of glucose, glutamate or glutamine- correlate with a rapid increase in 5hmC levels in the liver of mice (28). Similarly, supplementation of vitamin C in the extracellular medium of embryonic stem cells (ESC) induces a global increase in cytosine hydroxymethylation, at the expense of the 5mC (33), leading to a rapid reprogramming of fibroblasts into induced pluripotent stem cells (iPSCs). In cancer, a global hypomethylation epigenetic profile, together with inter-dispersed hypermethylated CpG islands (CIMP), constitutes a prognostic biomarker in multiple tumours (34). A specific point mutation in the isocitrate dehydrogenase (IDH1) gene in gliomas results in a mutant enzyme that generates high levels of the oncometabolite 2-hydroxyketoglurate, inhibiting α-KG-dependent TET enzymes (35).




2.2 Metabolic regulation of RNA methylation

RNA modifications can also affect mRNA splicing, stability, nuclear transport, and translation (36). The main RNA modification is the methylation of adenosine at position 6 to produce m6A, which is catalyzed by the methyltransferase-like 3 (METTL3)–METTL14 complex. This epigenetic mark can be removed by non-heme-Fe(II)/2-oxoglutarate(2OG)-dependent oxygenases, fat mass and obesity-associated protein (FTO) and the ALKN homolog 5 (ALKBH5) (37). Increasing evidence has shown that enzymes implicated in the m6A remodeling are deregulated in chronic diseases, ageing and cancer (38, 39). For example, METTL3 is upregulated in some tumors inducing proliferation and dissemination, and it has been proposed as a therapeutic target (40).

Thus, there is a great interest in modulating the activity of enzymes implicated in m6A remodeling. In this regard, inhibitors of FTO have been shown promising results in preclinical models of myeloid leukaemias and glioblastomas (41). Moreover, FTO inhibitors have been demonstrated to improve insulin sensitivity in high fat diets (HFDs) induced obesity (42).




2.3 Metabolic regulation of histone methylation

Histone methylation/demethylation, similar as DNA methylation, is regulated by cellular levels of SAM, Fe2+/Fe3+ and α-KG. Histone methyltransferases (EZH2, G9A) utilize SAM as a methyl donor and histone demethylases, JmjC-family of histone demethylases and LSD-family of histone demethylases (LSDs), employ  α-KG as cofactor for their enzymatic reactions.

While 5mC on DNA is a major transcriptional repressive mark in many eukaryotes, the effect of histone methylation in gene expression depends on the type of residue and the number of methyl groups added. Generally, methylation of H3K9, H3K27, and H4K20 are associated to silenced chromatin; on the contrary, H3K4, H33K36, H3K48, and H3K79 marks are associated to active gene expression (43). α-KG cofactor is required for the demethylation reactions of JmjCs, while LSDs require the FAD cofactor to demethylate the histone residues (6).

Glucose and glutamine catabolism are used to maintain a high α-KG/succinate ratio, enhancing the global demethylation of multiple histone residues (44). For this reason, manipulation of the α-KG/succinate ratio can balance the renewal versus differentiation fate in ESC cultures. Similarly, in adipocytes, various promoters of genes involved in energy expenditure, such as PGC-1A and pyruvate dehydrogenase kinase 4 (PKD4), are demethylated by the histone demethylase LSD1 (KDM1A), and, for this reason, their expression is dependent on the availability of intracellular FAD (45).




2.4 Metabolic regulation of histone acetylation

A rapid response to nutrient availability may also be mediated by the acetylation or deacetylation of histones (46). HATs use the substrate acetyl-CoA, which is produced by several catabolic pathways - glycolysis, fatty acid β-oxidation, and amino acid catabolism-. It has been described that high levels of acetyl-CoA augments the overall levels of histone acetylation to promote the expression of genes related to adipocyte differentiation (47).

While histone acetylation naturally relies on acetyl-CoA, a subset of HDACs use NAD+ as a cofactor. This feature is unique to the sirtuin family of HDACs, which cleave NAD+ to generate nicotinamide and 1-O-acetyl ADP-ribose (OAR) during histone deacetylation (48). The increase ratio of NAD+/NADH is another energy sensor for the class III histone deacetylases sirtuins, repressing the expression of genes involved in lipogenesis, glycolysis and gluconeogenesis (49, 50). On the contrary, when glucose is abundant the ratio of NAD+/NADH is diminished reducing the activity of sirtuins to favour lipogenesis and gluconeogenesis. In addition, pyruvate derived from glycolysis is used to fuel the tricarboxylic acid (TCA) augmenting the levels of acetyl-CoA and, consequently, modulating the activity of HAT (51). All in all, the metabolic control of sirtuins and HAT may provide a promising field of research affecting not only gene expression but also the mitochondrial metabolism.




2.5 Other epigenetic marks regulated by metabolism

In addition, other epigenetic modifications can be regulated by metabolism. There is a wide range of post-translational modifications (PTMs) on histone and non-histone proteins, integrating environmental changes into cellular responses by regulating gene expression. This is the case of acylation, lactylation, 2-hydroxy-isobutyrylation, succinylation, and malonylation of targeted proteins, which may affect cell function, proliferation, and differentiation. Histone modifications is an important type of epigenetic modification that has been widely detected and exerts different effects at different sites (52–54).

In 2019, Zhang et al. discovered a brand new epigenetic modification called lactylation on lysine residues affecting gene transcription from chromatin (55). The glycolytic-dependent metabolism found in tumours and fast-growing cells has made lactate a pivotal player in energy metabolism reprogramming, which enables cells to obtain abundant energy in a short time. Moreover, lactate shapes the acidic tumor microenvironment, recruiting immunosuppressive cells in cancer. Recently lactate-induced lactylation has been shown to modify histone proteins to alter the spatial configuration of chromatin, affect DNA accessibility and regulate the expression of corresponding genes (55). Thus, in non-small cell lung cancer cells, lactate attenuates glucose uptake, which seems to be partially affected by the increased histone lactylation in the promoters of the glycolytic enzymes (HK-1 and PKM) (56). In macrophages, lactate was reported to induce histone lactylation in the promoters of the profibrotic genes, which is concordant with the upregulation of this very epigenetic modification in the macrophages in fibrotic lungs. Moreover, the role of histone lactylation in tumorigenesis is gradually found, just as the oncogenic role found in other histone modifications (55).





3 Metabolic regulation of non-coding RNAs

Non-coding RNAs (ncRNAs) are RNA molecules which are not translated into proteins but post-transcriptionally regulate gene expression. The most functionally relevant types of non-coding RNAs studied in the context of chronic diseases are microRNAs (miRNAs) and long non-coding RNAs (lncRNAs).

ncRNAs modulate key metabolic pathways including hypoxia-inducible pathways, glycolysis, oxidative phosphorylation, lipid metabolism, amino acid metabolism and signal transduction pathways, among others. Thus, they may be biomarkers for prognosis, and personalized therapeutic interventions.



3.1 microRNAs

MicroRNAs -small molecules of RNA (≈22 nucleotides)- are well known regulators of adipogenesis, fatty acid metabolism, insulin signalling, inflammation, and cell development and differentiation.

Several miRNAs, such as miR-30, miR-26b, miR-199a, and miR-148a- are differentially expressed in obese people, being proposed as biomarkers of metabolic health. miR-17-5p and miR-132- are overexpressed in visceral inflammatory adipose tissue correlating with body mass index, glycosylated hemoglobin, diabetes, and dyslipidaemia.

Metabolic alterations, such as obesity, insulin resistance, ageing and cancer, affect microRNA expression. For example, miR21 is induced during obesity correlating with impaired vascular function (57). On the contrary, silencing this microRNA has been demonstrated to reduce adipogenesis and triglyceride accumulation, improving insulin sensitivity and reducing systemic inflammation.

Different studies reported that the expression of miRNAs is directly correlated with diet and lifestyle, being miR-17/20/93 family, miR-21/590-5p family, miR-200b/c family, miR-221/222 family, let-7/miR-98 family and miR-203 associated with specific diets.

The expression of miR-21 was found diminished in the white adipose tissue (WAT) of obese humans correlating with BMI (58). Interestingly, locked nucleic acid (LNA)-miR-21 treatment reduced body weight (59) in a preclinical model of diet-induced obesity (DIO). In another study, let-7 knockout mice did not develop insulin resistance after a high fat diet induced obesity (60).

In a clinical trial with obese women, reduction of body weight showed that circulating levels of several miRNAs were similar to lean controls, suggesting that some of them could be used as biomarkers (61).




3.2 LncRNAs

More research has recently begun to unravel the biological functions of lncRNAs, which are tissue-specific long RNA transcripts (>200 bp). GYG2P1, lncRNAp21015, and lncRNA-p5549 are examples of lncRNAs that are differentially expressed in obesity (62). Their expression has been found inhibited in obese individuals. RP11-20G13.3 is among the lncRNAs required to maintain PPAR, C/EBP, and ADIPOQ levels during adipogenesis and is differentially expressed in obesity (63). Other lncRNAs, such as lnc-dPrm16 and MIST, have been shown to influence brown adipogenesis, inflammation, and lipid metabolism (64).





4 Intracellular metabolic pathways implicated in the regulation of epigenetics


4.1 SAM and the one-carbon metabolism pathway (folate and methionine cycles)

A central methylation pathway in eukaryotic cells is the one-carbon metabolism, implicated in the transfer of methyl groups to various substrates and cofactors within the folate and methionine cycles. The transfer of methyl groups from 5-methyltetrahydrofolate (5-mTHF) to homocysteine (Hcy) to form methionine connects the two cycles. Methionine is then converted to SAM, the universal methyl donor for DNA, proteins, and secondary metabolites. Methyltransferases use SAM as donor of methyl groups, and the resulting demethylated S-adenosyl-l-homocysteine (SAH) is hydrolyzed to form Hcy, which is then recycled to methionine using 5-MTHF as a methyl group donor, thus completing the cycle. Nicotinamide N-methyltransferase (NNMT) consumes methyl donors and makes SAM unavailable to other methyltransferases, thereby repressing H3K27me3 marks. NNMT is involved in the maintenance of the naïve state of ESC which are characterized by low levels of histone methylation (65, 66).

Both HMTs and DNMTs use SAM as a donor for the methylation reactions. Importantly, the ratio of SAM/SAH is an indicator of the status of the one-carbon metabolism to regenerate methionine (67).

Nutrients such as methionine, folate, choline, betaine, and vitamins B2, B6, and B12 are precursors of SAM affecting the SAM/SAH ratio and the global levels of DNA methylation. However, it is difficult to extrapolate the direct role of metabolism on DNA methylation, because the mechanisms regulating from DNA methylation are very complex and the relationship between methylation pattern and gene expression is tissue and context-dependent (68).

The balance of methionine, folate, and B12 from our diet regulates the activity of the folate and methionine cycles, which are mechanistically co-dependent. The folate cycle converts tetrahydrofolate (THF), into 5,10-methylene-THF by serine hydroxymethyltransferase (SHMT), an enzyme that requires B6 as a cofactor. Then, 5,10-methyleneTHF acts as a methyl-donor for thymidylate synthase (TS) to synthesize deoxythymidine monophosphate (dTMP) from deoxyuracil monophosphate (dUMP) or for methylenetetrahydrofolate reductase (MTHFR) to generate 5-mTHF (69). In the methionine cycle, methionine is converted to SAM by the activity of methyl-adenosyl transferase 2A (MAT2A). SAM is then used as a methyl donor resulting in S-adenosylhomocysteine (SAH), which can be further hydrolyzed to Hcy by S-adenosylhomocysteine hydrolase (AHCY). HCy is then converted into methionine by methionine synthase (MS) using 5-mTHF as a methyl donor and vitamin B12 as an essential cofactor (70). In addition, methionine can also be recycled from Hcy using betaine, derived from dietary choline, as a methyl donor (71), or directly from SAM through the polyamine synthesis and the methionine salvage pathway. Using vitamin B6 as a cofactor, Hcy can also be converted to cysteine for the synthesis of glutathione (72).

Vitamin B12, in addition to its role as a cofactor in the recycling of Hcy to methionine, is an important cofactor for the metabolic enzyme methyl-malonyl CoA mutase (MUT), which is located in mitochondria. MUT uses vitamin B12 in the form of adenosylcobalamin to convert L-methylmalonyl-CoA to succinyl-CoA, which can further enter the TCA cycle. Genetic loss of MUT activity can disrupt TCA cycle function and mitochondrial redox function. Thus, the levels of vitamin B12 connect the one-carbon metabolism, energy metabolism, and redox metabolism (73).




4.2 Glycolysis, glutaminolysis and fatty acid oxidation pathways

Glycolysis, glutaminolysis and fatty acid oxidation provide different metabolites that are key for epigenetic modifications. These pathways provide metabolic cofactors for epigenetic reactions and interact with each other in a complex crosstalk that links metabolic needs to gene expression responses.



4.2.1 Glycolysis

Glycolysis is a key metabolic pathway implicated in the production of metabolites such as pyruvate, intermediates of the pentose phosphate pathway (PPP) and the one carbon metabolism, among others. Pyruvate may be subsequently metabolized to lactate by the enzymatic activity of lactate dehydrogenase (LDHA) or converted to acetyl-CoA through the pyruvate dehydrogenase enzyme (PDH), which enters the mitochondria to feed the TCA cycle. Interestingly, both lactate and acetyl-CoA are crucial donors of the epigenetic modifications including histone lactylation (74) and histone acetylation (75).

The PPP contributes to the synthesis of nucleotides for cell division and contribute to generate the methyl donor SAM (76).

The glycolytic flux determines the ratio of NAD+/NADH ratio which is important for the activities of sirtuin HDACs.

Cellular glucose availability is linked to acetyl-CoA abundance and histone acetylation. The uptake of glucose is mainly driven by the glucose transporters type 1 and 4 (GLUT1/4), which are frequently upregulated in activated T cells and cancer cells to support cell proliferation (77). Pyruvate decarboxylase complex (PDC) produces acetyl-CoA, connecting aerobic glycolysis to TCA cycle. LDHA produces lactate from pyruvate in highly proliferative cells where an aerobic glycolysis switch occurs over mitochondrial oxidative phosphorylation (78). The enzyme PDC is found in both mitochondria and the nucleus. Nuclear PDC regulates the expression of sterol regulatory element-binding transcription factor (SREBP) target genes by affecting histone acetylation, and mitochondrial PDC contributes to the production of cytosolic citrate for lipogenesis (79). The availability of acetyl-CoA for HATs is also modulated by the levels of GLUT1/4 -implicated in the uptake of glucose (77)- and the levels of ATP- citrate lyase (ACLY) (80), which are frequently upregulated in activated T cells and cancer cells to support cell proliferation (81).

Glucose is the main carbon source for acetyl-CoA in oxygenated cells. An exquisite mechanism is observed in cancer cells during hypoxia to promote the expression of lipogenic genes acetyl-CoA carboxylase alpha (ACACA) and fatty acid synthase (FASN), by mean of the acetate mediated histone H3 acetylation. The acetyl-CoA synthetases ACSS1/2, which catalyze the production of acetyl-CoA from acetate, contribute to the above acetate-mediated epigenetic regulation (82).

Acetyl-CoA levels change with nutrient abundance and for this reason it can be considered as a nutrient sensor to respond to metabolic changes (83). For example, acetyl-CoA is produced from distinct metabolites such as pyruvate, citrate and acetate which can be produced by the activity of the PDC, ACLY and ACSS2, respectively. In addition, acetyl-CoA levels depend on the levels of ketone bodies and fatty acid β-oxidation (84).




4.2.2 Glutaminolysis

Glutaminolysis is a metabolic pathway that generates α-KG which, as seen above, is a cofactor for dioxygenases and histone, DNA and RNA demethylases. Glutaminolysis is required for the glutamine- dependent anaplerosis of TCA providing metabolic substrates such as α-KG. Similarly, other TCA metabolites including succinate, fumarate, malate and oxalacetate are relevant epigenetic modulators as they can inhibit cellular demethylases due to their similar chemical structure to α-KG. Furthermore, the α-KG derived metabolite 2-hydroxyglutarate (2-HG) has been shown to interfere with the activity of demethylases and thus the global epigenetic marks (85). Several TCA cycle intermediates can be exported out of mitochondria including citrate and α−KG. Cytosolic citrate is converted to acetyl-CoA, which is used as a donor for HAT-mediated histone acetylation. α−KG is used as cofactor for histone and DNA demethylation reactions by JHDM and TET, respectively.

The substrate for HMT and DNMT is SAM, which is synthesized from the essential amino acid methionine The propionate catabolic pathway breaks down branched-chain amino acids (BCAAs), odd-chain fatty acids, and cholesterol to be used in the TCA cycle in the mitochondria. MUT converts methylmalonyl-CoA to succinyl-CoA using vitamin B12, in the form of adenosylcobalamin, as a cofactor. Succinyl-CoA then enters the TCA cycle.




4.2.3 Fatty acid oxidation

Fatty acid oxidation (FAO) is a key metabolic pathway affecting the levels of NAD+/NADH and FAD/FADH2 metabolites, which are key cofactors of epigenetic enzymes. In addition, augmenting FAO increases the levels of acetyl-CoA which will affect the acetylation levels of histones (86). Acetyl-CoA can also enter in the TCA to produce citrate. In the cytosol, citrate is converted to acetyl-CoA and malonyl-CoA by the ACLY enzyme. ACCS1/ACCS2 catalyze the conversion of acetyl-CoA to malonyl-CoA, which is the rate-limiting step for the synthesis of FAs. ACCs are activated by citrate and inhibited by palmitoyl-CoA and malonyl-CoA. When there are low levels of energy, AMPK phosphorylates ACCs to increase FAO in the short term. In addition, diet affects the expression of genes implicated in the synthesis of FAs or in FAO (87).

Although changes in global availability of metabolites impact on epigenetic processes globally (e.g. SAM levels regulate methylation), the enzymatic Km of the enzymes for those metabolites, and the availability of other micronutrients, such as vitamins and minerals, will fine-tune the epigenetic changes upon metabolic alterations (88). Thus, in each metabolic context, specific epigenetic marks may be favored. For this reason, balanced metabolic traits are necessary to achieve coordinated epigenetic responses that sustain health.

Figure 2 shows main intracellular metabolic pathways to provide metabolites for main epigenetic marks (methylation, acetylation, lactylation) and cofactors to modulate the activity of epigenetic enzymes.
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Figure 2 | Main metabolic pathways can be implicated in the epigenetic remodelling include glycolysis, fatty acid β-oxidation (FAO), glutaminolysis and lactylation via derived metabolites and cofactors (lactate, acetyl-CoA, α-ketoglutarate or NAD+). G6P (glucose-6-phosphate); G3P (glycerol-3-P); Pyr (pyruvate); LDHA (lactate dehydrogenase A); PDH (pyruvate dehydrogenase); IDH1/IDH2 (isocitrate dehydrogenase 1, and 2) S-Adenosyl methionine (SAM); S-adenosyl-L-homocysteine (SAH); Nicotinamide adenine dinucleotide (NAD+); Nicotinamide adenine nucleotide reduced (NADH); Oxaloacetate acid (OAA).






5 Metabolism and epigenetics deregulation in disease

Metabolic and epigenetic imbalances result in disease. There are several factors that can cause an epigenetic imbalance and consequently different diseases. Some of these factors are intrinsic including genetic variations such as Single Nucleotide Polymorphism (SNPs) or DNA mutations caused by carcinogens and Reactive Oxygen Species (ROS); environmental factors including metabolic alterations such as obesity or ageing and lifestyle (unbalanced diet or sedentary lifestyle). This epigenetic imbalance leads to cardiovascular, neurological and cancer diseases (Figure 3).

[image: Diagram illustrating how various factors lead to epigenetic imbalance. Arrows from SNPs, carcinogens, reactive oxygen species, metabolic alterations, aging, and lifestyle factors converge on "Epigenetic imbalance." This leads to cardiovascular disease, neurological disease, and cancer.]
Figure 3 | Metabolic and epigenetic imbalances result in disease. There are several factors that can cause an epigenetic imbalance and consequently different diseases. Some of these factors are intrinsic including genetic variations such as Single Nucleotide Polymorphism (SNPs) or DNA mutations caused by carcinogens and Reactive Oxygen Species (ROS); environmental factors including metabolic alterations such as obesity or ageing and lifestyle (unbalanced diet or sedentary lifestyle). This epigenetic imbalance leads to cardiovascular, neurological and cancer diseases.



5.1 Genetics influences metabolism and epigenome

Certain genetic variations drive metabolic alterations and thus affect the epigenetic landscape (89). For example, the C677T variant in the MTHFR gene, which synthesizes 5-mTHF, can impact DNA methylation, depending on the folate status (90). Moreover, this genetic polymorphism has been associated to several alterations including cardiovascular disease (CVD), cancer and neurological diseases (91). Similarly, mutations in the metabolic genes isocitrate-dehydrogenase 1 and 2 (IDH1 and IDH2) are linked to cancer (92), as they increase the production of the 2-hydroxyglutarate metabolite which antagonizes alpha-ketoglutarate (αKG), reduces the activity of DNA and histone demethylases and consequently the DNA and histone methylation status (93, 94). Genetic variants of the fat mass and obesity-associated protein, also known as alpha-ketoglutarate-dependent dioxygenase (FTO) gene, which was the first mRNA demethylase identified (95), have been correlated to obesity and metabolic syndrome (96).




5.2 Low grade of chronic inflammation affects the epigenetic landscape

In addition to genetic variations, ageing and obesity have detrimental effects on health by different mechanisms that include epigenetic alterations (97, 98).

Obesity is a condition caused by genetic and environmental factors, which is characterized by an increase in body weight, hyperlipidemia, hyperglycemia, hyperinsulinemia, and elevated inflammatory substances. Importantly, obesity increases the risk for other conditions including cardiovascular disease, metabolic syndrome, type II diabetes or cancer (99). At the molecular level, obesity correlates with particular DNA methylation profiles on several genes in different tissues that contribute to its pathophysiology (3, 100). Similarly, RNA methylation misbalances are associated with obesity (101). The expression of m6A regulatory factors in human adipose tissue and Peripheral Blood Mononuclear Cells (PBMCs) varies between lean and obese individuals (102). Thus, the m6A RNA methylomes of genes implicated in lipid metabolism are altered in mice upon a high-fat diet (103). Mechanistically, perturbations in the m6A methylome by FTO (104) or other m6A regulators (105) result in alterations in adipogenesis homeostasis, which likely promote obesity. In addition to alterations in epigenetic factors, the metabolome of obese and metabolically impaired individuals is also unbalanced contributing to epigenetic alterations. For example, a reduction in NAD+ levels is linked to metabolic diseases and it is therefore a potential target for intervention in humans (106, 107). In addition, the plasma alpha-ketoglutarate (AKG) levels are reduced upon increasing BMI or HbA1c (a diabetic biomarker), suggesting a possible regulatory role of AKG in pathologies such as obesity. Indeed, AKG regulates JMJD3 expression and promotes the demethylation of SERPINA1E promoter, thereby increasing gluconeogenesis (108).

Ageing and age-related diseases (cancer, cardiovascular and neurological diseases) are also a global concern, given their health and economic implications. For this reason, efforts to understand the ageing process have led to the identification of the hallmarks of ageing (97) and the postulation of different theories of ageing (109–112). One of the most deeply characterized epigenetic mark in ageing is DNA methylation, thanks to the development of DNA methylation clocks. DNA methylation profiles correlate to chronological age and clinical variables (113), although their true biological meaning remains obscure (114). Further research is needed to understand how epigenetic age and DNA methylation clocks may help us anticipate, prevent, and overcome diseases related to ageing. Clearly, epigenetic clocks have a big potential as clinical biomarkers (115, 116).

Alterations in RNA methylation are also observed in age-related diseases and, interestingly, m6A modifications have been implicated in the regulation of different biological processes associated with ageing, including inflammation (117). Often, these alterations derive from a misbalanced regulation of m6A regulatory factors. For this reason, RNA methylation and its biological regulators offer a therapeutic target for age-related diseases.

Further, during ageing, the metabolome profile gets altered, which may contribute to epigenetic alterations. In particular, NAD+ levels and AKG levels decline with age (118).




5.3 Unhealthy diets have detrimental effects on metabolism and epigenetics

HFDs have detrimental effects on systemic metabolic homeostasis. The liver is one of the first organs affected by unbalanced diets. Related to epigenetics, it has been observed that HFDs alter the activity of HDACs and HATs in the liver of rats, diminishing hepatic regeneration and the liver gluconeogenesis which leads to insulin resistance (119). On the contrary, during fasting, the expression of HDACs implicated in the expression of lipogenic enzymes is silenced to favour hepatic gluconeogenesis (120). Furthermore, high-fat diets during pregnancy facilitate the development of metabolic syndrome in the offspring, due to higher levels of histone H3 acetylation (121). This shows the epigenetic implication in the development of metabolic diseases (a type of chronic disease) and also the detrimental and long-term effects of high fat diets.

Lastly, evidence also indicates that High-sugar diets augment the risk of metabolic diseases in offspring (122). High glucose levels induce the regulation of insulin transcription by pancreatic β-cells (123). On the contrary, low plasma glucose levels lead to PDX1 (pancreatic duodenal home box 1) binding to HDAC promoting the insulin gene acetylation to repress its transcription (124). The transcription factor HIF1A, which mediates the response of pancreatic β-cells to glucose, is destabilized by high glucose levels interfering its interaction with the coactivator p300 and thus inhibiting the transcription of HIF targets (125) (Figure 4).

[image: Diagram illustrating diet impacts on metabolism and gene expression. Panel A: High-sugar diets increase glucose, affecting HIF1α and p300, repressing insulin gene expression. Low glucose involves PDX1 and HDACs, also repressing insulin gene expression. Panel B: High-fat diets and fasting affect the liver, stimulating gluconeogenesis and insulin resistance via HDACs. Panel C: High-fat diets in mice affect offspring through HATs, leading to metabolic syndrome.]
Figure 4 | Unhealthy diets leading to epigenetic imbalances. Imbalanced or unhealthy diets have detrimental effects on systemic metabolic homeostasis. (A) High sugar diets increase glucose levels, which destabilise hypoxia-inducible factor 1alpha (HIF1A) and consequently inhibit the transcription of HIF. Conversely, when glucose levels are low, acetylation of the insulin gene is promoted to repress its transcription via the PDX1/HDAC interaction. (B) A high-fat diet inhibits gluconeogenesis in the liver and promotes insulin resistance. (C) Offspring can develop metabolic syndrome if high-fat diets are consumed during pregnancy. Pancreatic And Duodenal Homeobox 1 (PDX1); Histone deacetylases (HDACs); Histone acetyltransferases (HATs).

Recently, the interaction between the host microbiome and diet has been shown to influence the epigenetic landscape. Diet modulates the gut microbiome affecting the microbial-produced metabolites and the development of metabolic diseases. The production of short-chain fatty acids, mainly acetate and butyrate, by the microbiome affects the levels of acetyl-CoA and histone acetylation. It has been demonstrated the relevant role of β-hydroxybutyrate, an HDAC inhibitor, in the inhibition of CRC progression in mice by mean of the upregulation of H3 acetylation and the activation of apoptosis. Butyrate is produced by the colonic fermentation of dietary fibers. C57BL/6 mice fed a high-fat diet supplemented with butyrate (5% w/w) consumed more energy than those that did not receive the supplement (126). Butyrate stimulated mitochondrial function and biogenesis in skeletal muscle cells and brown adipocytes, protecting against diet-induced obesity and insulin resistance (Lin et al., 2012). In part, this effect has been demonstrated to be related to the inhibitory effects on HDAC augmenting the expression of FGF21 and fatty acid oxidation (127) (Figure 5).

[image: Illustration showing the impact of dietary fibers on the host microbiome. Dietary fibers lead to the production of short-chain fatty acids (SCFAs), which generate beta-hydroxybutyrate. This influences mitochondrial activity by reducing reactive oxygen species (ROS) and increasing fatty acid oxidation (FAO), counteracting diet-induced obesity and insulin resistance. Beta-hydroxybutyrate inhibits histone deacetylases (HDACs), preventing colorectal cancer (CRC) progression.]
Figure 5 | Interplay between epigenetics and microbiome. The host microbiome is influenced by the diet. Dietary fibre induces the production of shirt chain fatty acids (SCFAs), including β-hydroxybutyrate. This metabolite is an HDAC inhibitor that prevents the progression of colorectal cancer (CRC). In addition, β-hydroxybutyrate stimulates mitochondrial function and biogenesis, which protects against obesity and insulin resistance. Histone deacetylases (HDACs); Reactive Oxygen Species (ROS); fatty acid β-oxidation (FAO).

As indicated previously, a large number of miRNAs have been found differently expressed in obese people, suggesting that restoring the systemic metabolic health (mainly glucose and lipid homeostasis) may be partially mediated by miRNAs, as many of them are key modulators of adipogenesis, glycolysis and inflammation (57). Although the list of miRNAs associated with a diet is important, several studies suggest that the miR-17/20/93 family, miR-21/590-5p family, miR-200b/c family, miR-221/222 family, let-7/miR-98 family and miR-203 are the most dysregulated in this context (128, 129).

The expression of miR-21 was found diminished in the WAT of obese humans, correlating with BMI (58). Interestingly, treatment with locked nucleic acid (LNA)-miR-21 treatment reduced weight in a preclinical model of DIO (59). In another study, let-7 knockout mice did not develop insulin resistance after a high-fat diet induced obesity (60).

In a clinical trial with obese women, reduction of body weight showed that circulating levels of several miRNAs were similar to lean controls, suggesting that some of them could be used as biomarkers (61).





6 Diet and exercise to counteract epigenetic misbalances


6.1 Diet based interventions to modulate epigenetics

Diet is the main source of metabolites -substrates and cofactors- used for the epigenetic programs. Thus, unbalanced diets may affect the epigenome contributing to the development and progression of chronic diseases, as well as longevity. On the other hand, controlling metabolism through nutrient sensing pathways or particular metabolites´ availability may contribute to counteract chronic and age-related diseases. Figure 6 provides examples of protective diets to modulate epigenetics.

[image: Diagram illustrating the impact of vegan diet, fasting, and caloric restriction on cellular mechanisms. Vegan diet reduces methionine and SAM, leading to hypomethylation. Fasting increases ketone bodies, influencing HDACs for acetylation. Caloric restriction boosts NAD+ levels, affecting SIRT for deacetylation. These changes inhibit aging, cancer, and diabetes, and regulate cell growth and proliferation.]
Figure 6 | Protective diets to restore epigenetic imbalances. Metabolic diseases caused by epigenetic imbalances can be controlled by protective diets. Caloric restriction increases NAD+ levels by increasing lipolysis and decreasing glucose availability. This increase in the NAD+ leads to the activation of HATs and subsequent deacetylation. Fasting is associated with increased production of ketone bodies which is related to the inhibition of class I HDACs. Finally, a vegan diet is associated with reduced levels of methionine and SAM which leads to hypomethylation of some genes. All these diets may help to counteract chronic and age-related diseases. S-Adenosylmethionine (SAM); Nicotinamide adenine dinucleotide (NAD+); Histone deacetylases (HDACs); sirtuin (SIRT); Histone acetyltransferases (HATs).

Calorie restriction (CR) - reduction of approximately a 20% of the total calorie intake - has been shown to expand lifespan. In mice, the beneficial effects of CR have been associated to the metabolic regulation of epigenetics, although the precise underlying mechanisms are not fully understood. Nevertheless, DNA methylation in specific genomic regions have been described implicated on the beneficial effects of CR on age-related diseases. For example, in the kidney of aged rats, CR was shown to attenuate inflammation, cancer, or diabetes, by restoring the methylation patterns altered during ageing (130). In a similar manner, CR restored liver triglyceride content by mean of epigenetic effects on lipid metabolism related pathways (131). Some of the metabolic adaptations to fasting are associated to the increased production of ketone bodies and/or the inhibition of the class I HDACs, which are implicated in the activation of the expression of metabolic starvation responsive genes (132). A similar effect related to ketogenesis and histone acetylation has been observed during exercise (133). Altogether, diets that limit caloric intake may be efficient to prolong health-span through epigenetic control, thus reducing the impact of age-related diseases. A low-carb ketogenic diet that rescues the hippocampal memory defects in a mouse model of Kabuki syndrome through microbial production of β-hydroxybutyrate, an HDAC inhibitor, leads to changes in H3ac and H3K4me3 in the hippocampus and rescues the neurogenesis and memory phenotypes of these mice models (134). On the contrary, a “Western-type” diet diminishes the microbial SCFAs production, affecting hepatic gene expression by epigenetic mechanisms.

In addition, the regulation of particular metabolites´ availability may modulate epigenetic marks. Therefore, dietary interventions that limit or enhance certain nutrients or metabolites may be effective tools to affect the epigenetic landscape of individuals. For example, regulating methionine availability through a whole food vegan diet increases longevity in rodents (135, 136). Cancer cells, in addition to the Warburg effect, present a high avidity for methionine which is used to write the epigenetic mark H3K4me3 in specific oncogenic genes (137), and targeting the production of methyl donors from the methionine cycle may provide a therapeutic opportunity in cancer (138), as shown by the inhibition of tumor growth in mice after methionine reduction from diet (139). Other studies have shown the therapeutic benefit of a methionine restricted (MR) diet on the improved systemic glucose and fatty acid profiles and reduction of inflammation and oxidative stress (140). Dietary choline is oxidized to betaine by the betaine homocysteine methyltransferase (BHMT), affecting the methionine homeostasis. Disruption of choline/betaine metabolism, by the reduction of BHMT gene expression and/or the dietary intake of choline, has been associated with hepatocellular carcinogenesis in animal models (141).

The epigenetic machinery can also be regulated by vitamins from diet, including A, B, C and D vitamins (142). Vitamin A is not synthesized by humans and must be obtained from the diet. This vitamin or its derivatives, including retinoic acid (RA), are involved in DNA methylation, histone modification and miRNA regulation. RA inhibits transcription by blocking DNMTs and induces some miRNAs to regulate DNA methylation. Vitamin A can both convert 5hmc to 5mc by altering TET activity and block HDAC while activating HATs (142, 143). B group vitamins are involved in DNMTs activity by being converted to SAM, such as B9, or by acting as cofactors of one carbon metabolism pathway (B6, B3 and B12). Biotin (Vitamin B7) causes transcriptionally repressed heterochromatin formation through the biotinylation process (144). Vitamin C or L-ascorbate is synthesized from ascorbate in mammals and can also be obtained from the diet (145). In relation to epigenetics, this vitamin plays an important role in the demethylation process of DNA and histones in a TET dependent or independent manner, respectively. Like other vitamins, vitamin C can promote the expression of certain miRNAs. For example, vitamin C represses DNMT3A via miR-143 (142, 146). Finally, vitamin D, produced endogenously or ingested with food, represses p21 by methylating its promoter, while enhancing E-cadherin transcription by demethylating its promoter. It is also involved in histone modifications by activating both HAT and HDACs (142, 147).




6.2 Exercise and epigenetics

Exercise can reverse chronic metabolic diseases by triggering epigenetic modifications (Figure 7). For example, exercise augments the methylation of DNA at the regulatory region of PGC1A gene promoting fatty acid oxidation and mitochondrial biogenesis in skeletal muscle (148).
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Figure 7 | Exercise and epigenetic regulation. During exercise, skeletal muscle produces metabolites such as serine, pyruvate and lactate, which have effects on epigenetics. Serine promotes methylation while pyruvate and lactate have an influence on acetylation. Acetyl-CoA produced from pyruvate enters the tricarboxylic acid cycle (TCA) cycle where key intermediates such as citrate, succinate or fumarate are synthesised. In addition, the ACYL enzyme can produce Ac-CoA and oxaloacetate from citrate and promote hyperacetylation by interacting with HATs. Furthermore, ketone bodies can be formed from acetyl-CoA and participate in HDACs inhibition. Histone acetyl transferases (HATs); Histone deacetylases (HDACs); Pyruvate dehydrogenase (PDH).

In a clinical study, a six-month exercise intervention influenced the genome-wide DNA methylation pattern in human adipose tissue in more than 60 genes related to obesity and insulin resistance (149). In another study, the DNA methylation and miRNA profiles from skeletal muscles in obese and diabetic volunteers were compared at the before and after 4 months of exercise. Interestingly, depending on the type of exercise -aerobic or resistance training- changes in the patterns of DNA methylated genes and miRNAs were observed. Thus, aerobic exercise affected the DNA methylation levels of metabolic genes such as FASN and NRF1, which correlated with a reduction on the levels of circulating free fatty acids. In addition, miR-29a and miR-132 expression levels were found altered. On the other hand, resistance training augmented the DNA methylation of SLC2A4, improving respiratory capacity with a reduction of intramuscular lipid accumulation (150). In another study, acute endurance exercise augmented the expression of miR-1 and miR-133a promoting mitochondrial biogenesis and respiratory capacity (151).

In general, several studies have demonstrated the role of exercise in reducing meta-inflammation in chronic metabolic diseases (152).

During exercise and depending on the intensity, skeletal muscles rapidly metabolize available nutrients -including fats, carbohydrates, and amino acids-, resulting in the production of metabolites such as Ac-CoA, serine, ATP, lactate, butyrate, and α-KG, with effects on the epigenetic programs.

Carbohydrates are the main source of energy during exercise, where glycogen stores are used over muscular triglyceride reserves (153). Upregulation of glycolysis during exercise -high intensity aerobic exercise and resistance exercise- augments the production of metabolites such as serine, pyruvate, and lactate with effects on epigenetics. The upregulation of serine increases the methylation potential in skeletal muscle, meanwhile pyruvate upregulation can further increase the levels of acetyl to produce Ac-CoA. PDH catalyzes the decarboxylation of pyruvate to Ac-CoA during periods of high glucose metabolism. The active form of PDH has been shown to significantly increase almost instantly following exercise - acute aerobic exercise at ranging intensities, and during long term aerobic training- in skeletal muscle (154), suggesting a significant increase in glucose-derived Ac-CoA. Ac-CoA enters the TCA cycle and undergoes a chain of reactions to augment the pool of key intermediates such as citrate, succinate, and fumarate, that have distinct roles in regulating the activity of epigenetic enzymes.

Mitochondrial derived citrate provides nuclear Ac-CoA via a reaction with ACLY, which releases Ac-CoA and oxaloacetate from citrate. In a skeletal muscles ACLY is implicated in myoblast cell differentiation. Recently, overexpression of ACLY has been shown to promote the hyperacetylation of K9, 14, and 27 on histone protein 3, allowing the local concentration of the key myogenic regulatory factor MyoD for the transcription of myoblast cell differentiation genes (155).

Although PDH complex is the main pathway to produce Ac-CoA from glucose, during exercise, the increased demands of energy, specifically in acute and long-term aerobic exercise, induces lipolysis to release FAs for Ac-CoA production through β-oxidation.

Ac-CoA can enter the TCA cycle for ATP production or, during periods of high energy demand, for the synthesis of ketone bodies in the liver, such as acetoacetate and β-OHB, which will be available for energy demanding tissues such as skeletal muscle. During aerobic endurance exercise, fat becomes the dominant energy substrate, and the remaining carbohydrate resources remain intact (156). The cellular mechanisms responsible for this metabolic shift are, however, not yet fully understood. Ketone bodies have important signalling benefits in the skeletal muscle health acting inhibitors of HDAC activity, augmenting the hyperacetylation of histones for the expression genes, such as the forkhead box O3 (Foxo3) (157).

Lactate is an endogenous HDAC inhibitor, sharing common regulatory pathways with SCFA metabolites, such as butyrate and acetoacetate (39). In addition, the epigenetic mark lysine lactylation in the promoter regions of coding genes augments their expression, although the consequences of lactylation epigenetic remodelling during intense exercise requires further research.




6.3 Natural bioactive compounds in the regulation of epigenetic enzymes

Bioactive compounds from the diet have been extensively described to modulate the epigenome and contribute significantly to nutritional programs to prevent and/or treat metabolic diseases.

Table 1 summarizes well known bioactive compounds from diet with health promoting benefits partially mediated by their epigenetic effects.

Table 1 | Summary of main bioactive compounds implicated in the modulation of epigenetic enzymes.
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6.3.1 Flavonoids


6.3.1.1 Flavonols: quercetin, kaempferol, epigallocatechin-3-gallate

Quercetin, a dietary polyphenol present in citrus, activates the NAD-dependent deacetylase SIRT1. In addition, it inhibits the expression of pro-inflammatory genes by mean of the inhibition of the interaction of p300/CBP and post-translational modifications, such as acetylation of H3 histones associated with the promoters of pro-inflammatory genes (158, 159). Quercetin has also been demonstrated to reduce the activity of HDACs, DNMTs and HMTs in a dose-dependent manner in human cervical cancer (160). Through its role in the inhibition of HDAC and DNMT1, quercetin has also been shown to inhibit the cell cycle and induce apoptosis, thus suppressing tumor growth and angiogenesis in preclinical mouse models (161).

Kaempferol (3,4′,5,7-tetrahydroxyflavone) is a potential HDAC inhibitor and an anti-cancer agent against many types of cancer (162). Kaempferol stimulates hyperacetylation of histone H3 in HepG2 and Hep3B (hepatoma cancer cell lines) as well as on HCT-116 (colon cancer cell line) (163). Kaempferol induced autophagic cell death via the inhibition of the HDAC/G9a axis and IRE1-JNK-CHOP in gastric cancer cell lines (164).



6.3.1.1.1 Epigallocatechin-3-gallate (EGCG)

EGCG, present in green tea, has been extensively shown to affect the activity of distinct histone modifiers and DNA methyltransferases -DNMT1, DNMT3A, DNMT3B, AURKA, AURKB, AURKC, PRMT6, PRMT7, KDM4A, KDM5C, HDAC5, HDAC6, HDAC7, HDAC11 and UBE2B- activating the expression of various tumor suppressor genes (198). In prostate cancer cells, EGCG has been shown to reduce the activity of class I HDACs promoting the expression of the tumor suppressor genes p21 and Bax (199). EGCG inhibits inflammation by modulating the activity of HATs inhibiting the activity of NF-kB and downstream inflammatory targets (200, 201). EGCG improves insulin sensitivity and reduces obesity by epigenetic mechanisms modulating the muscle function (201). More specifically, EGCG directly inhibits DNMT by interacting with the catalytic site of the DNMT molecule (202).





6.3.1.2 Flavones: apigenin, luteolin

Apigenin has been used in studies of many diseases because of its low toxicity and strong biological effects, including anti-inflammation, anti-oxidation, anti-diabetic, anti-tumor, anti-bacterial, and anti-parasitic effects (165). In MB-231 breast cancer cell line, apigenin promoted the acetylation of histone H3 and thus the transcription of P21WAF1. Importantly, apigenin inhibited breast cancer tumor growth in a xenograft nude mouse model (166). In human prostate cancer cells, apigenin inhibited HDAC1 and HDAC3, inducing growth arrest and apoptosis (167). Luteolin inhibited the proliferation and metastasis of androgen receptor-positive triple-negative breast cancer cell by mean of the epigenetic regulation -increased H3K56 and H3K27 acetylation- diminishing the AKT/mTOR dependent MMP9 expression (168).

The epigenetic modulatory effects of luteolin have been analyzed on HeLa cells, where it modulated the enzymatic activity of DNMT, HDAC, HMT, and HAT to reduce the global DNA methylation resulting in the reactivation of silenced tumor suppressor genes including FHIT, DAPK1, PTEN, CDH1, SOCS1, TIMPS, VHL, TP53, TP73 (169).




6.3.1.3 Flavonones: hesperetin, silibin

Citrus fruits are rich in aromatic flavonones such as hesperetin and silibinin.

Hesperetin has been shown to inhibit gastric cancer through epigenetic mechanisms including degradation of DOT1L, which is a Lysine N-Methyltransferase, and thereby reducing histone H3K79 methylation (170). Moreover hesperetin is an activator of SIRT1 contributing to the inhibition of hepatic inflammation via AMPK/CREB pathway (171).

Silibinin inhibits the growth of cancer cells, synergizing with DNA methyltransferase and histone deacetylase inhibitors to augment the expression of epithelial markers such as N-cadherin in non-small cell lung cancer cells (172). In human prostate cancer cells (DU145 and PC3), silibinin reduced gene expression levels of EZH2 by increasing H3K27me3 levels, decreased histone deacetylases 1–2 (HDACs1-2) expression levels, and increased total DNMTs activity (173).




6.3.1.4 Isoflavones: genistein

Genistein (4’,5,7-trihydroxyisoflavone) is the most abundant isoflavone found in the soybean. Genistein has been shown to mediate post-translational changes in histones. Genistein inhibits SIRT1 leading to increase acetylation of histone H3K9 in PTEN, CYCD, and FOXO3A promoters in prostate cancer cells. Thus, in human prostate cancer cells genistein increases the expression of tumor suppressor genes such as p21WAF1/CIP1 and p16INK4a by regulating chromatin condensation via HAT expression (174). In LNCaP human prostate adenocarcinoma cells, genistein mediates post-translational changes such as the ubiquitination of androgen receptor by modulating the HDAC6-Hsp90 function (175). In prostate cancer cell lines, soy phytoestrogens have been shown to reduce DNA methylation at EPHB2, BRCA1 and GSTP1 promoters to inhibit cell proliferation and to induce cell death (176). Other genes, such as hTERT, MAD1L1, KDM4B and TRAF7 have shown reduced methylation profiles after genistein treatment (177).





6.3.2 Non-flavonoids


6.3.2.1 Stilbenes: resveratrol


6.3.2.1.1 Resveratrol

Resveratrol is a polyphenol mainly found in blue berries and grapes. Some studies indicate that the anti-inflammatory effects of resveratrol are mediated by its epigenetic effects on the activity of HDAC11, SIRT1, and p300. Induction of SIRT1 by resveratrol has been demonstrated in several studies, where resveratrol augmented glucose-stimulated insulin secretion in both INS-1E cells (insulin-secreting beta cells) and human islets (178). In another work, resveratrol improved insulin sensitivity in mice fed with a high-fat diet, which seemed to be associated to the increased activity of SIRT1, that repressed the negative regulator protein tyrosine phosphatase 1B (PTP1B) of insulin secretion (179). Similarly, in rhesus monkeys, resveratrol led to an increase in SIRT1 expression and to an improvement in insulin sensitivity in visceral white adipose tissue (180). Many studies suggest that the activation of SIRT1 by resveratrol also contributes to the reduction of the lipid metabolism targets ACC (acetyl-CoA carboxylase), FAS (fatty acid synthase) in human HepG2 hepatocytes exposed to high glucose (181). SIRT1 has been shown to negatively regulate the expression of survivin, a member of the inhibitor of apoptosis (IAP) family, and to play an important role in ageing. Resveratrol has been shown to increase the expression of breast cancer 1, early onset (BRCA1), a human tumor suppressor gene, via histone H3 acetylation (182). In prostate cancer cells, resveratrol reduces growth and stimulates apoptosis through activation of FOXO transcription factors. The cardioprotective effects of resveratrol derive from its anti-apoptotic and anti-oxidant effects and its positive modulation of SIRT1 expression (183). In a mouse model of senescent heart, resveratrol improved the cardiac function by mean of its effects on the reduction of Foxo1 acetylation (184). The anti-tumorigenic activity of resveratrol by mean of its epigenetic effects on the HDAC pathway has been demonstrated in tumor models, both in vitro and in vivo (185, 186). In prostate cancer, resveratrol reactivated the expression of PTEN by abrogating the activity of the MTA1/HDAC complex. In addition, the MTA1 downregulation by resveratrol was shown to be partially mediated through its role in increasing p53 acetylation in PCa cells (187). The role of resveratrol on SIRT1 activation to extend lifespan has been extensively studied. Similar to caloric restriction, resveratrol increases autophagy through SIRT1 activation increasing lifespan both in human cells and C. elegans (188). Although several studies suggest that resveratrol is not able to extend lifespan in healthy mice its beneficial effects on metabolic-compromised mammals have demonstrated to be successful (189).





6.3.2.2 Lignans: curcumin

Curcumin has been extensively demonstrated to have anti-inflammatory, antioxidant, and anti-cancer effects. During diabetes, high glucose levels break the equilibrium between HAT and HDAC, augmenting the transcriptional activity of NF-kB and it´s downstream pro-inflammatory genes IL-6 and TNF-α. This effect has been shown to be partially reverted by curcumin by mean of its role on the inhibition of HDAC as demonstrated in preclinical mouse models (190). In PC3-M prostate cancer cells, curcumin promoted the proteasome-dependent degradation of p300/CBP without affecting the levels of other HATs such as PCAF or GCN5, being proposed as a therapeutic compound to specifically inhibit p300/CBP HAT (191). In hematopoietic Raji cells, curcumin suppressed the activity of NF-kB and Notch1 proteins, by inhibiting the protein levels of p300/CBP, HDAC13, HDAC1, HDAC3, and HDAC8, contributing to the reduction of inflammatory markers and cell proliferation (192).





6.3.3 Glucosinolates. isothiocyanates: isothiocyanate sulforaphane, PEITC

Cruciferous vegetables are one of the main sources of the isothiocyanate sulforaphane, which is a well-known bioactive compound implicated in the induction of phase-II detoxification enzymes. Recently, sulforaphane has been described as an epigenetic modulator in several human diseases, including cancer. Sulforaphane inhibits histone deacetylases HDAC2 and 3, leading to the increase acetylation of histones H3 and H4 on p21 promoter inhibiting breast cancer cell proliferation (193). In LnCaP prostate cancer cells and in breast cancer cells, sulforaphane reduces the expression of the DNA methyltransferases DNMT1 and DNMT3a, contributing to the increased expression of several tumor suppressor genes (194).

Phenethyl isothiocyanate (PEITC) has been shown to be an HDAC inhibitor in prostate cancer, leukemia, and myeloma cells (203, 204). PEITC was also shown to inhibit leukemia development in mice. Treatment of LNCaP cells with PEITC inhibited the activity and levels of HDACs and induced selective histone acetylation, whereas in mouse erythroleukemia DS19 cells, allyl isothiocyanate increased histone acetylation without affecting HDAC activity (205).




6.3.4 Thiosulfonates: allyl mercaptan

Several garlic-derived small organosulfur compounds such as allyl mercaptan (AM) have been described to inhibit the HDAC activity in vitro. In AM-treated human colon cancer cells, HDAC inhibition led to a rapid and sustained accumulation of acetylated histones in total cellular chromatin (195). Chromatin immunoprecipitation assays demonstrated the role of AM on histone H3 acetylation at the P21WAF1 promoter, favoring the increased binding of the transcription factor Sp3. Interestingly, AM also augmented the binding of p53 in the distal enhancer region of the P21WAF1 gene promoter, inducing a G1 cell cycle arrest (195). The anti-cancer effects of diallyl disulfide (DADS) and its active metabolite S-allyl mercaptocysteine (SAMC) have been also associated to H3K14 acetylation at the P21WAF1 gene in colon and breast cancer (196, 197).






7 Conclusions

Nutrition, diet, and metabolism regulate epigenetic responses and integrate environmental cues with cellular responses. Healthy diets sustaining balanced epigenetic landscapes have been demonstrated to promote healthspan and to counteract ageing and metabolic diseases. On the contrary, unbalanced diets such as Western diets can alter metabolic and epigenetic traits leading to the development and progression of metabolic diseases and ageing. Diet, exercise, and bioactive compounds from natural sources may provide metabolites and nutrients -vitamins and minerals- to restore epigenetic homeostasis.




8 Future directions

Unbalanced diets affect the epigenome contributing to the development and progression of chronic diseases, cancer, and ageing. Therefore, the relationship between lifestyle habits (mainly diet and exercise) and epigenetic regulation is a promising landscape to develop personalized nutrition strategies (nutritional epigenetics). Recently, epitranscriptomics -epigenetic marks in mRNA- is a novel field of research. m6A RNA modification has been shown to play a critical role in regulating gene expression and signalling pathways for physiological homeostasis. The molecular interactions between gut microbiota and the metabolo-epigenetic regulation need to be further investigated as part of diagnosis, prognosis, and treatment of human metabolic diseases. (5) In addition, some metabolites have been shown to be affected by circadian clock, establishing a direct link between cyclic rhythms and metabolism in the cell. The circadian clock in cells and the systemic level in a variety of metabolic and physiological processes is in harmony with the external 24-hour cycle of light and dark. Thus, alteration of the circadian rhythm may be associated with the development of NCDs, and ageing through its effects on the cyclic availability of coenzymes and metabolites (206). For example, although the expression levels of SIRT1 are non-cyclic, NAD+ synthesis is directly regulated by the circadian clock machinery, which controls the transcription of the Nampt gene. These findings suggest that several SIRT1 targets are likely to display circadian oscillations in their acetylation. This is the case for K9/K14 histone H3 sites at circadian gene promoters, as well as BMAL1, a non-histone target of SIRT1, that operates as a transcriptional co-activator of the circadian regulator CLOCK (207).
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The efficacy of cancer therapies is limited to a great extent by immunosuppressive mechanisms within the tumor microenvironment (TME). Numerous immune escape mechanisms have been identified. These include not only processes associated with tumor, immune or stromal cells, but also humoral, metabolic, genetic and epigenetic factors within the TME. The identification of immune escape mechanisms has enabled the development of small molecules, nanomedicines, immune checkpoint inhibitors, adoptive cell and epigenetic therapies that can reprogram the TME and shift the host immune response towards promoting an antitumor effect. These approaches have translated into series of breakthroughs in cancer therapies, some of which have already been implemented in clinical practice. In the present article the authors provide an overview of some of the most important mechanisms of immunosuppression within the TME and the implications for targeted therapies against different cancers.
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1 Introduction

Tumor growth depends to a great extent on the tumor microenvironment (TME) and the complex interactions between stromal, immune, and tumor cells. Growing evidence points to the significance of immune cell infiltration in response, prognosis (1) and TME characterization (2). The latest advances in therapies based on utilizing the host immune response has led to the development of new platforms to evaluate the immune status in tumors. Omniseq INSIGHT, as an example, is a next-generation sequencing technology utlizing DNA and RNA sequencing to determine the mutational status of solid tumors and their immune-phenotype. These assessments enable the identification of potential treatment options for patients.

The presence of pre-existing immunity, defined as the infiltration of immune cells into the tumor, seems to be crucial for the response to immunotherapies (3). Based on the histopathological localization of CD8 cytotoxic T lymphocytes (CTLs) within the tumor, three categories of TME have been proposed: (1) hot (inflamed) TME with pre-existing immunity, (2) immunologically excluded TME (intermediate stage), and (3) cold TME (non-inflamed, immunologically ignorant) (4).

Inflamed tumors are characterized by dense infiltration of CTLs, increased interferon gamma (IFN-gamma) signaling, expression of immune checkpoint markers (including PD-L1) (5), and high TMB. Tumors with an excluded T cell phenotype are characterized by the presence of T cells in the desmoplastic stroma surrounding the tumor. Despite these cells being recruited to the TME, there are obstacles hindering their infiltration into the tumor. The barriers can be the result of high levels of transforming growth factor beta (TGF-beta) (6), high hyaluronic acid levels (7), and/or the presence of abnormal desmosomal proteins (8) (Figure 1). Other factors limiting CTLs infiltration comprise cytokine and chemokine gradients, vascular endothelial growth factor (VEGF)-mediated immune suppression as well as numerous tumor-associated immune and stromal suppressive mechanisms (9) (Figure 1). The effects of TGF-beta, produced by tumor, stromal and immune cells within the TME, include promoting cancer-associated fibroblasts (CAFs) differentiation, induction of chronic tumor fibrosis and fibroblast to myofibroblast transition; moreover, TGF-beta facilitates the development of T regulatory cells (Tregs) and participates in extracellular matrix (ECM) remodeling (10) (Figure 1). Immunologically naïve (non-inflamed, cold) tumors tend to be genomically stable, contain fewer number of CTLs and are characterized by rapidly proliferating tumor cells (4).
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Figure 1 | Tumor cell intrinsic and extrinsic mechanisms of resistance to immunotherapies. Schematic cartoon of some mechanisms of resistance to immunotherapies highlighting 11 tumor cell-dependent relevant mechanisms (left), and 10 mechanisms dependent on the microenvironment surrounding the tumor (right). Among the tumor extrinsic mechanisms, distinct immune cell types and stroma/endothelial cells are depicted which play a contributing role - or are affected by the overall TME immunosuppression. PD-L1 - programmed death-ligand 1; MHC-I - major histocompatibility complex class I; TAP - Transporter associated with antigen processing protein complex; ER, endoplasmic reticulum; CALR - calreticulin; JAK1 - Janus kinase 1; JAK2 - Janus kinase 2; B2M - beta-2 microglobulin; IFN - interferon; PTEN- phosphatase and tensin homolog protein; PI3K/AKT - phosphoinositide 3-kinase/Protein kinase B; HLA-G - human leukocyte antigen G; ILT2- Human inhibitory receptors Ig-like transcript 2; ILT4 - Human inhibitory receptors Ig-like transcript 4; CCL5 - C-X-C motif chemokine ligand 5; CCL7 - C-X-C motif chemokine ligand 7; CXCL8 - C-X-C motif chemokine ligand 8; CCL4 - C-C motif chemokine ligand 2; VISTA - V-domain Ig suppressor of T cell activation; LAG3 - lymphocyte-activation gene 3, TIM3 - T cell immunoglobulin and mucin domain-containing 3; TIGIT - T cell immunoreceptor with Ig and ITIM domains; CTLA4 – cytotoxic T-lymphocyte associated protein 4; TGF-beta - transforming growth factor beta; Tregs – regulatory T cells; IL-10 – interleukin10; IL-35 – interleukin 35; CXCL12 - C-X-C motif chemokine ligand 12; CCR4 - C-C chemokine receptor 4; PI3K gamma - phosphoinositide 3-kinase gamma; MDSC, myeloid-derived suppressor cells; IDO1 - indoleamine 2,3-dioxygenase enzyme, PGE2 - prostaglandin E2; CAF – cancer associated fibroblasts; NK – natural killer cells; N2 – neutrophil type 2; M2 macrophage – macrophages type 2; Breg – B regulatory cells; Th17 – T helper 17 cells; Th2 – T helper 2 cells.

Some authors have added a fourth category to this classification, “overheated” TME, to describe excessive inflammation that could impair the cytolytic activities of CTLs, triggering immune escape. This intense inflammation can be mediated by antitumor factors such as type 1 IFN, which are able to stimulate the expression of T cell inhibitory molecules on tumor cells, driving adaptive resistance to immunotherapy (11).

There are several theories describing tumor differentiation and growth. In the Darwinian clonal model, all cancer cell subclones possess tumorigenic potential, whereas in other models only a small subgroup of cancer cells, known as cancer stem cells (CSCs), can generate new tumors (12). In the latter model, CSCs can indefinitely self-renew or differentiate into multiple cancer cell types. CSCs could be more drug-resistant than other cancer cells and could be responsible for cancer recurrence and drug evasion (13). Increasing evidence suggests that various cancer cells can convert to a CSC state due to cell plasticity, e.g., due to epithelial-to-mesenchymal transition (EMT). Different subsets of CSCs with variable EMT phenotypes can coexist in tumors and switch from one to another (14). CSCs stemness and plasticity may be modulated by genetic, epigenetic and TME factors (15). Stem cell features could be acquired by cancer cells through clonal selection, however, we would like to highlight that the clonal evolution and the CSCs theories may not be mutually exclusive (16). Emerging data suggest that tumors may follow different models of evolution sequentially or simultaneously during the disease (17), but the full context of tumor evolution is still to be explored (18).




2 Oncogenic mechanisms leading to immune evasion and possibilities of therapeutic approach

The mechanisms of tumor cell escape may be classified into three main categories (19), namely reduced immune recognition, resistance mechanisms against CTLs, and genomic alterations in tumor-expressed tyrosine kinase pathways.



2.1 Reduced immune recognition

Reduced immune recognition includes loss of tumor antigens, antigen presenting cells or lack of costimulatory molecules. In this category decreased major histocompatibility complex class I (MHC-I) expression on tumor cells (Figure 1), decreased priming and activation of T cells and dendritic cells (DC), decreased expression of tumor-associated antigens (TAAs) and tumor-specific mutant antigens (TSMAs) can be observed. immune recognition could be a result of decreased MHC-I expression on tumor cells, decreased priming and activation of T and dendritic cells within the TME, or decreased expression of TAAs and TSMAs on tumor cells. This list is not comprehensive, and newer mechanisms are being added by current studies; moreover, these mechanisms could co-exist at a given time.



2.1.1 Decreased MHC-I expression on tumor cells

Tumors can avoid tumor-associated antigen presentation and T cell-mediated cytotoxicity via downregulation (20) or irreversible loss of MHC class I expression (Figures 1, 2). HLA class I molecules are heterodimers consisting of heavy and light (beta-2 microglobulin) chains. Alterations of the HLA class I phenotype can result from mutations or deletions in genes encoding the HLA class I heavy chains on chromosome 6p21 or the beta-2 microglobulin gene encoding the light chain located on chromosome 15q21 (21). This may result in irreversible loss of heterozygosity. It was found that loss of one copy of an MHC-I heavy chain gene decreases MHC-I expression by 50% (22). In such cancer cells an inactivating mutation in the remaining MHC-I gene leads to a null phenotype (23). This phenotype could impair the defense against tumors by CTLs, but also, it could decrease the efficacy of immunotherapies restoring cytotoxic CTLs activity [e.g., checkpoint blockade (24) adoptive cell immunotherapy (25)]. When MHC-I is lost or downregulated, the absence of inhibitory MHC-I signals leads to an increased host response and enhanced natural killer (NK) cell cytotoxicity (26). However, cancer cells hijack this mechanism by producing factors such as TGF-beta and PGE2, impairing NK-cell function and blocking their infiltration into the tumor (27). Again, malignant cells may temporarily increase MHC-I expression, so they can avoid recognition by NK and T cell-mediated cytotoxicity (28). Altogether, impaired MHC-I antigen processing and presentation was found to be a predictor of acquired resistance to checkpoint inhibitors (CPI) therapy (29) and adoptive cell therapy (30). Potential therapeutic strategies to overcome this mechanism include inducing MHC-I expression in cancer via nuclear factor kappa beta (NFκB) stabilization, regulation of NFκB expression, or inducing MHC-I expression via restored IFN signaling. At the beginning of 2023 there were 85 recruiting and not yet recruiting clinical trials assessing different combinations of immunotherapy with no or low MHC antigen expression in different indications (31).
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Figure 2 | Schematic view of tumor microenvironment and the most important immunosuppression mechanisms, divided into epigenetic, tumor-cells dependent, humoral, metabolic, stromal and others groups. Numbers show the main locations of the processes within TME. MHC-I - major histocompatibility complex class I; TAAs- tumor-associated antigens; TSMAs - and tumor-specific mutant antigens; BCL-2 - B-cell lymphoma 2 protein; HER2 - human epidermal growth factor receptor 2; STAT3 - signal transducer and activator of transcription 3 pathway; BRAF - B-RAF proto-oncogene serine/threonine kinase; EGFR - epidermal growth factor receptor; c-KIT - tyrosine-protein kinase; IL-4 – interleukin 4; IL-5 - interleukin 5; IL-6 – interleukin 6; IL-9 – interleukin 9; IL-8 – interleukin 8; IL-10 - interleukin 10; IL-13 - interleukin 13; CCL2 - C-C motif chemokine ligand 2; M-CSF - macrophage colony stimulating factor; GM-CSF - granulocyte-macrophage colony-stimulating factor; G-CSF – granulocyte colony-stimulating factor; CXCL10 - C-X-C motif chemokine ligand 10; CXCL12 - C-X-C motif chemokine 12; VEGF-A - vascular endothelial growth factor A, TGF-beta - transforming growth factor beta; M2 cells - M2 phenotype macrophages; Th2 cells - Th2 helper; MDSC cells - myeloid-derived suppressor cells; CAFs – cancer associated fibroblasts; TECs – tumor associated endothelial cells; CAAs – cancer associated adipocytes; CCR2-9 - CC-chemokine receptor 2-9; CXCR3/4 - C-X-C chemokine receptors 3 and 4; CCL28-CCR10 - chemokine C-C motif ligand 28/C-C chemokine receptor type 10; CCL5-CCR5 - C-C chemokine ligand 5/C-C chemokine receptor type 5; CCL22-CCR4 - C-C motif chemokine ligand 22/C-C chemokine receptor 4; CXCL9/10/11-CXCR3 - CXC motif chemokine ligand 9/10/11 - C-X-C motif chemokine receptor 3; ECM – extracellular matrix; iNOS - inducible nitric oxide synthase; IDO1 - indoleamine 2,3-dioxygenase enzyme.




2.1.2 Decreased priming and activation of T and dendritic cells impairs cytotoxic activity within the TME

Cytokines and growth factors present in the TME e.g., IL-6, IL-10, M-CSF, VEGF and TGF-beta were found to negatively regulate DC functions (32), inhibit DC differentiation from progenitors, and promote DCs differentiation into immunosuppressive cells such as MDSCs and tumor associated macrophages (TAMs) (33). Additionally, matrix metalloproteinase 2 (MMP-2) can change DC cells function to induce immunosuppressive Th2 (T helper 2 cells) responses (34). Signaling pathways such as beta-catenin, mitogen-activated protein kinases (MAPK) and signal transducer and activator of transcription molecules (STATs) play critical roles in the crosstalk between tumor cells and DCs in the TME. For example, increased beta-catenin signaling was shown to inhibit the recruitment of T cells and DCs into tumors (35). Moreover, melanoma-derived Wnt ligand (Wnt5alpha) was found to increase the production of IDO1 by DCs, leading to increased generation of Treg cells (36) (Figure 1).




2.1.3 Decreased expression of TAAs and TSMAs by tumor cells

TAAs or TSMAs can be recognized by T cells, causing tumor cell death or selection of tumor escape clones. Decreased expression of TAAs and TSMAs enables faster tumor growth and inhibits tumor cell destruction (37) (Figure 1). Tumor antigen-specific T cells are present in progressively growing tumors, but they often present an exhausted state. These cells can be reactivated following treatment with anti-PD-1- and anti-CTLA-4 antibodies. TSMA and TAAs can be utilized for the development of personalized cancer-specific vaccines. Therapeutic approaches to overcome this immune escape mechanism include induction of immunogenic cell death (radiotherapy) adoptive cellular transfer therapy [e.g., chimeric antigen receptor T cells (CAR-Ts)] or adjuvants (CD40, CD137 and OX-40 agonists) as single agents and in combination therapies.





2.2 Resistance mechanisms against cytotoxic cells

Resistance mechanisms against CTLs, as well as increased expression of survival proteins [e.g., B-cell lymphoma 2 protein (BCL-2)] and tyrosine kinase receptors overexpression [e.g., human epidermal growth factor receptor 2 (HER2/neu)] can be developed by cancer cells (Figure 2). This leads to the survival of resistant tumor cells and an increase in the number of mutations [e.g., in HER2, BCL-2, signal transducer and activator of transcription 3 pathway (STAT3), B-RAF proto-oncogene, serine/threonine kinase (BRAF), epidermal growth factor receptor (EGFR), tyrosine-protein kinase KIT (KIT) genes]; applicable therapeutic strategies include targeting oncogenes and tyrosine kinase receptors e.g., BRAF inhibitors or anti-HER2 antibodies, small molecules, antibody-drug conjugates, and vaccines. Inhibiting cytotoxic cells could be mediated via inhibiting death receptor-mediated cytotoxicity, inhibiting granule-related cytotoxicity, tumor necrosis factor alpha (TNF-alpha) mediated cytotoxicity or via inhibiting the apoptotic pathway



2.2.1 Inhibiting death receptor-mediated cytotoxicity: Fas ligand and tumor necrosis factor-related apoptosis inducing ligand

Cytotoxic lymphocytes may destroy target cells via the expression of death receptor ligands such as Fas and TRAIL. These ligands are transmembrane proteins expressed on cytotoxic immune cells (38). Both ligands trigger proapoptotic signaling. FasL binds to the Fas receptor and TRAIL binds to the death receptors 4 and 5 (DR4/5) (39). After binding of FasL or TRAIL, the death-inducing signaling complex (DISC) is created. DISC stimulates signaling leading to the activation of the mitochondrial apoptosis pathway, similar to granzyme B. This signaling can be inhibited by the activity of FADD-like IL-1 beta converting enzyme (FLICE)-inhibitory proteins (FLIPs), expression of decoy receptors, or downregulation of death receptors by tumor cells.




2.2.2 Inhibiting TNF-mediated cytotoxicity

TNF-alpha is a cytokine capable of inducing both pro-survival and pro-apoptotic signaling. The receptors for TNF-alpha, tumor necrosis factor receptor 1 (TNF-R1) and tumor necrosis factor receptor 2 (TNF-R2) belong to the same family as FasL and TRAIL receptors, but the downstream signaling pathways are different. TNF-R1 receptor is able to trigger cell death via the cytoplasmic death domain, which recruits a TNF receptor-associated death domain (TRADD) (40). On the contrary, both TNF-R1 and TNF-R2 contain a TNFR-associated factor (TRAF) binding site that recruits TRAF1/2, involved in triggering pro-survival signaling via the NFκB and MAPK pathways. As both TNFR receptors are highly expressed on Tregs, targeting TNFR was considered a promising immunotherapeutic approach. Therefore, TNFR2 antagonists can block both immunosuppressive cells and tumor cells.




2.2.3 Inhibiting granule-mediated cytotoxicity

Perforins and granzymes are secreted by cytotoxic T cells and NK cells (41). Resistance mechanisms exploited by cancer cells include reluctance to perforin pore formation in target cells (reduced cell stiffness to prevent efficient perforin pore formation), changes in the cell membrane lipid order in tumor cells (42), changes in the glycosylation patterns of protein components in the cancer cell membrane (glycocode) (Figure 1), as well as secretion of cathepsin B to degrade perforins. Other observed mechanisms of resistance to granzyme-mediated apoptosis encompass resistance to autophagy and to gasdermin-induced pyroptosis (43).




2.2.4 Inhibiting apoptotic pathways

Prevention of cancer cell apoptosis may occur via downregulation of pro-apoptotic mediators, including caspases or pro-apoptotic BCL-2 family members, or up-regulation of apoptosis inhibitors, such as inhibitor of apoptosis proteins (IAPs) or anti-apoptotic BCL-2 family members. The BCL-2 gene encodes a family of proteins critical for apoptosis regulation. This family includes proteins promoting cell survival e.g., BCL-2 and B-cell lymphoma-extra large (BCL-xL); initiating cell death e.g., BCL-2-interacting mediator of cell death (BIM), p53 upregulated mediator of apoptosis (PUMA), BCL-2-interacting domain (BID); or activating the effector pathways of apoptosis (BAK) (44).

Therapeutic approaches inhibiting NK and CTL activity are being extensively studied in cancer. There were 150 trials investigating the TRAIL pathway as of the beginning of 2023 (31). BCL-2 inhibitors, playing an especially important role in hematological malignancies, are also intensively studied, which is reflected in a high number of studies aiming to inhibit this pathway either in combination with other immunotherapies or with chemotherapeutic agents.





2.3 Genomic alterations in tumor-expressed tyrosine kinase pathways

A pro-tumor microenvironment can be established via the secretion of pro-tumor cytokines, chemokines and growth factors such as interleukin 4 (IL-4), interleukin 6 (IL-6), interleukin 8 (IL-8), interleukin 10 (IL-10), C-C motif chemokine ligand 2 (CCL2) (45); C-C motif chemokine 22 (CCL22); C-C motif chemokine ligand 24 (CCL24); macrophage colony stimulating factor (M-CSF), TGF-beta, C-X-C motif chemokine ligand 10 (CXCL10), C-X-C motif chemokine 12 (CXCL12), VEGF-A and granulocyte colony-stimulating factor (G-CSF), (46), as well as metabolic factors including adenosine, prostaglandin E2 (PGE2), and indoleamine 2,3-dioxygenase (IDO1) (47) (Figure 2). These factors stimulate the recruitment of regulatory T cells, myeloid-derived suppressor cells (MDSCs) and regulatory B cells (Bregs) and enhance adaptive immune resistance via an increase in the expression of inhibitory receptors on CTLs e.g., cytotoxic T-lymphocyte antigen 4 (CTLA-4); programmed cell death protein 1 (PD-1), T cell immunoglobulin and mucin domain-containing 3 (TIM-3) (Figure 1). Possible therapeutic strategies include checkpoint blockade, e.g., blockade of CTLA-4, PD1, PD-L1; targeting angiogenesis, e.g., anti-VEGF drugs; or inhibiting tumor-specific metabolic pathways, e.g., IDO1 inhibitors. A short description of each category is presented below and graphically on Figure 1 and Figure 2, with the examples of the current therapies in clinical trials shown in Table 1.

Table 1 | Examples of current clinical trials targeting TME mechanisms.
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The analysis of human tumors has shown that tumorigenesis can be driven by gain of function mutations in cell death antagonists or loss of function mutations in cell death activators. These mutations can serve as initiating events or as secondary oncogenic events to promote tumor development and progression to metastatic disease (48). Oncogenic mutations causing deregulated activation of receptor tyrosine kinases or their downstream signaling pathways are frequent in human cancers (49). As an example, presence of HER2 gene amplification was found in 10%–34% of invasive breast cancers (50). Among other crucial alterations, RAS (KRAS, NRAS, HRAS) gene mutations are found in approximately 27% of all cancers, with high frequency of KRAS mutations in pancreatic duct adenocarcinoma, lung adenocarcinoma. Missense gain-of-function mutations in the RAS genes occur with 98% of the mutations at one of three mutational hotspots: G12, G13 and Q61 (COSMIC v75). Mutant RAS is considered to negatively impact GTP hydrolysis, which results in an accumulation of constitutively GTP-bound RAS proteins in cells (51). Another important pathway is associated with activating mutations in the phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha (PIK3CA) gene occurring in approximately 30–40% of patients with cancer (52). Analysis of this gene in human tumor samples identified hotspot mutations in three sites, E542 and E545 in the helical domain (exon 9) and H1047 in the kinase domain (exon 20) (53), which induce activation of the alpha isoform of PI3K. Another gene contributing to increased cancer cell survival is BRAF, encoding a serine/threonine kinase protein and engaged MAPK pathway. Somatic mutations of BRAF gene are found in up to 15% of human tumors (54), including melanomas, and papillary thyroid carcinomas (55). The most common BRAF mutation is the V600E change in exon 15 which activates the BRAF kinase activity via phosphorylation (56). The protein encoded by the KIT gene, c-KIT, is a stem cell growth factor receptor, one of the type III receptor tyrosine kinases known to play a critical role in the onset and proliferation of cancer. Activating mutations in KIT are considered the molecular drivers of gastrointestinal stromal tumors. Most KIT mutations happen in exon 11, and the deletions are most commonly found in codons 557 and 558 (57). Among other pathways engaged in increased survival of cancer cells there are STAT3 family of genes regulating cellular proliferation, apoptosis and angiogenesis. Mutations leading to the constitutive activation of STAT3, are important in oncogenesis in both solid and hematological malignancies (58). Further pathway leading to increased cancer cell survival are mutations associated to EGFR overexpression, found in adenocarcinoma of the lung (59), and colorectal cancer (60). Although these findings are not a complete list, they confirm the view that, deregulated mitogenic signaling is a major driver of cancer development (61).

Therapeutic approaches to overcome increased tumor cell survival include the combination of histone deacetylases (HDAC) and MAPK inhibition, selective BRAF inhibitors (e.g., vemurafenib or dabrafenib), MEK1/2 pathway inhibition (trametinib) or a BRAF/MEK inhibitors combination in patients with confirmed mutations (62). Drugs targeting KRAS are being developed, with the example of KRAS (G12C) inhibitors, which led to FDA approval of sotorasib in 2021and adagrasib in 2022 (63) for patients with KRAS-mutated non-small cell lung cancer (NSCLC) (64). Other strategies are also assessed in clinical trials, including antibody-drug conjugates [e.g., ado-trastuzumab emtansine (T-DM1)] designed to target HER2 and release a cytotoxic drug in NSCLC patients with HER2 mutations. The antibody-drug conjugate, 4C9-DM1, is an example of a c-KIT targeting drug in development (65).

First generation EGFR tyrosine kinase inhibitors (EGFR-TKIs) such as gefitinib and erlotinib or second-generation molecules such as afatinib and dacomitinib are effective for the treatment of EGFR-mutated NSCLC, mainly in patients with EGFR exon 19 deletions or an exon 21 L858R mutation. A compounding issue is that a majority of patients face a cancer recurrence within 2 years due to acquired therapy resistance, mostly associated with the EGFR T790M mutation in exon 20. A third generation TKI, e.g., osimertinib targeting the T790M mutation, was developed to overcome such resistance and showed high clinical efficacy. However, resistance to third generation TKIs was observed through a C797S mutation (66). Current therapeutic options address patients with the so called triple mutation: T790M, L858R or exon19 deletion, and C797S mutation (fourth generation EGFR inhibitors), as well as patients with non-resistant rare EGFR mutations, including L861Q, G719X and S768I.

Both small molecule inhibitors and targeted antibodies used in cancer immunotherapy have their advantages. Small molecule inhibitors usually bind a wider number of targets in comparison to antibodies due to their smaller size. Antibodies are more specific but they are characterized by poor tumor penetration and immunogenic potential (67). However, small molecule inhibitors and therapeutic antibodies can be considered complementary strategies in cancer treatment, and can be combined to achieve synergistic effects. Examples are monoclonal antibodies targeting EGFR. These antibodies block the extracellular ligand binding domain of the receptor and signal molecules cannot longer activate the tyrosine kinase. These therapeutics include cetuximab, panitumumab, nimotuzumab, zalutumumab, or duligotuzumab, the novel humanized dual EGFR/HER3 monoclonal antibody. Drugs targeting mutations in receptor tyrosine kinases, as well as in their downstream signaling members, are one the most actively developed anti-tumor drugs. This is reflected in the high number of trials ongoing at the beginning of 2023, with 1004 studies targeting the HER2 pathway, 246 trials targeting BRAF mutations, 773 studies targeting the EGFR pathway and 291 studies targeting the c-KIT pathway (31).

The mutations leading to increased cancer cell survival, discussed earlier, are engaged in the activation of oncogenic pathways, including WNT/beta-catenin, STAT3, PI3K/PTEN/AKT/mTOR, RAS/RAF/MAPK or NFκB (68). These signaling pathways can influence exclusion and dysfunction of cytotoxic cells in the TME (69) (Figure 1). There were 13 trials assessing different combinations of immunotherapy with novel WNT pathway modulators, including DKN-01or LGK974 in various forms of cancers at the beginning of 2023 (31).




2.4 The immunosuppressive TME

The mutual interactions of immune and non-immune cells, humoral, metabolic and other factors present in the TME lead to an immunosuppressive environment outlined below.



2.4.1 Immune-cell dependent mechanisms

Several myeloid and lymphoid cell types in the TME play important roles in immune suppression mechanisms (70). M2 macrophages are abundant (up to 50% of tumor mass) (71) and they are probably the most important population of immunosuppressive cells in the TME secreting scavenger receptors, pro-tumorigenic cytokines, chemokines and pro-angiogenic factors (72). Another cell population, MDSCs, contribute to tumor growth via regulating the adenosine metabolism, expression of negative immune checkpoint molecules, and a shift towards the immunosuppressive Th2 response. Pro-tumor N2 neutrophils are known to influence cancer progression by the secretion of C-X-C motif chemokine ligand 1 (CXCL1), matrix metallopeptidase 9 (MMP-9), VEGF, and TNF-alpha (73), as well as ROS and NO (74). Another crucial population of lymphoid cells, Tregs, mainly inhibit tumor-specific T cell responses. Th17 cells are characterized by the secretion of immunosuppressive interleukin 17F (IL-17F), interleukin 17A (IL-17A), IL-6, interleukin 21 (IL-21), interleukin 22 (IL-22), and IL-23 (75). Th2 cells contribute to immune tolerance mainly by the secretion of protumor Th2 cytokines. The protumor action of Bregs involve secretion of IL-10 (76) as well as production of granzyme B and TGF-beta (77). The immune cells’ phenotype shows plasticity and may depend on TME polarization into pro- or antitumor immunity (i.e. already differentiated M2 macrophages and N2 neutrophils cells could change their phenotype into antitumor M1 or N1 respectively) (78) (Figure 1, 2). Various therapeutic approaches addressing the immune cell-dependent immunosuppression within the TME have been identified. These include among others including turning cold tumors into hot, targeting MDSCs, reprogramming of TAMs, or adoptive cell therapies.



2.4.1.1 Turning immunologically cold tumors into hot

According to the previously described “cold” and “hot” TME phenotype, it seemed reasonable that “heating up” the TME, namely increasing immune infiltration in the TME, could enhance antitumor immunity. This therapeutic approach is not exclusively an immune-cell dependent mechanism, as humoral and metabolic factors can influence this process (79) (Figure 1). Several attempts have been implemented to turn cold tumors into hot, including the activation of the innate immune system using stimulators of interferon genes (STING) agonists, increasing cross-presentation of DCs to promote tumor-antigen-specific T cell infiltration into the TME, targeting the cellular metabolism or transferring within the TME certain metabolites to reduce Tregs, MDSCs or TAMs infiltration (80) as presented in Figure 2. An additional therapeutic approach has been to promote cytotoxic T cell activity or re-educate TAMs, MDSCs, and Tregs to support CTLs effector functions. Further attempts included creating an inflamed TME via oncolytic viruses or nanoparticle delivery of immune-modulatory factors (81).




2.4.1.2 MDSCs targeting options

Blocking the immunosuppressive function of MDSCs could be achieved in several ways: by depleting MDSCs, through inhibition of their immunosuppressive potential, by decreasing MDSC cell recruitment to the tumor, or by modulating myelopoiesis. It has been shown that targeting phosphatidylinositol 3-kinase (PI3K) delta and PI3K gamma leads to the inhibition of NFκB and activation of CCAAT/enhancer-binding protein beta (CEBPbeta), which results in an inhibition of the MDSCs immunosuppressive activity (82) (Figure 1). Targeting both isoforms of PI3K in combination with a PD-L1 blocking antibody delayed tumor growth and prolonged survival in tumor models of head and neck cancer, indicating a beneficial effect of this treatment combination (83).




2.4.1.3 Reprogramming/repolarization of TAMs

As mentioned previously, the immunosuppressive M2 TAMs can be repolarized into a M1 phenotype under certain circumstances. Another way to reprogram M2 TAMs is to use genetic engineering to enhance their antitumor activity (80). The TME immunosuppressive status was altered in vitro by genetically modified macrophages, which once transplanted into patients (84) enabled the stimulation of the cytotoxic activity of T cells in vivo and inhibited the immunosuppressive status of the TME (69).




2.4.1.4 Advances in adoptive cell therapies

This treatment modality is a fast-developing field of cancer immunotherapy (85). Cells collected from a patient are genetically engineered, multiplied ex-vivo and infused back into the patient. The benefits of ACT could be enhanced by adding small-molecule drugs or epigenetic modulators to enhance T-cell expansion, and has been reviewed elsewhere in detail (86). The PI3K inhibitor idelalisib has been shown to inhibit human T reg functions (87). Inhibition of PI3K gamma and delta with duvelisib reprogramed differentiation and the metabolism of CAR-T cells, improving their expansion and anti-tumor cytotoxicity (88). Among tyrosine kinase inhibitors dasatinib showed promising activity of reversing T cell exhaustion, which translated into enhanced therapeutic efficacy (89).

Adding epigenetic modulators represent another strategy to improve T-cell function. DNA methyltransferases and histone deacetylases are activated during T-cell differentiation, resulting in high levels of DNA and histone methylation in exhausted T cells (90). It was shown, that decitabine, a DNA methylation inhibitor, enhances anti-tumor activities, cytokine production, and CAR-T cell proliferation in non-Hodgkin lymphoma models (91). Additionally, treatment of CAR-T cells with a BET inhibitor (92) or immune modulator drugs like lenalidomide, showed to enhance CAR T-cell response in hematological malignancies models (93).

Despite promising efficacy in hematological malignancies, the results of CAR-Ts in solid tumors remain unsatisfactory. Compared to hematological malignancies, solid tumors show higher tumor antigen heterogeneity, associated with effective escape mechanisms against mono-antigen-specific CAR-T cells. Another factor is a presence of the immunosuppressive TME demonstrating physical and molecular barriers preventing CTLs infiltration, driving their dysfunction and hypoproliferation (94).

Next-generation bi-specific CAR-Ts are being developed to overcome these challenges (95), these include fourth and fifth generation CAR-Ts delivering drugs able to modify the TME through the release of transgenic immune modulators (96). Chimeric antigen receptor macrophage-cells (CAR-M) can destroy tumor cells or alter the TME creating a niche of tumor and immune cells. Transduced human macrophages with an anti-HER2 CAR could be an example of such therapy. CAR-Ms were able to perform antigen-specific phagocytosis in vitro, leading to reduced tumors and prolonged overall survival in murine solid tumor models. An assessment of the effects of CAR-Ms on M2 macrophages found that CAR-Ms induced a phenotypic shift in M2 macrophages towards a M1 phenotype and activated cytotoxic T cells. As a result, CAR-Ms reprogrammed the TME, showing potential efficacy in solid tumors (97).

Alternative promising strategies are CAR-NKs based therapies. Compared to CAR-Ts, chimeric antigen receptor natural killers (CAR-NKs) have shown improved safety with few cases of cytokine release syndrome (CRS) and no graft versus host disease (GvHD) reported (98). In addition to their effectiveness in blood cancers, CAR-NKs are being investigated in solid tumors such as pancreatic, ovarian and prostate cancers. CAR-NKs therapies with their favorable cytotoxicity, short lifespan and lower manufacturing costs are considered the alternative to CAR-Ts (99).




2.4.1.5 Clinical benefits of tumor infiltrating lymphocytes adoptive cell therapy

As CAR-T cell therapy has not yet shown convincing clinical benefit in the treatment of solid tumors, application of autologous TIL-ACT (tumor infiltrating lymphocytes adoptive cell therapy) is being explored as an alternate approach. TIL-ACT therapy starts with isolating the natural infiltrating lymphocytes from the tumor tissues, expanding them in vitro, and then infusing these cells back with a high dose of IL-2 to ensure anti-tumor efficacy. Prior to infusion of the TIL cells, patients receive a non-myeloablative lymphodepletion regimen. This therapy has shown efficacy in several indications including metastatic melanoma (100), cervical cancer (101), and breast cancer (102).




2.4.1.6 Perspective of T cell receptor transduced T cell therapy

Another promising therapeutic alternative is therapy with T cells expressing an engineered T cell receptor (TCR-T cells). This approach could overcome a CAR-T cells limitation of targeting surface protein antigens only, frequently not expressed on solid tumors. In addition to surface antigens, TCR-T cells can target the intracellular antigens of solid tumors, ensuring enhanced anti-tumor efficacy (103). Autologous T-cell receptor (TCR)-based adoptive therapy is based on genetically modified lymphocytes against specific tumor markers. Ongoing clinical trials will determine the ultimate role of TCR-based therapies in patients with solid tumors (104). TCR-T cell therapy developed so far rely on engineering of autologous T cells. However, implementation of allogeneic TCR-T cell therapies could offer multiple advantages including immediate availability, standardization, and reduced cost compared to conventional CART cell therapies (105). By deleting both endogenous TCR alpha and TCR beta chains, insertion of the transgenic TCR would decrease the risk of graft-versus-host disease. This approach can be combined with strategies to limit the rejection of the allogeneic T cells by the host immune system, such as partial HLA matching or gene editing (HLA class I deletion combined with natural killer cell inhibition) to generate universal T cells (106). The first TCR-based therapy was recently approved by the US FDA (107).

Another related approach is the development of bispecific T cell engagers (BiTE) with a TCR component recognizing a tumor specific peptide antigen in the context of a particular HLA haplotype on one end, and a CD3 component to attract CTL effector cells to the tumor on the other end. BiTE therapeutics are small and flexible, easily diffusible to lesions, redirecting cytotoxic lymphocytes to cancer cells with high affinity (108). Monitoring HLA expression under these therapeutic treatments becomes a requirement, as tumors frequently evolve downregulating HLA expression as a mechanism of tumor immune evasion, limiting peptide antigen recognition by CTLs.

Adoptive cell therapies are gaining significant research attention reflected in the number of ongoing clinical studies. There are at least 197 TIL-ACT trials and 601 TCR-T cell trials ongoing. Moreover, there were 642 studies assessing CAR-Ts therapies in different combinations and 32 trials assessing CAR-NKs therapies at the beginning of 2023 (31).

Additional TME reprogramming possibilities include: the use of ligands for toll-like receptors (TLRs), such as the TLR7 agonist imiquimod; TLR9 agonists; CpG oligodeoxynucleotides or whole microorganism-based adjuvants, such as BCG (109).




2.4.1.7 The role of immune checkpoint inhibitors

ICIs modulate innate or adaptive immune responses. They can be divided into two classes: ICIs that co-stimulate [TNF family members, CD27, 4-1BB (CD137), OX40 (CD134), herpesvirus entry mediator (HVEM), CD30, and glucocorticoid-induced TNFR-related protein (GITR)] (110) and ICIs that inhibit immune responses (111) such as PD-1, PD-L1, CTLA-4, VISTA, TIM-3, TIGIT, HLA-G and LAG-3 (Figure 1). ICIs form ligand-receptor pairs with other molecules, the receptors are mostly expressed on immune cells, while the ligands are mostly expressed on antigen-presenting cells, tumor cells, or other cell types, (112). Overexpression of these ligands on tumor cells can be the result of cell-autonomous stimuli or of stimuli from the TME. The activation of inhibitory ICIs causes the inhibition of cytotoxic T cells (113), NK and NKT cell functions. Exhausted cytotoxic T cells are unable to lyse tumor cells, they have impaired effector functions and they show an inability to product pro-inflammatory cytokines (e.g., TNF-alpha, IFN-gamma, IL-2). They express co-inhibitory receptors including CTLA-4, PD-1, TIM-3, TIGIT or LAG-3 (114). Ongoing research has helped discover novel checkpoint inhibitors such as B7-H3, B7-H4 transmembrane proteins, NKG2A proteins, PVRIG/PVRL2 (poliovirus receptor-related immunoglobulin domain), as well as inhibitory targets beyond immune checkpoints including carcinoembryonic antigen-related cell adhesion molecules 1, 5, 6 (CEACAM1, CEACAM5, CEACAM6), and focal adhesion kinase (FAK) (115).



2.4.1.7.1 The role of TIM-3

TIM-3 is a transmembrane receptor expressed by CTLs, Tregs, B cells, macrophages, NK cells, DCs and tumor cells (116). The main ligands are galectin-9, phosphatidyl serine, and CEACAM1 (117). TIM-3 acts as an immune checkpoint promoting immune tolerance (Figure 1). Stimulation of TIM-3 by ligands causes T cell exhaustion and expansion of MDSCs within the TME. Finding that TIM-3 can be an immune checkpoint in the malignant TME came from the observation that TIM-3 was present on the suppressed CTLs in preclinical models of tumors, and the CD8 TIM-3+ T cells expressed also PD-1 (118). Moreover, TIM-3+ Tregs are rarely found in peripheral blood and lymphoid tissues. This indicates that TIM-3 can be specific to tissue Tregs and these cells could play more important role in suppressing anticancer immunity in tumor tissue (119). High TIM-3 levels correlated with poor prognosis in prostate, renal cell, colon, and cervical cancers. TIM-3 blockade results in decreased MDSCs and increased proliferation and cytokine production by T cells (120). Given its expression in a variety of T cells and its synergistic effects with other anti-PD-1 agents, TIM-3 blockade was assessed as an attractive therapeutic target, which was investigated in 43 clinical trials early in 2023 (31).




2.4.1.7.2 The role of LAG-3 (CD223)

LAG-3 is another promising immune checkpoint therapeutic target together with PD-1 and CTLA-4. LAG3 interacts with MHC class II and it is expressed on CD4+ T cells, CD8 T cells, NK cells, NKT cells, Tregs (121), B cells and DCs (122). LAG3 has several ligands including MHC class II, lymph node sinusoidal endothelial cell C-type lectin, Galectin-3, alpha-synuclein, fibrinogen-like protein 1 and 2 (FGL1, FGL2) (123), all of which inhibit T cell activation through binding to LAG-3. LAG3 interaction with MHC class II causes a decrease of CTLs cytokine production, CD4 and CD8 T cell expansion, and supports a Treg phenotype differentiation to prevent tissue damage and autoimmunity (124) (Figure 1). Tumor-infiltrating lymphocytes can overexpress LAG-3, which contributes to their dysfunction and immune exhaustion (117). High LAG-3 and FGL1 expression has been shown to support tumor growth via accelerating T cell exhaustion and blocking T cell proliferation (125). LAG-3 has been also identified as a mechanism of resistance to some immunotherapies, including anti-PD-1 therapies. LAG-3 blockade stimulates immune activation against tumor cells and enhances the effect of other immune checkpoint inhibitors (126). In March 2022, relatlimab, the first monoclonal antibody targeting LAG-3 in combination with nivolumab, was approved by the FDA for the treatment of untreated/unresectable or metastatic melanoma. The RELATIVITY-047 (127) study demonstrated that this combination doubled the progression free survival (PFS) time compared to nivolumab alone. Other anti-LAG-3 agents are currently in development, including favezelimab, fianlimab, the bispecific tebotelimab, ieramilimab or INCAGN-2385. Numerous trials assessing LAG-3 across different cancer indications and in combinations could change the existing strategy for immunotherapies. There were 64 studies targeting LAG-3 in cancer patients at the beginning of 2023 (31).




2.4.1.7.3 The role of TIGIT

T-cell immunoglobulin and ITIM domain (TIGIT) is expressed on dysfunctional T cells, Tregs and NK cells (117). TIGIT shows immunosuppressive functions by directly binding to tumor cells, which commonly express CD155, leading to T and NK cell inhibition (Figure 1). TIGIT acts also indirectly via stimulation of immunosuppressive DCs and Tregs after CD155/CD226 molecule recognition (128). Overexpression of TIGIT was associated with poor prognosis in many cancers (129). TIGIT expression is considered a marker of T cell exhaustion in liver cancer (130). Encouraging results presented in 2021 suggested that the combination of anti-TIGIT and anti-PD-L1 cancer immunotherapies could represent a novel approach in cancer (131). The recent failure of the tiragolumab trial was announced (132) in which tiragolumab was unable to demonstrate additional benefit in PFS over atezolizumab alone in a phase 3 trial in NSCLC patients. However, the data are still not mature and there are several other compounds in development across a range of indications, including EOS-448, vibostolimab, domvanalimab, ociperlimab, BMS-986207 or etigilimab, bringing the hope that a new class of checkpoint inhibitors would offer therapeutic benefits for cancer patients. TIGIT inhibition was assessed in 65 clinical studies at the beginning of 2023 (31).




2.4.1.7.4 The role of CTLA-4 (CD152)

The anti-CTLA-4 antibody ipilimumab was the first immune checkpoint inhibitor approved in 2011 by the U.S. Food and Drug Administration for the treatment of late-stage melanoma (133), paving the way for the further research of immune checkpoint blockade. Recently, another CTLA-4 antagonist, tremelimumab, received priority review in the US FDA, supporting the combination of anti-CTLA4 antibody, tremelimumab, and the anti-PDL-1 antibody durvalumab for the treatment of patients with unresectable hepatocellular carcinoma. CTLA-4 and CD28 are co-receptors that bind to CD80 (B7-1) and CD86 (B7-2) to regulate T cell activation. CD28 co-stimulation is required for T cell activation, whereas CTLA-4 inhibits T cell responses by opposing the actions of CD28-mediated co-stimulation (Figure 1). CTLA-4 is highly expressed on activated and exhausted CD4 T cells, Tregs, activated and exhausted CD8 T cells, and in some tumor cells (134). A correlation has been observed between high levels of CTLA-4 expression and poor cancer prognosis (135). Blocking Treg function and the CTLA-4 pathway could constitute an effective synergistic mechanism to enhance antitumor activity by increasing the immune response. CTLA-4 blockade was assessed in 239 ongoing studies in different therapeutic combinations as of early 2023 (31).




2.4.1.7.5 The role of PD-1 (CD279)

PD-1 is another membrane-bound co-inhibitory receptor expressed across hematopoietic and non-hematopoietic cells. The PD-1 receptor was described in the 1990s (136). PD-1 binds its ligands, PD-L1 and PD-L2 which are found on APCs, endothelial cells, cancer cells, mast cells and lymphocytes (137). PD-1 negatively regulates T cell-mediated responses via PD-L1 (138) (Figures 1, 2). Moreover, PD-1 signaling can reduce secretion of IL-2, IFN-gamma, and TNF-alpha cytokines as well as reduce cell proliferation (139). PD-1-expressed on tumor-infiltrating T cells can bind to PD-L1 on the surface of cancer cells or other cells; blockade of PD-1 signaling is considered to be an effective way to restore T cell cytotoxic activity (140). Several IgG1 anti-PD-L1 antibodies, including atezolizumab (141) and avelumab (142) are able to induce cytotoxic or phagocytic effects, including antibody-dependent cellular cytotoxicity (ADCC), in addition to their PD-L1 blockade action. Initial studies targeting PD-1 and PD-L1 in advanced solid tumors allowed for the development of the first PD-1 inhibitors, nivolumab and pembrolizumab (143). Since the approval of pembrolizumab in 2014, the clinical development of PD-1 and PD-L1 inhibitors has been significantly widened. So far three PD-1 (pembrolizumab, nivolumab, and cemiplimab) and three PD-L1 (atezolizumab, avelumab, and durvalumab) inhibitors have been approved for cancer therapy, with numerous molecules in development (144). Lack of sustained response and development of resistance mechanisms remains a clinical issue during anti-CTL-A4 and anti-PD-1/anti-PD-L1 therapy. Key mechanisms underlying resistance to PD-L1 therapies include: loss of PD-L1 expression, the expression of soluble forms of the receptor, non-canonical WNT ligand-activation inhibiting T cell function, loss-of-function mutations in JAK1/2 leading to the decreased expression of PDL-1 or activation of alternative immune checkpoints, e.g., TIM-3 and LAG-3 (145) (Figure 1). Anti-PD-1/anti PD-L1 blockade was assessed across different indications and combinations in 1665 studies at the beginning of 2023 (31).






2.4.2 Humoral mechanisms

The immunosuppressive TME is influenced by several metabolic, humoral and regulatory pathways. A deeper understanding of these mechanisms enables the development of novel possibilities for therapeutic intervention. Some of these mechanisms and their importance are discussed below and shown on Figures 1, 2.



2.4.2.1 Cytokine shift into Th2 profile

Immunosuppression within the TME is characterized by a shift from a Th1 anti-inflammatory to a Th2 immunosuppressive cytokine profile (Figures 1, 2). Cytokine-based therapies are being widely investigated in clinical trials – there were 805 registered studies assessing cytokines in different clinical settings at the beginning of 2023 (31).




2.4.2.2 The role of chemokines in the TME

CTLs do not express chemokine receptors and therefore have difficulty infiltrating the TME. A recent proof of concept report showed promising results for a tumor re-programming therapy, which selectively enhanced local CTLs infiltration in patients with metastatic triple negative breast cancer. Patients received a chemokine-modulating regimen consisting of rintatolimod, selective TLR3 ligand, IFN-alpha, and concomitant therapy with cyclooxygenase-2 (COX-2) inhibitor celecoxib during their follow up pembrolizumab therapy. Significant increases of intratumoral type 1 immune antitumor markers upon treatment were observed, including granzyme B, ratios of CD8alpha/FOXP3 and granzyme/FOXP3, as well as CXCL10 and CCL5. In contrast, neither the Tregs marker Foxp3, nor Tregs attractants CCL22 or CXCL12 were enhanced. Three out of six patients had stable disease and an additional patient had a partial response (146). Chemokine based therapies are broadly assessed in clinical trials with 101 trials assessing chemokines in combination with other therapies (31)




2.4.2.3 Inhibition of type 1 IFNs function

Type 1 IFNs are indispensable to the development of antitumor immunity by enhancing intratumoral CTL-DC crosstalk (147), and increasing of NK and M1 macrophages activity in the TME (148). Moreover, the efficacy of radiotherapy, chemotherapy and immunotherapy rely to a great extent on type 1 IFN signaling within tumors (149). Drugs inducing type 1 IFN responses are used widely as adjuvants for existing therapies (150). There is some evidence that type 1 IFN signaling also exerts a negative effect on antitumor immunity. Namely, chronic type 1 IFN signaling stimulates the immune response leading to an exhaustion state (151). These events lead to a defective pro-inflammatory cytokine production, adaptive resistance to therapy, and decreased activity of antigen-specific cells. In early 2023, there were 18 studies assessing type 1 IFN in cancer patients (31).

Moreover, in cancer, the cGAS-STING path appears to be a major innate immune pathway that can stimulate DC activation and T cell priming against tumor antigens due to stimulation of IFN genes. It has been shown, that radiotherapy-induced DNA damage leads to the formation of double-stranded DNA fragments recognized by cGAS in the cytosol. Indeed, irradiated tumor cells can activate this pathway stimulating the immune response and enhancing radiation efficacy (152, 153). Defects in cGAG/STING signaling induced by mutations, epigenetic control, or silencing, affect this mechanism and diminish the antitumor immune response in several malignancies (154). Therapeutic strategies engaging this pathway include the use of STING agonists (155). These modalities could be an attractive clinical approach to initiate de novo inflammation, DC activation, and T cell priming, especially in non-T cell-inflamed tumors. At the beginning of 2023, there were 13 trials assessing different combinations of immunotherapy with novel STING agonists in various indications, including TAK-500, or GSK3745417 (31).





2.4.3 TME-dependent metabolic mechanisms



2.4.3.1 The role of the NO/iNOS pathway

Along with arginase, iNOS is considered to be a regulator of immune suppression in the TME. However, the activation of these two regulators is competitive and depends on the polarization of the macrophages. M1 macrophages express iNOS, which metabolizes arginine to NO (nitric oxide) and citrulline, whereas M2 macrophages express arginase 1 and arginase 2 enzymes, which hydrolyze arginine to ornithine and urea. The M2 arginase pathway limits arginine availability for NO synthesis. The suppressive effects of NO on T cell function are mediated by the inhibition of the JAK3/STAT5 pathway, the reduction of MHC class II expression, and the induction of T cell apoptosis (156). Furthermore, NO can induce T cell anergy (157)and recruit MDSCs, Tregs, M2 macrophages and Th2 cells to the TME, to develop “cold” tumors (97). Additionally, NO inhibits the production of IL-12 by DCs and M1 macrophages (158). At the beginning of 2023 there were 13 studies targeting the NO/iNOS pathway in cancer patients (31).




2.4.3.2 Impact of arginase-1 and arginase-2 pathway

This pathway promotes the catabolism of arginine into urea and ornithine in tumors, which further utilize these metabolites for collagen biosynthesis (159). M2 macrophages and MDSCs are considered the regulators of arginine metabolism in the TME via ARG1 expression (160). The expression of this enzyme is increased in response to Th2 and immunosuppressive cytokines (e.g., IL-4, IL-13, IL-10, TGF-beta) contributing to the resolution of inflammation. Deprivation of arginine has a negative effect on tumor growth via autophagy, apoptosis, and cell cycle arrest (161). In addition, it decreases T cell signaling, proliferation, and IFN-gamma production (162). ARG1 expression by MDSCs favors the generation of IDO1-expressing, immunosuppressive DCs (163). The inhibition of ARG1 and ARG2 activity has shown positive results across numerous cancer models by reducing myeloid-driven immune suppression (164), however, there were only 2 studies assessing ARG1 and ARG2 in cancer patients at the beginning of 2023 (31).




2.4.3.3 The role of the adenosine pathway

The cell surface ectonucleotidases, CD39 and CD73 regulate the conversion of extracellular adenosine triphosphate (eATP) to adenosine. Elevated levels of hypoxia-inducible factor -1 alpha (HIF-1 alpha), IL-1 beta, IL-6, TNF-alpha, TGF-beta were shown to raise CD39 and CD73 levels (165) (Figure 1). Adenosine supports immunosuppression via the adenosine A1 receptor (A1R), adenosine A2A (A2AR), adenosine A2B (A2BR) and adenosine A3 (A3R) receptors (166) expressed on immune cellss (167), and some tumor cells. The A2A receptor promotes the proliferation and immunosuppressive function of Tregs (168) while inhibiting CTLs proliferation, cytotoxicity and ant-tumor cytokine production (169). High adenosine level may stimulate macrophage differentiation into M2 phenotype and enhance their VEGF, IL-6 and IL-10 synthesis (170). Another population of highly immunosuppressive cells, MDSCs, produces extracellular adenosine in the TME after TGF-beta-induced expression of CD39 and CD73 (171). Additionally, adenosine can stimulate the accumulation of MDSCs within TME and promote MDSCs expansion (172). Moreover, activation of A2AR on neutrophils, M1 macrophages, NK cells, Th1 cells and DCs inhibited antitumor cytokines and chemokines production (173). Finally, the adenosine stimulated cancer cells result in enhanced proliferation, migration and metastasis in enhanced proliferation, migration and metastasis (174). With all this data, blocking adenosine signaling is considered to be a feasible approach to change the immunosuppressive TME. Clinical trials targeting the A2A receptor in patients with refractory renal cell cancer and other indications are in progress (175). A completed phase 1 study in metastatic castration resistant prostate cancer (mCRPC) showed that mCRPC can be sensitive to A2AR blockade with ciforadenant. Furthermore, the cytokine changes observed provided evidence of treatment-induced inflammatory response (176). The potential advantage of this therapy is, that it is suitable for combination with other anti-adenosine agents targeting the pathway at a different level (e.g., A2AR with anti-CD73), and with other types of immunotherapies. The main limitations of these agents are the short half-lives, limited efficacy in monotherapy, and uncertainty regarding the best combination approaches. At the beginning of 2023, the blocking of the adenosine pathway was assessed in 85 clinical trials (31).




2.4.3.4 The role of IDO1/tryptophan and the kynurenine pathway

IDO1 is an enzyme catalyzing tryptophan, in the initial step of the kynurenine pathway. IDO1 is expressed by tumor cells, tolerogenic DC cells, MDSCs cells and fibroblasts (177). Tryptophan deprivation leads to T cell cycle arrest and induces T cell anergy (178) (Figure 1). Its immunosuppressive catabolite, kynurenine, mediates the differentiation of CD4+ T cells into Tregs (179), and inhibits CTLs survival and proliferation (180). Kynurenine was also reported to dampen NK cell function and proliferation (181). Drugs targeting the IDO1 pathway are currently in early-phase clinical trials or in preclinical development. IDO1 pathway-inhibiting drugs in trials include indoximod, NLG919 and INCB024360. Ongoing trials combine indoximod with conventional chemotherapy. Other trials assess the combination of INCB024360 or indoximod with checkpoint inhibitor therapies. There were 23 studies investigating agents blocking the IDO1 pathway at the beginning of 2023 (34).




2.4.3.5 Hypoxia-associated mechanisms

The presence of hypoxic conditions in the TME is associated with rapid tumor growth and influences significantly the immune status within the tumor (Figure 1). The relationship between hypoxia and immune suppression in the TME is linked to an impairment of type 1 IFN signaling, upregulation of immune checkpoint molecules, and the extracellular TGF-beta and adenosine levels (182). The response to hypoxia is driven by HIF-1 alpha, HIF-2 alpha, HIF-3 alpha, which are oxygen-sensitive transcription factors. One of the most important immunosuppressive mechanisms promoted by hypoxic conditions is the effect on TGF-beta levels. It has been shown, that under hypoxic conditions, the HIF-1 alpha level correlated with the activated TGF-beta signaling pathway (183). Moreover, HIF-1 alpha-mediated the switch in TGF-beta function from inhibiting to promoting glycolysis (184). Additionally, HIF-1 alpha-dependent induction of FoxP3, a key transcriptional regulator for Tregs was sufficient to drive Tregs abundance and activity (185). This implies, that increased levels of TGF-beta could accentuate the immunosuppressive impact of Tregs in the TME. An additional link between the PI3K/AKT/mTOR pathway and hypoxia can promote metabolic reprogramming of tumor cells. This process of aerobic glycolysis called the Warburg effect (186) relies on the predominant diversion of pyruvate to lactate. Although the genetic events leading to the Warburg effect are not fully known, the PI3K/AKT/mTOR pathway plays an important role in this process. Activation of AKT promotes aerobic glycolysis (187) and expression of constitutively activated AKT results in a growth factor-independent increase in glucose uptake and glycolytic rate (188). The release of lactic acid contributes to acidity, which further promotes the recruitment of Tregs into the TME. This effect further suppresses anticancer immunity and represents one of the main causes of anticancer immunotherapy failure (189). Hypoxia-activated prodrugs are designed to target tumor cells resistant to conventional therapies. Evofosfamide and tarloxotinib are currently in active clinical development. A different approach targeting the HIF pathway include the HIF-2 allosteric inhibitor belzutifan (190). At the beginning of 2023, there were 102 trials registered targeting hypoxia in cancer patients (31).





2.4.4 Other mechanisms



2.4.4.1 The role of PGE2

PGE2 is a lipid derivative generated by the effects of the enzyme COX-2 following the enzymatic conversion from arachidonic acid. In the TME, PGE2 is synthesized by myeloid, stromal and cancer cells (191). In cancer, PGE2 is considered as a key immunosuppressive mediator inhibiting CTLs, NK cells and the type 1 inflammation response, while promoting Tregs, MDSCs expansion and type 2 inflammation (Figure 1) (192). Targeting the production, degradation and responsiveness to PGE2, provides tools to modulate the patterns of immunity in a wide range of malignancies. There were 11 ongoing studies investigating the inhibition of this pathway in cancer patients reported at the beginning of 2023 (31).




2.4.4.2 The emerging role of extracellular vesicles

Extracellular vesicles (EVs) consist of variety of subtypes, including: exosomes, microvesicles, ectosomes, oncosomes, and apoptotic bodies (193). Exosomes are nanosized vesicles actively secreted by fibroblasts as well as endothelial, epithelial, neuronal, immune and cancer cells (194). Exosomes secreted by tumor cells can play important roles in cancer progression and invasion, including TME remodeling, tumor metastasis and tumor-associated immunosuppression (195). Tumor cells can release growth factors, glycans, lipids, metabolites, microRNAs (miRNA) (196) and DNA (197) as soluble molecules but also encapsulated or bound to extracellular vesicles (198). Tumor-derived EVs can contain immunosuppressive molecules such as PD-L1, TGF-beta 1, FasL, TRAIL, and NKG2D ligands, which make them important mediators of tumor immune evasion (199). Among the different types of EVs, one group is classified as small extracellular vesicles (sEVs). These are small membrane vesicles of a diameter approximately 100 nm (200). sEV might be involved in genetic exchange between cells by transfer of mRNAs and miRNAs (201). They may be also engaged in remodeling the ECM of pre-metastatic niches and facilitate the formation of immunosuppressive environments in distant organs. Exosomal PD-L1 may become targets for anti-PD-1/PD-L1 antibody therapy and chemotherapeutic drug carriers (202) helping to reprogram the immunosuppressive TME. Recently, it was shown that PD-L1 levels from EVs predict a durable response to immune checkpoint inhibitors and survival in patients with NSCLC (203). Several production and pharmacokinetic challenges have to be overcome to enable wide therapeutic usage of sEVs (204). The FDA has not approved to date any exosome products, but exosome based therapies were investigated in 50 clinical trials in cancer patients in the beginning of 2023 (31).





2.4.5 Tumor intrinsic immune escape mechanisms

Cancer cells express various cytokines, chemokines, and growth factors. These include, but are not limited to IL-6, IL-8, CCL2, M-CSF, granulocyte-macrophage colony-stimulating factor (GM-CSF), CXCL10, CXCL12, VEGF-A, TGF-beta and G-CSF (205) among others. These molecules contribute to a variety of functions related to systemic inflammation and cancer progression (Figure 1). Another way of influencing tumor cell-dependent immune escape mechanisms is offered via epigenetics. Several studies revealed a pivotal role of epigenetics in tumor cell regulation. Epigenetic mechanisms in the TME are involved in the upregulation of IL-6 and G-CSF and the downregulation of CXCL9 and CXCL10 via EZH2. These changes can increase MDSCs recruitment into the TME and decrease T cells and DC infiltration (206). It has been shown, that the expression of CCL2 and CCL20 could be increased by miRNA molecules (207). This promotes immune escape, as CCL2 enhances the recruitment of TAMs and Tregs into the TME. Increased expression of CCL20 plays a role in the recruitment of Th17 cells. Moreover, tumor cells can secrete TGF-beta (Figures 1, 2), which suppresses M1 macrophages, NK cells, DCs and T cells immunity by regulating the expression of miRNAs in tumor and NK cells (208). Another way of immune escape is the expression of immune checkpoint molecules by cancer cells such as PD-1, PD-L1, lymphocyte-activation gene 3 (LAG3), TIM3, T cell immunoreceptor with Ig and ITIM domains (TIGIT), V-domain Ig suppressor of T cell activation (VISTA) and human leukocyte antigen G (HLA-G) (Figure 1). Immune checkpoint mechanisms help to maintain self-tolerance and protect against auto-immunity in physiological conditions. However, in tumorigenesis, these mechanisms are adopted by tumors to achieve immune escape (209), as discussed below and as presented on Figures 1 and 2.



2.4.5.1 The emerging role of the glycocode

Many authors indicate that cancer-induced glycan signatures called the “glycocode” could be considered a novel type of immune checkpoint (210) (Figure 1). Cancer transformation causes altered glycosylation processes within tumor cells and within the TME. One of such modifications is the expression of altered glycan structures or lectin receptors on the cancer cell surface. Modified glycan structures can bind the lectin receptors expressed on monocytes, macrophages, DCs, TAMs and NK cells. Examples of such modified glycan structures include sialic acid end-standing glycans, N-acetylgalactosamine glycans (GalNAc) or Lewis X glycan (211). Altered glycan responses can promote immune suppression by modification of antigen-presenting cell functions, increasing differentiation of M2 TAMs, diminishing CTLs differentiation and decreasing NK cells activity (212). This results in enhanced immune evasion within the TME, including stimulation of immunosuppressive cytokines, decreased secretion of inflammatory cytokines (213), and the induction of Th2 cells (214) and Tregs (215). Changes in the metabolism of glycans can be regulated by transcription factors, genetic and epigenetic changes or an altered metabolism contributing to tumor cell proliferation and invasiveness (216). Moreover, altered glycosylation of tumor proteins can create cancer neo-antigens, which can be recognized by tumor-specific cytotoxic T cells (217). The first clinical attempts at targeting the glycocode in the TME showed encouraging results. Improved analytical methods and the development of novel strategies for targeting the tumor glycocode antigens could present a promising therapeutic strategy in the future.




2.4.5.2 Metabolic reprogramming – a hallmark of cancer

Metabolic reprogramming appears to be a key immunosuppressive mechanism within the TME 293 (Figures 1, 2). The most characteristic feature of metabolic reprogramming in cancer cells is the induction of hypoxia, in addition to the existing hypoxia present in TME, already discussed in one of the previous sections. In summary, in cancer cells hypoxia regulates the expression of multiple key genes involved in immunosuppression via HIF-1 alpha, TGF-beta secretion, increase of EMT, and the activation of signaling pathways enhancing the recruitment of MDSCs and Tregs into TME (218). Moreover, hypoxia impacts metabolic reprogramming via the PI3K/AKT/mTOR pathway. It has been shown that mTOR (mTORC1) regulates the expression of HIF-1alpha (219), which can stimulate glucose uptake via enhancing the expression of glucose transporters and glycolytic enzymes (220). As we already mentioned above, oxidative glycolysis, known as the Warburg effect, provides substrates for metabolic pathways to produce protein, lipids, and nucleotides required for cell growth and proliferation (221). The activity of the CDK8 kinase is also considered a significant factor for metabolic reprograming as it regulates the glucose transporter expression, glucose uptake, glycolytic processes, as well as cell cancer proliferation and growth, both in normoxia and hypoxia (222). Reprogrammed pathways aid supporting the needs of rapid cell proliferation, survival, migration, metastasis and resistance to cancer treatments (223). In addition to the metabolic reprogramming of tumor cells and immune cells in TME, the metabolism of the gut microbiome has recently gained increasing attention on the anti-tumor immune regulation. Microbiota-derived short-chain fatty acids, such as sodium butyrate, promote the formation of memory T cells and modulate Tregs function (224). Moreover, sodium butyrate promotes the proliferation of normal colon cells and serving as a histone deacetylase inhibitor, epigenetically suppresses the proliferation of cancerous colon cells undergoing the Warburg effect (225).




2.4.5.3 The role of epigenetic mechanisms

Epigenetics examines mechanisms modifying the expression of genes, without changing the DNA nucleotide sequence, reversibly, heritably and adaptively (226). Epigenetic changes in genes encoding tumor suppressors or antitumor cytokines, could lead to an impaired anti-cancer immunity, immune escape, and drug resistance, which results in tumor growth, progression and metastasis (227). The best known epigenetic mechanisms responsible for these processes are modifications of histone marks and chromatin structures, alteration of DNA methylation and changes in miRNA expression levels (228). The importance of epigenetic mechanisms in cancer led to the development of new molecules used as anticancer therapies (229).



2.4.5.3.1 Epigenetic modifications of histones and modifications of chromatin structures

These include fixation to DNA of methyl groups and chemical histone-post translational modifications. Histone-post translational modifications can influence the chromatin structure via the recruitment of regulatory proteins, and/or altering the charge of histones (through acetylation). Histone deacetylases (HDACs), histone methyltransferases (HMTs) and the family of bromodomain and extra-terminal domain (BET) proteins, all three seem to be the most involved factors in the cancerogenesis process (230) involving epigenetic modifications, and as such, they are the target of cancer therapies: inhibitors of histone deacetylases (HDACi), histone methyltransferase inhibitors (HMTi), and histone reader protein inhibitors (bromodomain and extra-terminal domain proteins – BETi).




2.4.5.3.2 The role of HDACi

HDAC inhibitors can reduce tumor growth and promote apoptosis (231). Treatment with HDACi was shown to increase the expression of MHC-I molecules on tumor cells and the expression of tumor antigens, enhancing the effects of cytotoxic lymphocytes (232). HDACi can also increase the NK cell activity by increasing the upregulation of NKG2D 397. It has been shown that HDAC inhibitors can restore TP53 protein transcription and allow resistant cancer cells to undergo apoptosis (233). There were 68 trials reported assessing HDAC inhibitors in different oncology indications early in 2023 (34).




2.4.5.3.3 The role of HMTi/inhibitors of EZH2

EZH2 is a chromatin mark involved in gene silencing and developmental regulation (234). Overexpression of EZH2 has been observed in breast cancer, bladder cancer, prostate cancer and melanoma (235). EZH2 is also activated in lymphomas through several mutations (236). EZH2 inhibitors restore the secretion of Th1-type chemokines, increase CTLs-tumor infiltration, inhibit tumor progression, and they can improve the efficacy of anti-PD-L1 agents (237). EZH2 inactivation reversed the resistance to anti-CTLA-4 and IL-2 immunotherapy and suppressed melanoma growth in mice models (238). There were 22 trials assessing EZH2 inhibitors in different cancer indications early in 2023 (31).




2.4.5.3.4 The role of BETi

Histone reader proteins bind to the histone structure and interpret the histone code into functional outcomes. The BET family of proteins are histone reader proteins binding acetylated histones and modulating immune-response gene transcription (239). In cancer cells, inhibition of the BET family reduces cytokine production, NFκB activity, PD-L1 expression, and increases natural killer cell-activating ligands (240). Furthermore, BET proteins regulate chromatin remodeling and promote tumor-associated inflammation. The inhibition of BET proteins stimulates an anti-inflammatory effect within the TME (241). Bromodomain proteins are considered an attractive target for anticancer treatments. At the beginning of 2023 Bromodomain proteins targeting drugs were assessed in 18 clinical trials (31).




2.4.5.3.5 Impact of DNA methylation

This process relies on the addition of a methyl group to cytosine bases creating 5-methylcytosine at CpG sequences in gene-promotor regions (242). These DNA methylation marks block transcription, lead to long-term transcription repression and they are associated with gene silencing. DNA methylation is carried out by DNA methyltransferase enzymes. DNA methyltransferase inhibitors (DNMTi) increase expression of tumor antigens through the enhanced expression of MHC molecules and tumor antigens (243). In addition, DNMTi can reactivate retroviruses normally suppressed by DNA methylation in somatic cells (244). This increases the recruitment of CTLs in the TME, the stimulation of antitumor cytokine production, and it can also increase IFN signaling (245). Targeting DNA methylation and EZH2 activity can overcome melanoma resistance to immunotherapy via modulating PD-L1 expression and/or T cell infiltration (246). Azacitidine, decitabine or guadecitabine (247) with the newer molecule CC-486, are examples of DNMTi drugs which are used in combination with immunotherapy, and they could provide additional benefits to patients with low PDL-1 expression (248). At the beginning of 2023, there were 375 trials assessing these compounds in different cancer indications and combinations (31).




2.4.5.3.6 Emerging role of miRNAs

miRNAs are single-stranded, noncoding small ribonucleic acid (RNA) fragments. They can negatively regulate gene expression at the posttranscriptional level (249). Pairing of miRNA with a target messenger RNA (mRNA) can lead to the inhibition of translation and to mRNA degradation (250). MiRNA-based drugs (miRNA mimics or miRNA antagonists) are considered to be a promising strategy for cancer therapy (251). There were 123 trials assessing miRNA in different cancers early in 2023 (31).






2.4.6 Stroma dependent mechanisms

As described previously, stromal factors contribute to the immunosuppressive TME (20). The tumor stroma consist mainly of cancer-associated fibroblasts (CAFs), endothelial cells, cancer associated adipocytes (CAAs) and multipotent stem cells (MSCs); in addition, collagen bundles and dense ECM characterize this milieu with poor oxygen and nutrient availability (252).

CAFs contribute to tumor immune escape by promoting cancer cell proliferation via the secretion of growth factors, the induction of angiogenesis and through the remodeling of the ECM, which supports tumor cell invasion (253). CAFs mediate tumor-promoting inflammation via the secretion of cytokines and chemokines, which in turn enhance the recruitment of immune cells (254). Endothelial cells (ECs) constitute another subpopulation of stromal cells (255). Tumor-associated ECs (TECs) form the vascular inner layer of tumors (256). TECs are known to be particularly important for T cell recruitment and activation, tumor cell growth and invasion (257), as well as influencing antitumor cell immune responses.

CAAs play an important role in tumorigenesis, tumor growth, and metastasis (258). CAAs can support cancer cells by storing energy as triacylglycerol and act as a source of lipids. Another population of stromal cells in cancers are MSCs, which are found in most cancers playing a central role in tumor growth, invasion, and metastasis. These cells are able to interact directly with tumor and immune cells in the TME (259). A dense stroma inhibits the infiltration of immune cells into the TME (Figure 1). It was been shown that the immature myxoid stroma was associated with lower densities of tumor intraepithelial memory cytotoxic T cells and stromal M1-like macrophages (260). Collagen density is relatively large in the TME, which can affect the phagocytotic ability of macrophages (261). In addition, an increase in interstitial pressure in the stroma due to hyaluronan deposits contributes to the inhibition of immune cell penetration into the TME, posing a mechanism of resistance to immunotherapies and a sign of poor disease prognosis in some indications such as pancreatic cancer (Figure 1).

Targeting the pro-fibrotic function of CAFs in clinical settings was performed using pirfenidone, an antifibrotic agent and TGF-beta antagonist, as well as tranilast. It was noted that the antitumor effects were enhanced when targeting CAFs in combination with effector-stimulatory immunotherapy such as dendritic cell-based vaccines (262). CAFs targeted therapies are being assessed in 63 clinical trials (31).






3 Therapeutic possibilities targeting multiple immunosuppression mechanisms in the TME



3.1 The role of polyspecific antibody combinations

Polyspecific monoclonal antibodies (PsMabs) are genetically engineered proteins that can simultaneously engage two or more different types of epitopes (263). They show several advantages over monoclonal antibodies. They can redirect specific polyclonal immune cells such as T and NK cells to tumors and simultaneously block two different pathways with unique or overlapping functions in pathogenesis. This reduces the cost of development in comparison to multiple single epitope-based antibodies in combination therapy, or compared to the production of CAR-Ts (264). PsMabs antibodies may also be conjugated to biomaterials or nanoparticles, to achieve prolonged, local release (265). Improving antibodies by pH activation and glycosylation (266) could enhance the specificity and potency of immunotherapies and limit unwanted toxicity.




3.2 Vaccines as a promising tool to overcome immunosuppression

Anticancer vaccines can be divided into four categories: cell-based vaccines, peptide-based vaccines, viral-based vaccines, and nucleic acid-based vaccines (267). Cell-based cancer vaccines are prepared from whole cells or cell fragments, containing tumor antigens and inducing a broad antigen immune response. DCs vaccines is an example of a cell-based vaccine category (268). Personalized neoantigen cancer vaccines based on DCs showed a promising antitumor effect. However, long preparation process and the high cost are factors limiting development of these type of vaccines. Engineered virus vaccines can carry tumor antigens to activate the immune response. In the case of oncolytic viruses, they can lyse the tumor cells, releasing additional tumor antigens, further increasing the vaccine’s effectiveness, and contributing to long-term immune memory. Again, the clinical application of these vaccines is limited by the complex preparation process. Peptide-based vaccines induce a robust immune response against tumor antigens. For example, virus-like particles (VLP) vaccines, containing viral protein complexes that mimic the native virus structure without being infectious, showed promising antitumor activity activating cellular immune responses (269). Nucleic acid vaccines induce strong MHC-I mediated CTLs responses (270). Nucleic acid vaccines can simultaneously deliver multiple antigens to trigger humoral and cellular immunity. Additionally, they can encode full-length tumor antigens, allowing antigen presenting cells (APCs) to present various epitopes and antigens simultaneously. The nucleic acid vaccine preparation is simple and fast, which facilitate development of personalized anticancer vaccines. Nanoparticle systems have shown promising results as delivery vectors for anticancer vaccines in preclinical research. In addition, neo-antigen vaccines in combination with checkpoint blockade therapies using anti-PD-1 and anti-PD-L1 antibodies showed potent therapeutic effects in patients with advanced cancer, however this therapy is in the early stages of development (271). Early in 2023, there were 495 clinical trials assessing anticancer vaccines (31).




3.3 Radiation as an additional tool to stimulate anti-tumor responses

The immunosuppressive TME contributes to poor antigen presentation and protects the tumor from immune defense. Radiation may reveal tumor antigens, thus modifying the TME and improving innate and adaptive immune responses (272). Radiation therapy can promote an immunogenic form of cell death stimulating the activation of a tumor-targeting immune response (273) and it is frequently used in combination with other forms of targeted therapy or immunotherapy. There were more than 4000 trials assessing usage of radiotherapy and radiation in cancer patients in different regimens and settings at the beginning of 2023 (31).




3.4 The emerging role of nanomedicine and nanoparticle applications

Nanomedicine can be defined as a use of nanotechnology materials of a size between 1 and 200 nm for medical purposes (274). Nanomedicines, due to their small size, plasticity, and heterogeneous properties, can selectively reach the tumor tissue, they can be used as carriers of drugs, to improve bioavailability and to extend the half-life of molecules, or they can be used to release therapeutic agents in answer to stimuli. Examples of nanomedicines undergoing research are: lipid-based (liposome, solid lipids, stealth liposomes), polymer-based, inorganic (metal, silica, hafnic oxide nanoparticles), viral, and drug-conjugated nanoparticles (antibody drug conjugates, polymer drug conjugates, polymer protein conjugate). Nanocarrierrs can change the properties of compounds, for example coating the nanoparticles with polyethylene glycol (PEG), a hydrophilic and non-ionic polymer, increases their solubility and stability (275). Several formulations are approved for clinical usage, including liposomal danorubicin and doxorubicin, nanoparticle albumin bound paclitaxel, liposomal PEGylated irinotecan, polyethylene glycol–polylactide (PEG–PLA), polymeric micelle (276). Nanoparticles could be delivered to the tumor tissue in several ways. Passive targeting relies on the leaky vasculature within tumors, allowing nanoparticles to reach cancer cells via the fenestrations. Active targeting uses ligands on nanoparticles’ surface which recognize and bind receptors overexpressed on tumor cells. Triggered release allows nanoparticles to act if exposed to an external stimulus such as a magnetic field or light. Changes in pH, redox, ionic strength, and stress in target tissues are examples of internal stimuli 306. An emerging method is the use of theranostics, which combines both, the ability to diagnose and treat cancers. In theranostics, not only can the release of the drug be monitored, but the effects of the drugs in the tumor tissue can also be visualized (277). Nanoparticles could improve the administration and efficacy of immunotherapies and contribute to the further progress of cancer treatment. Nanoparticles are able to overcome physical and biological obstacles in the delivery of immunomodulating therapies to the TME, and they are able to modify the TME to increase tumor immune infiltration (278). The exceptional heterogeneity of nanoparticles places this field at the top of the research interest, with 54 trials assessing nanoparticles in clinical settings (31).





4 Conclusions

The immune host response can effectively eliminate cancer cells, or on the contrary, support cancer growth. The final outcome of the immune response depends on mutual interactions between immune, stromal, and tumor cells involved in the TME. Numerous immune escape mechanisms have been identified within tumors. These mechanisms can be associated with tumor, immune, and stromal cells, and they can present a variety of components including humoral, metabolic, epigenetic, and genetic factors among others. The knowledge of tumor-escape mechanisms enables targeted interventions, as well as the implementation of combination therapies to overcome them. However, the limitations in the use of combination therapies depend on the onset of adverse effects and toxicities in patients, limiting the therapeutic efficacy of these combinations. These limitations pose a clear barrier to the use of newly-discovered drugs, able to counteract pro-tumorigenic pathways. Therefore, additional efforts in oncology research and clinical development strategies should be implemented in the future to mitigate drug toxicities, and to enable more complex combinations of therapeutic agents.

As shown in this article, the application of modern technologies, including nanomedicines, ICIs, adoptive cell, and epigenetic therapies can in some situations reprogram the TME and shift the host response into an antitumor response. These events translate into series of breakthroughs in cancer therapies currently observed in clinical practice. As we mentioned above, joined efforts between scientists and clinicians offer the potential to create even greater hopes for the identification and clinical application of new TME-targeting drugs in the near future while maintaining low toxicities.
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During their quest for growth, adaptation, and survival, cancer cells create a favorable environment through the manipulation of normal cellular mechanisms. They increase anabolic processes, including protein synthesis, to facilitate uncontrolled proliferation and deplete the tumor microenvironment of resources. As a dynamic adaptation to the self-imposed oncogenic stress, cancer cells promptly hijack translational control to alter gene expression. Rewiring the cellular proteome shifts the phenotypic balance between growth and adaptation to promote therapeutic resistance and cancer cell survival. The integrated stress response (ISR) is a key translational program activated by oncogenic stress that is utilized to fine-tune protein synthesis and adjust to environmental barriers. Here, we focus on the role of ISR signaling for driving cancer progression. We highlight mechanisms of regulation for distinct mRNA translation downstream of the ISR, expand on oncogenic signaling utilizing the ISR in response to environmental stresses, and pinpoint the impact this has for cancer cell plasticity during resistance to therapy. There is an ongoing need for innovative drug targets in cancer treatment, and modulating ISR activity may provide a unique avenue for clinical benefit.
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1 Introduction

Cancer therapeutics and diagnostics have expanded considerably over the past few decades, yet cellular adaptations persist, enabling resistance to chemotherapeutics, targeted therapies, and immunotherapies alike. This is partly due to the heterogeneity that arises within tumor populations, but limitations in widely utilized experimental approaches also hinder the identification of novel targets for the treatment of resistant tumors. The majority of clinical efforts focus on identifying therapies and biomarkers based on chromosomal alterations and RNA sequencing data which highlights global transcriptional changes. However, mRNA transcript abundance does not faithfully portray the phenotypical representation of gene expression as functional protein within a cell (1–3). This discrepancy partially emerges from the regulation of mRNA translation– the process by which mRNAs are selectively bound and deciphered to produce protein (4). Once thought of as a housekeeping process, protein synthesis is now known to be highly coordinated and subject to modulation to introduce additional layers of gene regulation that can also increase proteomic diversity (5, 6). Nearly 60% of our protein variations can be attributed to post-transcriptional processes, including RNA splicing, RNA epigenetics, and distinct utilization of 5’ and 3’ untranslated regions (UTR) along mRNA (1). Through these mechanisms and others, modulators of protein synthesis are now recognized as major contributing factors of altered gene expression and increased phenotypic diversity— including therapeutic resistance-enabling heterogeneity which arises between cancer cells of a single tumor.

The regulation of mRNA translation allows for rapid responses to pathological challenges that enable cells with dynamic survival advantages to swiftly alter their phenotype. This translational rewiring allows for cellular plasticity— the ability of cells to assume a range of diverse phenotypes in response to their environment (7). Cell state transitions are essential during development and for tissue regeneration, but cancer cells can abuse this plasticity to thrive in adverse conditions (whether in response to intrinsic oncogenic stresses or extrinsic clinical therapies) through non-transcriptional mechanisms (8). Understanding the ability of cancer cells to evade therapy through enhanced plastic tendencies for dormancy, stemness, or other advantageous states is quickly becoming a major focus for battling cancer progression. The key role in which translational regulation facilitates cancer plasticity is gaining interest as it may create a unique therapeutic opportunity (9).

One distinct translational program frequently activated in response to oncogenic events is the integrated stress response (ISR). In eukaryotes, the ISR has been implicated in a wide range of physiological events beyond cancer including metabolic reprogramming, memory formation, neurodegenerative diseases, and aspects of aging— emphasizing the pathway’s roles in various contexts (10–17). The ISR is an adaptive signaling response activated by a wide array of physiological or pathological stimuli in order to cope with stress and attempt to restore homeostasis (18). Cell intrinsic stressors can include depleted nutrients, low ATP, increased reactive oxygen species (ROS), and unfolded protein aggregates in the lumen of the endoplasmic reticulum (ER). Extrinsic triggers include hypoxia, further nutrient deprivation, DNA damaging agents, altered pH, and/or viral infection. Clinical therapies that create similar internal cell stress can also act as external triggers to induce the ISR. As such, the ISR is a highly conserved signaling cascade that is central for sensing these stressors. At the core of the ISR lies the phosphorylation of the eukaryotic initiation factor 2α (P-eIF2α), which is catalyzed independently by four unique serine/threonine kinases. In short, this single phosphorylation event downregulates global cap-dependent protein synthesis while selectively upregulating the translation of specific mRNA transcripts which function to restore cellular homeostasis. Severe stress and prolonged activation of the ISR can bypass homeostasis measures and activate separate factors to promote cell death. In this review, we discuss the mechanisms by which cancer cells hijack the ISR to rewire translation initiation in response to oncogenic stress and consider the potential for ISR-targeting therapeutics to combat cancer plasticity, progression, and treatment resistance.




2 Rewiring translation initiation by the ISR

When a cell is faced with antagonizing stress stimuli, an initial mitigation strategy is to conserve energy and resources by decreasing the rate of global mRNA translation. The ISR is a major regulatory network that initiates this drop in global translation through P-eIF2α while allowing for enhanced expression of select genes to promote cell adaptation (18). There are four kinases which phosphorylate eIF2α on serine 51, each activated by a specific set of cellular stresses through distinct regulatory domains (Figure 1). These domains activate the conserved kinase to promote trans-autophosphorylation. The ISR kinases include heme-regulated inhibitor (HRI), double-stranded RNA-dependent protein kinase (PKR), PKR-like ER kinase (PERK, also known as pancreatic ER kinase), and general control non-derepressible 2 (GCN2). HRI, a kinase predominantly expressed in erythroid cells, functions by adjusting the synthesis of globin to correspond with heme availability in response to oxidative stress (19, 20). It is similarly responsive to mitochondrial stress and contributes to clearing cytotoxic protein aggregates (21, 22). During viral infections, dsRNA activates PKR, downregulating the translation of virus-derived transcripts (23, 24). PKR activation has also been observed in response to ER stress, DNA damage, and uncharged mitochondria tRNAs (25). The kinase activity of PERK, an ER resident transmembrane protein, is induced through the unfolded protein response (UPR) and can be activated by oxidative stress from DNA damage, mitochondrial stress during times of nutrient deprivation, and hypoxia (26, 27). Under deprivation of charged tRNAs, GCN2 kinase activity is activated by two amino acid-sensing His-tRNA-like domains in its carboxy terminus functioning as cytoplasmic sensors of amino acid levels (28, 29). As such, a variety of nutrient deprivation conditions will activate GCN2 (30). GCN2 also binds the ribosomal complex P-stalk of the large ribosomal subunit and is activated during ribosome stalling, suggesting additional roles in monitoring ribosome stress (31, 32). In subsequent sections, we expand upon the specificity of these kinases with an emphasis on their identified roles in oncogenic signaling and how their adaptive responses can be targeted in support of cancer remission.
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Figure 1 | Mechanism of integrated stress response signaling to rewire protein synthesis. The ISR is activated by various stress stimuli recognized by four independent kinases to phosphorylate eIF2α. This blocks eIF2B GEF activity, leading to global attenuation of cap-dependent protein synthesis and activation of selective mRNA translation. Transcripts translationally upregulated during the ISR include BiP, ATF4, GADD34 and others not depicted. ATF4 is a main target that balances transcriptional regulation for adaptive response. ISR signaling is inactivated by stress-inducible phosphatases and their co-activators, such as PP1 with GADD34. Upon eIF2α dephosphorylation, eIF2B can bind eIF2 to catalyze GDP-GTP exchange and promote ternary complex formation for global protein synthesis.

Upon phosphorylation of eIF2α at serine 51, the binding affinity to eukaryotic initiation factor 2B (eIF2B) increases (33, 34). eIF2B is a heterodecamer guanine nucleotide exchange factor (GEF) which binds to the γ-subunit of eIF2 to catalyze GDP-GTP exchange on the un-phosphorylated pool of eIF2-GDP (35, 36). When eIF2B is sequestered by P-eIF2α, P-eIF2α acts as a competitive inhibitor and prevents the activation of eIF2 required for global translation initiation. Canonical translation in eukaryotes typically initiates when a charged initiator methionine-transfer RNA (Met-tRNAi) recognizes an AUG start codon following delivery to the 40S ribosomal subunit by eIF2-GTP (37). The term “ternary complex” refers to this association of Met-tRNAi, eIF2, and GTP. The ternary complex assembles with the 40S ribosomal subunit and other eIF components to form the 43S preinitiation complex (PIC) (38). Recruitment of the 43S PIC onto mRNA by the cap binding complex (eIF4F: consisting of eIF4E, eIF4G, and eIF4A) initiates global protein synthesis and scanning of the mRNA 5’untranslated region (UTR). When formation of the PIC is uninterrupted and the complementary start codon sequence is recognized with Met-tRNAi, the 60S ribosomal subunit joins and releases select eIFs to promote translation elongation in addition to recruitment of other elongation factors. However, upon activation of the ISR, sequestering of eIF2B by P-eIF2α inhibits ternary complex formation (39). It is through this mechanism that the ISR causes a reduction in global protein synthesis (Figure 1).

The interactions between major ISR factors are highly complex and context specific. For example, the kinases and phosphatases involved in the phosphorylation and dephosphorylation of eIF2α, respectively, rely on specific higher order contacts for enzymatic activity to take place. This is due to eIF2α substrate residues establishing analogous contacts with both the phosphatases and kinases (40). Additionally, as noted above, eIF2B serves as a GEF for eIF2 enabling activation of the initiation factor. When eIF2α becomes phosphorylated, an S-loop in its protein structure becomes altered, subsequently transforming the factor into a high-affinity inhibitor of eIF2B by sequestering the catalytic domain (41). A small molecule inhibitor of the ISR, ISRIB, can reverse the effect that P-eIF2α has on global translation not by altering P-eIF2α itself, but by binding to and enabling higher-order assembly of the decameric eIF2B holoenzyme. This enhances eIF2B’s stability and enzymatic activity to overcome the ISR and restore global translation (42–44). Targeting eIF2 interactions has promoted a better comprehension of the ISR function and role in altering mRNA translation between states of growth and adaptation with promise for potential therapeutics.

While the ISR is associated with downregulation of global-canonical translation, numerous transcripts are preferentially translated for cell survival in adverse conditions. A variety of cis-regulatory domains have been found to contribute to this translational selectivity, including upstream open reading frames (uORFs), internal ribosome entry sites (IRES), RNA tertiary structures, regulatory protein binding sites, and epitranscriptomic modifications (45, 46). The most notable mechanism utilized during the ISR is regulation through uORFs. An uORF is a translatable sequence with its initiation codon upstream of the main ORF (mORF). Under normal conditions, the presence of uORFs within the 5’ UTR of an mRNA transcript antagonize translation of its mORF (47, 48). This reduction occurs due to the 5’-3’ scanning involved in cap-dependent translation. Once the PIC reaches an initiation codon, the eIF2-bound GTP is hydrolyzed, and the 60S ribosomal subunit joins. This displaces the initiation factors and forms the complete ribosome, prompting translation to begin. However, induced phosphorylation of eIF2α— and the resulting reduction in the ternary complex— can overcome these inhibitory effects and allow reinitiation at the mORF. The most well-known translational target downstream of ISR signaling is the activating transcription factor 4 (ATF4), which contains two uORFs; the second uORF overlaps with the start of the protein coding sequence in the mORF (49). The first uORF promotes ribosome scanning and re-initiation of the ribosome downstream at the second uORF whose translation prevents synthesis at the mORF. Upon stress, ISR activation slows the turnover of the ternary complex allowing the 40S subunit to scan through the second uORF to reinitiate at the start codon of ATF4’s mORF (50). This translationally controlled increase in ATF4 expression via the ISR leads to downstream transcription of pro-survival genes to respond to cellular stress (30, 51, 52). Interestingly, ATF4 promotes transcription of the Growth Arrest and DNA-Damage-Inducible 34 protein (GADD34). GADD34 is the regulatory factor of eIF2α’s protein phosphatase (PP1) and is also regulated through selective translation of uORFs (53, 54). Together, GADD34:PP1 deactivate the ISR by dephosphorylating eIF2α and promote a return of global protein synthesis (Figure 1).

Notably, one of the striking ways in which the ISR rewires initiation is through the utilization of non-canonical translation start sites (55, 56). Translational tracing in T-cells showed that during ISR activation the translation of BiP, a molecular chaperone of the HSP70 family, was sustained using uORFs in the 5’UTR of BiP mRNA. Translation at the uORFs was not initiated by the canonical AUG start codon, but rather upstream at UUG or CUG initiation sites, requiring the assistance of eIF2A (45). eIF2A binds to non-canonical initiator tRNAs and delivers them to the small ribosome subunit without requiring the same GTPase activity necessary for eIF2 function. This ultimately aids in initiation during stress conditions when eIF2 is inhibited. eIF2A functions synergistically with eIF5B— the latter of which provides ribosome-binding and GTPase functions (57). The usage of uORFs for alternate translation initiation during ISR activation is also subject to regulation via mRNA modifications, most notably N6-methyladenosine (m6A) methylation. m6A is asymmetrically distributed in mammalian mRNA transcripts. Under heat shock, however, m6A is preferentially deposited within the 5’ UTR of nascent transcripts (58). This increased methylation can modulate start codon selection and promote cap-independent translation initiation of HSP70 (59). In response to GCN2 activation by nutrient deprivation, the demethylase ALKBH5 is recruited to ATF4 mRNA to erase m6A. This reduction of uORF methylation reduces translation of the uORF to enable selective translation of the ATF4 mORF (60). The methods by which the ISR can rewire translation initiation are diverse, and cancer cells ultimately use ISR signaling during tumor progression to overcome oncogenic and therapeutic stresses.




3 Oncogenic stress activating the ISR

The multistep acquisition of tumorigenic traits as cells undergo neoplastic transition is highly heterogeneous due to the continuous alteration of gene expression to balance the demands of growth and adaptation for survival. This varies significantly between cancer types/subtypes and is further dependent on tissue specificity and site of transition (61). The use of single-cell RNA sequencing analysis has clearly demonstrated vast tumor heterogeneity (62). Multiple sources contribute to these heterogenetic populations. Advantageous mutations, chromosomal alterations, and epigenetic modifications may rise to prevalence within a tumor cell subset, producing a population evolved to combat the specific intrinsic and extrinsic stresses of the microenvironment. Other contributors to tumor heterogeneity, operating at post-transcriptional and translational levels, are often overlooked. Together, these reversible adaptive mechanisms constitute cell plasticity. While adaptive mechanisms may give rise to evolutionary alterations, both can confer therapeutic resistance to tumors. Here we focus on the capacity of oncogenic stress to activate adaptive pathways. In order to prevent and counter treatment resistance, one must ask: what are the mechanisms by which individual tumor cells and broader tumor subpopulations acquire resistant phenotypes?

One fundamental characteristic during cancer initiation is the deregulation of cell division, which eventually leads to uncontrolled cellular proliferation usually coupled to aberrant global protein synthesis (Figure 2) (63). Rapid oncogenic growth that occurs during tumor formation leads to a higher demand on the translational machinery (64, 65), resulting in a greater metabolic burden overall. These demands, in turn, place enhanced pressure on the proteostasis network (including ISR signaling) to balance nutrient demand for increased protein synthesis. This includes maintaining protein quality and proper peptide folding to prevent ER stress and activation of the UPR (66). Genomic instability is an enabling characteristic of cancer progression, and it synergizes with an increased metabolic rate and decreased oxygen availability. This leads to an increase in ROS due to increased oxidative and mitochondrial stress (67). These intrinsic tumorigenic pressures often result in a reconfiguration of the tumor microenvironment (TME). The rapid oncogenic growth during tumor formation also drains the local environment of nutrients and oxygen while limiting blood vessel perfusion to the core of the tumor, resulting in arid conditions (68). This challenges cancer cells to ration their resources, often perturbing metabolic usage towards aerobic glycolysis leading to decreased pH in the TME (69). Combined, these continuous stresses should disrupt the ability of the cell to regain homeostasis; however, activating adaptive pathways to promote dynamic cell state changes can promote survival. Active ISR results in lower global translation, decreased nutrient waste, enhanced pro-homeostasis factors, and improved survival. ISR signaling for adaptive mRNA translation can enable cancer cells to not only survive, but to enhance proliferation and progression within a stress-filled TME. The stress signals may vary by tumor type and location, but these adaptations are crucial for oncogenic survival.

The ISR is often exploited during oncogenesis, from cancer initiation to advanced metastasis and evasion of immunosurveillance. One seminal paper in the field identified that translational rewiring through ISR signaling, originating at pre-neoplastic stages, is a central player in skin cancer (70). Utilizing ribosome sequencing alongside an RNA interference-based screen, they observed that global mRNA translation was surprisingly lower than in normal cells due to ISR signaling for selective translation through uORFs requiring eIF2A for tumor initiation and progression. The ISR is also activated in pre-adenocarcinomas downstream of two major oncogenic lesions that promote metastatic-lethal prostate cancer (PTEN loss with MYC amplification) (71). In this context, eIF2α is phosphorylated in early neoplasia and signaling through PERK is required for tumor development. Inhibiting the ISR with ISRIB directly restores global protein synthesis, causing tumor regression and cell death in aggressive prostate cancer within genetic murine models and patient derived xenografts. The direct mechanism of activation is still not fully understood in these contexts, but PERK signaling is often observed for initiation and tumor progression due to oxidative stress, ER stress, and DNA damage (72–74). In lung adenocarcinoma, increased PERK activation likewise correlates with regions of higher proliferation, invasiveness, and tumor growth in patients. Specifically, P-eIF2α results in translational repression of the phosphatase DUSP6, promoting KRAS tumorigenesis and in turn a worse prognosis. ISRIB inhibits this translational repression and promotes tumor regression (75).

GCN2 has also been identified to promote prostate cancer by maintaining nutrient homeostasis (76). Intracellular amino acid levels are disrupted by GCN2 inhibition in metastatic prostate cancer cell lines, as GCN2 is necessary for transporter gene expression downstream of ATF4 (77). In the case of pancreatic cancer, cells relying on glycolytic pathways for energy have perpetually active ISR through GCN2-mediated ATF4 expression (78). Subsequently, ATF4 expression increases asparagine synthetase activity and the resulting asparagine is released into the TME. This asparagine can be taken up by cancer cells relying on cellular respiration and enable their proliferation even when respiration is blocked. In non-small cell lung cancer, KRAS also promotes asparagine biosynthesis in response to nutrient stress by regulating ATF4 transcription. However, ISR activity is still necessary to enhance ATF4 expression via translational regulation (79). The deletion of ATF4 alone, a single downstream ISR target, has been successful in significantly slowing MYC-driven tumor progression that relies on both GCN2 and PERK signaling in lymphomas (80).

The influence of the ISR is not solely confined to individual cancer cells. Rather, the ISR is used throughout the heterogeneous TME to enhance broader tumor resistance and persistence. In the context of melanoma and pancreatic tumors, a conditional knockout of ATF4 results in delayed tumor growth due to deficient vascularization (81). ATF4 was identified for regulating major amino acids of collagen, thus driving cancer-associated fibroblasts’ function for shaping the extracellular matrix to support tumor progression and metastasis. Independently, the TME cues ATF4 transcription of phosphoglycerate de-hydrogenase (PHGDH) in endothelial cells triggering altered metabolism towards glycolysis and aberrant over-sprouting vascularization in glioblastoma (82). This hostile vascularization presents a physical barrier to immune cells, hindering immunotherapies. ISR signaling also directly promotes non-canonical translation of programmed death ligand 1 (PD-L1) to escape immunosurveillance (83). Like ATF4, PD-L1 has an uORF inhibiting translation that is bypassed due to ISR. Utilizing an aggressive model of liver cancer, the authors showed that the non-canonical translation of PD-L1 is directly required for metastasis to the lung. The same immunosurveillance was observed in lung cancer, where a striking impairment of heme production resulted in the activation of HRI and enabled inhibitory uORFs of PD-L1 to be bypassed by the cancer cells’ translational machinery (84). Enhanced translation of PD-L1 decreases the ability of the local immune system to recognize and destroy the rapidly growing cancer. The increased presence of PD-L1 results in an overall suppression of T cell activity in the TME and prohibits T cell proliferation. The non-canonical translation necessary for the targeted translation of PD-L1 during ISR activation requires the activity of the alternative initiation factor, eIF5B. Understanding the broader role of eIF5B for ISR activity and immune regulation may present therapeutic opportunities to increase the susceptibility of immunologically ‘cold’ tumors (85).




4 ISR for resistance to cancer therapy

It is understood that cells are pre-programmed to differentiate to a particular cell type (“a cell fate”). However, cells which were once differentiated possess the ability to phenotypically change their characteristics as a means of survival (86). This plasticity allows cells to evade apoptosis and obtain favorable traits to aid in their progression. During tumor development, individual oncogenic lesions or adaptations can push a population of cells into cell cycle arrest, promoting quiescence and often drug resistance (Figure 2). Activation of ISR signaling is recognized for selectively up-regulating translational expression of a p21 transcript variant that contributes to cell cycle arrest and promotes cell survival (87). Recent work discovered that distinct nutrient deprivation in liver cancer induces cell-cycle arrest and quiescence through GCN2-mediated translation of p21, leading to therapy resistance (88). The amino acid transporter SLC7A1 was specifically required for arginine import and decreased with GCN2 inhibition, indicating that SLC7A1 may be a downstream component of the ISR. Inhibiting GCN2 in this arginine-deprived environment drove a senescent phenotype, restoring the hepatocellular carcinoma cells’ vulnerability to further treatments. Likewise, PERK signaling aids in the maintenance of quiescence in stem cells and is essential for the survival of progenitor cells (89, 90). The ability of cancer cells to transition phenotypes to promote tumor plasticity and survival often relies on the GCN2 and PERK pathways.
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Figure 2 | Cancer cell development utilizes heterogenetic adaption for tumor progression. In response to oncogenic lesions, protein synthesis is remodeled to enable rapid growth supporting tumor formation. Intracellular and extracellular oncogenic stressors subsequently alter the cancer cell phenotype, leading to the utilization of adaptive responses to promote survival. This can occur via drug resistance, cellular quiescence, and/or plasticity. Cells can promote a plastic phenotype by utilizing epithelial to mesenchymal transition (EMT) to migrate through the blood or lymphatic system and form metastases in other parts of the body.

Cancer cells are also capable of transiting from an epithelial phenotype to a mesenchymal one. This phenomenon, termed epithelial-to-mesenchymal transition (EMT), is utilized in normal development and exploited by developing cancers to invade surrounding tissues and metastasize (Figure 2). Many carcinomas will separate from neighboring cells via loss of cadherin junctions and obtain mesenchymal characteristics to metastasize to secondary locations within the body. During this transition, cells may have a combination of both epithelial and mesenchymal characteristics, existing in a “partial-EMT” state where their cellular structure is plastic. This plasticity facilitates migration and survival (91). Several EMT transcription factors are capable of silencing epithelial gene expression and promoting mesenchymal gene transcription. Examples include SNAI1, ZEB1, and TWIST1, all of which have been shown to drive this transition (92). Characterizing this process has proven difficult due to the cells’ plasticity and capability to revert to an epithelial state once they have reached their new metastatic site via MET (mesenchymal to epithelial transition). This reverse process of EMT allows cells to regain the ability to anchor within their new environment and restart their growth phase (Figure 2) (93). The EMT-MET spectrum allows cells to gain favorable traits under an array of environments, stressors, and functional demands. Upon arrival at a secondary site, cells need to regress back to an epithelial state, attach to the basement membrane, and begin the process of colonization.

The ISR can enable cancer cells to dynamically alter their cellular state depending on recognition of specific cues, whether at the cell-intrinsic or broader TME level. It has previously been stated that the UPR, another important cellular stress response that overlaps with the ISR through PERK phosphorylation of eIF2α, plays an important role in recognizing the intensity and duration of ER stress caused by an overburden of unfolded proteins. This pathway’s ability to identify stress stimuli is critical in determining cell fate, driving the cells towards either homeostatic activation of survival pathways or maladaptive activation of apoptosis (94). Similar to the UPR, the ISR has been increasingly implicated in modulating cell fate and cell state, leading to increased survival in the context of disease and providing mechanisms for resistance to cancer therapy (95). A hallmark of UPR and ISR activity, PERK signaling, is activated during EMT progression (96). PERK activation was identified for selective translation of genes which enables the cell to combat stress, transition toward a mesenchymal phenotype, and resist chemotherapy. Additionally, unique mRNA isoforms of EMT transcription factors (SNAIL, NANOG, and NODAL) were identified in breast cancer and are selectively translated under ISR activation through their 5’UTR (97). These transcriptional repressors are crucial drivers of EMT, implying that ISR signaling may be required for survival through cell plasticity.

ISR activation not only enhances the ability of tumors to successfully enter a mesenchymal state but also confers resistance to therapeutic interventions. Poorly differentiated tumors (portraying a mesenchymal phenotype) are better suited to tolerate chemotherapy, while well-differentiated tumors are more sensitive to treatment (86). Furthermore, the ISR has been directly linked to preventing chemotherapeutics from having their intended effect during cancer treatment. In pancreatic cancer, the ISR plays a critical role in providing resistance to gemcitabine— a common chemotherapy for pancreatic cancer. Gemcitabine treatment resulted in P-eIF2α, which leads to the downstream induction of ATF4. Successive inhibition of ATF4 expression in gemcitabine-treated cells enhances apoptosis (98). In BRAF-mutated melanoma, the presence of chronic ER stress leads to ISR activation by enhancing P-eIF2α expression and contributes to chemoresistance through a dysregulation of autophagy. When ER stress is inhibited using the induction of chemical chaperones, autophagic activity is reduced and apoptosis increases in the BRAF-mutated melanoma (99). Furthermore, it has been demonstrated that induction of the ISR in human gastric cancer cells provides extra chemotherapeutic protection from the apoptotic capabilities of cisplatin and requires the presence of the cystine/glutamate antiporter, xCT, for the development of cisplatin resistance (100). In tumor cells, utilization of ISR activity is able to induce plastic tendencies, ultimately preventing the effects of therapeutic treatments intended to inhibit oncogenic growth and induce cancer death. Paradoxically, the same ISR mechanisms that contribute to highly resistant tumor phenotypes can be either exploited or inhibited to provide therapeutic relief.




5 Targeting the ISR during cancer therapy

Ongoing therapeutic efforts aim to manipulate cancer cells’ intrinsic adaptive mechanisms to combat tumor growth (101–103). While the ISR often functions to restore homeostasis by promoting adaptations during cancer progression for survival, robust and prolonged activation of ISR can drive cell death. It has been suggested that the eIF2α kinases which initiate ISR may also have a role in determining whether the response encourages adaptive survival or cell death, with PKR primarily noted as pro-apoptotic (104, 105). Because of its capacity to both maintain and shift the balance between cell survival and cell death mechanisms, the ISR has garnered significant attention as a potential target for modulation and exploitation of cellular adaptation (17, 95). Manipulating ISR activity in combination with other therapeutics may be useful in the treatment of cancer and is becoming an attractive target for pharmacologic intervention. Several drugs that activate or inhibit the ISR are being used actively in both primary research and clinical trials for cancer treatment (Figure 3; Table 1).
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Figure 3 | ISR-directed drugs target eIF2α kinases, eIF2α phosphatases, and eIF2B. Various therapeutics aim to activate (teal) or inhibit (red) the ISR for the treatment of cancer and other diseases. Those which promote the ISR aim to excessively activate a cell’s innate response mechanisms, driving that cell towards death, whereas those which inhibit the ISR aim to hinder the cell’s ability to adapt for survival under stress. eIF2α kinases serve as targets for both activators and inhibitors. Other current ISR-targeting drugs include eIF2α phosphatase inhibitors and eIF2B activators. Several of these therapeutics have shown promise in preclinical and/or clinical research described in Table 1.

Table 1 | ISR compounds in cancer treatment.


[image: Table listing various drugs, their targets, clinical status in cancer, cancer types, and references. Drugs are categorized into activating and inhibiting effects on ISR. Details include clinical phases and specific cancer types studied in vitro and xenograft models. Each drug is supported by different references, providing an extensive overview of current research findings.]


5.1 Exploiting the response

Cancer therapies which activate the ISR to provoke cell death have been in development for several decades. In 1953, lymphomas transplanted into mice regressed upon intraperitoneal injection of guinea pig serum (133). In 1963, these effects were attributed to the L-asparaginase found at high concentrations within the serum (134). The first clinical trial involving L-asparaginase was completed three years later (135). Since then, several asparaginase preparations have been FDA (Food and Drug Administration) approved for treatment of pediatric and adult hematological malignancies, particularly acute lymphoblastic leukemia (136). These early therapeutic discoveries unknowingly enhanced the ISR activity: L-asparaginase converts asparagine to aspartic acid and ammonia, which triggers activation of GCN2 to drive cancer cells towards ISR-mediated apoptosis (30). The efficacy of L-asparaginase as a highly selective therapeutic agent is rooted in leukemic cells’ deficiency in asparagine synthetase. Therefore, these cancer cells are dependent on the availability of extracellular L-asparagine, which is depleted by L-asparaginase (137, 138). Importantly, normal cells synthesize enough L-asparagine to survive treatments creating an asparaginase deficiency in the TME. Additional therapies that induce nutrient stress are being created for solid tumors, including CB-839, which acts as a glutaminase inhibitor and is currently in phase II clinical trials. Depletion of intracellular glutamine by CB-839 also induces the GCN2 arm of ISR, killing glutamine-addicted tumor cells (139). While responses to CB-839 monotherapy are limited, combinatorial treatment with immunotherapeutics has demonstrated potential. Another nutrient stress activator derived from a natural quinazolinone alkaloid, halofuginone, has been shown to promote the amino acid starvation response through GCN2 activation (140, 141). This ultimately chemosensitizes esophageal and lung carcinoma cells that have high expression of NRF2 in vitro (109). The same study found that halofuginone had similar anti-cancer effects in vivo by enhancing cisplatin-mediated tumor death in an esophageal cancer xenograft model. Similarly, drugs that have shown resistance with poor efficacy in the clinic (such as Neratinib in Glioblastoma) are now being recognized for off target effects turning on adaptations through activating the ISR via GCN2 (110). These studies highlight the presence of redundant signaling pathways that can promote cancer cell survival and provide foundations for combinational therapy strategies targeting the ISR.

A new family of selective cancer therapies known as imipridones are showing promise in the clinic. These drugs target distinct G protein-coupled receptors (GPCRs) and the mitochondrial caseinolytic protease P (ClpP) responsible for degrading misfolded proteins. When an impridone molecule binds to ClpP, it hyperactivates its function. This induces proteolysis leading to a loss of mitochondrial function, increased oxidative phosphorylation, and the triggering of the ISR and cancer cell death (142). ONC201 (also known as TIC10) is an imipridone molecule which induces HRI- and PKR-dependent phosphorylation of eIF2α and inactivation of Akt and ERK signaling (143). These effects lead to cell death by activation of Foxo3a and TRAIL for apoptotic pathways (144). Multiple phase II clinical trials have been completed and are ongoing for the use of ONC201 in treating solid and hematological cancers (145, 146), and phase III clinical trials are currently recruiting patients with H3K27M-mutant glioma and diffuse intrinsic pontine glioma (DIPG) (NCT05580562, NCT05476939). In these gliomas, the GPCR directly antagonized by ONC201, dopamine receptor D2 (DRD2), acts to promote tumor growth (147, 148). Additionally, several in vitro and in vivo studies have demonstrated the potential of DRD2 antagonists in other cancer types characterized by DRD2 upregulation including breast, prostatic, pancreatic, blood, oral, lung, gastric, and renal malignancies (149). ONC206, an antagonist for D2-like dopamine receptors, is actively in clinical trials for the treatment of primary nervous system neoplasms (such as glioblastoma) and has shown anti-tumor success in melanoma, colorectal cancer, and endometrial cancer inducing cell death by activating the ISR (150). A therapeutic relative of ONC206, ONC212, has been shown to be effective at inducing apoptosis in acute myeloid leukemia (AML) through the induction of the ISR. The resulting ISR induction also makes B-cell leukemia 2 protein (BCL-2) inhibition therapy in AML more effective by decreasing the expression of a known resistance factor for BCL-2 inhibition, myeloid cell leukemia-1 (151). A separate study found that venetoclax, a BCL-2 inhibitor, synergizes with tedizolid, an inhibitor of mitochondrial protein synthesis, to activate the ISR causing cell death through an inhibition of glycolytic activity in venetoclax-resistant AML (152).

Domperidone, another drug that works as an antagonist of dopamine receptors, and multiple tricyclic antidepressants (TCAs) have been shown to be effective at causing colorectal cancer cell death when paired with niclosamide ethanolamine (NEN), a mitochondrial uncoupler (153). The cytotoxic effects of these drug combinations are reversed with the treatment of ISRIB, indicating that they rely on ISR signaling. In the same study, the combination therapy was extremely effective at sensitizing pancreatic ductal adenocarcinoma to standard-of-care paclitaxel treatment. PKR has been shown to be activated by the non-steroidal anti-inflammatory drug, indomethacin (INDO). Upon PKR activation by INDO in colorectal cancer, the cells become susceptible to cisplatin chemotherapy treatment. Despite these findings, more work is required to identify the direct pathway of INDO mediated PKR activation (154). Furthermore, N,N’-diarylureas (BtdCPU) have demonstrated the potential to activate the ISR through the HRI kinase (155). This has been demonstrated to inhibit breast cancer growth in mice carrying human breast cancer xenografts (107). Overactivation of PERK has also been a subject of interest for creating novel therapies (156). Enhanced PERK activity by the drug CCT020312 has been shown to lead to enhanced apoptosis and taxol chemosensitivity in colorectal cancer (112, 157). In addition, CCT020312 has antitumor effects in triple-negative breast cancer through cell cycle arrest, ultimately leading to apoptosis (111).

Much like activation of eIF2α kinases, inhibition of eIF2α phosphatases can extend ISR activity and promote cancer cell death. Salubrinal is a potent cell-permeable inhibitor of eIF2α phosphatases originally identified for its ability to protect against ER stress and modulate ER stress-related cell death by targeting the conserved PP1-interacting domain of phosphatase regulatory binding partners, including GADD34 and CReP (158–160). In recent years, Salubrinal and its derivatives have risen in popularity in preclinical research, both as monotherapy and in conjunction with other treatments. An in vitro study of hepatocellular carcinoma demonstrated a potentiation of cell death when cytotoxic agent Pterostilbene was combined with Salubrinal (124). Another study demonstrated the efficacy of Salubrinal as a treatment for inflammatory breast cancer, showing that Salubrinal increased production of ROS and reduced cell proliferation (161). In ovarian cancer, it was discovered that inhibition of the therapeutic target valosin-containing protein (VCP) enhances P-eIF2α and ATF4 expression. When these VCP inhibitors are combined with Salubrinal treatment, ATF4 expression is enhanced leading to a greater increase in cancer apoptosis than with VCP inhibition alone (162). In inflammatory breast cancer (IBC), there is a markedly high expression of genes involved with the ISR such as CCAAT enhancer-binding protein homologous protein (CHOP), PERK, and ATF4. When these IBC cells are treated with Salubrinal there is a notable increase in apoptosis and expression of ATF4 and CHOP, effects that are not observed in Salubrinal-treated control cells (161). Furthermore, Salubrinal treatment was shown to be effective at causing doxorubicin-resistant MCF-7 breast cancer cells to become more susceptible to doxorubicin-induced apoptosis through the inhibition of GADD34 (163). In complex with copper (as CoSAL), Salubrinal has been shown to promote cell death and the accumulation of DNA damage in ovarian cancer in vitro (164). To combat the off-target cytotoxicity of Salubrinal, the analog SAL003 was developed to show similar efficacy to its predecessor under lower concentrations (158, 165). Trastuzumab, an important chemotherapy drug in the treatment of HER2+ cancers, has been shown to have enhanced potency when paired with the analog SAL003 in resistant HER2+ gastric and breast cancer (166).

Additional eIF2α phosphatase inhibitors have been investigated in preclinical and clinical studies. Guanabenz acetate, originally marketed as an antihypertensive, has been repurposed as an anticancer drug for its inhibition of GADD34 (117, 167). Guanabenz has been shown to induce cell death in primary hepatocellular carcinoma cells and sensitize glioblastoma cells to Sunitinib treatment (115, 116). A 2015 clinical trial exploring the anti-metastatic activity of guanabenz acetate in bone cancer patients was terminated prematurely due to poor accrual (NCT024432013), and no cancer-related clinical trials for the drug are ongoing at this time. One study that showed guanabenz acetate’s ability to inhibit the growth of anaplastic thyroid carcinoma (ATC) also employed the use of Sephin1, a small molecule inhibitor of GADD34 more commonly used in neurological studies of ISR (118). Sephin1 was also able to inhibit the growth of ATC, showcasing its potential as an anti-cancer drug. However, a more recent study demonstrated that Sephin1-mediated inhibition of GADD34 may actually have protumorigenic effect by decreasing levels of antitumor immune cells such as tumor-specific T cells and a TCR+ macrophage subtype (119). The ISR is also activated via inhibition of CReP by Nelfinavir, first identified as a human immunodeficiency virus protease inhibitor (168, 169). Recently, Nelfinavir has been shown to inhibit proliferation in patient-derived small-cell lung cancer xenograft mouse models, both as a monotherapy and in combination with autophagy inhibitor Chloroquine (170, 171). Currently, over 20 Nelfinavir clinical trials have been completed or are ongoing, with most investigating the drug as a treatment for advanced solid tumors in combination with chemoradiotherapy.




5.2 Inhibiting the response

The ISR enables cells to take dynamic countermeasures when faced with extrinsic and intrinsic stressors. This plasticity is a major promoter of cell survival under adverse conditions, including cancer cell survival under genomic instability, anticancer therapy, and the stresses of the TME. Because of this role in maintaining homeostasis and promoting cell survival, the ISR may also have significant potential as a target for inhibition in the context of cancer. Specifically inhibiting the ISR may block oncogenic cellular adaptation, leading to the same outcome of cell death as seen when pushing ISR activation in the context of tumor growth.

A common method to halt the ISR is to directly inhibit the eIF2α kinases, often through an ATP-competitor. Indirubin-3’-monoxime, SP600125, and a SyK (spleen tyrosine kinase) inhibitor were all identified in a single screen as inhibitors of GCN2 kinase activity in UV-treated mouse embryonic fibroblasts (172). Since then, indirubin-3’-monoxime has been demonstrated to inhibit osteosarcoma cell proliferation and migration (120), induce paraptosis in breast cancer cells (121), and sensitize multiple myeloma cells to bortezomib-induced cell death (122). SP600125, an inhibitor of c-Jun N-terminal kinase (JNK), has shown promise in combatting oral squamous carcinoma, lung adenocarcinoma, cholangiocarcinoma, colon carcinoma, pancreatic cancer, glioblastoma, and doxorubicin-resistant stomach cancer (123). SyK is primarily expressed in hematopoietic cells and is a key component of the B-cell receptor signaling pathway crucial for B cell survival and for antigen-mediated activation, proliferation, and differentiation. Several SyK inhibitors have been evaluated in clinical trials (173). Notably, none of these GCN2 inhibitors act exclusively on GCN2.

The ATP competitive GCN2 inhibitor, GCN2iB, reduces the ISR and prevents GCN2 activation upon nutrient limitations (174). This novel inhibitor demonstrates that inhibition of GCN2 sensitizes cancer cells with low basal-level expression of asparagine synthetase to other agents such as the antileukemic agent L-asparaginase in acute lymphocytic leukemia. Preclinical models of hepatocellular carcinoma confirm that with combined dietary arginine deprivation and senotherapy, GCN2 inhibition promotes tumor regression (88). Growth inhibition was also evident using GCN2iB in cell line-derived and patient-derived xenograft models of prostate cancer (76). GZD824, a multikinase inhibitor also known as Olverembatinib, has been shown to halt the GCN2 pathway in human fibrosarcoma and non-small cell lung cancer in vitro (175). While its ability to inhibit an array of kinases may allow GZD824 considerable potential to induce off-target effects, several clinical trials are currently active or recruiting patients with hematological cancers, including one phase III clinical trial for patients with tumors that are resistant to at least two second-generation tyrosine kinase inhibitors (NCT05311943). Initially, GZD824 was identified as an inhibitor of BCR-ABL, the fusion protein with constitutively active tyrosine kinase activity, commonly associated with chronic myeloid leukemia (176). Interestingly, BCR-ABL inhibitors have been shown to prevent the activation of both GCN2 and PERK, thereby inhibiting downstream ATF4 induction in chronic myeloid leukemia (177).

Direct PERK inhibitors include GSK2606414, GSK2656157, LY-4, and AMG-44 (127, 178, 179). Unfortunately, previous research has shown off-target toxicity of PERK inhibition, particularly in pancreatic cancer. This toxicity is mediated by type 1 interferon signaling, and neutralization of this signaling has been shown to protect the healthy pancreatic tissue against PERK-inhibitors (180). Currently, a Phase I clinical trial for PERK inhibitor NMS-03597812 is recruiting patients with relapsed or refractory multiple myeloma (NCT05027594). Also recruiting, is a Phase Ia clinical trial for HC-5404-FU, another PERK inhibitor, seeking patients with renal cell carcinoma, gastric cancer, metastatic breast cancer, small cell lung cancer, and other solid tumors (except rapidly progressing neoplasms, such as pancreatic cancer) (NCT04834778).

A widely used inhibitor for PKR is 2-aminopurine (2-AP) an analog of guanosine and adenosine typically used at millimolar concentrations (181). This has been seen to affect EMT in lung cancer cells by suppressing TGF-β signaling though the influence of PKR here remains unknown and being used at such high concentrations increases likely hood of targeting several other kinases (130). An alternative PKR inhibitor is the small molecule C16, an oxindole/imidazole derivative (182). Although primarily studied in neurological contexts, C16 has shown to suppress proliferation in hepatocellular carcinoma cell lines and xenograft mouse models partially by decreasing angiogenesis (131). This raises the idea that targeting angiogenesis via PKR might be useful in other cancer subtypes, though future studies should consider its potential to inhibit immunotherapies. Similar to PKR, HRI has few known inhibitors. Aminopyrazolindane was identified in an HRI-kinase assay to act as selective inhibitor (183, 184). Sadly, in vivo the drug was cleared quickly and showed limited bioavailability for future studies. While few known inhibitors are currently in development for HRI compared to other eIF2α kinases, HRI inhibitors like aminopyrazolindane could have specific potential to combat the responses triggered by oxidative stress and dysregulation of iron homeostasis that may otherwise contribute to anemia. Anemia is remarkably common in cancer patients and while the numbers vary widely by cancer type and disease stage (as well as variation in designation of what constitutes “low” hemoglobin), studies have generally found 30-90% of cancer patients to be anemic (185). Moreover, chemotherapy is known to induce anemia. This highlights the potential for combinatorial therapies that utilize HRI inhibitors to combat oxidative stress.

As highlighted throughout, ISRIB is one of the ISR inhibitors that works downstream of all four eIF2α kinases by binding to eIF2B. This binding triggers an inhibitory allosteric change at the P-eIF2α binding site of eIF2B, thereby allowing free eIF2α to bind and promote the ternary complex to relieve ISR inhibition (186, 187). Interestingly, ISRIB functions as an effective modulator of P-eIF2α-mediated responses, but it does so without the pancreatic toxicity of other ISR inhibitors (such as PERK inhibitor GSK2606414) (188). Combinatorial treatment with ISRIB and imatinib both attenuated resistance-driving signaling pathways and more effectively eradicated chronic myeloid leukemia cells— in vitro and in vivo— than either drug alone (189). In combination with bortezomib, ISRIB has been shown to both protect bortezomib-sensitive multiple myeloma cells against apoptosis and induce paraptosis in bortezomib-insensitive breast cancer cells (190). ISRIB will likely not be available for clinical use due to poor solubility. Nevertheless, new analogs are in development for improved potency and solubility (e.g. 2BAct) (191). Direct prevention of P-eIF2α mediated reductions in ternary complex formation may also be a novel way to inhibit the ISR. Trazodone, an FDA-approved antidepressant, was shown to have similar effects as ISRIB working in this manner, yet the exact mechanism of regulation remains to be defined (132, 192). Altogether, the exponential success in basic research supports the idea that ISR-targeting therapeutics may be particularly useful in combatting an array of diseases, including highly resistant tumors (193).





6 Conclusions

The ISR is evolutionarily conserved and essential for normal mammalian development (194–196). Mutations in ISR factors have been associated with developmental malformation, as well as, cognitive, metabolic, and immune dysfunction (193, 197). The consensus is that the ISR plays a pivotal role as a molecular rheostat to fine-tune cellular adaptation mediated by translational reprogramming. As a central regulator, the ISR can be a favorable target to counter various pathologies depending on the disease context.

A wealth of research has presented the ISR as an oncogenic stress-induced translational program which enables swift cell state transitions to facilitate tumor growth, metastasis, and resistance. There are numerous mechanisms by which the ISR dynamically modulates translation— ranging from the recruitment of alternative initiation factors, selective translation of distinct transcripts, to utilization of noncanonical start codons. While the ISR operates as a means by which normal cells can adapt rapidly to non-oncogenic stressors (misfolded proteins, oxidative stress, heme-imbalance, etc.), it also exemplifies the capacity of cancer cells to hijack the pathways, networks, and fail-safes of their healthy precursors. This exploitation of typical cell functionality serves to promote neoplastic transformation. From the earliest stages of a precancerous lesion to the latest stages of metastatic disease, the ISR plays a crucial role in enabling tumors to handle the various oncogenic insults produced by their own development. Outside these intrinsic stressors, clinically available therapeutics provide extrinsic stimuli leading to the activation of the ISR. As a result, ISR-induced cell plasticity can become a driving force for therapeutic resistance with a need for pharmacological remedy.

The development of highly plastic, drug-resistant tumors by activation of the ISR has proven to be a formidable barrier to cancer therapy. On the other hand, a tumor’s overreliance on the ISR presents the translational program as a therapeutic liability. Both agonists and antagonists of the ISR have shown promise in promoting cancer cell death when combined with existing therapies. As such, there is an incentive for the development of novel ISR-modulating therapies capable of preventing ISR-mediated adaptations. Since therapeutic resistance is a major functional output of the ISR in cancer, there is more work to be done in determining the optimal partners for ISR modulators in combinatorial treatment approaches.

As outlined in this review, there are several eIF2α kinase inhibitors actively enrolled in clinical trials for a variety of cancer types. It is imperative to consider and investigate the potential unintended effects of these (often nonspecific) inhibitors to ensure that any possible off-target effects are rigorously explored to prevent toxicity, similar to what has been observed with PERK inhibition in pancreatic cancer (198). In service of the same goal, developing analogs of current therapeutics with more specific activity may increase drug efficacy while decreasing effective concentrations; this may also reduce off-target cytotoxicity. It will be useful to limit the breadth of ISR-modulating therapies by targeting specific pathways further downstream of eIF2α phosphorylation to avoid the broader impact of upstream kinase inhibition and redundancy between kinases. The potential of small molecules like ISRIB have shown promise in mouse models without off target toxicity, though the bioavailability still needs to be improved (199). Further identification and characterization of downstream interactors will aid in this endeavor. Repurposing FDA approved drugs, such as Trazodone for inhibiting ISR activity, may also be fruitful in future clinical trials.

Another area of focus will be to elucidate under what circumstances therapeutics should aim to activate or inhibit the ISR in cancer. In certain instances, extended activation of the ISR overwhelms basic cellular functions, resulting in a push towards cell death. However, activation of the ISR can enhance cancer cells’ plasticity and prevent cell death under therapeutic stress. Because of this dual nature of the ISR, a prominent dilemma is determining the specific circumstances under which upregulation of the ISR is more beneficial than downregulation (and vice versa). This will be key for future therapies to control pro-death or pro-survival mechanisms through ISR signaling. There is value in further investigating the variable role of the ISR in different cancer types and subtypes, tumor stages, and beyond cancer– in exploring ISR modulating treatments for metabolic and age-related disorders. Therapeutically fine-tuning ISR signaling is a formidable approach to overcome environmental barriers and therapy resistance to provide improved cancer targeting strategies to the clinic.
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Tumor-associated macrophages (TAMs) are the main immune cells in the tumor microenvironment (TME) of endometrial cancer (EC). TAMs recruitment and polarization in EC is regulated by the TME of EC, culminating in a predominantly M2-like macrophage infiltration. TAMs promote lymphatic angiogenesis through cytokine secretion, aid immune escape of EC cells by synergizing with other immune cells, and contribute to the development of EC through secretion of exosomes so as to promoting EC development. EC is a hormone- and metabolism-dependent cancer, and TAMs promote EC through interactions on estrogen receptor (ER) and metabolic factors such as the metabolism of glucose, lipids, and amino acids. In addition, we have explored the predictive significance of some TAM-related indicators for EC prognosis, and TAMs show remarkable promise as a target for EC immunotherapy.
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1 Introduction

Endometrial cancer (EC) is an epithelial malignant tumor that occurs in the endometrium and is one of the three most common tumors of the female reproductive system. In recent years, the incidence and mortality rates of endometrial cancer have risen along with the increase in the average life expectancy of the population and changes in lifestyle habits. According to the Global Cancer Statistics 2020, EC has become the second most common tumor of the female reproductive system and the sixth most common female cancer (1). EC has even jumped to the number one position in some developed countries and cities. EC is a malignancy highly associated with hormones and metabolism, and associated risk factors including continuous estrogen exposure, diabetes, hypertension, obesity, excessive alcohol consumption and inflammation can induce the development of EC (2). According to the mechanism of occurrence and biological behavior characteristics can be divided into type I (estrogen-dependent) and type II (non-estrogen-dependent) (3). There are also the commonly used The Cancer Genome Atlas (TCGA) classification (4), which is funded by National Cancer Institute, classifying EC into four molecular subtyping: 1) POLE ultramutated 2) microsatellite-instability high(MSI-H) 3) copy-number low (CNL) 4) copy number high (CNH). And also the TransPORTEC typing (5) and PreMisE typing (6). The former is a simplified classification system of high-risk EC based on key molecular characteristics including p53-mutant, MSI, POLE proofreading-mutant and no specific molecular profile, while the latter is a partial substitution of gene sequencing by immunohistochemical methods to classify EC patients into four types.

EC is still treated with a combination of mainly surgery, selective radiotherapy and chemotherapy (7). However, for patients with advanced metastases and recurrences, it is known that there is no particularly effective treatment available, so there is an urgent need to explore new ways to treat EC (8). Immunotherapy is emerging as a new area of research and treatment for EC (9). Target selection for immunotherapy is crucial. Tumor-associated macrophages have been found to play a pivotal role in the development of cancer and are a new hot spot for recent research. In EC, their important role is also slowly being explored, and targeting tumor-associated macrophages for EC appears to be a promising option.

Tumor-associated macrophages (TAMs) are macrophages present in the tumor-associated microenvironment (TME) (10). TAMs originate from monocytes, which are specifically recruited into the tumor microenvironment through recruitment and polarized into functionally distinct TAMs under different stimuli, playing both anti-tumor and pro-tumor roles in the development of tumors.

In view of the important role of TAM in tumor development, TAMs have become a hot star in tumor immunity, especially in colorectal cancer (11) and prostate cancer (12), and have been well studied in female-related cancers such as breast cancer (13), reproductive system tumors such as ovarian cancer (14) and cervical cancer. However, studies related to endometrial cancer, which is also one of the three major tumors of the female reproductive tract, are more limited. This review summarizes the basic and clinical researches either in vitro or in vivo based on TAMs and endometrial cancer, and overviews the existing research progress on the occurrence and development of TAMs in EC, so as to provide some help for future research based on TAMs in EC.




2 TAMs in EC

Cancer development, progression and invasion occur in a complex and dynamic microenvironment, the growth of which is referred to as the tumor-associated microenvironment (TME). The tumor-associated microenvironment consists of various cells (immune cells, endothelial cells, fibroblasts) as well as non-cellular components (vascular network, lymphatic shutdown, cytokines, nutrients, etc.) (15). Nowadays, it is found that macrophages play an essential role in tumor development, and the macrophages in the TME are called tumor-associated macrophages (TAMs), which are the most abundant immune cells in the TME (16).

TAMs have two main origins, including tissue-resident macrophages of embryonic origin (17) and circulating monocytes of bone marrow origin (18). Embryonic-derived tissue-resident macrophages are derived from the yolk sac during the embryonic period, and embryonic stem cells gradually differentiate into tissue-specific resident macrophages that locally add value, self-renew, and have primarily pro-fibrotic functions, providing a nurturing ecological environment during the early stages of tumor progression. Bone marrow-derived circulating monocytes originate from bone marrow hematopoietic stem cells, which differentiate into monocytes that are recruited into the TME by relevant chemokines and cytokines and polarized into TAMs during tumor development, mainly playing an antigen-presenting role to drive tumor progression (19).

During tumor development, tumor cells, B cells, stromal fibroblasts, and TAMs themselves in TME secrete various cytokine, complement, and exosome components that are used to recruit monocytes to the tumor site through chemotaxis and to further polarize them into TAMs, which play a role in tumor development (20). Chemokines CCL-2/5, macrophage colony-stimulating factor (CSF-1), vascular endothelial growth factor (VEGF), and complement components such as C5a are widely recognized to have an important role in recruiting monocytes. CCl-3/4, CXCL-12, MCSF and TGF (21) have also been found to recruit monocytes in several projects.

Among them, CCL-2 and CSF-1 are well-studied cytokines. CCL-2 is mainly produced by malignant epithelial cells, and CCL-2 recruits monocytes by binding to the receptor CCR-2 expressed on monocytes, and disruption of this CCL-2/CCR-2 axis leads to a significant decrease in the number of TAMs (22). In EC, CCL-2 is regulated by the upstream LKB1 gene, an oncogene encoding a serine protein kinase that is widely expressed in vivo. The LKB1/AMPK/CCL-1/TAM axis leads to increased recruitment of monocytes at the tumor site, mainly some M2-like TAMs that play a pro-tumor function and promote the development of EC. Inactivation of LKB1 leads to hypophosphorylation of AMPK in epithelial cells, resulting in increased CCL-2 expression. CCL-2 acts as a key factor in the recruitment of TAMs, contributing to increased peripheral monocytes and increased monocyte recruitment in tumor TME (23). The recruitment of CSF-1 on macrophages in EC has also been demonstrated. The recruitment of CSF-1 on monocytes has been demonstrated in EC (24). By chemotactic migration assay, we found that CSF-1 secreted by EC cells can bind to CSF-1 receptors on the surface of macrophages, promote macrophage migration, and induce M2-like polarization during the subsequent polarization process, which ultimately promotes EC cell proliferation (24).

The recruitment of TAMs in EC is positively affected by CTHRC1, a secreted ECM protein found to be highly expressed in EC. overexpression of CTHRC1 activates the macrophage surface chemokine receptor CX3CR1 through the integrin β3/PI3K/Akt pathway and enhances the recruitment of M2-like TAMs, thereby promoting tumor migration and invasion (25). Some metabolic factors such as hypoxia (26) and lactate (27) and glucose enable increased recruitment of cytokines to TAMs at this site, promoting TAMs recruitment and migration of tissue-resident macrophages, thus promoting tumor development. In hypoxic conditions, tumor cells recruit TAMs by down-regulating receptors for cytokines such as CCL2, CCL5, and CSF1 (28) (Figure 1A).
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Figure 1 | Overview of the recruitment, polarization and functional roles of TAMs in EC. (A) Circulating monocytes and tissue-resident macrophages are recruited to the TME and differentiate into macrophages in response to factors. (B) Macrophages are polarized into M1-like macrophages and M2-like macrophages in response to different signaling stimuli. (C). M2-like macrophages are the major contributors to EC progression through cytokine, exosome, hormonal and metabolic pathways.

TAMs produce different polarization states under different signals, exerting both anti-tumor and pro-tumor effects. The M1/M2 dichotomy is more commonly applied nowadays. M1-like macrophages are mainly polarized by interferon (IFN-γ) (29)produced by TH1 cells and type 1 immune response, lipopolysaccharide (LPS) produced by bacteria, granulocyte-macrophage colony-stimulating factor (GM-CSF) (30)and tumor necrosis factor (TNF), mainly TNF -α induces polarization and exerts mainly antitumor effects (31). Some other cytokines such as IL-1, IL-12 have also been shown to be involved in M1 polarization. M2-like macrophages, on the other hand, are mainly involved in tumor immunosuppression, tumor invasion, tumor growth, angiogenesis and metastasis by TH2 cells and type 2 immune responses producing chemokines IL-4, IL-13 (32) and CSF-1 secreted by tumor cells to induce polarization. Several other cytokines such as IL-6, IL-10, TGF-β, MCSF and VEGF have also been shown to be involved in M2 polarization. Although, the diversity of TAM was further uncovered with the study methodology. Based on single-cell RNA sequencing (scRNA-seq) and other single-cell analysis tools found that TAMs rarely display a true M1 or M2 phenotype, the traditional M1/M2 dichotomy does not show the diversity of TAMs well and distinguishes them from other cells. Researchers have classified more categories within the macrophage population, such as M2a, M2b and M2c (33, 34). However, some current studies still make more use of the M1/M2 dichotomy, so the traditional M1/M2 dichotomy is also followed in this article (Figure 1B).

CSF-1 produced by tumor cells interacts with CSF-1R, which undergoes autophosphorylation, triggers downstream signaling and determines macrophage differentiation. In endothelial carcinoma, this process is influenced by upstream CSF1R germline genetic variation. CSF-1 exhibits more significant phosphorylation and a higher proportion of M2-like macrophage polarization in TAMs with genotype CSF1R c.1085A_A (35).

Several genes upstream of endothelial carcinoma have been shown to regulate EC development through altered polarization for TAMs (33).TP53 and CDH1 are common mutated genes in type II EC. Approximately 80% of type II EC carry TP53 mutations and CDH1 inactivation. Using the TP53 and CDH1 double ablation model, it was observed that deletion of these two genes promotes the development of the tumor microenvironment by producing downstream factors of NFκB signaling, inducing macrophage polarization toward M2, and stimulating TAMs to produce chemokines, cytokines, and enzymes associated with chronic inflammation (36).

Some long non-coding RNAs (lncRNAs) have also been shown to be involved in the regulation of TAMs polarization (37). In endothelial cancer, the expression of lncRNA member NIFK-AS1 was significantly reduced compared to healthy individuals. Further studies showed that overexpression of NIFK-AS1 could inhibit the M2 polarization of TAMs by downregulating miR-146a, a microRNAs (miRNAs) that promote the M2 polarization of TAMs (38).

In addition, hypoxia also affects the M2 polarization of TAMs. Hypoxia can promote the M2 polarization of TAMs by altering the secretion of chemokines and exosomes. In EC, the promoting effect of hypoxia on the M2 polarization of TAMs has been demonstrated (39). Under hypoxic conditions, EC cells secrete more exosomes compared to normoxic conditions, in which the expression of component miRNA-21 is significantly increased, and the uptake of miRNA-21 by monocytes and the high expression and significant release of polarization-related cytokine IL-10 are observed in this process, suggesting that EC cells under hypoxic conditions can shift through the secretion of exosomes miRNA-21 to differentiate and polarize monocytes toward M2 (39).

TBBPA, a brominated flame retardant widely found in computer boards, textiles, furniture and other consumer products (40), was shown to promote migration and invasion of EC cells by promoting M2 polarization of TAMs. TBBPA-mediated binding of miR-19a to the 3′-UTR region of SOCS1, a member of the cytokine signaling family that plays a key regulatory role in macrophage polarization This leads to downregulation of SOCS1 and subsequently promotes phosphorylation of Janus kinase (JAK) and STAT6 of the signal transducer and activator of transcription(STAT) family, another key player in macrophage polarization, to promote M2 polarization of TAMs (41). This may indicate the possible upstream pathway and influencing factors of M2-like polarization of TAMs.

TAMs each express different markers depending on their polarization status (42).The main pan-macrophage marker is CD68 (43), which is widely expressed by macrophages, but is limited because it is also expressed by cells other than TAMs and cannot distinguish between specific M1 and M2 subtypes. biomarkers of M1-like macrophages include mainly CD80 and CD86. Biomarkers of M2-like macrophages are mainly CD163, CD204, CD206 (44–48), IL10, Arg-1, CCL-17, CCL-22, etc. (49).




3 The role of TAMs in EC progression headings

TAMs can play both antitumor and pro-tumor roles in tumor progression (19). Antitumor effects of TAMs are mainly mediated by M1-like macrophages, which produce immunologic cytotoxicity molecules (e.g., reactive oxygen species and nitriles), antitumor immune-related vasopressors (e.g., IL-12 and CXCL10), and some pro-inflammatory. The pro-tumorigenic effects of TAMs are mainly mediated by M2-like macrophages. M2-like macrophages suppress immune responses by secreting anti-inflammatory cytokines (e.g., IL-10, TGF-β) and promote angiogenesis by secreting pro-angiogenic factors (e.g., matrix metalloproteinases and VEGF), which accelerate tumor recurrence and metastasis and ultimately promote EC progression. There are many excellent reviews available on the role of TAMs in tumor progression (31), and this review will focus on the important role of TAMs in EC progression.



3.1 TAMs are predominantly M2-polarized in EC and play a major role in promoting EC progression

TAMs play an important role in the progression of EC. TAMs in TME of EC are mainly dominated by M2-like macrophages, so the role of TAM in EC development is dominated by the promotion of EC development, invasion, infiltration, metastasis, and immune escape. A retrospective study based on 163 EC patients found that EC had a large infiltration of M2-like macrophages and that the presence of TAMs promoted tumor aggressiveness, as evidenced by higher tumor grade, increased lymphatic vessel density, more lymphatic vessel space invasion and more lymph node metastases (50). In EC, TAMs have also been shown to be associated with myometrial invasion and vascular space invasion (51) and to mediate the immunosuppressive microenvironment in EC (16).




3.2 Specific upstream and downstream regulatory mechanisms of TAMs in promoting EC progression

Bioanalysis based on single cell data, a large number of TCGA RNA-seq and other tools showed that macrophage infiltration in EC is influenced by the expression of ZEB2, an important gene in epithelial mesenchymal transition, showing a positive correlation.ZEB2 is highly expressed in TAMs (16).

For the important role of EC cell invasion, M2-like macrophages can promote EC invasion progression by activating angiogenesis (52). CCL18 from TAMs upregulates KIF5B expression and promotes EMT by activating the PI3K/AKT/mTOR signaling pathway in endometrial cancer (53).

Tumor cells expressing membrane protein CD47 bind to SIRPα on the surface of TAM, which transmits “don’t eat me” signals to macrophages through downstream signaling pathways and inhibits the phagocytic ability of macrophages. It was found that CD47 was also overexpressed on the surface of EC cells, suggesting that the CD47-SIRPα signaling pathway may be an important mechanism for TAMs to mediate immune evasion of EC cells (54) (Figure 1C).




3.3 TAMs promote EC progression by interacting with other cells in the TME

TAMs can interact with other immune cells in TME such as T cells, dendritic cells, and NK cells to influence tumor development.

Regulatory T cells (Treg) are an immunosuppressive effector cell. Some results in other cancers suggest that TAMs may produce CCL20, promoting the recruitment of Treg cells into the tumor (55) while Treg cells are able to secrete IL-4, IL-13 and IL-10, which polarize macrophages toward M2 (56) and synergistically promote EC progression. The positive correlation observed between the number of TAMs and Treg cells in endometrial cancer suggests that we this interaction is also present in EC (50).




3.4 TAMs can promote EC progression by interacting with exosomes

Exosomes are extracellular particles between 40 and 160 nm in diameter that can be released into the pericellular environment. Currently, scientists have identified exosomes miR-192-5p and hsa_circ_0001610 interacting with TAMs to promote EC progression.

Aberrant reduced expression of miR-192-5p in TAMs- produced exosomes promotes EC development by promoting EMT and inhibiting apoptosis in EC cells. And this phenomenon could be reversed by overexpression of miR-192-5p, which inhibited EMT and promoted apoptosis in EC cells by suppressing the IRAK1/NF-κB signaling pathway (57). M2-polarized TAMs enhance the EMT of EC cells and reduce the radiosensitivity of EC cells through the exosome hsa_circ_0001610. In the exploration of its specific mechanism, it was found that hsa_circ_0001610 could down-regulate the expression of miR-139-5p through competitive binding to miR-139-5p. MiR-139-5p continues to interact with cyclin B1, an important driver of drug resistance in cancer through regulation of the cell cycle, increasing its expression and thereby reducing the radiosensitivity of EC cells. In vivo, the results showed increased proliferation and invasion of EC cells, inhibition of apoptosis, and decrease of G2/M cell cycle arrest. Further, this result was reversed by overexpression of miR-139-5p, suggesting the possibility of exosomes as potential targets for EC radio resistance (58). Given the crosstalk between exosomes in TAMs and EC, the composition and content exosomes may have a potentially important role in identifying EC and endometrial precancerous lesions (59) such as endometriosis (60), and the use of liquid biopsies to detect exosomes may be developed as a potential indicator for the early diagnosis and determination of prognosis of EC (Figure 1C).





4 The role of hormones in EC on TAMs

As already mentioned, EC is a malignancy highly associated with hormones. It is classified into type I and type II according to whether it is estrogen-dependent stimulation or not. Type I EC, also known as estrogen-dependent, is thought to occur in association with estrogen, possibly due to the development of endometrial hyperplasia or atypical hyperplasia followed by cancer in the presence of higher levels of estrogen over a long period of time, demonstrating the important role of hormones, especially estrogen, in the development of EC. Several studies have found that TAMs are involved in hormone-related regulation of EC. Estrogen receptor (ER) is widely expressed in infiltrating macrophages in endometriosis, ovarian cancer and other diseases. there are two main subtypes of ER, ERα and ERβ.

Related studies have shown that ERα expression in TAMs in EC is positively correlated with EC progression. Macrophage ERα agonists promote the secretion of large amounts of chemokine CCL-18 by M2-like macrophages through the ERK1/2 pathway, and CCL-18 upregulates the expression of KIF5B, thereby promoting EMT in EC through activation of the PI3K/AKT/mTOR signaling pathway and promoting aggressive progression and metastasis of EC (53). M2-like macrophages in EC induce upregulation of ERα expression by secreting the cytokine IL17A, thereby enhancing the proliferative effect of estradiol in EC cells and increasing the sensitivity of the endometrium to estrogen, thereby promoting type I EC (61). However, in contrast, a study by Tong et al. found an inverse relationship between TAMs and ERα expression in endometrial cancer tissues. They found that TAMs secreted chemokine CXCL-8, which inhibited the expression of ERα by inducing transcription factor HOXB13, and thus promoted EC invasion (62). It is interesting to note that different studies have obtained diametrically opposed results, and the effect of the role of ERα and TAMs in EC progression needs further investigation (Figure 1C).




5 The role of metabolic factors on TAMs in EC

In addition to being a hormone-dependent tumor, EC is also a metabolic disease, and among the risk factors for EC, diabetes mellitus (hyperglycemia), hypertension, and obesity all contribute to the increased incidence of endometrial cancer, which is also known clinically as the “EC triad”. Metabolic factors can also influence the development of tumors by interacting with TAMs.

TAM polarization correlates with features of glucose metabolism (63), lipid metabolism (64), and amino acid metabolism (65). M1-like macrophages show higher glucose uptake, aerobic glycolysis, and lactate production. M2-like macrophages show a predominance of lipoprotein uptake, and fatty acid oxidation (66).

In EC, it has only been observed that EC cells under hypoxic conditions promote M2 polarization of TAMs through exosome secretion (39). Although there are few studies on the influence of metabolic factors on EC progression through the TAMs pathway, the metabolic/TAMs pathway would be a good idea to investigate based on the important role of metabolic factors in endometrial tissues and even (67) EC development and the known modulation of TAMs by metabolic factors in some cancers.




6 Prognostic significance of TAMs for EC

TAMs by themselves can be used as prognostic indicators for EC. High TAMs often suggest poor prognostic outcomes, as evidenced by high TAMs counts suggesting shorter recurrence-free survival and overall survival (50)

It was found that women with LKB1-deficient EC had elevated levels of the pro-TAMs recruitment chemokine CCL-2 in peripheral blood serum, suggesting that CCL-2 produced by the tumor-bearing uterus can enter the circulation and that serum CCL-2 may be used as a potential circulating biomarker to monitor tumor progression or predict progression risk, but this is still at an early stage and not supported by relevant data (23).




7 Prospects of TAMs as therapeutic targets for EC

Considering the important role of TAMs in the development of EC, TAMs can be a very promising target for EC therapy. The main ideas of targeting TAMs for EC treatment include depleting M2-like macrophages, targeting related signaling pathways such as recruitment and accumulation, and promoting M2 to M1 reeducate.

Targeting the recruitment and accumulation of TAMs is a good therapeutic target. Drugs targeting macrophage related markers such as CSF-1, IFN-γ, VEGF, chemokines, and cell surface antigens are being gradually put into trials, and are one of the future research focuses of tumor immunotherapy targeting macrophages (19). In EC, Interfering with CSF1-CSF1R, CCL2-CCR2 has been shown to functionally deplete TAMs by targeting recruitment and survival of TAMs within tumors (68, 69). In EC, given the positive role of CSF-1 in recruiting monocytes and promoting M2 polarization, CSF-1R blockers targeting its receptor could block the recruitment of TAMs in EC by targeting CSF-1 to reduce the number of TAMs and slow down EC progression (24). Moreover, by finding that macrophages in the population possessing the immunoglobulin-like structural domain 4 of CSF-1R within the amino acid change from histidine to arginine, the CSF1Rc.1085A>G gene variant, exhibited resistance to CSF-1 stimulation and were more susceptible to CSF-1R inhibitors in terms of receptor phosphorylation and endocytosis, suggesting that our CSF- 1Rc.1085A>G gene variant could be used as a potential predictive biomarker for predicting the efficacy of targeting CSF-1R signaling for cancer therapy (35). What’s more, targeting the CCL-2 axis such as LKB1 has also been identified as a potent inhibitor of EC (23).

CD40 receptors are a member of the TNF receptor family and are expressed on antigen presenting cells, including TAMs. activation of CD40 plays an important role in antitumor immunity. targeting of TAMs by CD40 agonists is associated with re-education of immunosuppressive TAMs into cytotoxic effectors, ultimately leading to immune surveillance and reduction of tumor growth (70). In EC, CD40 activation of M1-like macrophages resulted in effective tumor growth inhibition but failed to reverse the proliferative effects of M2-like macrophages (71).

CD47 is expressed in normal and cancer cells and sends “don’t eat me” signals to macrophages, which is an important way for normal cells to protect themselves from phagocytosis and a pathway for immune escape of tumor cells. Anti-CD47 antibodies targeting tumor cell surface membrane proteins can improve the phagocytosis of M2 TAMs on EC cells by blocking the EC CD47-SIRPα immunosuppressive pathway. Inhibition of EC development by re-education of M2-like macrophages (54).

The repolarization of M2-like macrophages may become an effective therapeutic modality. Huang et al. simulated the EC tumor microenvironment by constructing a disintegrable supramolecular gelatin hydrogel model, which was able to help IFN-γ reprogram M2-like macrophages to M1-like macrophages, in which progress the reduction of VEGF secretion was observed. The reprogrammed M2-like macrophages showed reduced migration of cancer cells in vitro and inhibition of tumor cell growth in vivo. It may serve as an effective tool for future drug delivery and treatment (72).




8 Summary and prospect

TAMs play an important role in the progression of EC. TAMs in EC are recruited from monocytes and are polarized in different directions by different cytokines and other factors in the tumor microenvironment, giving rise to M1-like macrophages, which exhibit mainly antitumor effects, and M2-like macrophages, which are pro-tumor. The infiltration of M2-like macrophages is predominant in EC. M2-like macrophages promote tumor angiogenesis, EMT, immune evasion and metastasis in EC by secreting cytokines, synergizing with other immune cells, and through exosomal effects. TAMs also regulate EC progression by interacting with hormonal conditions such as ER and metabolic conditions such as oxygen saturation. TAMs can also serve as a marker to detect EC prognosis. Finally, given their essential function in promoting EC progression, TAMs are also a very promising target for EC immunotherapy in the future.

Compared with other cancers such as colorectal cancer, breast cancer and ovarian cancer, where TAMs and tumor mechanisms are well researched, some of the existing researches on EC are mostly in the demonstration of the relevance of TAMs to promote the development of EC, but lack more in-depth mechanism studies. Furthermore, as EC is a hormonal and metabolic-dependent cancer, the influence of estrogen and glucose, lipids, and other factors is undeniable, and it is also a very promising entry point for how TAMs interact with hormonal and metabolic factors to influence the development of EC. It is also very promising to take TAMs as the entry point to explore the changes of tumor immune microenvironment after treatment or recurrence and metastasis of endometrial cancer or whether the different microenvironment represented by TAMs has a predictive effect on the progression, recurrence, treatment and prognosis of endometrial cancer. In conclusion, research on the role of TAMs in EC progression, prognosis, and treatment is still emerging, and given the important role of TAMs in other gynecologic tumors, research on their role in EC must be promising.
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The onset, development, diagnosis, and treatment of cancer involve intricate interactions among various factors, spanning the realms of mechanics, physics, chemistry, and biology. Within our bodies, cells are subject to a variety of forces such as gravity, magnetism, tension, compression, shear stress, and biological static force/hydrostatic pressure. These forces are perceived by mechanoreceptors as mechanical signals, which are then transmitted to cells through a process known as mechanical transduction. During tumor development, invasion and metastasis, there are significant biomechanical influences on various aspects such as tumor angiogenesis, interactions between tumor cells and the extracellular matrix (ECM), interactions between tumor cells and other cells, and interactions between tumor cells and the circulatory system and vasculature. The tumor microenvironment comprises a complex interplay of cells, ECM and vasculature, with the ECM, comprising collagen, fibronectins, integrins, laminins and matrix metalloproteinases, acting as a critical mediator of mechanical properties and a key component within the mechanical signaling pathway. The vasculature exerts appropriate shear forces on tumor cells, enabling their escape from immune surveillance, facilitating their dissemination in the bloodstream, dictating the trajectory of circulating tumor cells (CTCs) and playing a pivotal role in regulating adhesion to the vessel wall. Tumor biomechanics plays a critical role in tumor progression and metastasis, as alterations in biomechanical properties throughout the malignant transformation process trigger a cascade of changes in cellular behavior and the tumor microenvironment, ultimately culminating in the malignant biological behavior of the tumor.
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1 Introduction

Cancer, as the leading cause of global mortality, remains an elusive foe despite significant global efforts in basic research, clinical practice and understanding of its complex mechanisms. While progress has been made in the development of anti-cancer drugs, diagnostic tools and treatment techniques, the elusive nature of most cancers poses substantial obstacles to achieving a complete cure. This is particularly evident in China, where both cancer incidence and mortality rates have skyrocketed in recent decades, creating a profound sense of fear and urgency.

The complexity and uniqueness of cancer require multidimensional approaches for diagnosis, treatment and research. In this context, biology is emerging as a key discipline that is intricately linked to the understanding and management of this formidable disease. The interplay between mechanical factors and other physical, chemical and biological elements is a crucial component in unravelling the mystery of cancer. By integrating various theoretical and experimental methods from mechanics and biology into the field of tumor biomechanics, we can explore the intricate mechanical dynamics underlying cancer at molecular, subcellular, cellular, cell group, tissue, organ, system and human body scales. Such investigations aim to elucidate the mechanical properties of cancer cells and tumor tissues, as well as the influence of the tumor microenvironment on their growth and progression. Equally important is the translation of these mechanistic insights into practical applications for clinical cancer diagnosis and treatment.

Fundamentally, with a comprehensive and interdisciplinary approach, through in-depth research on cancer biomechanics, we have the potential to revolutionize current methods of cancer diagnosis and treatment, thereby further enhancing cancer cure rates and improving people’s quality of life (1, 2).




2 Application of single-cell sequencing in cancer research

Single-cell sequencing, as a groundbreaking technology for genomic transcriptomic, and epigenomic analysis, differs from traditional sequencing methods that rely on bulk samples and provide an average representation. It enables the study of individual cells, capturing the intricacies of cellular heterogeneity. Conventional sequencing approaches often overlook the diverse cellular composition within a sample, resulting in an incomplete understanding of complex biological processes. In contrast, single-cell sequencing technology revolutionizes this scenario by revealing invaluable information about cellular heterogeneity that remains inaccessible when studying mixed samples.

Tumor cells, in contrast to normal cells, display distinct pathological and metabolic alterations, leading to the emergence of diverse tumor cell lineages and contributing to tumor cell heterogeneity. By providing high-resolution detection and analysis at the single-cell level, single-cell sequencing unravels the functional and physiological states of each cell, facilitating the accurate identification and characterization of different cellular subsets within tumor tissues (3).



2.1 Revealing single-cell genetic heterogeneity in cancer development

Whole exome sequencing was performed in mice, and repeated sampling was conducted by extracting cells from mice xenografted with lung adenocarcinoma tumor cells for single-cell transcriptome sequencing. Heterogeneity was observed in the nucleotide sequences of 50 tumor cells, including KRASG12D, and this heterogeneity was also present in all xenografted mouse cells (4).

Two cell lineages with distinct characteristics were observed in 12 patients with stage III-IV colorectal cancer by sequencing the primary, paracancerous and metastatic tissues; heterogeneity in DNA methylation and chromosome copy number variation was found in cells of different lineages, and there was a strong correspondence between the groups (5).

The role of integrin-mediated mechanical signaling in liver pathophysiology and homeostasis has been demonstrated by cre/loxP-mediated gene deletion of β1-intergin or siRNA mediated knockdown of β1-intergin. Meanwhile, in HCC patient samples, tumor sclerosis was positively correlated with β1-intergin expression (1, 6).




2.2 Revealing tumor heterogeneity

Heterogeneity, a prominent hallmark of malignant tumors, encompasses the genetic alterations that occur during the processes of gene replication, transcription and translation. These alterations give rise to distinct cell populations within tumors, resulting in phenotypic discordance.

Tumor heterogeneity manifests itself at four levels: inter-tumor variance, intra-tumor variance between different lesions, intra-tumor variance within different regions and intra-tumor variance between different cells within the same region. In a study of patients with myeloproliferative neoplasms, 82 bone marrow cells and 8 normal oral epithelial cells were randomly selected for single-cell whole-exome sequencing. The results showed heterogeneity in gene expression profiles between tumor cells and normal cells (7).

Research has shown that soft substrates can maintain cell differentiation, while rigid substrates(adsorbed on a single collagen film in a rigid culture dish) can lead to a dedifferentiated phenotype and continuous proliferation of liver cells. Stiffness increases the expression of genes encoding cytoskeleton regulatory proteins, activates integrin FAK/Src mechanical signaling, leading to gene transcription and new phenotypes of liver cells in vivo (8–10).




2.3 Studying gene sequence differences between different tumor subtypes

To investigate genetic variations in different tumor subtypes, single-cell transcriptome sequencing was employed to analyze marrow cells from 16 acute myeloid leukemia patients and 5 healthy donors. This analysis successfully yielded a detailed and comprehensive atlas of tumor cells and normal cells of various types and differentiation states. Notably, multiple subclones with distinct genetic profiles were identified within a single patient sample (11).

In another study, single-cell transcriptome sequencing was performed on cells derived from IDH-A and IDH-O tumors, and their sequencing results were then compared with data from The Cancer Genome Atlas (TCGA), revealing significant differences in the tumor microenvironment between IDH-A and IDH-O tumors (12).




2.4 Identifying immune cell subsets in the tumor

Researchers also conducted an investigation into the identification of immune cell subsets within tumors. By utilizing single-cell transcriptome sequencing, they analyzed 36,424 cells from 13 cases of prostate tumors. This analysis confirmed the capacity of cancer cells to modulate T-cell transcriptomes (13). Similarly, single-cell transcriptome sequencing was employed to examine T cells in peripheral blood tumor tissue and adjacent normal tissue from patients with hepatocellular carcinoma. The findings of this analysis uncovered the presence of abundant suppressor T cells and dysfunctional CD8+ T cells in tumor tissue. In addition, the analysis of TCR data revealed a substantial population of senescent T cells within the liver cancer, shedding light on the mechanisms of immune evasion by tumor cells (14).




2.5 Studying the occurrence and development of tumor

In this study, the scTrio-seq technique was used to examine 25 cancer cells in liver tissue from a patient diagnosed with liver cancer. Among the analyzed liver cancer cells, a smaller subset, known as subset I, showed a higher frequency of DNA copy number variations and increased levels of DNA methylation. These characteristics suggest that subset I cells may have a greater propensity to evade detection by the patient’s immune system (15).

By employing single-cell whole-exome sequencing, a comprehensive analysis of tumor cells derived from patients with bladder cancer identified 21 pivotal genes exhibiting tumor-specific mutations. Notably, the co-occurrence of mutations in ARID1A, GPRC5A and MLL2 was found to play a significant role in cancer development (16).

Single-cell sequencing, has revealed that certain unique tumor cells exhibit structural heterogeneity and experience significant fluctuations in their mechanical characteristics. This dynamic behavior plays a crucial role in tumor metastasis (17), facilitating the conversion of epithelial cells to mesenchymal cells through a process known as epithelial-mesenchymal transition(EMT) (18). The loss of E-cadherin leads to the dynamic change of the physical and mechanical properties of these cells.





3 The matrix metalloproteinase family

The matrix metalloproteinase (MMP) family comprises several members, including MMP-2, MMP-7, MMP-9, and MMP-12, which contribute to the assembly of the tumor matrix metalloproteinase.

MMPs are synthesized and secreted by both connective and tumor tissues and form a critical proteolytic system responsible for the degradation of the extracellular matrix. Analysis of gene expression changes in breast cancer, from normal tissue to precancerous lesions and invasive ductal carcinoma, unveiled a significant upregulation of MMP-2, MMP-11 and MMP-14 within the stroma rich in matrix metalloproteinases. This observation suggests that the tumor microenvironment actively participates in tumorigenesis even before infiltration by tumor cells (19).

In ductal carcinoma in situ, MMP-2 and MMP-9 exhibited high expression levels compared to normal and hyperplastic tissue (20). Other studies have also reported increased expression of MMP-1, MMP-2, MMP-3, MMP-9 and MMP-11 (21, 22). The heightened expression of MMP-1 and MMP-12 in aggressive tumor stroma is associated with a poorer prognosis.




4 The biomechanical relationship between the cell and the ECM

The extracellular matrix consists mainly of collagen, fibronectin, integrin, laminin and matrix metalloproteinase laminin. Collagen serves as the primary architectural support for the mechanical properties of tissues (23) and influences the stiffness of the extracellular matrix. Changes in cellular hardness are associated with tumor progression (24). Among the collagen isoforms, collagen I, III and IV are the most abundant. Collagen I, in particular, forms an important barrier structure during the invasion of tumor cells, and upregulation of its expression can increase the stiffness of tumor tissue. Additionally, tumor cells must migrate through the basement membrane, which is enriched in collagen IV and fibronectin.

Increased tissue stiffness contributes to the mechanical stiffness observed in malignant tissue compared to normal or benign tissue. Increased cross-linking of Collagen I leads to increased stiffness of malignant tissue, which is one of the reasons why malignant tissue is “Stiffer” than normal or benign tissue at a macroscopic level. Studies indicate that the tissue strain rate (SI) in malignant prostate cancer (PCA) exceeds that of benign prostatic hyperplasia (BPH), meaning that tumor tissue has greater stiffness than non-tumor tissue. In a confined space, the tension generated by the excessive proliferation of tumor cells pushing against each other also increases the macroscopic stiffness of the tumor tissue. When a physician applies pressure to a tumor using a finger or an ultrasound probe, the feedback received is not related to the physical texture of the tumor, but rather to its biomechanical behavior (25). In addition, high-grade tumors have greater stiffness than low to intermediate grade tumors, indicating a positive correlation between tissue stiffness and tumor grade.

However, the overall hardness of the tumor does not necessarily correspond to its consistency as a whole. MMP-2-mediated degradation of Collagen I may be responsible for the decrease in micromechanical properties of cancer tissues. Advanced and metastatic tumors exhibit significantly lower collagen expression compared to low-intermediated and non-metastatic tumors, and this decrease is dependent on MMPs. The expression of MMPs peaked in the low-to-intermediate grade group, while the high-grade tumors had metastasized and the decrease or absence of Collagen resulted in decreased secretion of MMPs (26). The loss of cytoskeleton elements and related proteins and the remodeling of cytoskeleton may result in the soft texture of tumor cells under microcosmic conditions. Research indicates that the Young’s modulus of PCA tissue is lower than that of BPH tissue, and this difference increases with increasing pathological grade and metastasis. The decrease in Young’s modulus serves as an indicator of high-grade malignancy and facilitates metastasis. This suggests that highly malignant tumor cells or cancer stem cells (CSCs) have lower cellular stiffness compared to low malignant or non-CSCs, making them softer than healthy cells. Therefore, there exists an inverse correlation between cellular stiffness and malignancy (24). Additionally, a triangular relationship can be observed between cell stiffness, phagocytic capacity and malignancy of tumor cells. Tumor cells characterized by high phagocytic capacity are softer and show similarities to CSCs, demonstrating increased carcinogenicity in mouse models (24, 27).

Changes in collagen I concentration have a direct effect on cell morphology, adhesion, mechanical properties, invasiveness and sensitivity to apoptosis. AFM (atomic force microscopy) results have shown that tumor cells have the lowest Young’s modulus at lower concentrations of collagen I. Moreover, tumor cells demonstrate enhanced invasive potential at lower collagen I concentrations compared to higher concentrations. This phenomenon facilitates the acquisition of unlimited proliferative capabilities in cancer cells.

Macroscopically, malignant tissue is harder than normal or benign tissue, while microscopically, the Young’s modulus of malignant tissue is lower than that of benign tissue. This confirms that malignant tissue is softer than benign tissue. For instance, untreated chronic liver disease can lead to liver fibrosis and the development of cancer, resulting in stiffening of the liver. In response to this stiffness, both hepatic stellate cells and portal vein fibroblasts, which are sensitive to mechanical cues, undergo permanent activation and promote the formation of myofibroblasts. These myofibroblasts contribute to the production of additional matrix components (1). Furthermore, the decrease in collagen content and subsequent reduction in Young’s modulus within the tumor cells themselves contributes to microscopic detection results that reflect lower values for malignant tumors compared to benign tumors (28).

MMP-2-mediated degradation of collagen I plays a critical role in the reduction of micromechanical properties in cancer tissues. The expression of collagen is notably lower in advanced and metastatic tumors compared to low to intermediate grade and non-metastatic tumors, and this decrease is dependent on MMP activity. The expression of MMPs reaches its peak in low-to intermediate-grade tumors, while high-grade tumors metastasized and had significantly reduced amounts of collagen. Consequently, the secretion of MMPs, which primarily degrade collagen in tumor tissue, is also diminished. In general, the reduction or absence of collagen leads to a decrease in MMP secretion (26).

Changes in extracellular matrix stiffness affect the differentiation state of cells. Research has shown that the softness of the substrate plays a critical role in cell differentiation and the soft matrix keeps the cells in a differentiated state, whereas rigid substrates, such as collagen films adhered to inflexible Petri dishes(simulated a stiff extracellular matrix), result in a dedifferentiated phenotype of hepatocytes that proliferate continuously. The substrate stiffness actively promotes the expression of genes involved in regulating the cell cytoskeleton, initiating mechanistic signals via integrin-FAK/SRC activation, and subsequently triggering gene transcription, ultimately culminating in the emergence of a distinct hepatocyte phenotype within the organism (8–10).

Matrix metalloproteinases (MMPs) are responsible for the consolidation and remodeling of the extracellular matrix. Mechanical transduction, the process through which biological forces impact cellular behavior, profoundly influences cellular function and status. This transduction mechanism involves intricate interactions among various cellular components, including mechanical receptors located on the cell membrane, associated protein complexes, and mechanical sensors. Biological forces originating from the extracellular matrix are transmitted into the cell interior via mechanistic receptors such as integrins at cell-extracellular matrix junctions, E-cadherin at cell-cell contacts, ion channels activated by mechanical tension, and receptor tyrosine kinases (29). These changes in molecular sensing facilitate amplification and transduction of the relevant protein complex.

Subsequent investigations have provided additional insights into the significance of integrin-mediated mechanical signaling in liver pathophysiology and homeostasis. This understanding has been achieved through the use of CRE loxP-mediated gene deletion of β1-integrin or the application of siRNA to knock down β1-integrin expression. Furthermore, a positive correlation has been observed between the expression of β1-integrin and tumor sclerosis in samples of hepatocellular carcinoma(HCC) (6).

Biomechanical transmission relies on the intricate network of the cytoskeleton, which serves as a crucial determinant of cell shape and integrity (30). In addition, the cytoskeleton affects mechanical transduction, migration properties and even the contractile forces generated by cytoskeleton-binding proteins, which in turn remodel the cytoskeleton and affect cell stiffness (31–34). In particular, during cancer development, cytoskeletal proteins undergo significant changes that are closely linked to tumor progression (35, 36). These proteins form a dynamic network connecting the cell membrane to the nucleus, with myosin contractility and myosin motor playing a critical role in cytoskeletal tension. Elevated cytoskeletal tension leads to increased adhesion, which is facilitated by the attachment of actin and intermediate filaments to the nephrin protein found on the nuclear membrane. This connection allows external forces to reach the nucleus, which is coupled to the cytoskeleton through the nuclear skeleton (37). As a result, the nucleus receives forces from the cytoskeleton and converts them into biochemical signals that influence the cellular gene expression process. Biomechanical forces induce the opening of nuclear pores and enhance the nuclear transport of proteins, subsequently impacting gene expression (38–40). Figure 1 visually illustrates this phenomenon.
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Figure 1 | Diotransmission pathway between tumor cells and extracellular matrix. Collagen in the extracellular matrix is hydrolyzed by MMPs, which alters the biomechanical properties of the extracellular matrix. The biological forces in the ECM are transmitted to the cytoskeleton through mechanical conducting elements on the cell membrane, and then transmitted to the nucleus to cause heterogeneity of gene expression.




5 Changes in biomechanical properties of tumor cells

In the context of tumor cells, E-cadherin plays a pivotal role in the establishment of adhesion junctions within epithelial cells. To initiate adhesion junctions, the extracellular portion of cadherin molecules interacts with identical cadherin molecules on neighboring cells, while the cytoplasmic tail binds to p120 and β-catenin proteins (41). Subsequently, β-catenin interacts with α-catenin, which possesses an actin-binding domain. This linkage physically connects adherens junctions to the actin cytoskeleton, collectively triggering changes in cytoskeletal structure and adaptive cytoskeletal sclerosis as integral components of the mechano-chemical signaling response (42).

It has been found that the force exerted on the cell surface can be transmitted directly to the chromatin through the cytoskeleton and nuclear proteins, and the stretching of chromatin directly activates gene expression. In vivo, cells are subjected to forces of different modes. However, it is worth noting that stresses of the same magnitude but with different modes of transmission can lead to different cellular responses. These responses include different degrees of nuclear chromatin elongation, resulting in diverse levels of gene expression. The study found that the expression of genes could be detected after 15 seconds of continuous stretching of chromatin. Gene expression is directly related to the direction, magnitude, and duration of the applied force. When subjected to the same force, gene expression level are lowest in the direction parallel to the cell’s long axis and highest in the direction perpendicular to the long axis. Within the physiological range, gene expression level demonstrate a positive correlated with the external force exerted. Gene expression level increase with prolonged duration of loading and reach a peak after 90 minutes of loading before stabilizing. Experiments have shown that mechanical signals can induce the expression of the transduced Dihydrofolate reductase genes, as well as the expression of endogenous EGR-1 genes (43). The heterogeneity of tumor cells, as evidenced by variations in gene expression, can be identified using single-cell sequencing techniques.

Certain tumor cells frequently exhibit a wide range of structural heterogeneity and diverse mechanical properties (17), enabling their activation during tumor metastasis and facilitating the transition of epithelial cells to mesenchymal cells through a phenomenon called epithelial-mesenchymal transition (EMT) (18). A critical aspect of this process is the loss of E-cadherin, which directly affects the physical and mechanical properties of cells.

Numerous studies have consistently demonstrated that the frequent loss of E-cadherin in human epithelial cancers. Furthermore, E-cadherin restoration has been shown to reduce cancer cell proliferation, while its disruption promotes cell proliferation in three-dimensional(3D) culture models (44). Epithelial-mesenchymal transition plays an important role in metastasis and typically involves remodeling of the actin cytoskeleton, morphological changes and cell softening (45). Highly metastatic cancer cells acquire a mesenchymal phenotype characterized by low density and disorganized stress fibers (46). The actin cytoskeleton plays a critical role in the formation of lamellipodia (actin projections at the leading edge of the cell) and invadopodia (critical structures for maintaining the high migratory and invasive ability of tumor cells), making it essential for tumor cell invasion and metastasis (24).

Cells shed from the primary tumor and acquire a dynamic phenotype that enables them to invade surrounding tissue and express matrix metalloproteinases (MMPs). This creates space for tumor cells to metastasize (35). During migration through confined spaces, the stress fibre network undergoes remodeling, potentially leading to cellular softening (24, 47). Importantly, the invasive phenotype of tumor cells can be transmitted across multiple generations, thereby enhancing their proliferative and spreading capacities.




6 The biomechanical relationship between cells and the vasculature

As solid tumors grow in volume, the increased tension in the tissue not only affects tumor growth, but also deforms tumor blood vessels. Throughout tumor progression, the delicate balance between pro-angiogenesis and anti-angiogenesis is disturbed, triggering the activation of the angiogenesis switch (48). As tumor tissue grows, its volume continues to increase, leading to increased tension within the tissue. This in turn causes deformation of tumor vessels and affects tumor growth (42, 49). These forces present in the tumor microenvironment can be categorized as either solid stress or fluid stress, both of which activate signaling pathways critical for proliferation, survival, invasion and metastasis (50).

Solid stress is primarily derived from the non-liquid components of the tumor, including cancer cells, various host cells and the extracellular matrix (ECM) (42, 49). Tumor growth leads to the accumulation of solid stress within the tumor, and as the density of cells and matrix increases, solid stress significantly escalates. When the tumor tissue becomes stiffer compared to the surrounding normal tissue, solid pressure accumulated, resulting in the acquisition of invasive properties (50). The accumulation of compressive stress during tumor growth induces invasiveness in cancer cells. Experiments that simulate solid stresses in tumors through compression have shown that they can alter cancer cell adhesion and migration (51), increasing TME stiffness stimulates the secretion of activin a, a strong metastatic cytokine in cancer-associated fibroblasts, and matrix-secreted activin a induces ligand-dependent CRC epithelial cell migration and EMT. These findings suggest that mechanical forces in the TME promote aggressive behavior of cancer cells, including proliferation, migration, invasion and sphere development, ultimately promoting the aggressive behavior of tumor cells (50). Furthermore, as tumor and stromal cells proliferate and migrate through the ECM, growth-induced stiffness is generated and propagated through this matrix (42, 52). Studies have revealed a strong correlation between galectin-1 overexpression in pancreatic cancer and angiogenesis. Increased contraction of fibroblasts and other stromal cells within tumors induces tissue tension, which subsequently affects the growth of tumor vessels. The growth and expansion of vascular tissue is closely linked to and controlled by tissue contraction, which causes endothelial cells to align along the direction of tension (42, 53, 54).

There exists a significant difference in elastic modulus between benign and malignant tumor tissue. Alterations in the biomechanical properties of the extracellular matrix lead to changes in the cytoskeleton. The stiffness of tumor cells increased, the harder the tissue was. Accelerated transmission of shear waves corresponds to a higher Young’s modulus and increased cellular stiffening. As a result, the elastic modulus of the cells is increased, F-actin fiber bundle multiaxial stretching cell, leading to cell deformation and creating favorable conditions for cell passage through endothelial junctions. Simultaneously, increased ECM stiffness increases endothelial permeability in vivo (55). Subsequently, tumor cells adhere to the vessel wall, allowing blood flow to transport these cells to distant sites where secondary tumors form within the local tissue. As normal epithelial cells transition from a normal state to a malignant and metastatic state, the levels of F-actin continuously increase, leading to cell deformation (56). Interestingly, breast cancer cells predisposed to bone metastasis have higher levels of F-actin than tumor cells predisposed to brain metastasis (57). This suggests a link between tumor cell mechanics and the propensity to metastasize to specific organs (24). When F-actin is compromised, the cell’s elastic modulus decreases, rendering it softer (58).

Fluid stress within the tumor microenvironment includes the collective force exerted by various fluid components of the tumor, including microvascular fluid stress, interstitial fluid stress and shear stress. These stresses arise from the flow of blood and interstitial fluid (42, 49). The presence of solid stress and the accumulation of fluid in the interstitial space contribute to high levels of interstitial fluid stress (59, 60). This interstitial fluid stress can guide tumor cell migration through autocrine CCR7 signaling (61). Even low levels of sustained fluid shear stress can significantly impact the adhesive properties of epithelial ovarian cancer cells at different stages of progression (62). As mentioned earlier, interstitial fluid stress within the tumor microenvironment can direct cell movement and promote tumorigenesis (50).

Fluid shear stress affects signaling cascades that influence endothelial cell morphology, thereby triggering remodeling of the vascular network (63) and inducing an invasive phenotype. The abnormal structure of tumor microvessels leads to increased geometric and viscous resistance within the blood flow (49), as well as mechanical forces within the tumor microenvironment caused by vascular compression, limiting tumor perfusion (64–66). Vascular compression, together with the highly tortuous and disorganized arrangement of tumor vessels, results in slow blood flow, hypoxia and tumor cell heterogeneity (67). Hypoxia can induce early changes in gene expression, and proteome, controlling anabolic switches in central metabolism to affect metabolism and promote malignant progression, form a more aggressive and difficult to treat tumor phenotype (68, 69). The abnormal tumor microenvironment exerts selective pressure, forcing tumor cells to dynamically adapt (42, 70). Proliferation, division and metastasis occur under the influence of selective pressure in this harsh environment (71). Hydrodynamic shear stress has been shown to facilitate the conversion of circulating tumor cells (CTCs) into distinct, less rigid cancer stem cells in the bloodstream (50, 72–74). During infiltration and extravasation, tumor cells undergo metaplasia into endothelial cells, during which the tumor cells and their nuclei become softened. At the same time, these less rigid cancer stem cells mimic endothelial cells and facilitate tumor metastasis (see Figure 2) (75, 76). The MDA-MB-231 cells that metastasized to the lung exhibited greater softness and migratory ability compared to both the CTCs derived from the original tumor cells and the parental tumor cells (24, 77).
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Figure 2 | Tumor cells metastasize and colonize through the vasculature. The primary tumor tissue invades the basement membrane and penetrates the extracellular matrix into the vasculature. With blood flow and under the action of fluid shear stress, secondary lesions are formed in the appropriate remote location.

Studies have shown that shear stress induces liver sinusoidal endothelial cells (LSECs) to produce mechanical signals and release vascular secretory factors, thereby contributing to the growth and maintenance of liver function in normal physiological conditions (78). In the early stages of liver fibrosis, LSEC-dependent angiogenesis may lead to ECM stiffening, influencing the activation of hepatic stellate cell (HSC) and disease progression. The angiogenesis driven by LSECs causes the condensation of collagen fibers, and the resulting force response from collagen remodeling activates HSCs (79). Therefore, under pathological conditions, the biological forces present in the liver promote the development of diseases through mechanical transduction and the activation of LSECs.

Recent studies have unveiled the significant impact of modifying the biomechanics of the extracellular matrix on tumor development and vascular phenotype. Researchers have observed that nonenzymatic glycosylation, which increases three-dimensional collagen stiffness without altering matrix structure, leads to increased angiogenic growth and vessel branching density of endothelial cell spheroids in vitro. These alterations in matrix stiffness contribute to the formation of a tumor-promoting blood vessel phenotype (55). More specifically, an increase in stromal stiffness corresponds to an enhanced vessel growth response and increased vessel branching density (80–84). In addition, the presence of a stiffer matrix impairs barrier function and disrupts the localization of endothelial E-cadherin, leading to an increase in vascular permeability.

An intriguing observation is that the alterations in vascular phenotypes and the heightened angiogenic responses are reliant on the upregulation of MMP (matrix metalloproteinase) activity, particularly MMP-1. Activation of MMP-1 is dependent on cell contractility and the stiffness of the surrounding matrix (85). This discovery highlights the crucial role of MMPs in promoting angiogenesis (42, 55). In response to shear stress, VEGFR2 undergoes rapid induction and nuclear translocation followed by ligand-independent phosphorylation, leading to activation of MAPK, PI3K, and Akt signaling pathways, which are involved in promoting angiogenesis (86–88).

Two commonly used indices to quantify stiffness are Young’s modulus (E) and shear modulus (g), which are related by the equation 3G = E.

When tumor cells enter the bloodstream, their trajectory is affected by several biological forces, including shear and viscous (internal friction) forces. Shear force (τ) is generated on the adjacent surface near the blood flow due to the different velocities and viscosity (η) of the fluid. The magnitude of the viscous force (F) is proportional to the contact area (s) and the velocity gradient (dv/dx) at the contact, expressed as f = ηsdv/dx. τ = f/s denotes the viscous force acting per unit area, where γ = d γ/dt = dv/dx represents the shear rate or the rate of change of shear strain with time. In biomechanics, Newton’s law of viscosity is usually formulated as τ = ηγ. However, blood does not strictly obey Newton’s law of viscosity due to its non-Newtonian fluid behavior, characterized by variable viscosity. As a result, shear stress is not directly proportional to shear rate.

Shear stress has a profound effect on the movement of circulating tumor cells (CTCs), affecting both their parallel and rotational movements. This in turn influences the direction of cell migration and their receptor-ligand adhesion. Furthermore, shear stress plays a role in guiding CTC migration towards the vessel wall. Studies have shown that when tumor cells are exposed to a dynamic flow environment, the Young’s modulus decreases and the cytoskeletal structure changes. Changes in the cytoskeleton subsequently lead to changes in the mechanical properties of the cell. By establishing a relationship between the fluid flow environment and cell structure/mechanical properties, this study has provided new insights into the mechanical behavior of tumor cells under these conditions.




7 The biomechanical relationship between cells and target organs

Metastasis represents an extraordinary journey undertaken by tumor cells, during which they encounter diverse mechanical cues and undergo passive and/or active modifications in their cytoskeleton and biomechanics properties. This adaptive process empowers them to thrive within distinct tumor microenvironments throughout different stages of metastasis (24).

Results from transwell invasion experiments show that high levels of collagen I significantly inhibit the invasiveness of malignant tumor cells. In addition, it was observed that tumor cell apoptosis was more pronounced in regions with higher collagen concentrations, suggesting that elevated collagen levels increase the sensitivity of tumor cells to apoptosis.

Collagen I serves as a primary adhesion target for tumor cells and acts as a barrier to cell metastasis. However, for tumor cells to navigate through the collagen I-rich extracellular matrix (ECM), they first need to adhere to collagen I. This initial adhesion event triggers the secretion of matrix metalloproteinases (MMPs) and other hydrolytic proteins, resulting in a decrease in Young’s modulus at the microscopic level within advanced tumor tissue.

During local invasion, tumor cells at the invasive front exhibit softer characteristics compared to those in the central region (89). In the context of non-small lung cancer cell migration, leader cells display upregulated expression of mesenchymal markers such as snail and vimentin. These leader cells are softer and less adhesive compared to follower cells (90). The aforementioned study proposes two potential mechanisms to explain the reduction in cell stiffness observed in metastatic tumor cells. Firstly, highly invasive tumor cells tend to have lower stiffness than tumor cells with limited metastatic capacity (91). Within primary tumors there is mechanical heterogeneity between cells. The advantage of softer tumor cells lies in their ability to dissociate from the tumor mass and invade the surrounding stroma, facilitating metastatic spread. These findings suggest that the lower stiffness of invasive tumor cells is the result of an active selection process in which cell stiffness and invasiveness are inversely related. Secondly, both soft and hard tumor cells in primary tumors can spread and invade. When disseminated tumor cells navigate through dense tumor stroma or tight endothelium, they need to soften their cytoskeleton to achieve high deformability to successfully traverse endothelial gaps (57, 75). In addition, these two mechanisms may also act synergistically during tumor metastasis.

Research has shown that soft breast tumor cells of certain classifications exhibit greater stemness and tumorigenic potential compared to their stiff counterparts (92, 93). The softness of the cells prevents cytotoxic T lymphocyte(CTL)-induced pore formation, enabling them to evade CTL-mediated cell killing. Therefore, soft cells possess a greater ability to evade eradication by the immune system and are more likely to colonize target organs and subsequently establish new tumor sites (94). Furthermore, a clear correlation has been observed between cell stiffness, phagocytosis and tumor cell malignancy. Tumor cells with high phagocytic capacity tend to have softer characteristics resembling cancer stem cells(CSCs), exhibiting increased carcinogenicity in mouse models (27).

Metastatic clones, as evidenced by numerous post-mortem studies, do not distribute randomly (95). Two prevailing hypotheses shed light on the process of cancer metastasis. The “seed and soil” hypothesis posits that cancer cells tend to migrate to more favorable environments (96). In particular, collagen I provides an ideal environment for the growth of malignant tumor cells by allowing them to adhere to it, thereby inhibiting tumor migration. The “mechanical force” hypothesis suggests that the sites of displacement are determined by patterns of blood flow and shear forces (97). For example, when metastatic tumor cells accompany debris from tumor stromal cells into the bloodstream, they acquire greater viability and create a conducive environment for their colonization and initial growth (as shown in Figure 3) (98). In addition, cancer-associated fibroblasts play a role in the formation of distant metastatic sites by co-migrating with cancer cells and creating pathways within tissues, thereby facilitating invasion and migration processes (99, 100).

[image: Illustration depicting cancer metastasis from the primary tumor site to a metastatic site. The process involves tumor initiation, invasion, and the role of cancer-related fibroblasts. Tumor cells enter the bloodstream through intravasation, travel as circulating tumor cells (CTCs), and spread through dissemination. They then exit the bloodstream via extravasation, leading to colonization at the metastatic site.]
Figure 3 | Changes in tumor stromal cells during metastasis and invasion of tumor cells. The metastatic tumor cells are accompanied by fragments of tumor stromal cells that enter the circulating blood, which increases the viability of the tumor cells and provides a favorable environment for their implantation and initial growth.

Blood flows back through the venous system to the heart and through the heart to the lungs for oxygen and through the arterial system to the organs. The capillary of each organ is a network of small blood vessels. Tumor cells entering vessels smaller than their diameter have a higher likelihood of being trapped by physical occlusion. To successfully form new metastases, tumor cells must penetrate blood vessels and colonize distant tissues. The interaction of blood flow patterns between primary and secondary lesions accounts for over 50% of tumor metastasis. The longer circulating tumor cells collide with the vessel wall in larger vessels and remain in a relatively dormant state, the greater the likelihood that they will adhere to the vessel wall and subsequently extravasate. The extent to which these cells remain in place and have sufficient residence time to extravasate and clone is influenced by local fluid shear forces. Therefore, an optimal shear stress condition and duration of cell residence along the vessel wall are required for successful extravasation and subsequent cell movement and invasion.




8 Discussion

The entire process of tumor cell initiation, development, metastasis, invasion and adhesion has been extensively studied. The mechanisms involved in tumorigenesis alter the properties of the extracellular matrix, including collagen, fibronectin, the integrin family, laminin and matrix metalloproteinase. These components are the primary contributors to extracellular-mediated mechanical changes and serve as key factors in the mechanical conduction pathway. Changes in the stiffness of the extracellular matrix allow biological force signals to be transmitted through the cytoskeleton to the nucleus via interactions with multiple mechanoreceptors on the cell membrane. This process affects gene expression and modifies the malignant phenotype of tumor cells (101). At the macroscopic level, tumor tissue exhibits increased stiffness and strain rate compared to normal tissue, indicative of heightened hardness. Conversely, tumor cells exhibit decreased Young’s modulus and stiffness, signifying a softer composition compared to healthy cells. This softer composition enhances the deformability, metastatic potential and invasiveness of tumor cells.

Cadherin, a critical component in the formation of adhesion junctions in epithelial cells, plays a crucial role in bridging the cytoskeleton and transmitting biomechanical signals between neighboring cells. Consequently, the cytoskeleton undergoes synchronized remodeling, leading to cell softening and the acquisition of a mesenchymal phenotype, which is advantageous for metastasis and invasion.

During tumor progression, the delicate balance between pro-angiogenesis and anti-angiogenesis is disturbed and the angiogenesis switch is activated (42, 48). This process results in increased tumor angiogenesis density. Under solid stress, tumor cells cross the endothelial barrier and invade the vasculature. Subsequently, under the combined influence of fluid stress and fluid shear stress, cellular structure undergoes further modification, increasing softness and facilitating escape from immune surveillance. Additionally, this modification promotes the dissemination of tumor cells in the bloodstream, dictates the trajectory of circulating tumor cells, and significantly affects adhesion to the vessel wall. Under suitable shear stress conditions, tumor cells can invade endothelial cells, culminating in the formation of new metastatic foci.

Tumor biomechanics plays a critical role in tumor progression and metastasis. This review primarily focuses on how external biological forces are perceived, amplified and transmitted to the cell’s interior. These forces are then transmitted to the nucleus, influencing gene expression and biological responses. The alteration of cellular mechanical properties during malignant transformation leads to changes in cell behavior and the overall tumor microenvironment. Ultimately, these changes determine the invasiveness and metastatic potential of the tumor.




9 Conclusion

Currently, most research on cancer primarily focuses on aspects such as familial genetics, genetic mutations, living environments, and lifestyle. Research into the impact of biomechanics on the onset and progression of cancer remains relatively limited. Delving deeper into the influence of biomechanics can not only enable earlier and more accurate detection of cancer development and tumor formation but can also broaden the discourse on factors contributing to cancer progression. This area of research is therefore of considerable theoretical and clinical value.
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Oesophageal squamous cell carcinoma (ESCC) is one of the most aggressive malignant tumours with high morbidity and mortality. Although surgery, radiotherapy and chemotherapy are common treatment options available for oesophageal cancer, the 5-year survival rate remains low after treatment. On the one hand, many oesophageal cancers are are discovered at an advanced stage and, on the other hand, treatment resistance is a major obstacle to treating locally advanced ESCC. Cancer-associated fibroblasts (CAFs), the main type of stromal cell in the tumour microenvironment, enhance tumour progression and treatment resistance and have emerged as a major focus of study on targeted therapy of oesophageal cancer.With the aim of providing potential, prospective targets for improving therapeutic efficacy, this review summarises the origin and activation of CAFs and their specific role in regulating tumour progression and treatment resistance in ESCC. We also emphasize the clinical potential and emerging trends of ESCC CAFs-targeted treatments.
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1 Introduction

Oesophageal cancer (EC) is one of the most prevalent gastrointestinal malignant tumours, ranking eighth in worldwide tumour incidence and sixth in death (1). It is categorised into two mainr histological subtypes: oesophageal squamous cell carcinoma (ESCC) and oesophageal adenocarcinoma (EAC) (2).The most prevalent kind of EC, that take account over 90% of all EC occurrences, is ESCC. Because the early symptoms are not evident, over 70% ESCC patients are detected at the stage of advanced tumour, which results in poor 5-year survival rates (3). Early EC can be treated via endoscopic resection and radical oesophagectomy (4). Treatment options for locally advanced ESCC include radical oesophagectomy and radical synchronous chemo-radiotherapy (CRT) (5). In addition, patients with locally advanced EC require multidisciplinary treatment (6), such as simultaneous neoadjuvant CRT to shrink the tumour followed by surgical resection (7). Overall, the treatment of EC requires the close cooperation of multiple treatment strategies. Despite progressive advancements in the treatment of EC, therapeutic efficacy and prognosis remain poor among most patients with advanced EC owing to EC development and treatment resistance. Moreover, these patients have a 5-year survival rate of less than 20% (8). Therefore, understanding of EC is necessary for developing or optimising treatment strategies to enhance patients’ quality of life.

The tumour microenvironment (TME) refers to the environment surrounding tumour cells. It mainly includes peripheral blood vessels, stromal cells (including cancer-associated fibroblasts [CAFs] and endothelial cells), immune cells, non-cellular components (such as cytokines and growth factors), hormones and the extracellular matrix(ECM) (9–12). CAFs are an essential part of TME and have different sources and phenotypes that regulate cancer progression and treatment response (13). In addition, CAFs engage in strong crosstalk with cancer cells and involve in a number of biological processes, including wound healing, inflammation, tumour initiation, tumour progression and immune rejection, which may lead to treatment failure, especially resistance to chemotherapy and radiation therapy (14, 15). Consequently, CAFs are crucial in fostering the growth of tumours. Cancer cells can induce the transformation of normal fibroblasts (NFs) to CAFs in order to foster the development of an immunosuppressive and pro-survival microenvironment (16). Owing to these characteristics, CAFs are the primary stromal cells affecting tumour growth and are excellent targets for the treatment of tumours (17).

Elucidating the mechanisms underlying EC progression, propagation and treatment resistance and exploring therapeutic strategies targeting CAFs are promising approaches to improving treatment outcomes in EC. Therefore, this review aimed to contribute to the existing knowledge on CAFs and summarise potential therapeutic strategies that focus on CAFs for EC treatment.




2 Origins and activation of CAFs

Numerous studies have demonstrated the heterogeneity and complexity of the CAF population. It’s plausible that the CAFs’ heterogeneity results from their several potential cellular ancestries. CAFs develop from various progenitors, including NFs, epithelial and endothelial cells, pericytes and bone marrow-derived cells (Figure 1) (18). CAFs may develop from NFs that have been stimulated by tumor cells in the area. Mesenchymal stem cells (MSCs) from bone marrow can also develop into CAFs in addition to natural sources (19). CAFs can also originate from epithelial cells via epithelial-mesenchymal transition(EMT) (20) and from endothelial cells via endothelial-mesenchymal transition(EndMT) (21). Pericytes and other transdifferentiated cells are less frequent progenitors of CAFs (22). The diversity of CAF sources contributes to the development of diverse CAF subtypes expressing various markers (23). These subtypes perform distinct activities and are associated with the classification of EC, thereby influencing clinical symptoms and prognosis.

[image: Diagram illustrating the formation of cancer-associated fibroblasts (CAFs) from various cell types. Endothelial cells undergo endothelial to mesenchymal transition (EMT). Epithelial cells experience EndMT. Normal fibroblasts (NFs) are activated by TGF-beta, IL-6, and exosomes. Mesenchymal stem cells (MSCs) from bone marrow undergo EMT, recruitment, and activation. Pericytes undergo trans-differentiation. Central cluster represents CAFs.]
Figure 1 | Origins and activation of cancer-associated fibroblasts. CAFs may come from a variety of biological origins, including bone marrow MSCs (via EMT, recruitment, and activation), normal fibroblasts (through activation), epithelial cells (through EMT), endothelial cells (through EndMT), and pericytes (through trans-differentiation), among others. Activation of dormant fibroblasts can be induced by inflammatory cytokines and other factors, as well as by a number of other routes. Image created with BioRender.com.

CAFs stimulate tumour formation, and tumour cells produce CAFs. CAFs interact with tumour cells to create a microenvironment that promotes tumour progression, invasion, metastasis and treatment resistance. Numerous researches have revealed that cancer cells can transform NFs to activated CAFs. Some fibroblast activators, including tumour growth factor-beta (TGF-β) and interleukin-6 (IL-6), are involved in cellular signalling pathways through the corresponding receptors, and their expression is linked to the formation of CAF subtypes with improved synthetic and secretory capabilities.

TGF-β is a well-known fibroblast activator. Fang et al. (24) analysed sequencing data extracted from The Cancer Genome Atlas and RNA microarray data (GSE53625) and stimulated ESCC cell lines with or without TGFβ1. They found that the excessive expression of laminin subunit gamma 1 (LAMC1) in ESCC cells affects the outcome of patients. TGF-β1 can increase the expression of LAMC1 by activating SMAD family member 4 (SMAD4) and SP1. LAMC1 promotes the formation of inflammatory CAFs (iCAFs) by the CXCR2–PSTAT3 axis and increases CXCL1 secretion. iCAFs promote tumour growth both in vivo and vitro. IL-6 facilitates the interaction between tumour cells and CAFs by enhancing fibroblast activation and tumour cell proliferation. Besides, Chen et al. (25) demonstrated that expression of Annexin A1 (ANXA1) produced by normal oesophageal epithelial cells acts as a ligand molecule that can control and maintain NF homeostasis by interacting with the receptor formyl peptide receptor type 2 (FPR2) on fibroblasts. As a result of reduced ANXA1-FPR2 signalling between precancerous/malignant epithelial cells and fibroblasts, the promotion of the conversion of NFs to CAFs was enhanced by increased TGF-β production in ESCC TME.

Karakasheva et al. (26) reported that IL-6 expression was upregulated in co-cultured ESCC cells and CAFs. Chronic inflammation leads to NFs to activate and transform into CAFs. CAFs not only secrete high levels of IL-6 but also promote IL-6 secretion from tumour cells. IL-6 activates the corresponding receptor IL-6R on tumour cells and CAFs by means of autocrine–paracrine, which leads to differential activation of the STAT3 and MEK/ERK signalling pathways, resulting in tumour development.

Exosomes secreted by tumour cells may contain functional DNA fragments and coding and non-coding RNAs and other components. Additionally, they can deliver active growth factors and cytokines to induce fibroblasts’ activation and differentiation. Tong et al. (27) reported that lncRNA POU3F3 was transported from ESCC cells to NFs by exosomes and regulated the activation of fibroblasts. Activated fibroblasts further enhanced the progression of ESCC cells by secreting IL-6. These findings suggest that exosomes secreted by ESCC cells can improve the activation of NFs to CAFs.

Fang et al. (28) found that urokinase-type plasminogen activator (PLAU) secreted by ESCC cells contributed the transformation of fibroblasts to iCAFs and improved the expression and secretion of IL-8 through the urokinase-type plasminogen activator receptor (uPAR)–Akt–NF-κB pathway. Conversely, IL-8 released by CAFs promoted the upregulation of PLAU in tumour cells, thereby accelerating the development of ESCC.

NADPH oxidase 5 (NOX5) is overexpressed in the tumour tissues of ESCC patients, and this overexpression has negative association with the development and prognosis of ESCC. Chen et al. (29) demonstrated that NOX5 triggered intra-tumoural Src/nuclear factor-B signalling to promote the secretion of tumour necrosis factor- alpha (TNF-α), IL-1β and lactate in tumour cells. Additionally, these tumour cells altered the cytokine of activated CAFs, which further boosted the activation of NFs or mesenchymal stem cells (MSCs) to CAFs and stimulated lymphangiogenesis to promote ESCC progression. Consequently, TNF-α, IL-1β and lactate stimulated CAF activation and promoted the production of IL-6, IL-7, IL-8, CCL5 and TGF-β1 in CAFs, which in turn promoted the growth of ESCC cells that were positive for NOX5. Therefore, cytokine networks can promote tumour growth by facilitating communication between ESCC cells and associated stromal cells.

ESCC cells is significant in the development of CAFs. They can stimulate the transformation of NFs to CAFs through specific mechanisms. Activated CAFs can adapt to tumour cells and co-evolve with them to support the development, multiplication, infiltration and metastasis of ESCC cells through various signalling pathways, including paracrine signalling.




3 Mechanisms of CAFs in the progression of ESCC

CAFs have a higher metabolic activity and stronger proliferative ability than NFs. Many tumour signalling pathways are abnormally activated in CAFs to enhance the progression and spread of tumours. This section describes the biological behaviour of CAFs and the mechanisms through which they control tumour growth. CAFs can not only directly affect tumour cells through paracrine signalling but also indirectly control immune processes for regulating immune evasion or metabolism for tumour growth (13) (Table 1).

Table 1 | Mechanisms through which CAFs promote biological processes in ESCC.
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CAFs secrete various factors, including TGF-β, IL-6 and insulin-like growth factor-binding protein 2 (IGFBP2). They can promote tumour angiogenesis, tumour cell proliferation and tumour invasion by influencing several signalling pathways in the TME (51).

TGF-β can induce tumour initiation and immune escape by regulating cancer cell–ECM interactions (52). Fang et al. (24) reported that TGF-β1 upregulated LAMC1 by activating SP1 and SMAD4 in a synergistic manner. Through Akt–NF-κB–MMP-9/14 signalling, LAMC1 promoted the multiplication, infiltration of tumour cells, increased CXCL1 production and enhanced the development of iCAFs, resulting in enhanced tumour growth both in vitro and in vivo. Furthermore, Du et al. (30) reported that hydrogen peroxide-inducible clone 5 (HIC-5) was substantially expressed in CAFs isolated from the tumour stroma of patients with ESCC. Knockout of HIC-5 in CAFs restrained the migratory and invasive capabilities of ESCC cells in vitro. Mechanistically, HIC-5 enhances the migratory and invasive capabilities of ESCC cells through regulating cytokine production and altering the ECM. It is linked to positive lymph node metastasis and increased TNM stages. It controls cell migration by regulating cell motility and the Rho GTPase signalling pathway through TGF-β/Smad signalling. Upregulated IL-6 can boost the proliferation of CAFs and ESCC cells by upregulating PSTAT3 and PERK 1/2 expression and downregulating caspase-3 cleavage, resulting in decreased apoptosis and increased tumour growth and invasion. According to Chen et al. (29), NOX5 increased ESCC cell production of TNF-, IL-1, and lactate via triggering Src/NF-B signaling. In addition, NOX5 stimulated CAFs to secrete IL-6, IL-7, IL-8, CCL5, and TGF-1. The NOX5-positive ESCC cells’ malignant behavior was sped up by these CAF-secreted cytokines. These CAFs-secreted cytokines accelerated the pernicious behaviour of NOX5-positive ESCC cells. Shimizu et al. (31) reported that metallothionein 2A (MT2A) was substantially expressed in CAF-like cells. By the NF-B, AKT, and ERK signaling pathways, MT2A boosts the synthesis and release of IGFBP2 in CAF-like cells and encourages the migratory and invasive properties of ESCC cells.Additionally, MT2A takes part in tumour cell expansion, invasion and migration in ESCC. CAFs accelerate the development of tumours by secreting TGF-β and IL-6. Ishibashi et al. (32) demonstrated that periostin (POSTN) was significantly expressed by CAFs in ESCC tissues and that the CAF-cultured medium substantially enhanced the migratory, invasive, proliferative and colony formtion capabilities of ESCC cells in a POSTN-dependent way. CAF-derived POSTN stimulates the activity of a disintegrin and metalloproteinase 17 (ADAM17) by activating the integrin αvβ3 or αvβ5–ERK1/2 pathway, thus contributing to the growth, proliferation, invasion and metastasis of ESCC. By using unbiased cytokine arrays, Dunbar et al. (33) discovered CC motif chemokine ligand 5 (CCL5) that is elevated during co-culture of ESCC cells and CAFs. Lack of CCL5 produced by tumor cells prevented the growth of ESCC cells both in vitro and in vivo through lowering ERK1/2 signaling. Additionally, it decreases the percentage of CAFs in vivo recruited by xenograft tumors. CCL5 is a ligand for the CC motif receptor 5 (CCR5), for which maraviroc has received clinical approval. The use of maraviroc decreases tumor volume, CAF recruitment, and ERK1/2 signaling. Low-grade oesophageal cancer has a bad prognosis when CCL5 or CCR5 expression is high.

The PLAU system includes PLAU, uPAR and plasminogen activator inhibitor-1 (PAI-1) (53). Through a proteolytic pathway, intracellular signalling and chemokine activation, this system regulates cell adhesion, growth, proliferation, invasion, metastasis and other functions (54). PLAU which is overexpressed in numerous tumours serves as essential for the growth and spread of tumours. According to Fang et al. (28), PLAU stimulated the expression of fibroblasts to iCAFs and increased the conversion of IL-8 by the uPAR/Akt/NF-κB pathway. In addition, IL-8 produced by CAFs stimulated the increased reflection of PLAU in tumour cells, thus accelerating the development of ESCC. Tian et al. (34) used an antibody array and identified uPA as one primary protein with high secretion in CAFs in contrast to NFs. uPA was primarily distributed in the boundary of tumour and stromal tissues, tumour nest stroma and tumour body. Elevated interstitial uPA levels were related to tumour infiltration and overall survival(OS) in ESCC patients. Through the PI3K/Akt and ERK pathways, uPA promoted ESCC cell progression and metastasis. Sakamoto et al. (35) found that CAF-like cell-derived PAI-1 promoted the migration and invasion of ESCC cells and macrophages through LDL receptor-associated protein 1 (LRP1), a receptor of PAI-1.

Exosomes are small extracellular vesicles that play a crucial role in intercellular communication. They can transfer various biomolecules for example lipids, proteins and messenger and non-coding RNAs, which can induce the activation of CAFs and promote cell proliferation, invasion, migration and survival (55). Exosomes are found in different body fluids and act as important mediators of the crosstalk of CAFs with tumour cells (56). As mentioned earlier, exogenous lncRNA POU3F3 secreted by ESCC cells can trigger NFs to CAFs through exosomes, thereby mediating fibroblast activation (27). Activated fibroblasts can stimulate the progressive, migratory and invasive capabilities of ESCC cells by releasing IL-6. Jin et al. (36) reported that exosomes secreted by CAFs possess a high concentration of HSA-miR-3656 mRNA, which enhances the proliferative, migratory and invasive characteristics of ESCC cells. Exosomal miR-3656 stimulates the PI3K/Akt and β-catenin signalling transductions by suppressing ACAP2, thereby promoting cancer progression. Except microRNAs (miRNAs), exosomal lncRNAs can contribute to CAF-mediated promotion of invasive and migratory capabilities of ESCC cells. For instance, LINC01410 triggered by CAFs-Exo promotes EMT in ESCC by upregulating miR-122-5P and boosting the production of pyruvate kinase M2, which leads to tumour metastasis (37). Otherwise, Chen et al. (38) found that mir-100-5p is produced by CAF and is present in exosomes. It stimulates lymphangiogenesis through IGF1R/PI3K/AKT axis and aids in the spread of tumor lymph nodes. According to Wang et al. (39), CAF-derived exosomes greatly boosted oesophageal cancer cells’ ability to proliferate, invade, and migrate. Additionally, they created a risk profile using exosomal proteins generated from CAF and discovered that the prognosis for the high-risk group was much poorer, indicating that exosomal proteins produced from CAF may be used as an independent prognostic indicator. They also noticed a substantial relationship in the study population between risk ratings and immune cell infiltration, immunotherapy response, and chemotherapy sensitivity.

The Hedgehog signalling pathway is crucial in controlling differentiation and proliferation of tumours during vertebrate embryogenesis, and its involvement has also been observed in several cancers, including ESCC. Zhao et al. (40) reported that Sonic Hedgehog is strongly produced in CAFs lysis solution, conditioned medium of cultured CAFs and exosomes generated from CAFs. Cyclopamine’s inhibition of the Hedgehog signaling pathway reduced the tumour-promoting capacity of CAFs. These findings imply that exosomes derived from CAFs elevate the proliferation and metastasis of ESCC cells via the Sonic Hedgehog pathway. By secreting exosomes, CAFs can regulate tumour cells’ behavior. However, tumour cells can modify NFs by secreting exosomes that deliver cytokines and activate pathways to create a favourable microenvironment for their survival and progression.

CAFs significantly influence the immunological milieu of cancer tissues primarily by promoting tumourigenesis by inducing chronic swelling and reducing the immune system’s response to tumours (57). TME consists of numerous immune cell types, such as antitumour cytotoxic T cells, regulatory T cells (Tregs), natural killer (NK) cells, dendritic cells, M1 and M2 macrophages and immunosuppressive myeloid-derived suppressor cells (MDSCs). CAFs have a tight relationship with immune and tumour cells. Resident fibroblasts surrounding tumour cells are usually the major source of CAFs, which can be induced by various growth factors secreted by tumour cells, such as TGF-β (58). In addition, CAFs can communicate with immune cells that have infiltrated the tumor within the TME by releasing a variety of cytokines, growth factors and other relative molecules, thereby producing an growth-promoting and immunosuppressive TME that allows cancer cells to evade immune surveillance (16). Therefore, CAFs take a significant part in the formation of the immune microenvironment (59).

Immunosuppressive cells may be attracted by and differentiated by CAFs. The PD-1/PD-L1 pathway promotes tumour cell survival by helping the cells to evade T cell recognition. Qiu et al. (41) found that PD-L1 expression was upregulated in CAFs in ESCC. The proliferation and migration of ESCC cells and peripheral blood monocyte-derived macrophage-like cells were both boosted by CAF-like cells, according to an indirect co-culture experiment involving human bone marrow-derived MSCs and ESCC cells. In addition, CAF-like cells triggered M2 polarisation, and macrophage-like cells were actively involved in suppressing antitumour immune responses (42). Monocytes are attracted by CAFs, which then induce them to acquire an immunosuppressive phenotype. They allow M2 macrophages to provide an immunosuppressive microenvironment conducive to tumour progression by triggering anti-inflammatory molecules including TGF-β, IL-10, Arginase1 and PD-L1 and PD-L2 (35). The immunosuppressive factor indoleamine Indoleamine 2,3-dioxygenase (IDO) (43) promotes immune escape by inducing apoptosis of T and NK cells and increasing Treg activity. IDO is manifested by CAFs and endothelial cells in the tumor stroma of ESCC, which raises the possibility that ESCC cells can avoid immune surveillance by way of CAFs that express IDO. MDSCs are heterogeneous cells that inhibit immune responses, including the effector functions of T cells and NK cells, under pathological conditions (60, 61). Zhao et al. (44) found that co-activation of STAT3 signalling by the paracrine and autocrine actions of CAF-derived IL-6 increased the production of mononuclear myeloid-derived suppressor cells (M-MDSCs), which promoted tumour proliferation and chemotherapy resistance by suppressing immune responses. 140 esophageal cancer cases in total were examined by IHC from Kato et al (45) for CAFs and CD8(+) or forkhead box protein 3 (FoxP3(+)) TILs. CAFs were found to have a negative relationship with CD8 TILs and have a positive relationship with FoxP3 TILs in intra-tumour tissues. Consequently, CAFs could create an immune microenvironment by promoting the migratory and invasive capabilities of FoxP3 TILs while preventing CD8 TILs’ infiltration. Correspondingly, Huang et al. (46) demonstrated a negative relationship between WNT2 CAFs and activated CD8 T cells in basic ESCC cells. In addition, in mice ESCC and colorectal cancer homologous tumor models, the anti-WNT2 monoclonal antibody greatly restored anti-tumour T-cell responses and enhanced the therapeutic effect of anti-PD-1 treatment. Chen et al. (47) demonstrated a strong correlation between the expression of FGF2 and Sprouty RTK signalling antagonist 1 (SPRY1) in EC. FGF2 overexpression in CAFs dramatically increased SPRY1 expression, impaired T cell activity and accelerated ESCC progression, suggesting that CAFs are crucial in the development of an immunosuppressive TME (62).

Overall, CAFs is essential in creating an immunosuppressive TME through various mechanisms, including recruitment of immunosuppressive cells, induction of differentiation and interaction with immune cells. Therefore, novel immunotherapies targeting CAFs may be beneficial for the treatment of ESCC.

CAFs are involved in metabolic processes in ESCC through numerous factors, such as cytokines, metabolites, and extracellular vesicles (63). When nutrients are insufficient to support tumorigenesis in the initial stages of tumor growth, CAFs use the tricarboxylic acid cycle (TCA) to produce energy to support biological functions. The’reverse Warburg effect’ is a term used to describe this phenomenon (64).

Du et al. (30) altered several metabolic pathways based on RNA-seq analysis of comparative HIC-5-knockdown of CAFs verus control CAFs. Some epithelial cancer cells metabolically supported the growth of adjacent stromal fibroblasts (reverse Warburg effect). Its data indicated that several metabolic pathways including FoxO and AMPK signalling pathways were altered by silencing HIC-5 in CAFs, suggesting that HIC-5 participates in communication between CAFs and cancer cells by affecting metabolite synthesis. CAFs differentiate into myofibroblasts and aerobic glycolysis is used by CAFs to create lactate and pyruvate. These energy-rich metabolites are absorbed by cancer cells and used for the TCA cycle in the mitochondria. Efficient ATP synthesis creates an appropriate environment for cancer cells to multiply. Pro-inflammatory cytokines can accelerate glycolysis (48–50) and CAF-derived HIC-5 increases the release of cytokines like CCL2, which may cause the local accumulation of energy-rich metabolites Altogether, CAF-derived HIC-5 can accelerate cancer growth by modulating metabolic signalling pathways, promoting inflammatory states and upregulating glycolysis, thus providing metabolites to cancer cells. However, the mechanisms through which metabolic processes contribute to the regulation of EC cell behaviour remain elusive, and extensive investigation is warranted to develop novel therapeutic strategies targeting metabolic processes for inhibiting the malignant evolution and proliferation of EC cells. Therefore, metabolomics is a promising approach to developing novel therapeutic strategies for ESCC.




4 Role of CAFs in treatment resistance in ESCC

ESCC is a highly aggressive malignant tumour with a high recurrence rate and a low 5-year OS rate (<15%) owing to drug resistance (8). Therefore, identifying effective therapeutic targets is necessary for overcoming drug resistance and improving the survival quality and prognosis of patients with advanced ESCC.

Recent studies have demonstrated that numerous factors in the TME can contribute to drug resistance. Cytokines are widely found in TME and play a key role in providing a favourable environment for tumour progression. In addition to cytokines, chemokines and their receptors greatly expressed in multiple malignancies are associated with tumour proliferation, migration, invasion and metastasis. Zhang et al. (65) demonstrated that CAFs significantly increased the drug resistance of ESCC cells by secreting TGF-β1. Furthermore, crosstalk between CAFs and ESCC cells can induce the expression and stimulation of FOXO1, which induces TGF-β1 production through the autocrine/paracrine feedback mechanism, leading to treatment resistance. TGF-β1 expression in CAFs is significantly linked to the OS of patients receiving chemoradiotherapy. Therefore, TGF-β1 in CAFs is a desirable target for reversing chemoresistance. Hence, it can be utilized as a standalone prognostic factor for patients with ESCC undergoing chemoradiotherapy. A frequently occurring cytokine called IL-6 promotes communication between tumour cells and their host microenvironment. Qiao et al. (66) reported that IL-6 released by CAFs was associated with ESCC cells’ resistance to cisplatin. IL-6 upregulates CXCR7 expression via the STAT3/NF-κB pathway, promoting ESCC cell proliferation and drug resistance. In addition to directly activating the ESCC cells’ drug resistance phenotype, IL-6 produced by CAFs also indirectly encourages drug resistance by triggering immunosuppressive M-MDSCs. Zhao et al. (44) demonstrated that IL-6 released by CAFs and RNA-21 activated activator of transcription 3 to promote the production of M-MDSCs. M-MDSCs induced by CAFs promoted cisplatin resistance in tumour cells. From CAFs pre-treated with cisplatin, Che et al.’s study (67) identified PAI-1, which is a key cytokine. PAI-1 in the TME promotes tumour progression and attenuates cisplatin’s therapeutic effects. Caspase-3 activity and the buildup of reactive oxygen species are inhibited by paracrine PAI-1 activating the AKT and ERK1/2 signalling pathways. Patients with ESCC with high PAI-1 expression in CAFs have significantly poor Progression-Free-Survival (PFS). As was already noted, exogenous lncRNA POU3F3, which is produced by ESCC cells and regulates fibroblast activation, can go from ESCC cells to NFs through exosomes. By secreting IL-6, activated fibroblasts aid in ESCC cells’ progression and cisplatin resistance.

CAFs secrete multiple cytokines and chemokines that interact with tumour cells to promote tumour metastasis, progression, and treatment resistance. CAFs are crucial in regulating how ESCC cells react to chemotherapy. Therefore, it is the high time to explore the molecular mechanism of their tumour-promoting activity.

Radiotherapy as a neoadjuvant and radical treatment, which is also significant. The 5-year survival rate of patients following radiation is less than 20% due to radiotherapy resistance. Increasing the radiosensitivity of tumours is beneficial in further improving the efficacy of treatment,consequently achieving better control of the tumour,leading to prolong the OS of patients with ESCC. As radiogenic cells, CAFs enter senescence and release various cytokines and chemokines that facilitate tumour cells survive after radiation. Furthermore, CAFs can trigger EMT, ECM remodelling and autophagy in tumour cells, which makes them resistant to radiation.

Chemokines and cytokines is significant in the interaction between CAFs and tumour cells. Zhang et al. (68) used a human chemokine/cytokine array and observed high expression levels of CXCL1 in CAFs. CXCL1 secreted by CAFs inhibited the expression of superoxide dismutase-1, resulting in raised ROS accumulation after radiation, enhanced DNA damage repair and mediated radiation resistance. In addition, CXCL1 secreted by CAFs mediated radiation resistance by activating the MEK/ERK pathway. The crosstalk between CAFs and ESCC cells further enhances radiation resistance by inducing CXCL1 expression via an autocrine/paracrine signalling pathway.

The expression of lncRNAs are aberrant in multiple human diseases, such as cancer (69). lncRNAs participate in ESCC (42) by detecting DNA damage, repairing damaged DNA, transmitting damage signals, triggering the cell cycle checkpoints and causing cell apoptosis (70). By modulating DDR, Zhang et al. (71) found that lncRNA DNM3OS significantly induced radiation resistance in vitro and vivo. CAFs enhanced the expression of DNM3OS through the PDGFb/PDGFRb/FOXO-1 signalling pathway.

Altogether, CAFs is critical in determining the outcome of ESCC cells to chemotherapy and radiation therapy. They can secrete cytokines, chemokine and growth factors that promote tumour cell survival and proliferation or activate signalling pathways that lead to resistance to chemotherapy or radiotherapy. CAFs can remodel the ECM, impairing immune cell infiltration or making it more difficult for drugs to penetrate the tumour. In addition, CAFs can stimulate tumour angiogenesis or induce EMT, leading to higher aggressiveness and metastasis. Therefore, targeting CAFs is a potential approach for overcoming treatment resistance in various cancer. In-depth studies are warranted to investigate the molecular basis of CAFs’ tumour-promoting activities and develop novel treatment strategies targeting them to overcome drug resistance in patients with advanced ESCC. Overall, CAFs are potential targets for reversing chemoresistance and improving OS rates in ESCC. The promotion of chemo- and radio-resistance of ESCC cells by CAFs was summarized in Figures 2, 3 and Table 2.
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Figure 2 | CAFs promote the chemoresistance of ESCC cells. CAFs contribute to drug resistance and tumour metastasis through multiple factors. Image created with BioRender.com.
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Figure 3 | CAFs promote the radiation resistance of ESCC cells. CAFs can secrete cytokines, chemokine and growth factors that promote tumour cell survival and proliferation or activate signalling pathways that lead to radiation resistance. Image created with BioRender.com.

Table 2 | Role of CAFs in treatment resistance in ESCC.
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5 Value of CAFs in predicting ESCC prognosis

Identifying prognostic markers for EC is important because the disease is life-threatening and has an impact on treatment efficacy(Table 3). Proteins identified in CAFs may function as prognostic indicators for EC in addition to their roles in carcinogenesis, proliferation, angiogenesis,migration, invasion, and dissemination. Immature CAF phenotypes and alpha smooth muscle actin (α-SMA), a CAF marker, have been concerned in the lower survival of patients with ESCC and EAC, respectively (60, 80).

Table 3 | CAFs are potential pathological indicators of EC prognosis.
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Cheng et al. (72) collected samples from 95 patients with ESCC who underwent oesophagectomy and stained them with an SMA-specific antibody to evaluate the abundance of CAFs.In comparison to the CAF-rich group, which had a 3-year OS rate of 42%(P<0.01), the CAF-poor group had a 3-year OS rate of 63% (P<0.01). According to univariate and multivariate Cox analyses of 3-year OS, the hazard ratio of CAF density in the CAF-poor group was 1.870 (95% CI, 1.033–3.385; P = 0.039), while CAF-rich group’ data was 2.196 (95% CI, 1.150–4.193; P = 0.017), indicating that CAF density was a reliable independent predictor of 3-year OS. These findings suggest that CAF density serves as a marker for predicting therapeutic efficacy and prognosis in ESCC. Increased CD10 expression in ESCC patients has been in correlation with inferior tumour differentiation, OS and disease-free survival (DFS) (73). Fu et al. (74) researched 51 tumour samples from ESCC patients who underwent surgery without receiving prior care. CAF-derived Wnt2 was significantly associated with lymph node metastasis. Patients with high Wnt expression also had a shorter median survival time (16 months) than patients with Wnt2-negative ESCC (16 months). According to Ozawa et al.’s research (75), the protein expression of TGFβI was enhanced in fibroblasts, and this elevated expression served as an independent predictor of OS. Lymph node metastasis is a characteristic characteristic of cancer, and combating metastasis to achieve better therapeutic outcomes is difficult. Lymph node metastasis is a significant poor prognostic factor for EC. Fibroblast-activating protein (FAP), a CAF marker, has been positively connected with lymph node metastasis in clinical samples (76). Higashino et al. (42) subjected ESCC tissues to immunohistochemical staining and observed a significant correlation between the production of two CAF markers, α-SMA and FAP, and the depth of tumour invasion, lymph node metastasis, advanced clinical stage, progressed pathological stage and poor prognosis. The chromosomal band 2p22.3 contains latent transforming growth factor β-binding protein 1 (LTBP1), which takes role in the formation and release of latent TGF-β1. In addition, LTBP1 contributes significantly to tumourigenesis. In ESCC, lymphatic metastasis has been favorably linked to overexpression of LTBP1 (77). In CAFs isolated from the tumor stroma of ESCC patients, HIC-5 is substantially expressed. Hign HIC-5 expression in the tumour stroma has been linked to tumour invasion, lymph node metastases and advanced pathological stage. Du et al. (30) recognized stromal HIC-5 as a risk factor for lymph node metastasis in ESCC. Treatment strategies targeting CAFs can lessen lymph node metastasis and enhance EC patients’ prognosis. Patients with ESCC who express high PAI-1 in CAFs have significantly poorer PFS (67). Additionally, a poor prognosis in ESCC has been linked to elevated PAI-1 and LRP1 expression (35). Tian et al. (34) used an antibody array and identified uPA whose release was higher in CAFs than in NFs. Increased stromal uPA levels (132/146 cases) were associated with tumour invasion (p < 0.05) and OS (p < 0.05) in patients with ESCC. Yeo et al. (78) demonstrated a favourable association between Twist1 expression and CAF markers including PDGFR, α-SMA, tenascin-C and FSP1. Additionally, there was a substantial correlation between poor clinical outcomes with the simultaneous expression of Twist1 and other CAF markers. POSTN, which actively contributes to inflammation and carcinogenesis, is largely released by CAFs in the TME. A study (79) reported a direact correlation between high POSTN expression and poor OS (P = 0.0001) and recurrence-free survival (RFS) (P = 0.03).

The abovementioned studies suggest that CAFs and some factors secreted by CAFs can serve as potential prognostic markers for ESCC.

In a study, CAF-derived POSTN was identified as a reliable indicator of survival in EAC patients. An increase in α-SMA expression resulted in an increase in POSTN expression, suggesting that CAFs released POSTN. In addition, OS (46.80 versus 76.45 months) and DFS (47.45 versus 80.67 months) were shorter among patients with POSTN-positive tumours than among those with POSTN-negative tumours (80). The transmembrane sialoglycoprotein podoplanin may serve as a prognostic factor for EAC. Schoppmann et al. (81) reported that podoplanin-expressing CAFs had a positive connection with shorter OS (42 versus 105 months) and mean DFS (42 versus 89 months) in patients with EAC who underwent surgery. Altogether, the high expression of the abovementioned proteins predicted a adverse prognosis irrespective of the disease.




6 Application of CAFs in the treatment of ESCC

Owing to their multiple tumour-promoting functions, CAFs represent promising therapeutic targets for cancer. Theoretically, either directly targeting CAFs to deplete and eliminate them or reprogramming CAFs to a normal fibroblast phenotype can inhibit their tumour-promoting effects. In addition, indirectly inhibiting the communication between CAFs and neighbouring cells attenuates the tumour-promoting fuctions of CAFs. Although several promising results have been reported, CAF-targeting therapy is challenging owing to the heterogeneity of CAFs and the lack of CAF-specific markers.



6.1 Direct depletion or inactivation of CAFs

Numerous studies have attempted to develop strategies for inactivating or depleting CAFs. These strategies mostly target indicators present on the CAF surface, such as FAP and α-SMA. ESCC has been successfully treated with targeted therapeutic strategies that incorporate FAP, a typical CAF biomarker (82). Various therapeutic formulations, some of which are undergoing clinical trials, have been developed to target FAP-positive CAFs, including DNA vaccines, tumour-lysing adenoviruses and nanoparticles (83–85). Regarding nanoparticles, Zhen et al. used ferritin to bind to particular single chain variable segments of FAP. Nanoparticle-based photoimmunotherapy(nano-PIT), is the name of this method. Nano-PIT directly and successfully destroys cancer cells while sparing healthy tissue from harm. Additionally, nanoparticles reduce CXCL12 production and ECM deposition to control t-cell rejection, which effectively suppresses tumor growth. The utilization of direct targeting of nanoparticles for CAF treatment is promising and safe. Hence, eliminating the tumour-promoting effects by targeting FAP -positive CAFs is a viable strategy that may improve the prognosis of patients with ESCC.

Katsube et al. (86) devised FAP-targeted near-infrared photoimmunotherapy (NIR-PIT). NIR-PIT is an innovative method that can be utilized to precisely and directly deplete FAP-postive CAFs in the TME. NIR-PIT prevented tumour growth in vivo without resulting in negative consequences (87). Compared with 5-fluorouracil (5-FU) monotherapy, combination therapy with anti-FAP + CAFs and 5-FU can overcome chemoresistance. In addition, dual-targeted NIR-PIT has been used in other studies (88) for attacking both tumour cells and CAFs. It has demonstrated better therapeutic effects in vitro and vivo compared with single-targeted NIR-PIT. Therefore, dual-targeted NIR-PIT might represent an effective cancer treatment technique.

The high expression of FAP in CAFs can aid in the advancement of pan-tumour molecular visualization methods in contrast to having therapeutic implications (89). In recent studies, the use of gallium-68-labelled small-molecule FAP inhibitors (FAPIs) as a PET tracer has demonstrated advantages over fluorodeoxyglucose PET in the detection of malignancy in patients containing FAP+ cells (90, 91). Furthermore, FAPI-PET offers a better representation of the objective volume for scheduling radiation therapy (92). In light of this, FAPI-PET, a unique molecular visualization tool that can be utilized to predict the therapeutic outcome of anti-FAP CAF-targeting therapy, may improve the diagnosis and treatment of ESCC.

A disadvantage limiting the accuracy of the abovementioned strategies is that none of the surface markers, such as FAP, are uniquely expressed by fibroblasts. In this context, fibroblast-specific surface proteins such as CD10 and GPR77 can serve as unique human CAF subpopulations with pro-tumour functions (93). Therefore, identifying more accurate markers is necessary for more effective targeting and better protection of normal cells.

Preclinical and clinical studies have demonstrated that some natural products can directly or indirectly target CAFs to exert therapeutic effects. These products interfere with the activation, differentiation and tumour-promoting functions of CAFs and tumour–stromal crosstalk. In addition, they can inhibit ECM remodelling and the paracrine function of CAFs (94). However, most studies investigating the potential of natural products in targeting CAFs are at the experimental stage. Several technical challenges, including as bioavailability, water solubility, and accuracy, limit the availability of these products.

CAFs play an integral function in promoting tumour progression. Nevertheless, clinical trials verifying the effectiveness of directly targeting CAFs are lacking, the genesis and functional significance of unique CAF subpopulations remain unclear and their ecological niches differ in various tumour types. Therefore, for rapid development of CAF-specific diagnostic or prognostic protocols and CAF-targeting therapies, in-depth genome sequencing should be used to understand the molecular landscape of fibroblasts. Although most biological characteristics of CAFs have been modelled in vitro, it has been consistently established that CAFs in culture do not completely mimic CAF heterogeneity in vivo (95–97). Over time, the addition of animal models may provide further insights into the origin, formation, plasticity and phenotype of CAFs. To this end, emerging technologies like single-cell RNA sequencing (98–101) should be used to identify additional subpopulations of CAFs and their cellular interactions and understand the heterogeneity and plasticity of CAFs. In addition, these techniques can be used to selectively eliminate subpopulations of pro-tumour CAFs or reverse their pro-tumour activity. These strategies may be used alone or in conjuction with other strategies of therapy. The development of novel technologies may facilitate the identification of more precise targeted therapies.




6.2 Neutralisation of functional molecules secreted by CAFs

The neutralization of functional components secreted by CAFs is a different approach for eradicating their tumour-promoting activities, as opposed to direct diminution or elimination of CAFs. Many studies have identified functional molecules of CAFs as potential targets for inhibiting the progression of EC.

IL-6, an important cytokine released by CAFs, can promote the development of ESCC. It mediates the interaction between tumour cells and CAFs by boosting tumour cell progression as well as by promoting fibroblast activation. Karakasheva et al. (26) found that loss of IL-6 inhibited tumourigenesis in vitro and in vivo, suggesting that IL-6 receptors and downstream effectors represent promising targets for the treatment of upper gastrointestinal cancers. Novel inhibitors targeting IL-6, the IL-6 receptor or signalling molecules related to IL-6 have entered clinical and/or preclinical trials involving patients with cancer (102–105).

Additionally, SDF-1 frequently acts as a mediator in the interaction between CAFs and tumour cells. Clinical investigations have assessed the antitumour effects of inhibiting CAF-secreted SDF-1 signaling (106, 107).

Blocking CAF- released molecules, like IL-6, can eliminate the pro-tumourigenic effects of CAFs and help to overcome drug resistance and improve prognosis in patients treated with chemotherapy or radiotherapy. Overall, drugs that target CAF signalling and effectors have become a significant addition to cancer-specific therapies for a broad variety of solid tumours. The therapeutic efficacy of numerous agents in cancers such as lung cancer, rectal cancer, head and neck cancer and pancreatic ductal carcinoma is being researched in preclinical and clinical trials. However, clinical trials involving patients with EC are less frequently performed, and further clinical investigations are required to optimize the theoretical basis of treatment. In addition, more specific druggable molecular targets that modulate CAF signalling should be examined in mechanistic and functional studies.

Altogether, targeting CAFs is a promising approach to treating EC. CAFs is significant in promoting tumour growth and have been shown to contribute to treatment resistance. Direct depletion or inactivation of CAFs by targeting surface markers like FAP represents a potential therapeutic strategy. In addition, natural compounds have shown promising outcomes in preclinical and clinical studies. The tumour-promoting effects of CAFs can be reduced by indirectly neutralising some functional molecules of CAFs. However, the heterogeneity of CAFs remains a major obstacle to achieving precise targeting. Novel technologies including single-cell sequencing and bioinformatics can assist researchers better understand of heterogeneity of CAFs and facilitate the development of more precise targeted therapies. Overall, developing therapeutic strategies targeting CAFs is important for improving treatment outcomes in EC.





7 Conclusion

CAFs play an important role in the TME. The phenotype, characteristics and heterogeneity of CAFs have been investigated in many studies. This review provided insights into the origin and activation of CAFs and summarised the various roles of CAFs in modulating tumourigenesis and treatment resistance. Numerous CAF-targeting therapies are undergoing clinical or preclinical trials at present.

However, the heterogeneity of CAFs is a major challenge to treatment, and advanced technologies such as single-cell sequencing and bioinformatics should be used to improve our understanding of CAFs. These techniques can help identify specific subtypes of CAFs with different functions, thereby contributing to a better understanding of the interactions between CAFs and other components in the TME. Future studies are supposed to focus on elucidating the exact mechanisms underlying treatment resistance and the interaction between specific CAF subtypes and different molecules. An in-depth understanding of CAFs may aid to design or refine risk and prognostic models of EC. Overall, continuous investigation of CAFs is necessary for advancing the existing knowledge on tumour biology and improving treatment outcomes.
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Pancreatic ductal adenocarcinoma (PDAC) is one of the top five deadliest forms of cancer with very few treatment options. The 5-year survival rate for PDAC is 10% following diagnosis. Cadherin 11 (Cdh11), a cell-to-cell adhesion molecule, has been suggested to promote tumor growth and immunosuppression in PDAC, and Cdh11 inhibition significantly extended survival in mice with PDAC. However, the mechanisms by which Cdh11 deficiency influences PDAC progression and anti-tumor immune responses have yet to be fully elucidated. To investigate Cdh11-deficiency induced changes in PDAC tumor microenvironment (TME), we crossed p48-Cre; LSL-KrasG12D/+; LSL-Trp53R172H/+ (KPC) mice with Cdh11+/- mice and performed single-cell RNA sequencing (scRNA-seq) of the non-immune (CD45-) and immune (CD45+) compartment of KPC tumor-bearing Cdh11 proficient (KPC-Cdh11+/+) and Cdh11 deficient (KPC-Cdh11+/-) mice. Our analysis showed that Cdh11 is expressed primarily in cancer-associated fibroblasts (CAFs) and at low levels in epithelial cells undergoing epithelial-to-mesenchymal transition (EMT). Cdh11 deficiency altered the molecular profile of CAFs, leading to a decrease in the expression of myofibroblast markers such as Acta2 and Tagln and cytokines such as Il6, Il33 and Midkine (Mdk). We also observed a significant decrease in the presence of monocytes/macrophages and neutrophils in KPC-Cdh11+/- tumors while the proportion of T cells was increased. Additionally, myeloid lineage cells from Cdh11-deficient tumors had reduced expression of immunosuppressive cytokines that have previously been shown to play a role in immune suppression. In summary, our data suggests that Cdh11 deficiency significantly alters the fibroblast and immune microenvironments and contributes to the reduction of immunosuppressive cytokines, leading to an increase in anti-tumor immunity and enhanced survival.
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1 Introduction

Pancreatic ductal adenocarcinoma (PDAC) is one of the deadliest types of cancer with a limited survival rate of ~10% over five years (1). In general, by the time a patient presents with symptoms, the disease has advanced to a surgically unresectable stage and likely metastasized to other vital organs leading to rapid mortality (2). Since conventional chemotherapy (FOLFIRINOX, gemcitabine, gemcitabine + abaraxane, etc.) prolongs patients’ lives for only a few months (3), it is necessary to identify new therapies or better therapeutic targets.

Our immune system, when activated, can elicit an antitumor response that can have long-term clinical benefits and could contribute to prolonged survival. Infiltration of immune cells into the tumor microenvironment (TME) has been associated with various disease prognoses depending on the type of immune cells present and has been leveraged to improve patient survival through immunotherapy in several types of cancers (4, 5). For example, T cells are conventionally the focus of already approved immunotherapies (6–9), and B cells show great promise for future immunotherapies as high B cell infiltration correlates with better survival in PDAC patients (10). As compared to “hot” tumors with inflammation and infiltrated T cells, PDACs are considered to be immunologically “cold” with low levels of tumor-infiltrating lymphocytes, which presents a challenge to established immunotherapies (11–13). A deeper understanding of PDAC immunobiology is necessary to make PDACs amenable to immune-based therapies.

PDAC tends to be surrounded by cells that suppress anti-tumor immune responses. Major immune suppressive cells in the TME include tumor-associated macrophages (TAMs), myeloid-derived suppressor cells (MDSCs), tumor-associated neutrophils (TANs) and regulatory T cells (Treg) (14). These immunosuppressive cells hinder CD4 and CD8 T cell response as well as the ability of natural killer (NK) and antigen-presenting cells (APC) to exert effective tumor surveillance, consequently leading to an inhibition of the anti-tumor immune responses (15). Cancer associated fibroblasts (CAFs) are another major cell type in the TME that can contribute to immunosuppression (14). CAFs are a vastly heterogeneous cell population and are the most prominent stromal cell type in pancreatic cancer (16). CAFs promote tumor proliferation, invasion and metastasis by secreting various growth factors and cytokines and by modifying the tumor extracellular matrix (ECM) (14, 17, 18). In addition, CAFs contribute to an immunosuppressive microenvironment through secretion of multiple cytokines and chemokines and reciprocal interactions with immune cells that mediate the recruitment and functional differentiation of these cells (16). A deeper understanding of the PDAC TME, specifically the coordinated actions of tumor supporting immune cells and CAFs against lymphocytes is necessary to make immune-based therapies feasible for effectively treating PDAC.

Cadherin 11 (Cdh11) is a mechanosensitive transmembrane protein involved in cell adhesion (19, 20) and plays a role in WNT signaling by modulating β-catenin (21, 22). In PDAC, it is primarily expressed by CAFs, and it was recently shown that Cdh11 deficiency induces antitumor immunity, reduces immunosuppression, and increases survival in tumor bearing mice (23). Furthermore, the administration of a small molecule inhibitor blocking Cdh11 increased the efficacy of gemcitabine, a common anti-cancer chemotherapeutic (23). However, the Cdh11 inhibitor, was ineffective in reducing tumor burden of mT3 pancreatic tumor bearing immunosuppressed Rag1-mutant mice, suggesting that T and B cells are required for immunomodulation of PDAC mediated by Cdh11 inhibition (23). Also, Cdh11 deficiency induced immune memory in Cdh11-/- mice that cleared tumors; these mice did not form new tumors upon subsequent re-challenges with the same cancer cells (23). The cellular and molecular mechanisms behind Cdh11 deficiency-induced antitumor activity and its relationship to immunosuppression are not yet fully understood.

Understanding how Cdh11 promotes an immunosuppressive tumor microenvironment in PDAC will provide invaluable insights into developing new clinical approaches for effective eradication of cancer cells, in solid tumors that are classically immunodeficient. Using an established genetically engineered PDAC mouse model (GEMM) (p48-Cre;LSL-KrasG12D/+;LSL-Trp53R172H/+) that has a median survival of 5 months (known as KPC mice) (24), we investigated Cdh11-deficiency induced changes in PDAC immune microenvironment. Using single-cell RNA sequencing (scRNA-seq) we compared the tumor microenvironment of Cdh11-deficient (KPC-Cdh11+/-) and wildtype (KPC-Cdh11+/+) mice with pancreatic tumors and identified immune subpopulations that correlate with decreased tumor burden and improved survival. Our study suggests that Cdh11 deficiency alters the molecular profiles of CAFs resulting in decreased expression of immunosuppressive cytokines within the TME. We also observed an increase in T cell infiltration and a loss of TAMs/MDSCs and neutrophils in the tumor of KPC-Cdh11+/- mice and identified several genes differentially expressed in these populations as a result of Cdh11-deficency. Knowledge of immune cell subtypes and genes found as altered in the TME as a result of a Cdh11-deficiency and their relationship to tumor prognosis will provide a basis for further development of novel therapies for PDAC.




2 Methods



2.1 Animal husbandry

Cdh11-/- (https://www.jax.org/strain/023494) (25) and KPC (p48-Cre;LSL-KrasG12D/+;LSL-Trp53R172H/+) mice were bred to each other to generate cohorts of KPC-Cdh11+/+, and KPC-Cdh11+/- as previously described (23). Mice were housed in a pathogen-free environment under standard conditions at Georgetown University (GU) and Lawrence Livermore National Laboratory (LLNL). All animal work was conducted under approved Institutional Animal Care and Use Committee (IACUC) protocols at GU and LLNL and conformed to the National Institute of Health (NIH) guide for the care and use of laboratory animals.




2.2 Pancreas collection and single-cell isolation

KPC-Cdh11+/+, KPC-Cdh11+/- and Cdh11+/+ cohorts (n≥4, mixed sex) were euthanized at 4-5 months of age (23). Pancreases were excised and single-cell suspensions were prepared using a collagenase digestion solution (3 mg/ml Collagenase I (ThermoFisher Scientific Catalog #17018029), 100 µg/mL DNase I (Roche Catalog #11284932001), Dispase II (Roche Catalog #4942078001) in RPMI1640 media supplemented with 10% FBS (ThermoFisher Scientific, Catalog #11875101) for 1 hour with shaking at 37°C. Digests were filtered through a 100 µm cell strainer and depleted of red blood cells using ACK lysis buffer, per manufacturer guidelines (Gibco, Catalog #A1049201). Remaining cells were analyzed for viability and CD45 expression. CD45-/7-AAD- (non-immune) and CD45+/7-AAD- (immune) cells populations were sorted via fluorescently activated cell sorting (FACS) and collected for scRNA-seq preparation.




2.3 FACS analysis

Cells from digested pancreases were stained in a 1:100 dilution of APC/Cyanine7 anti-mouse CD45 (Biolegend, Catalog #103116) in PBS with 1% FBS and incubated for 20 minutes in the dark. Cells were resuspended in 7-AAD Viability Staining Solution (BioLegend, Catalog #420404) and analyzed on a BD FACSMelody cytometer, sorting CD45+/7-AAD- and CD45+/7-AAD- populations for scRNA-seq analysis.




2.4 scRNA-seq and data analysis

Single-cell libraries were prepared from sorted cell populations from KPC-Cdh11+/+, KPC-Cdh11+/- and Cdh11+/- mice using the Chromium Single Cell 3′ GEM, Library & Gel Bead Kit v3 (10x Genomics, Pleasanton, CA, USA; catalog no. 1000075) on a 10x Genomics Chromium Controller following manufacturers protocol and sequenced using an Illumina (San Diego, CA, USA) NextSeq 500 sequencer as described before (26). The scRNA-seq data was demultiplexed and aligned against mouse reference genome mm10 using Cell Ranger Single-Cell Software Suite (10x Genomics, Pleasanton, CA, USA) to obtain Unique Molecular Identifier (UMI) counts. Subsequent analysis was performed in Seurat (27) as described before (26). Briefly, after pre-processing, normalization, feature selection and data scaling, data from various experimental groups were integrated to generate an integrated dataset. Subsequently, dimensional reduction by principal component analysis (PCA), clustering, Uniform Manifold Approximation and Projection (UMAP) reduction, and visualization of clusters were performed in Seurat as described before (26). Genes differentially expressed between clusters were identified using ‘FindMarkers’ function implemented in Seurat. For each experimental group, the cell type proportions were estimated as a ratio of the number of cells in each cell cluster relative to the total number of cells sequenced. Any CD45+ clusters found in non-immune scRNA-seq data or CD45- clusters found in immune data were excluded from the analysis.




2.5 Analysis of human PDAC samples

Human PDAC scRNA-seq data from early and metastatic tumors (28) were obtained from the Gene Expression Omnibus database (GSE205013). The raw barcode, feature, and matrix were downloaded and analyzed using Seurat (29), as described above to identify the cell types and cell type-specific gene expression as outlined in the original analysis (28). Correlation between CDH11 expression and immune cell infiltration was determined using TIMER (http://timer.cistrome.org/). Correlation between the expression of CDH11 and other genes in human tumors was determined using TNMplot (https://tnmplot.com/). UALCAN (https://ualcan.path.uab.edu) was used to determine protein expression of CDH11 in PDAC patient tumors, using data from Clinical Proteomic Tumor Analysis Consortium (CPTAC).




2.6 Immunohistochemical analysis

Tissues were embedded and sectioned as previously described (23). Formalin-Fixed Paraffin-Embedded (FFPE) 5µm thick sections were deparaffinized with xylene and rehydrated through a series of decreasing ethanol concentrations. Heat induced antigen retrieval method (HIER) using either sodium citrate (pH 6) at 65 °C or universal antigen retrieval solution (Unitrieve) at 65°C for 45 minutes was used to expose antigens for immunohistochemical staining. Slides were counterstained with DAPI and stained for proteins of interest using the following primary and secondary antibodies: Pdgfra (Abcam, ab203491), Cdh11 (ThermoFisher 32-1700), Il33 (ThermoFisher, PA5-47007), CD8a (Abcam, ab21769), F4/80 (Abcam, ab111101) and Ly6g (Abcam, ab238132), anti-rabbit IgG Alexa Fluor 488 (Catalog #A21441, ThermoFisher Scientific), anti-rat IgG2a Alexa Fluor 488 (Catalog #A11006, ThermoFisher Scientific) and anti-rabbit IgG Alexa Fluor 594 (Catalog #A11037, ThermoFisher Scientific). IL33, F4/80 and Ly6g IHC staining was quantified using ImageJ (https://imagej.nih.gov/ij/). Total cell numbers were estimated based on DAPI nuclear staining and cell types of interest were identified as cells with positive signal for IL33, F4/80 or Ly6g that colocalized with the nuclear DAPI stain. Cells exhibiting positive signal were then quantitated relative to the total number of cells within an image. CD8a expression was quantified with a Vectra quantitative pathology imaging system and Inform software.




2.7 Cytokine array analysis

Sera and pancreases collected at the time of euthanasia from KPC-Cdh11+/+ and KPC-Cdh11+/- mice were analyzed for cytokine expression using Mouse XL Cytokine Array (R&D Systems). Equal amount of protein lysates or serum belonging to the same experimental group were pooled together before analysis. This data has been previously described (23).




2.8 Statistical analysis

Two-proportion Z-test was used to identify statistically significant differences between cell proportions. A p value <0.05 was considered as significant.





3 Results



3.1 Cdh11 deficiency alters CAF profile in PDAC

To investigate the role of Cdh11 in PDAC, we isolated non-immune (CD45-) and immune (CD45+) cells from pancreases of KPC-Cdh11+/+ and KPC-Cdh11+/- mice and both fractions were analyzed separately using scRNA-seq (Figure 1A). First, non-immune scRNA-seq data was computationally analyzed to determine Cdh11 deficiency-induced changes in cancer and stromal cells. CD45- cells were clustered using an unbiased clustering approach which identified eleven clusters with distinct gene expression profiles (Figures 1B-D). The identity of each cluster was determined based on the expression of previously established cell type-specific markers (Figures 1B, C) (23, 26, 30, 31).
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Figure 1 | Single-cell level analysis of Cdh11 deficiency-induced changes in stromal cells. (A) Experimental design. CD45+ (immune) and CD45- (non-immune) cells from pancreases of KPC-Cdh11+/+ and KPC-Cdh11+/- mice were isolated and both fractions were analyzed separately using scRNA-seq. (B) Non-immune cell clusters from both KPC-Cdh11+/+ and KPC-Cdh11+/- mice visualized by Uniform Manifold Approximation and Projection (UMAP). Each color represents a cell type/subtype with distinct transcriptomic profiles. (C) Dot plot showing the expression of cell type markers corresponding to the cell clusters shown in panel (A). Dot size represents the fraction of cells expressing a gene in a cluster and intensity of color indicates the average expression level in that cluster. (D) UMAP plot colored by experimental condition. (E) Graph showing the proportion of various cell types in each experimental group, calculated using scRNA-seq data. (F) Feature plot showing the enrichment of Pdgfra, Cdh11 and myofibroblast marker Acta2 in CAF clusters. (G) IHC showing co-expression of Cdh11 and Pdgfra in KPC-Cdh11+/+ mice. The dotted boxed area is shown on the bottom with higher magnification.

CAFs were one of the most abundant cell types identified in pancreatic cancer TME and robustly expressed markers such as Pdgfra, Col3a1 and Dcn (Figures 1C, F). Based on scRNA-seq data, KPC-Cdh11+/+ mice had ~22.6% more CAFs in their TME compared to KPC-Cdh11+/- mice (Two-proportion z-test; p value <0.00001). Consistent with Cdh11 known expression in CAFs, Cdh11 expression was primarily observed in CAF clusters, which also had robust expression of CAF marker Pdgfra (Figure 1F). Further IHC analysis showed co-expression of Pdgfra and Cdh11 in KPC-Cdh11+/+ mice, confirming that CAFs in PDAC robustly express Cdh11 (Figure 1G, S1). Analysis of pancreases from wildtype mice without tumors (Cdh11+/+) revealed that normal fibroblasts also express Cdh11, suggesting that Cdh11 may play a significant role in healthy resident fibroblasts as well (Figure S2). Low level of Cdh11 expression was also observed in cells undergoing epithelial-to-mesenchymal transition (EMT) in PDAC (Figure S3A). Interestingly, KPC-Cdh11+/+ mice had significantly more EMT cells than KPC-Cdh11+/- mice (Figure 1E). We also analyzed previously published human ‘early’ and ‘metastatic’ PDAC scRNA-seq data (28) and found that CDH2+ EMT cells expressed low levels of CDH11 (Figure S3B-C). However, in human tumors also CAFs were the predominant CDH11-expressing cells (Figure S3C).

To further understand Cdh11 deficiency-induced changes in CAFs, we extracted cells from CAF clusters (cluster 0, 1 and 7; Figure 1B) and analyzed them in more detail. This analysis identified three CAF subtypes including Acta2high myofibroblasts (myCAFs), Il33high inflammatory CAFs (iCAFs), and a Thy1high fibroblast cluster (Figures 2A-C). Consistent with our previous findings (23), CAFs from KPC-Cdh11+/+ mice expressed higher levels of Acta2 than KPC-Cdh11+/- mice (Figure 2D). Expression of other myofibroblast markers such as Tagln and Myl9 were also elevated in KPC-Cdh11+/+ mice (Figure 2D). We also identified several other genes differentially expressed between KPC-Cdh11+/+ and KPC-Cdh11+/- derived CAFs. These genes included cystatin C (Cst3), inflammatory cytokines Ccl11, Il33, Il11 and Il6, insulin growth factor 1 (Igf1) and heparin binding growth factors midkine (Mdk) and pleiotrophin (Ptn), all of which had higher expression in KPC-Cdh11+/+ mice. Proteases Adamts9 and Mmp13 and Wnt inhibitor Dkk2 were found to be upregulated in KPC-Cdh11+/- mice (Figure 2D). Furthermore, a cytokine array analysis showed increased Il33 and Cst3 expression in both tumor and serum from KPC-Cdh11+/+ mice compared to KPC-Cdh11+/- mice, while Il11 was highly enriched in KPC-Cdh11+/+ serum alone and Ccl11 was enriched in tumor alone (Figure 2E). Il33 is a member of the IL-1 family of cytokines, secreted by a variety of cells including epithelial, endothelial and fibroblast-like cells (32). It has been suggested that the increased expression of IL33 in CAFs promotes tumor growth and metastasis via modulation of the immune system (32). Consistent with the cytokine data, IHC confirmed a higher number of Il33-expressing CAFs in KPC-Cdh11+/+ mice (Figure 3, S4). Il11, Il6, Ccl11, Mdk and Ptn have also been shown to play key roles in cancer progression and immune modulation (33–38), suggesting that altered expression of these genes in KPC-Cdh11+/- mice may contribute to changes in tumor immune profile. Igf1 signaling has also been implicated in tumor growth, metastasis, drug resistance in PDAC (39).
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Figure 2 | Comparative analysis of KPC-Cdh11+/+ and KPC-Cdh11+/- derived CAFs. (A) UMAP plot showing various CAF subtypes identified in KPC-Cdh11+/+ and KPC-Cdh11+/- mice. (B) Violin plot showing the expression of selected CAF subtype markers in scRNA-seq data from both KPC-Cdh11+/+ and KPC-Cdh11+/- tumors. (C) Feature plot showing the expression of myofibroblast marker Acta2 in each experimental group. (D) Dot plot showing a subset of CAF genes differentially expressed between KPC-Cdh11+/- and KPC-Cdh11+/+ mice. (E) Cytokine array analysis showing fold increase in the expression of various cytokines in serum and tumor samples from KPC-Cdh11+/+ mice compared to KPC-Cdh11+/- mice. (F) CDH11 protein expression in human pancreatic cancer (CPTAC data from UALCAN). Z-values (Y-axis) represent standard deviations from the median protein expression across samples. (G) Correlation between the expression of CDH11 and ACTA2 genes in human PDAC.

[image: (A) Two fluorescent micrographs comparing KPC.Cdh11+/+ and KPC.Cdh11+/- samples, with Dapi in blue, IL33 in red, and Pdgfra in green. (B) Bar graph showing the percentage of IL33+Pdgfra+ cells, higher in KPC.Cdh11+/+ than KPC.Cdh11+/-, with a significant p-value of 0.0213.]
Figure 3 | Il33 expression in CAFs. (A) IHC analysis showed an increased number of Il33-expressing CAFs (Pdgfra+ cells) in KPC-Cdh11+/+ pancreas compared to KPC-Cdh11+/- pancreas. (B) IHC quantification of Il33 in CAFs (Pdgfra+ cells) from KPC-Cdh11+/+ and KPC-Cdh11+/- pancreases. *P value <0.05.

Next, we analyzed publicly available human pancreatic cancer data (data from CPTAC) and found that CDH11 protein expression was significantly elevated in tumor samples compared to normal (Figure 2F). Additionally, we observed a strong positive correlation between the expressions of CDH11 and ACTA2 genes in human PDAC (Figure 2G). Consistent with our scRNA-seq data, genes such as IL33 and IGF1 also showed a positive correlation with CDH11 expression while PDGFA was negatively correlated (Figure S5). Together, these findings further confirm the role of Cdh11 in cancer progression and suggest that Cdh11 deficiency in stromal cells may significantly alter the TME.




3.2 Cdh11-deficient stroma promotes immune infiltration in KPC tumors

Next, we investigated how the lack of Cdh11 in the stroma impacts the tumor immune microenvironment. CD45-expressing cells purified and quantified by FACS were found in higher proportion in the KPC-Cdh11+/- than in the KPC-Cdh11+/+ pancreas (Figure S6A), suggesting an increase in immune infiltration when the Cdh11 is absent from the PDAC stroma. scRNA-seq analyses of these CD45+ cells from KPC-Cdh11+/+ and KPC-Cdh11+/- mice identified twelve distinct immune cell subtypes including macrophages, neutrophils, dendritic cells (DCs), plasmacytoid dendritic cells (pDCs), B cells and T cells (Figure 4A). Cells in cluster 0 had high expression levels for members of the B cell receptor (BCR) signaling complex: Cd79a and Cd79b (40). This cluster also expressed Ms4a1 (CD20) and was identified as CD20hi B cells (Figure 4B). Cluster 8 also expressed moderate levels of Cd79a and Cd79b, in addition to showing enrichment for Jun and Mef2c. This cluster was identified as Junhi B cells. Cluster 1 had high transcript levels of monocyte/macrophage genes Cd14 and Csf1r, designating this grouping of cells as monocytes/macrophages (Mono-Mac) (41) (Figure 4B). Genes critical to T cell signaling including Thy1, Cd3e and Cd3d were highly expressed in clusters 3, 4, 5 and 10 (42). Cluster 5 had additional markers including Foxp3 and Rora and was identified as Foxp3 T cells while cluster 4 was identified as Cd8 T cells based on the expression of cytotoxic T cell markers Cd8a and Nkg7 (Figure 4B). Cluster 10 represented a small proportion of cells expressing high levels of Il22 and Ccr6 and was identified as Il22hi T cells. Cluster 2 was identified as neutrophils based on high expression of S100a8 and S100a9 and cluster 6 was annotated as proliferating cells based on the expression of Mki67 and Top2a (Figures 4A, B). Cluster 7 expressed DC markers while cluster 11 expressed markers of pDCs. Jchain and Igkc, two genes highly expressed in plasma cells were enriched in cluster 9 (43–46).

[image: Panel A shows UMAP plots of different cell types for KPC-Cdh11+/+ and KPC-Cdh11-/-. Panel B displays a dot plot of gene expression, indicating average expression and percent expressed for various identities. Panel C presents bar graphs comparing the proportion of cells across different cell types for both genotypes. Panel D contains immunofluorescence images showing CD8a expression marked in green, with DAPI in blue, for KPC-Cdh11+/+ and KPC-Cdh11-/-. Panel E illustrates violin plots comparing expression levels of specific genes between the two genotypes.]
Figure 4 | Characterization of pancreas-derived immune cells. (A) Immune cell clusters from KPC-Cdh11+/+ and KPC-Cdh11+/- mice visualized by UMAP. (B) Dot plot showing the expression of immune cell markers in scRNA-seq data from both KPC-Cdh11+/+ and KPC-Cdh11+/- mice. Dot size signifies the percentage of cells in that cluster that express a particular gene, while strength of color denotes average expression in that cluster. (C) Bar graph showing the proportion of each cell type in both experimental groups, calculated from the scRNA-seq data. (D) IHC showing CD8 T cell infiltration in tumors. (E) Violin plot showing the differential expression of selected T cell genes in various T cell clusters.

Consistent with our previous finding (23), T cells and Cd8 T cells were found in high abundance in scRNA-seq data from KPC-Cdh11+/- tumors (Two-proportion z-test; p<0.05). (Figure 4C). IHC analysis further confirmed increased Cd8 T cell infiltration in KPC-Cdh11+/- tumors (Figure 4D, S6B-C). We also found that KPC-Cdh1+/+ tumors had a slightly higher proportion of FOXP3+ T cells compared to KPC-Cdh11+/- (P value: 0.18). In addition, we observed elevated expression of FoxP3, interleukin 2 receptor gamma (Il2rg), Il4ra, Il7r, cytotoxic T-lymphocyte-associated protein 4 (Ctla4), and glucocorticoid-induced tumor necrosis factor receptor-related protein (Tnfrsf18) in KPC-Cdh1+/+ tumors (Figure 4E), many of which have been previously suggested to play critical roles in Treg differentiation or function (23, 47–49). We also observed a small (not statistically significant) increase in the proportion of Cd20hi B cells in KPC-Cdh11+/- mice while Junhi B cells were significantly reduced.




3.3 Myeloid infiltration is decreased in Cdh11-deficient tumors

The monocyte/macrophage population was dramatically reduced in KPC-Cdh11+/- mice compared to KPC-Cdh11+/+ mice (Two-proportion z-test; p<0.00001) (Figure 4C). To further analyze differences in monocyte and macrophage subpopulations between KPC-Cdh11+/+ and KPC-Cdh11+/-, all cells from the Mono-Mac cluster (cluster 1; Figure 4A) were extracted and re-analyzed using Seurat which resulted in five different groups with distinct transcriptional profiles (Figure 5A). Cluster 3 expressed monocyte markers such as Plac8 and Ly6c2 while all other clusters highly expressed tumor associated macrophage (TAM) marker Mrc1 and Trem2 (Figure 5B, S7A). However, these macrophage-like clusters had distinct gene expression profiles. Cluster 0 showed enrichment for Apoe and several cytokines including Ccl7, Ccl8 and Ccl12 whereas cluster 1 highly expressed markers of M2-like polarization including Arg1 and Chil3 (Figure 5C). Cluster 2 showed enrichment for Il1r2, Mmp12 and Dcstamp while cluster 4 expressed osteoclasts markers including Acp5, Ctsk and Mmp9 and likely represent osteoclast-like giant-cells (50). We also observed that monocytes and macrophages from KPC-Cdh11+/+ mice expressed higher levels of chemokines including Ccl2, Ccl4, Ccl6, Ccl7, Ccl8 and Osm compared to KPC-Cdh11+/- mice (Figure 5D). Increased expression of TAM marker Trem2 (51) was also observed in KPC-Cdh11+/+ mice (Figure 5D). Furthermore, IHC analysis showed that KPC-Cdh11+/+ mice had more F4/80 expressing TAMs than KPC-Cdh11+/- mice (Figure 5E, S7B-C).
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Figure 5 | Monocytes and macrophages from pancreases of KPC-Cdh11+/- and KPC-Cdh11+/+ mice. (A) UMAP plot showing subtypes of Mono-Mac cells across mice of different Cdh11 status. (B) Feature plots denoting expression of Mrc1 and Plac8. (C) Heatmap showing expression of selected immune signaling molecules enriched in clusters 0-4. (D) Dot plot showing differential expression of cytokines and other selected genes in Mono-Macs from KPC-Cdh11+/- and KPC-Cdh11+/+ mice. (E) IHC showing F4/80 expressing macrophages in KPC-Cdh11+/- and KPC-Cdh11+/+ mice.

Neutrophils were another major immune cell type identified in the PDAC TME and the proportion of neutrophils was reduced in KPC-Cdh11+/- mice compared to KPC-Cdh11+/+ mice (Two-proportion z-test; p <0.01) (Figure 4C, 6A, S8A-B). Compared to other immune cell clusters, neutrophils showed significant enrichment for inflammatory genes Il1b, Tnf, Ptgs2, Cxcl2, Cxcl3, and Csf1, a cytokine involved in macrophage recruitment and differentiation (Figure 6B). Neutrophils also expressed additional cytokines and chemokines including oncostatin M (Osm), Ccl6 and Cxcl1 and proteases such as Cathepsin A (Ctsa), Ctsb, Ctsc and Ctsc, although Mono-Mac cluster had the highest expression values for these genes (Figure 6B). We observed that neutrophils from KPC-Cdh11+/- mice had lower levels of Csf1 compared to KPC-Cdh11+/+ mice, which may have contributed to decreased number of TAMs in these mice (Figure 6C). In addition, cytokines and chemokines including Osm, Cxcl2, Cxcl3, Ccl3, Ccl4, Ccl6 and Il1b were also downregulated in neutrophils from KPC-Cdh11+/- mice (Figure 6C). Cathepsins including Ctsa, Ctsb and Ctsd were also significantly downregulated in neutrophils from Cdh11-deficient mice (Figure 6D). In addition to Mono-Macs and neutrophils, proportion of DCs was also reduced in KPC-Cdh11+/- mice (Figure 4C). Consistent with these results, we found a strong positive correlation between CDH11 expression and neutrophil and myeloid DC infiltration in human PDAC (Rho > 65, P <0.0001; Figure S8C), suggesting that reduced CDH11 expression in PDAC may contribute to reduced myeloid infiltration to the TME.
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Figure 6 | Neutrophils from pancreases of KPC-Cdh11+/- and KPC-Cdh11+/+ mice. (A) IHC analysis showing increased neutrophil infiltration in KPC-Cdh11+/+ mice. The dotted boxed area is shown on the right with higher magnification. (B) Dot plot showing cytokine expression in various immune cell clusters from both KPC-Cdh11+/- and KPC-Cdh11+/+ tumors. Dot size signifies the percentage of cells in each immune cluster that express a particular gene, while strength of color denotes average expression in that cluster. (C) Violin plots showing a subset of immune modulatory cytokine genes differentially expressed between neutrophils from KPC-Cdh11+/- and KPC-Cdh11+/+ mice. (D) Increased expression of cathepsins in neutrophils from KPC-Cdh11+/+ mice compared to KPC-Cdh11+/+ mice.

A survey of The Cancer Genome Atlas (TCGA) suggests that CDH11 expression is also elevated in many other cancers including breast cancer (BRCA), cholangiocarcinoma (CHOL), colon adenocarcinoma (COAD), esophageal carcinoma (ESCA), head and neck cancer (HNSC), stomach adenocarcinoma (STAD) and glioblastoma (GBM) (Figure S9). It has previously been suggested that increased CDH11 expression indicates a poor prognosis in advanced gastric cancer (52) and triple negative breast cancer (TNBC) (22). These findings suggest that Cdh11 plays a role in multiple cancer types and Cdh11 inhibition may promote survival in these cancers.





4 Discussion

Here we describe several key cellular and molecular changes in stromal and immune cell populations associated with the loss of Cdh11 in PDAC. Particularly, we show significant changes in CAFs in response to the Cdh11 deficiency. In both human and mouse PDAC, CDH11 was primarily expressed by CAFs. CAFs from KPC-Cdh11+/- mice had significantly lower expression of myofibroblast markers and several immune modulatory factors including Il6, Il11, Il33, Ccl11, Mdk and Ptn. Consistent with this, we observed a reduction in monocyte, macrophage, DC and neutrophil infiltration in these Cdh11-deficient tumors while the proportion of T cells increased. This suggests that Cdh11 deficiency in CAFs may alter the tumor’s immune profile.

While changes in infiltrating T cell populations have been previously observed as a result of Cdh11 deficiency (23), here we further highlight CD8+ T cells to be correlative with Cdh11 deficient tumors. These cytotoxic T cells may be directly responsible for the reduced tumor burden, and enhanced response to gemcitabine treatment and extended survival of KPC-Cdh11+/-mice relative to KPC- Cdh11+/+(23). Consistent with previously reported findings by Peran et al., we also observed a significant decrease in the expression of genes such as Foxp3, Il2rg, Il4ra, Ctla4 and Tnfrsf18 that play a role in differentiation, activation or function of Tregs (47–49, 53), in KPC-Cdh11+/- pancreases (Figure 4E).

MDSCs in tumors have been identified to block the recruitment of anti-tumor T/NK cells (54, 55). Reduction in myeloid cells (Figure 4C) associated with Cdh11 deficiency may have contributed to increased T cell infiltration and enhanced survival observed in these mice (23). Furthermore, several chemokines including Ccl2, Ccl4, Ccl6, Ccl8, Ccl9 and Osm were upregulated in monocyte/macrophages of KPC-Cdh11+/+ mice, suggesting possible candidates that can be therapeutically targeted to reduce the immunosuppressive nature and improve efficacy of existing therapeutics against PDAC. Inhibition of CCL2-CCR2 signaling has previously been shown to block the recruitment of inflammatory immune cells to the TME and inhibit cancer cell metastasis (56). Additionally, it has been suggested that CCL4 can promote tumor development and progression by recruiting regulatory T cells and pro-tumorigenic macrophages and acting on other stromal cells present in the tumor microenvironment, such as fibroblasts and endothelial cells, to facilitate their pro-tumorigenic abilities (57). Ccl7 and Ccl9 may also facilitate tumor progression and metastasis (58, 59). Cdh11 deficiency in the tumor microenvironment also altered the transcriptional profile of neutrophils. Neutrophils from Cdh11-deficient tumors had reduced expression of macrophage differentiation factor Csf1 as well as several cytokines including Ccl3, Ccl4, Ccl6, Il1b and Osm. Cdh11 deficiency in TME also contributed to downregulation of several cathepsins in monocyte/macrophages, neutrophils and DCs, many of which have already been shown to play a role in tumor progression and immune modulation (60). Future work aimed at therapeutically altering Cdh11 and these cytokines and proteases may provide insight into successful approaches for modulating the immunosuppressive nature of the pancreatic TME.

These findings suggest that Cdh11 deficiency in CAFs may alter the tumor immune microenvironment and contribute to an increased anti-tumor immune response. Our studies utilized mice that lack Cdh11 since birth and therefore it is unknown if the lack of Cdh11 from birth fundamentally changes fibroblast or any other Cdh11-expressing cells, priming an anti-tumor microenvironment. Further studies utilizing conditional knockouts and Cdh11 inhibition post-tumor formation will be required to confirm the role of CAF-derived Cdh11 in altering the tumor immune microenvironment.

We also observed low Cdh11 expression in cancer cells undergoing EMT in both mice and human PDAC. Cdh11 has previously been shown to be associated with EMT in cancer (61) and antibody targeting of CDH11 inhibited EMT and suppressed metastasis in breast cancer (62). Interestingly, KPC-Cdh11+/+ mice had significantly more EMT cells than KPC-Cdh11+/- mice. The reduced presence of EMT cells in Cdh11-deficient mice may have also contributed to the enhanced survival observed in these mice (23). In addition to PDAC, increased Cdh11 expression was observed in many other cancers including breast cancer, stomach and colon cancer. These findings suggest that targeting Cdh11 with small molecule inhibitors or function-blocking antibodies may be an effective strategy in treating aggressive tumors including PDACs.

Cdh11 transcripts have been previously found in the peripheral blood as indicators of severe disease as in rheumatoid arthritis (63). The increased presence of CDH11 in the peripheral blood of cancer patients may be indicative of an advanced disease state. The set of immune cell signatures identified in Cdh11-deficient mice may represent hallmarks of positive disease prognosis in pancreatic cancer, and maybe other solid tumors such as breast, head and neck and colorectal cancers. Targeting these specific immune cell subtypes or genes differentially expressed in these immune subpopulations as a result of Cdh11 deficiency may be an effective therapeutic strategy to treat Cdh11-expressing cancers and fibrotic disease.
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Blood vessels are a key target for cancer therapy. Compared with the healthy vasculature, tumor blood vessels are extremely immature, highly permeable, and deficient in pericytes. The aberrantly vascularized tumor microenvironment is characterized by hypoxia, low pH, high interstitial pressure, and immunosuppression. The efficacy of chemotherapy, radiotherapy, and immunotherapy is affected by abnormal blood vessels. Some anti-angiogenic drugs show vascular normalization effects in addition to targeting angiogenesis. Reversing the abnormal state of blood vessels creates a normal microenvironment, essential for various cancer treatments, specifically immunotherapy. In addition, immune cells and molecules are involved in the regulation of angiogenesis. Therefore, combining vascular normalization with immunotherapy may increase the efficacy of immunotherapy and reduce the risk of adverse reactions. In this review, we discussed the structure, function, and formation of abnormal vessels. In addition, we elaborated on the role of the immunosuppressive microenvironment in the formation of abnormal vessels. Finally, we described the clinical challenges associated with the combination of immunotherapy with vascular normalization, and highlighted future research directions in this therapeutic area.
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1 Introduction

Angiogenesis is an important hallmark of malignant tumors (1). Tumor angiogenesis refers to the process of neovascularization during tumor growth. It is induced by high concentrations of pro-angiogenic factors secreted by tumor cells to obtain an adequate supply of blood and nutrients. The concept of vascular normalization—proposed by Rakesh K. Jain in 2001 (2)—refers to the transformation of tumor blood vessels and their microenvironment from an abnormal structural and functional state to a normal one. Consequently, tumor cells are freed from hypoxia and the tumor microenvironment is reprogrammed.

Tumor blood vessels are different in structure and function from the normal tissues. The abnormal blood vessels of tumors are dilated, tortuous, disordered, immature, and impermeable and lack connections between parietal cells (3). The production of numerous abnormal blood vessels has deleterious effects that promote tumor development. Anti-angiogenic therapy deprives the tumor of oxygen and nutrients to induce necrosis. However, clinical use of anti-angiogenic drugs has led to unexpected outcomes, such as chemotherapy resistance and increased propensity to metastasis. This may be attributed to the structural changes in immature newly developed vasculature and its resulting dysfunction after the destruction of a large number of blood vessels by anti-angiogenic therapy (2, 4–6). Therefore, the focus of vascular research in oncology has shifted from understanding only anti-angiogenesis to normalizing tumor blood vessels. A window of vascular normalization can be achieved transiently during the initial days of anti-angiogenesis therapy. Normalized blood vessels can reverse drug resistance and immune suppression in patients with cancer (5). Therefore, the perfect drug dosage, exposure time, and usage range to attain the vascular normalization window are currently being explored to develop effective cancer therapeutic strategies.

A comprehensive analysis of the tumor microenvironment (TME) has revealed that tumor blood vessels cannot be understood from a single perspective. They have heterogeneous structure, function, and organization, and immune cells, cytokines, and extracellular matrix (ECM) interact with them (7, 8).

Immunotherapy has revolutionized the treatment of tumors by improving immune function in the TME. Immunotherapies, such as the chimeric antigen receptor (CAR)-T-cell therapy, enhance the function of the effector T cells. CARs are designed to create T-cell clones that can specifically recognize and clear tumors containing specific antigens or mutated proteins. Other approaches, such as immune checkpoint inhibitor therapies, relieve the immune suppression of T cells (9, 10). These inhibitors are designed to target inhibitory ligand–receptor interactions between T cells and other cells in the TME. Representative examples include monoclonal antibodies targeting cytotoxic T-lymphocyte-associated protein-4 (CTLA-4) and antibodies blocking programmed cell death-1 (PD-1)/programmed cell death ligand-1 (PD-L1). However, all patients do not respond well to immunotherapy, and the overall clinical response rate of tumor immunotherapy needs to be improved (10). The TME is characterized by hypoxia, low pH, and high interstitial fluid pressure. Blood vessels are an important component of the TME and substantially contribute to the formation of abnormal TME, ultimately affecting the response of patients to immunotherapy (7).

Normal blood vessels help immune cells adhere to and penetrate the tumors. Recently, some authors have suggested that improving immune function can promote vascular normalization (11, 12). Therefore, combining vascular normalization with immunotherapy may be a feasible approach to improve treatment outcomes. Although several authors have evaluated the combination of vascular normalization and immunotherapy in clinical studies, the dosage and timing of anti-angiogenic drugs and immunotherapy are still controversial. Several clinically relevant biomarkers are available to quantify the extent of vascular normalization. However, the mechanism underlying the vascular normalization-mediated cancer therapies needs to be further studied.

In this review, we focused on the interplay between vascular normalization and immunotherapy from the perspective of the TME and summarized the clinical effects of combining them. In addition, we elaborated on the adverse consequences of abnormal blood vessels on tumor treatment and approaches that can normalize tumor blood vessels. Moreover, combining immunotherapy with drugs for vascular normalization, the problems caused by tumor heterogeneity, and strategies to overcome these obstacles were also discussed.




2 Normalization of tumor vasculature

Tumor blood vessels are structurally and functionally different from those in the normal tissues. They are dilated, tortuous, disordered, immature, and impermeable and lack connections between parietal cells (3). These structural abnormalities lead to hypoxia and hypoperfusion in the TME.



2.1 Abnormal structure and function of tumor blood vessels

Pericytes and endothelial cells (ECs) are proximal in the normal tissues and communicate through intercellular contacts and secreting specific molecules. This communication results in an orderly arrangement of ECs and the formation of an effective, organized, and mature vascular network (13). However, the connections among perivascular cells, basement membranes, and ECs are impaired in tumors. Tumor-associated pericytes show abnormal morphology and are low in density compared with normal tissue pericytes.​The weakening of these connections renders the vessels impermeable. Consequently, blood leaks into the stroma, causing a hypoperfusion in the tumor tissues. In addition, the increased interstitial pressure due to leakage, the compression of the blood vessels by tumors, and the dysfunction of the lymphatic network aggravate the hypoperfusion in the tumor tissues.




2.2 Tumor angiogenesis

Angiogenesis refers to the formation of new blood vessel branches in an existing blood vessel network. The two phenotypes of endothelial cells, tip and stalk cells, are involved in the initial formation of blood vessels. Tip cells participate in angiogenic sprout formation, and endothelial cells contribute to lumen formation through a pinocytotic process. Finally, new vessels undergo maturation through pericyte recruitment, basement membrane formation, and stronger endothelial cell connections. Several unique neovascularization patterns exist in the tumor tissues, including vascular co-option and vascular mimicry. Vascular co-option is a non-angiogenic process in which tumor cells use pre-existing blood vessels to support tumor growth, survival, and metastasis. This process is independent of vascular endothelial growth factor (VEGF) and occurs in the absence of typical angiogenic processes. Notably, VEGF inhibitors do not the inhibit progression and invasion of such tumors. Vasculogenic mimicry is the formation of a “vessel-like” structure without endothelial cells. This structure is characterized by a fluid-conducting tube with a lumen that is capable of providing oxygen and nutrients and eliminating cellular waste (3, 14). Overall, abnormal tumor vascular function and architecture lead to malignant outcomes.




2.3 Molecular mechanisms of abnormal tumor angiogenesis

The physiologic balance between anti-angiogenic and pro-angiogenic factors is disrupted in the tumor tissues. High concentrations of pro-angiogenic factors, such as VEGF, angiopoietin 2 (ANG2), and platelet-derived growth factor (PDGF), are present in the TME (15) of various cancers, such as non-small cell lung cancer, gastric cancer, colorectal cancer, and glioma (16–20). In addition, hypoxia is responsible for tumor angiogenesis. Prolyl hydroxylase domain protein 2 is inactive under hypoxic conditions and cannot use oxygen to degrade hypoxia-inducible factor (HIF). Notably, HIF is ubiquitinated by the Von Hippel–Lindau complex and degraded by proteasomes. Hypoxic conditions inhibit HIF-α degradation, leading to the dimerization of accumulated HIF-α and HIF-β. These dimers bind to the hypoxia response elements to activate the target genes of HIF. Finally, pro-angiogenic factors, such as VEGFA, transforming growth factor (TGF)-β, and PDGF-B are released (21–23). These factors increase vascular permeability and promote endothelial cell proliferation, sprouting, migration, adhesion, and tube formation. Several authors have determined the downstream signaling of VEGF receptor (VEGFR) after the binding of VEGF. Some known downstream pathways of VEGF include the Ras/MAPK pathway regulating cell proliferation and gene expression, the FAK/paxillin pathway involved in cytoskeleton rearrangement, the PI3K/AKT pathway regulating cell survival, and the PLC-γ pathway controlling vascular permeability (19, 24). In addition, the Hippo pathway plays a role in vascular cell migration and VEGFR-induced angiogenesis. The activation of VEGFR by VEGF triggers the PI3K/MAPK signaling, which subsequently inhibits LATS (a key component of the pathway) and then activates the Hippo effectors, including Yes-associated protein and transcriptional co-activator with PDZ-binding motif (25–27).

Early growth response-1 (EGR-1) is an important upstream transcription factor that regulates cell proliferation and differentiation and plays an essential role in tumor angiogenesis (28, 29). EGR-1 is a common intermediate of VEGF and fibroblast growth factor (FGF) in regulating cell function (30). Yu, J. et al. revealed a specific mechanism by which EGR-1 leads to tumor angiogenesis. The capacity to promote angiogenesis was attenuated in the nuclear PD-L1-deficient cells in vivo and in vitro. Mechanistically, nuclear PD-L1 facilitated the binding of p-STAT3 to the EGR-1 promoter, resulting in the activation of EGR-1-mediated angiogenesis. Moreover, a new anti-angiogenic strategy has been developed to block the nuclear translocation of PD-L1 by inhibiting histone deacetylase 2 and restoring PD-L1 acetylation levels (31).





3 Consequences of abnormal tumor vasculature

Abnormal tumor vasculature can promote tumor metastasis and affect the prognosis in patients (32). In addition, abnormal tumor angiogenesis decreases the efficacy of antitumor therapies, including radiotherapy, chemotherapy, and immunotherapy (3).



3.1 Immunosuppression

Antitumor immunity is a sequential process. Chen and Mellman proposed the “cancer immune cycle” and summarized it into seven stages (33). First, dendritic cells (DCs) capture the tumor antigen and present the captured antigen to T cells, consequently initiating effector T-cell responses. Finally, activated effector T cells infiltrate the tumor bed, recognize tumor antigens, bind to tumor cells, and kill their target cells. The killed tumor cells release additional tumor-associated antigens that increase the intensity of the immune response. The abnormal formation of tumor blood vessels affects tumor immunity at various stages through several physical and biochemical mechanisms (Figure 1).
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Figure 1 | Abnormal blood vessels lead to immunosuppression. Tumor blood vessels are characterized by uneven distribution, tortuosity, clutter, hypertonicity, lack of pericyte coverage, and their ability to deliver oxygen and nutrients is also compromised, followed by a tumor microenvironment of hypoxia, low Ph, and high interstitial pressure. Hypoxia leads to the release of angiogenic factors such as VEGF and ANG (Angiogenin), which together with endothelial cells create an immunosuppressive microenvironment. Endothelial cells are less responsive to inflammatory stimuli, and the expression of adhesion molecules is reduced. The adhesion and migration function of immune cells such as T cells is decreased, which directly contributes to the reduction of T cell infiltration in tumors. In addition, PD-1(Programmed death-1) expression on the surface of T cells was up-regulated, and activation of T cells and polarization of CD4+T cells to Th1 cells were suppressed. Moreover, TAM is polarized to M2 type under the action of VEGF, which is an immunosuppressive phenotype and one of the major contributors to the immunosuppressive microenvironment. The release of VEGF also recruits a large number of MDSC, Treg cells, both of which are immunosuppressive cells, and Treg cells have proliferation and functional advantages under hypoxia and low Ph conditions. Finally, DCs (Dendritic cells), most of which are immature DCs infiltrated in tumors under hypoxia, have impaired presentation function. (The figure was designed in Biorender.com).



3.1.1 Effects on trafficking and infiltration of immune effector cells

The immune landscape within the TME is of three major types, namely immune infiltration, immune exclusion, and immune silent (34, 35). The “immune infiltrated” tumors are the tumors containing abundant infiltrated immune cells, such as cytotoxic T lymphoctyes (CTLs), which induce an active immune response. “Immune excluded” tumors have T cells only at their periphery, which do not infiltrate the TME. “Immune silent” tumors are the ones with little or no immune infiltration. Immune cells need to adhere and penetrate to reach the tumor tissues, and a normal vascular network is essential for this process (35). Tumor vascular tissue is structurally and functionally different from the normal vascular tissue. The heterogeneous vascular network results in hypoperfusion within tumors that have few immune cells to allocate. Moreover, immature tumor vascular tissue is prone to leakage due to insufficient connectivity between endothelial cells and the insufficient encapsulation of basement membranes and pericytes (36). Consequently, a large amount of fluid enters the interstitial space from blood vessels. Consequently, a high-pressure state is created in the interstitium, prohibits the oxygen and nutrients from entering the tumor tissues (37), resulting in a hypoxic environment. The hypoxic microenvironment attracts and sequesters tumor-associated myeloid cells and CTLs (cytotoxic T lymphocytes), resulting in the accumulation of tumor-associated myeloid cells in the hypoxic region. These cells are reprogrammed to an immunosuppressive state, limiting the efficacy of immunotherapy (38). In addition, the hypoxic environment induces the production of pro-angiogenic factors, such as VEGF, which aggravate vascular abnormality. Dorsal meningeal lymphatic vessels (MLVs) undergo extensive remodeling in mice with intracranial gliomas or metastatic melanomas. Disruption of dorsal MLVs impaired intratumor fluid drainage, disseminated brain tumor cells to deep cervical lymph nodes (dCLNs), decreased the DC trafficking from intracranial tumor tissues to dCLNs, and weakened the effect of anti-PD-1/CTLA-4 checkpoint therapy (39).

The anergy of ECs has been proposed as one of the reasons for the immunosuppression caused by abnormal blood vessels. The EC anergy results in a reduced leukocyte–vessel wall interaction by stimulating the expression of immunosuppressive molecules in abnormal tumor vessels (40). Leukocytes do not adhere to ECs without inflammatory stimulus. AP1 and NF-κB signaling activates the expression of endothelial adhesion molecules, including E-selectin, intercellular cell adhesion molecule (ICAM-1), and vascular cell adhesion molecule-1 in the presence of inflammation, which allows leukocytes to migrate across the endothelium into the extravascular space (41, 42). ECs in abnormal blood vessels, stimulated by various pro-angiogenic factors secreted by tumor tissues, exhibit a state of non-responsiveness to inflammatory stimuli. These non-responsive ECs fail to enhance the expression of endothelial adhesion molecules to stimulate the adhesion and penetration of immune cells (43, 44). Tumor ECs express immunosuppressive molecules, such as carbohydrate-binding protein galectin 1, FAS-L, TIM-3, PD-L1, and indoleamine-2,3-dioxygenase, to create an immunosuppressive TME by inducing apoptosis of activated T cells, inhibiting the activation and polarization of CD4+ Th cells to Th1 cells, promoting the activation of Treg cells, and enhancing the immunosuppressive effect of CD8+ T cells (45–48). Interestingly, tumor endothelial anergy can be overcome by sunitinib or bevacizumab treatment in renal cell carcinoma (RCC). In addition, a correlation between increased immune cell infiltration and ICAM-1 expression was observed after VEGF-targeted therapy (49).




3.1.2 Role of angiogenic factors in the TME

Angiogenic factors not only create an abnormal tumor vascular network but also contribute to the immunosuppressed TME. The angiogenic programming in tumor tissues is a multidimensional process that regulates cancer cells, tumor-associated stromal cells, and bioactive products, including cytokines and growth factors, ECM, and secreted microvesicles (50).

Abnormal tumor blood vessels often create a hypoxic TME, which affects tumor immunity by inducing the overexpression of angiogenic factors. Several major angiogenic factors play important roles in immunosuppression.

VEGF The VEGF family of proteins comprises VEGFA, VEGFB, VEGFC, VEGFD, and VEGFE (encoded by viruses) and the pro-angiogenic molecule placental growth factor (PGF/PlGF) (24). VEGF has an immunosuppressive effect. Mice exposed to pathologic VEGF concentrations showed severe thymic atrophy, characterized by a significant reduction in CD4+/CD8+ thymocytes. Specifically, VEGF, at pathologic concentrations, interfered with the development of early hematopoietic progenitor T cells to block their differentiation and migration, leading to tumor-related immunodeficiency (51). Deng, H. et al. analyzed the Kaplan–Meier Plotter database and found that high expression of VEGFA in patients with progressive hepatocellular carcinoma (HCC) is associated with a poor prognosis (52). VEGF can promote PD-1 expression on CD8+ T cells. However, both the number and function of CD8+ T cells are significantly increased after anti-VEGF therapy (53). VEGFA acts on VEGFR2 and increases the expression levels of TIM-3, CTLA-4, and Lag-3 on CD8+ T cells in a dose-dependent manner, and the expression levels of these molecules correlates with the level of T-cell exhaustion (54). Moreover, VEGF recruits numerous immunosuppressive cells, such as Tregs, myeloid-derived suppressor cells (MDSCs), and M2 macrophages, and inhibits the maturation of DCs. VEGF can promote the polarization of macrophages into M2 immunosuppressive subtype. Moreover, VEGF-induced hypoxia and a low pH microenvironment cause immunosuppression (55–57). VEGF indirectly decreases tumor necrosis factor (TNF)-α-induced lymphocyte adhesion and the expression of several inflammation-related genes, including cytokine–cytokine receptor interaction-related genes (CXCL10, CXCL11, CSF2, and FLT4) and the p38 MAPK pathway-related genes (DUSP4, IL1R1, and MEF2C) (58). In addition, exposure of ECs to pro-angiogenic factors induces a state of anergy, in which they lose the ability to respond to inflammatory cytokines and upregulate the expression of endothelial adhesion molecules (59).

TGF-β plays a dual role in tumor development. TGF-β, as a tumor suppressor, inhibits cell growth and induces apoptosis of precancerous cells. However, tumor-derived TGF-β induces tumorigenic and prometastatic responses including the formation of an immunosuppressive TME in cancer cell clones with inactivated TGF-β pathway (60). TGF-β plays a role as a pro-angiogenic factor in various diseases, including osteoarthritis, and cancer (61, 62). Leucine-rich alpha-2-glycoprotein 1 had a mitogenic effect on ECs and promoted angiogenesis in the presence of TGF-β1 (63). In addition, TGF-β stimulates the synthesis of PDGF-B by ECs and promotes the synthesis of VEGF by non-ECs during the healing phase of immune injury, suggesting that it upregulates the expression of other cytokines to promote angiogenesis (64). TGF-β is a major component of tumor-derived small extracellular vesicles in cancer patients. These vesicles stimulated macrophage chemotaxis and reprogrammed primary human macrophages to a pro-angiogenic phenotype characterized by the upregulation of pro-angiogenic factors and functions (65). TGF-β can significantly inhibit CTL activity (66) and also promote tumor growth independent of CD4+ T cells, interferon (IFN)-γ, and CTLs. Targeting the TGF-β pathway in CD4+ T cells may inhibit tumor growth by remodeling and normalizing the tumor vascular network. Further study revealed that Interleukin (IL)-4 secreted by Th2 cells plays a vital role in reprogramming the TME. Therefore, TGF-β not only inhibits the function of CTLs but also influences the type II immunity against cancer (67). Moreover, TGF-β influences the activation of macrophages. For example, phosphatidylinositol-binding protein TIPE1 can promote alternative macrophage activation and tumor progression through the PIP3/Akt/TGF-β axis (68).

ANG2 is involved in angiogenesis at the early stages and is linked to tumor immunosuppression. ANG2 was upregulated in both humans and mice in a study of liver metastases from pancreatic neuroendocrine tumors. This observation coincided with poor T-cell infiltration, suggesting an immunosuppressive TME (69). In addition, TIE2-expressing monocytes/macrophages have a tendency to polarize toward the M2 phenotype in the presence of ANG2 in a mouse model, playing an important role in the emergence of immunosuppressive microenvironment (70). ANG2 restricts the antitumor function of monocytes by inhibiting the secretion of TNF-α (71). ANG1 stimulates the binding of pericytes and vascular smooth muscle cells to ECs, thereby stabilizing newly formed blood vessels (72). However, the role of ANG1 in tumor development is controversial. ANG1 promoted colorectal tumor metastasis and growth. In addition, it upregulated carboxypeptidase A4 to promote tumor cell proliferation in triple-negative breast cancer (73, 74). Therefore, further research is required to explore the role of ANG in cancer.

PDGF-BB modulates tumor angiogenesis by inducing erythropoietin production in stromal cells (75). It can regulate various immune cells to shape the immunosuppressive TME. PDGF-BB mediated the infiltration of M2-phenotype tumor-associated macrophages (TAM) into tumor tissue by inducing pericyte- and fibroblast-derived IL-33 in a mouse tumor xenograft model (76). This growth factor enhances IL-4-induced STAT6 activation, which promotes tumor growth through the expansion of MDSCs and inhibition of cytotoxic T-cell response (77). MDSCs expressing PDGF-BB are recruited by CXCL17 in breast cancer cells and facilitate lung metastasis (78). Interestingly, the concentration of PDGF-BB can help predict the fraction of monocytic MDSCs in the peripheral blood of patients with colorectal cancer (CRC) (79). Therefore, PDGF-BB has a diagnostic value in clinical applications.





3.2 Resistance to cancer therapy

​Abnormal tumor vasculature can induce resistance to various cancer treatments, which can adversely affect the prognosis of cancer patients (4). Drug resistance due to abnormal vascular networks has three main aspects. First, the low coverage rate of pericytes and the destruction of blood–tumor barrier aggravates hypoxia in the TME and leads to the accumulation of chemotherapeutic drugs in the tumor stroma (80). Pericytes promoted DNA damage repair in glioblastoma cells residing in perivascular niches, ultimately inducing temozolomide chemoresistance. The large amount of CCL5 secreted by pericytes can bind to CCR5 on glioblastoma cells to activate the DNA-dependent protein kinase catalytic subunit-mediated DNA damage repair after temozolomide treatment (81). Moreover, abnormal vascular networks with pericyte proliferation can physically affect the delivery of antitumor drugs (82). Second, tumor vasculature contributes to drug resistance. Chemotherapy-induced IL-8 secretion in tumor tissues increases the expression of ATP-binding cassette subfamily B member 1 transporter on tumor ECs, which counteracts the therapeutic effects of taxol (83). Alteration in vascular morphogenesis is a hallmark of anti-angiogenesis-resistant tumor vessels. EphB4 overexpression leads to vascular resistance by altering vascular morphogenesis and pericyte coverage in experimental SF126 glioma models (84). Tumor vascularization can occur through vascular co-option rather than angiogenesis. This type of tumor vascularization contributes to the resistance to bevacizumab therapy (85). The occurrence of vascular co-option is related to the increased expression of fibroblast activation protein-α in co-opted hepatic stellate cells in the bevacizumab-resistant CRC liver metastasis xenograft model (86). Finally, the ECM changes, such as excessive fibrosis, can reduce the perfusion of tumor tissue and the efficiency of drug delivery by constricting the tumor blood vessels. The placental growth factor (PIGF) contributes to fibrosis and tissue stiffness in HCC, leading to the development of drug resistance (87). The heterogeneous distribution of abnormal blood vessels is a common feature of solid TME and a major cause of tumor hypoxia. Radiotherapy relies on the action of reactive oxygen species to kill cancer cells, and hypoxia restricts the efficacy of radiotherapy and induces resistance, leading to poor clinical outcomes (88).




3.3 Tumor metastasis

Metastasis is a major issue in current cancer treatment, and the majority of cancer patients die from metastatic disease than from primary tumors. Tumor cells penetrate the basement membrane and invade deeper tissue layers during metastasis. This is followed by intravasation into proximal vessels or lymphatics and ultimately extravasation to distant organs by transepithelial migration and capillary rupture. Finally, tumor cells migrate along neurons or directly diffuse into adjacent spaces (89). Unlike those in normal tissue, tumor blood vessels—characterized by immaturity, lack of connection between parietal cells, and high permeability—cannot prevent the dissemination of tumor cells. Matrix metalloproteinases (MMPs) are the important regulators of the TME. They play a unique role in tumor angiogenesis and regulate vascular stability and permeability. MMPs can hydrolyze type IV collagen to increase the permeability of blood vessels and promote tumor invasion. In addition, MMPs can induce the secretion of VEGF by tumor cells to increase the permeability of blood vessels and remodel the ECM (90–93). However, the role of MMPs in cancer is complex. MMP-2 secreted by ovarian tumor cells can regulate their attachment to the peritoneum for metastasis (94). This complexity may be one of the reasons for the failure of multiple clinical trials involving small-molecule MMP inhibitors for cancer treatment (91). In addition, vasculogenic mimicry is one of the manifestations of an abnormal tumor vascular network in which highly aggressive tumor cells replace endothelial cells. This abnormal network not only complements the traditional angiogenic pattern but also plays an important role in tumor metastasis. Vasculogenic mimicry induced by the miR-124/Foxq1/EGFR axis promotes metastasis in nasopharyngeal carcinoma. Anti-EGFR treatment can inhibit the formation of this abnormal vascular network and consequently tumor growth and metastasis (95). Therefore, targeting EGFR signaling can improve the prognosis of metastatic CRC (96).




3.4 Ferroptosis

Ferroptosis is a unique mode of cell death driven by iron-dependent phospholipid peroxidation, and resistance to ferroptosis is related to tumorigenesis (97). In addition, ferroptosis is related to the formation of abnormal blood vessels in tumors. The hypoxia in the TME caused by abnormal vascular structure and function is associated with ferroptosis resistance, resulting in tumor development. A hypoxia-induced lncRNA, cystathionine beta-synthase mRNA-transgenic lncRNA, protects gastric cancer cells from ferroptosis, leading to chemoresistance (98). Aberrant expression of various angiogenic factors and receptors caused by abnormal blood vessels inhibits ferroptosis. For example, upregulation of FGFR4 confers anti-HER2 resistance by attenuating ferroptosis in breast cancer. The ANGPTL4 protein, a decisive regulator of angiogenesis, can inhibit ferroptosis to induce resistance against radiation therapy (99, 100). Angiogenic drugs, such as apatinib and sorafenib, sensitize tumor cells to ferroptosis (101, 102). However, ferroptosis has a two-sided effect on tumor progression, and the induction of ferroptosis is sufficient to convert non-suppressive polymorphonuclear-MDSCs (PMN-MDSCs) into immunosuppressive ones. Moreover, the immunosuppressive molecules released by PMN-MDSCs undergoing ferroptosis have an inhibitory effect on T cells (103). Therefore, ferroptosis can lead to tumor immunosuppression. Mouse models with conditional deletion of ferroptosis suppressor genes, such as GPX4 and SLC7A11, accelerated pancreatitis and pancreatic tumorigenesis. The products of oxidative DNA damage during ferroptosis can increase the infiltration of macrophages into pancreatic ductal adenocarcinoma (PDAC), and ferroptotic PDAC cells can release the KRASG12D protein, which promotes macrophage polarization into the M2 phenotype. Notably, inflammation-related immunosuppression due to cell death has the potential to promote tumorigenesis (104).





4 TME leads to abnormal vasculature

The TME includes tumor cells, surrounding non-tumor cells, the secretory products of corresponding cells, and other cellular and non-cellular components of the ECM, such as stromal cells, fibroblasts, and immune cells (105). The progression of the tumor indicates that the TME has the characteristics of immunosuppression. This feature is closely related to the dysfunction of the adaptive immune system, the diversity and plasticity of myeloid cells, and the remodeling of cancer-associated fibroblasts (CAFs) and ECM (106, 107). CD4+-deficient mice lack the coverage of pericytes, suggesting that the immunosuppressive TME may have a significant effect on the formation of abnormal tumor vessels (Figure 2) (108). Several researchers have proposed the concept of “immunoediting.” Cancer immunoediting has three stages, namely elimination, equilibrium, and escape. The immune system recognizes and kills tumor cells in the elimination phase. Only a few tumor subclones progress to the equilibrium phase, where tumor growth can also be limited or even eliminated by a normal immune system. However, “immunoedited” tumor cell subclones that can evade immune recognition and destruction may enter the escape phase, in which their growth is not restricted and immunosuppressive properties are apparent. The vascular abnormalities are exacerbated due to the appearance of immunosuppressive TME in the immune escape phase (109).
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Figure 2 | Immunosuppressed TME causes abnormal vessels. Tumor vessels are in an abnormal state of TME (Tumor microenvironment), and various factors that cause immunosuppression such as immune cells, CAF (Cancer associated fibroblasts), ECM (Extracellular matrix), and various immune factors contribute to tumor vessel abnormalities. TAM (Tumor-associated macrophage), and in particular TAM of the M2 phenotype, promotes angiogenesis in at least three ways. First, it directly secretes factors that cause vascular abnormalities, such as: VEGF-A (Vascular endothelial growth factor-A), EGF (Epidermal growth factor), MMP-9 (Matrix metalloproteinase-9), etc., secondly activate tumor endothelial cells to secrete VEGF for angiogenesis, and finally M2-type TAM stimulates CAF to secrete VEGF through IL-1β (Interleukin-1β), TGF-β (Transforming growth factor-β) and TNF-α (Tumor necrosis factor-α). CAF, one of the focuses of TME research, regulates angiogenesis by secreting IL-6, G-CSF (Granulocyte colony-stimulating factor) and PGF (Placental growth factor), and is involved in ECM degradation. Recent studies have found that direct contact of CAF with endothelial cells via WNT2 leads to endothelial cell migration. Other immune cells such as MDSC (Myeloid-derived suppressor cell) secrete VEGF, BV-8, and MMP-9. It is worth noting that Th17 (T helper cell 17) cells can promote MDSC progenitor function through IL-17. Moreover, it has been found that 5-FU can induce immunosuppressive microenvironment by promoting Th17 proliferation via caspase-1. The vascular regulatory function of a T cell depends on its molecular type. Th1 cells can polarize Tams towards the M1 phenotype, but Treg cells drive Tams towards the M2 phenotype and secrete VEGF to promote angiogenesis. DCs (Dendritic cells) are able to secrete VEGF directly, but it can also recruit Treg, MDSC, and M2 macrophages, which exacerbate the immunosuppressive effects of TME. In addition, as one of the important components of TME, ECM can secrete EDIL3 to promote angiogenesis. (The figure was designed in Biorender.com).



4.1 Tumor-associated macrophages

Macrophages are an important component of innate immunity. These cells not only promote inflammation and destroy pathogens but also play a significant role in tissue repair and neovascularization (110, 111). TAMs are strongly associated with an immunosuppressive TME (106). TAMs promote tumor cell proliferation and play a role in cancer progression in sustained cell cultures (112). M0 macrophages differentiate from monocytes under the influence of macrophage colony-stimulating factors. Lipopolysaccharides and Th1-derived cytokines promote the conversion of M0 to M1 macrophages, and IL-4, IL-10, IL-13, IL-33, and TGF-β induce the conversion of M0 to M2 macrophages (113). Although this simplistic classification does not describe the different states of macrophages within tumors, it is commonly assumed that M1 and M2 macrophages can inhibit and promote tumor growth, respectively (114). Macrophages secrete growth factors, such as epidermal growth factor and VEGF; therefore, abnormal blood vessels formed by macrophage activity may be a vital reason for tumor progression in breast cancer (115–117).

M2 macrophages are involved in tumor angiogenesis and invasion (118). Ultrasound-targeted microbubble destruction (UTMD) inhibits the growth and metastasis of pancreatic cancer by regulating vascular normalization. UTMD-induced vascular normalization depends on the polarization of macrophages from the M2 to M1 phenotype (119), indicating that the polarization of TAMs is critical to vascular normalization. Macrophages in injured tissues secrete cytokines, such as insulin-like growth factor-1, VEGFA, and TGF-β, which directly or indirectly promote angiogenesis (120, 121). Similarly, hypoxic TME-induced TAMs can secrete VEGFA and MMP-9 to support angiogenesis (122). In addition, TAMs can promote VEGFA expression in endothelial cells in vitro (123). Therefore, the secretion of pro-angiogenic factors in the TME is associated with TAMs. The M2 polarization of TAMs in phosphatase and tensin homolog-silenced esophageal cancer enhanced the malignant behavior of tumor-associated vascular ECs to form abnormal blood vessels through the PI3K/ATK-dependent pathway (124). TNF-α, secreted by TAMs, upregulated the expression of MALR, an lncRNA, which stabilized the HIF-1α mRNA in esophageal squamous cell carcinoma to promote angiogenesis (125).

A specific classification of TAM surface markers will help understand their role in the TME. The F4/80+CD115+C3AR+CD88+ TAMs show a high heme oxygenase-1 (a stress-responsive enzyme) activity, which plays a critical role in shaping a prometastatic TME to favor immunosuppression, angiogenesis, and epithelial-to-mesenchymal transition (126). A subset of TAMs that expressed podoplanin showed high collagenolytic and gelatinase activity, and these TAMs mediated the destruction of the vascular basement membrane to increase vascular permeability. These macrophages directly acted on blood vessels to affect EC junctions, leading to intravasation of tumor cells into blood vessels (127). Tie2-expressing macrophages functioned as a key factor in vascular remodeling after chemotherapy. However, Tie2 expression on macrophages is not effective for tumor angiogenesis. Therefore, additional research is needed to target this phenotype of macrophages for tumor treatment (128, 129).




4.2 MDSCs

MDSCs show immunosuppressive activity, and their three recognized subsets are granulocytic/PMN, monocytic, and immature/early MDSCs (130, 131). These cells mainly promote and maintain tumor angiogenesis by secreting MMPs. Mechanistically, MMP-9 promotes angiogenesis and stimulate tumor neovascularization by increasing the bioavailability of VEGF (132). Moreover, VEGF can trigger the recruitment of MDSCs. BV8, highly expressed in MDSCs, promotes angiogenesis and enhances MDSC mobilization in tumors (133). The use of JAK2/STAT3 inhibitors inhibited angiogenesis and decreased the MDSC population in the TME of head and neck carcinoma by inhibiting VEGFA and CK2 (134, 135). Notably, MDSCs isolated 24 h after lung cancer surgery were more potent in promoting angiogenesis and tumor growth than pre-surgery MDSCs, and the number of pulmonary metastatic tumors and MDSCs were positively related to the extent of surgical manipulation (136).




4.3 DCs

DCs are antigen-presenting cells that play a crucial role in bridging innate and adaptive immune responses. DCs act as professional antigen-presenting cells to process an antigen and present it to naive T lymphocytes (137). DCs are classified as conventional or classical, plasmacytoid, and monocyte-derived DCs (138). However, antigen presentation is disrupted by the large amount of immature DCs in the TME. Tumor-associated DCs produce IL-23, which can induce IL-17 secretion by Th17 cells to indirectly induce angiogenesis. The newly formed abnormal vessels promote the accumulation of MDSCs and further inhibit the maturity of DCs (139). The classical DCs produce bioactive pro-angiogenic factors, such as VEGFA, FGF2, and ET-1. In addition, DCs can express several chemokines, including CXCL8 and CCL2, which can induce angiogenesis by directly acting on ECs. In addition, CXCL1, CXCL2, CXCL3, and CXCL5 exert an indirect pro-angiogenic effect by recruiting other pro-angiogenic bone marrow cells, including neutrophils (140–142).




4.4 T lymphocytes

T lymphocytes are one of the most critical players in adaptive immunity. The effect of T cells on angiogenesis depends on their subtypes and their cytokine profiles. CD4+ T lymphocyte deficiency leads to transcriptomic alterations in tumor-associated vascular ECs, resulting in modifications in the pathways or genes known to regulate vascular normalization. Examples of these modifications include the increased expression of VEGFA, decreased expression of Angpt1/Angpt2, and the downregulation of adhesion and ECM molecules (108). CTLs and CD4+ Th1 cells can secrete IFN-γ, which restricts the proliferation of ECs and induces their apoptosis, resulting in the restriction of blood flow in the tumor (143). Interestingly, CD8+ T lymphocytes exude from blood vessels by regulating the CXCR3/CXCL10 axis, migrate to the retinal tissue, and secrete several factors, such as TNF, IFN-γ, perforin, and granzyme A/B, to promote angiogenesis (144). Moreover, T cells can also affect blood vessels by regulating TAMs in the TME. The IL-8-producing CD4+ T lymphocytes in glioma can recruit TAMs and induce their M2 polarization. Notably, blocking IL-8 transforms the M2 TAMs into anti-angiogenic macrophages (145–147). CD4+ T lymphocytes, such as Th17 cells and γδT cells, secrete IL-22, which can promote angiogenesis through the STAT3 and MAPK pathways (148, 149).

IL-17-secreting CD4+ Th17 cells directly promote angiogenesis and modulate MDSCs to promote angiogenesis independent of VEGF (150). 5-Fluorouracil, an extensively used chemotherapeutic agent, is toxic to MDSCs in the TME. However, 5-fluorouracil activates caspase-1, which could expand the Th17 population. Th17 cells can counter the effects of anti-angiogenic therapy by stimulating neovascularization (151). Hypoxic TME can induce the expression of the chemokine CCL28, leading to the accumulation of Tregs, which limit tumor immunity and promote angiogenesis. Mechanistically, miRNA21 can induce the ICOS expression on Tregs, and the crosstalk of ICOS ligands with Tregs can activate ECs to induce abnormal angiogenesis (152–154).




4.5 Cancer-associated fibroblasts

CAFs play a key role in the TME and affect the malignant progression of tumors through multiple processes, including remodeling of ECM, increasing the production of growth factors, and promoting angiogenesis (155). Bioinformatic analysis has demonstrated that CAFs can be considered prognostic markers in certain tumors. Higher stromal/CAF scores were associated with poor overall survival in patients with ovarian cancer and poor immune response to treatment (156). CAF-derived wingless-type MMTV integration site family member 2 (WNT2) increased tumor angiogenesis in colon cancer, and its overexpression increased blood vessel density and tumor volume in CRC xenografts. Unterleuthner, D. et al. analyzed publicly available datasets for human CRC and found decreased survival rates in patients diagnosed with tumors having high WNT2 expression (157). Furthermore, IL-6 mediates the crosstalk between tumor cells and CAFs by supporting tumor growth and promoting fibroblast activation. Athymic nude mice with head and neck squamous cell carcinoma patient-derived xenografts (PDX) and gastric adenocarcinoma PDX were treated with tocilizumab, an anti-IL6Rα antibody that inhibits tumor growth in vivo in part by inhibiting the STAT3 and MEK/ERK signaling. The treatment induced tumor growth arrest and reduced STAT3 and ERK1/2 signaling (158). The analysis of phosphorylated STAT3 expression in CAFs of human tissue microarrays demonstrated a negative correlation between its increased stromal expression and the survival of patients with CRC. Mechanically, STAT3 activation plays an essential role in the development of CAF-mediated CRC. Therefore, STAT3 activation increases the expression of several angiogenic signals, thereby promoting CRC progression (159). CAFs can mediate the tumor vascular abnormalities caused by hypoxia. They increase the secretion of the hypoxia-induced angiogenesis regulator NCBP2-AS2 (the uncharacterized protein renamed from hypoxia-induced angiogenesis regulator), thereby enhancing the VEGF signaling to promote endothelial sprouting (160).




4.6 Extracellular matrix

ECM is a complex and dynamic structure composed of macromolecular substances secreted by cells into the extracellular space comprising interstitial matrix and basement membrane. In addition, ECM contains various secreted proteins, including cytokines, chemokines, and growth factors, involved in immune cell regulation. Collagen is one of the main components of the ECM, and high-density collagen can guide macrophages to acquire an immunosuppressive phenotype (161). Therefore, ECM is a highly dynamic partner of the immune system (162, 163). Epidermal growth factor-like repeats and discoidin I-like domains 3 (EDIL3), an ECM protein highly expressed in HCC, contributes to angiogenesis. Moreover, autocrine EDIL3 can support tumorigenesis by promoting resistance to anoikis in HCC cells (164). Notably, VEGF induces high EDIL3 expression in malignant cells, suggesting that high VEGF in an immunosuppressive microenvironment can indirectly affect tumor blood vessels by changing the composition of ECM (165, 166).





5 Vascular normalization and immunotherapy

​Solid tumors require blood vessels to grow, and many new cancer therapies target tumor blood vessels. Traditional anti-angiogenic “vessel blocking” strategies attempt to inhibit new blood vessel formation and destroy existing blood vessels to cause nutrient starvation in tumors. However, their success is limited by inadequate efficacy or the development of drug resistance. In recent years, the concept of “vascular normalization” has been applied to cancer treatment. Some anti-angiogenic agents can temporarily “normalize” the abnormal structure and function of the tumor vasculature, making it more efficient for oxygen and drug delivery. The appropriate use of drugs that induce vascular normalization can alleviate hypoxia and improve the efficacy of conventional therapies (167, 168).

The inhibition and reprogramming of the immune system play a key role in the occurrence and development of tumors. Immunotherapy aims to reactivate antitumor immune cells and overcome the immune escape mechanism in the tumors (109). The discovery of IL-2, T-cell dual signal activation pathway, CTLA-4, PD-1, and several other immune molecules led to the concept of “immune checkpoint blockade” in tumor treatment. However, all patients do not respond to these therapies, indicating the complexity of tumor-induced immune alterations. Therefore, finding a synergistic method to activate anti-tumor T cell responses and target inhibitory TME has been a major research focus in tumor immunotherapy (169). The crosstalk between vascular abnormalities and immunosuppression suggests that a combination of the two approaches would have a greater therapeutic effect.



5.1 Vascular normalization strategies



5.1.1 Targeting the VEGF/VEGFR pathway

VEGFA, VEGFB, and PIGF are primarily involved in the regulation of angiogenesis and vascular permeability. These molecules bind to VEGFR-1, which is primarily located on the surface of vascular endothelial cells. However, the primary function of VEGFA is accomplished by binding to VEGFR-2. Neuropilins-1 and -2 act as co-receptors for the VEGF ligands (53, 170). VEGFA induces the VEGFR-2 dimerization and triggers its autophosphorylation of VEGFR-2 to activate the downstream signal transduction pathways, including the PI3K, PLC-γ, Akt, Ras, and MAPK pathways, to promote cell proliferation, survival, migration, permeability, and differentiation and regulate cell adhesion molecules in addition to other functions (171, 172). VEGFs regulate EC proliferation, increase vascular permeability, and aggravate immunosuppression. Drugs targeting the VEGF/VEGFR pathway can achieve vascular normalization by inhibiting these functions. Bevacizumab (a recombinant humanized monoclonal antibody) was the first clinically approved drug, which increased the function of other cytotoxic agents through vascular normalization. Notably, vessel diameter, density, permeability, and interstitial fluid pressure decreased after the treatment (173).

Tyrosine kinase inhibitors (TKIs), such as apatinib, cedianib, and anlotinib, are being used to induce vascular normalization in tumors. TKIs inhibit the catalytic domain of receptor tyrosine kinases in a competitive or allosteric manner. Specifically, apatinib targets VEGFR-2, anlotinib targets VEGFR, PDGFR, and FGFR, and desinib targets VEGFR-1/2/3, PDGFR-α, CSF-1R, and Flt3. Notably, TKIs have more targets than macromolecular monoclonal antibodies. The combination of TKIs and cytotoxic drugs is one of the active research areas in cancer therapeutics. Wang, T. et al. conducted a randomized clinical trial based on the effect of apatinib plus pegylated liposomal doxorubicin (PLD) versus PLD alone in patients with platinum-resistant recurrent ovarian cancer. The combination treatment showed a promising efficacy with manageable toxic effects. Apatinib plus PLD group has improved median progression-free survival (5.8 months) compared with the PLD group (3.3 months). The median overall survival was 23.0 months in the apatinib plus PLD group compared with 14.4 months in the PLD group. The disease control rate was 81.5% in the apatinib plus PLD group and 53.1% in the PLD group (174). However, patients receiving combination therapy with cedeinib and cytotoxic drugs for glioblastoma showed improvements in OS only in the subgroup with increased tumor perfusion and oxygenation. The investigators suggested that this phenomenon was related to vascular normalization after combination therapy. In addition, this finding explains the failure of sildenib and bevacizumab therapy to prolong overall survival in clinical studies (175, 176). Therefore, further research is required to select appropriate TKIs for cancer treatment.

Moreover, anti-VEGF therapy could improve the delivery and efficacy of CAR-T therapy. Combination treatment with an anti-mouse VEGF antibody improved the CAR-T cell infiltration and distribution throughout the TME, delayed tumor growth, and improved the ability of CAR-T cells to penetrate and distribute throughout the TME compared with CAR-T-cell therapy alone. In addition, the combination therapy prolonged the survival of tumor-bearing mice (177). Other therapies, such as bispecific antibodies, have shown promising antitumor activity in experimental studies. Combined blockade of ANGPT2 and VEGFA with a bispecific antibody (A2V) showed superior therapeutic efficacy compared with single agents in genetically engineered and transplanted tumor models, including metastatic breast cancer, pancreatic neuroendocrine tumors, and melanoma models. Notably, this therapeutic effect is related to immune function (178).

Th1 cells in the TME play a crucial role in vascular normalization. The disruption of vascular normalization reduced the T-lymphocyte infiltration and depletion, or inactivation of CD4+ T lymphocytes reduced vascular normalization, suggesting a reciprocal regulatory cycle (108). Anti-angiogenic immune-modulating therapy affects the lymphotoxin/lymphotoxin beta-receptor (LT/LTβR) signaling pathway through CD8+ T and NK cell signaling and eventually induces the differentiation of postcapillary venules into inflamed high endothelial venules (HEVs). Tumor HEVs enhance the proliferation of TCF-1+PD-1+ lymphocytes and the production of cytotoxic PD-1+TIM-3+ lymphocytes by changing the perivascular microenvironment to promote antitumor immunity (179). Therefore, the combination of anti-VEGF/VEGFR and immunotherapy can enhance tumor immunity by multiple ways, such as relieving the inhibition of antigen presentation and inhibiting the recruitment of immunosuppressive cells.




5.1.2 Blocking other alternative targets

Angiopoietins include ANG1, ANG2, and ANG4, and their receptors include Tie1 and Tie2. ANG1 can tightly bind Tie2 at nanomolar affinity. This binding can reduce angiogenesis and vascular permeability, promote endothelial cell maturation, favor vascular stabilization, and modulate vascular normalization during anti-angiogenic therapy. ANG2 is a partially competitive antagonist of ANG1 for binding to Tie2. ANG2 prevents the phosphorylation of Tie2 by ANG1. However, when ANG1 is absent, ANG2 can replace ANG1 and binds to Tie2. The level of ANG2 increases under inflammatory and hypoxic conditions, which reduces vascular stability and enhances EC activation, angiogenesis, and remodeling (180). Therefore, neutralizing ANG2 by preventing its binding to Tie2 is the main research direction for developing drugs targeting the ANG–Tie pathway. However, multiple clinical trials of monoclonal antibodies against ANGs have been unsuccessful. A phase I clinical study on MEDI3617, a monoclonal antibody against ANG2, showed long-term grade 3 edema-related adverse events in patients, and the drug development was terminated due to its limited clinical activity. Nesvacumab was also discontinued because no significant benefit was found with reference to the comparison arm of the experimental therapy (181, 182). Moreover, resistance to classical anti-VEGF agents inevitably emerges, and the most common mechanism involves increased tumor hypoxia levels induced by anti-angiogenic therapy (183). A hypoxic environment induces the upregulation of other angiogenic factors, such as ANG2, FGFR, and EGFR (184). Ectopic expression of ANG2 reduces the beneficial effects of VEGFR-2 blockade by inhibiting vascular normalization. Therefore, simultaneous blocking of these angiogenic pathways (7, 185) will increase the efficacy of the treatment (178, 186).

FGFs are angiogenic factors that stimulate vascular cell proliferation, migration, and differentiation (187). Upregulation of FGF has been associated with tumor resistance to anti-VEGF therapy (188), which illustrates that combining FGF/FGFR inhibition with anti-VEGF therapy can lead to higher antitumor efficacy. Infigratinib, a pan-FGFR inhibitor, targets FGFR to inhibit cell proliferation, angiogenesis rescue programs, hypoxia, invasion, and metastasis (189). FGF401, another agent targeted on FGFR4, selectively improves the chemotherapy outcomes in mice bearing high FGF19-expressing HCC tumors (190). Combining anti-VEGF agents with the inhibition of the receptor kinase of VEGF, FGF, and PDGF can synergistically inhibit tumor growth and enhance response to radiation therapy (191).

PDGF/PDGFR is one of the important targets, and PDGF-B and PDGFR-β are being actively explored. However, the effect of tumor PDGF-B on vascular maturity has been controversial (192). PDGFR-β is required for the recruitment of pericytes to tumor blood vessels, and EC-derived PDGF-B is essential for the proper integration of pericytes in the vessel wall (193). PDGF-B can stabilize blood vessels; however, its high expression in tumors is inconsistent with the occurrence of numerous immature blood vessels in tumors (194, 195). The above-threshold level of PDGF-BB, such as high PDGF-B expression in metastatic breast cancer can induce pericyte loss and promote vascular leakage. On the contrary, low PDGF-B expression was found in metformin-induced vascular normalization. The blockade of PDGF-B/PDGFR-β significantly enhances vascular maturity in tumors with high PDGF-B expression, whereas an opposite effect is observed in tumors with low PDGF-B expression (194, 196). Therefore, further studies are required to define the optimal conditions and the amount of PDGF-B inhibitors for vascular normalization.





5.2 Immunotherapy interacts with vascular normalization



5.2.1 Mechanism of reciprocal inhibition

A fundamental mechanism of vascular normalization in synergy with immunotherapy is to increase the effective immune response by increasing the number of immunostimulatory cells or decreasing the immunosuppressive cells. Combined anti-VEGF and immune checkpoint blockade treatment increased M1-TAM subpopulations in HCC. The infiltration and activation of cytotoxic T cells increased, whereas the infiltration of Tregs and CCR2+ monocytes decreased after combination therapy (197). Compared with nintedanib monotherapy for lung cancer, combined therapy with αPD-L1 was more effective in promoting the infiltration of activated T cells and DCs and eliminating the immunosuppressive environment by reducing the proportion of MDSCs and TAMs (198). Combination therapy can improve the efficacy of immunotherapy by relieving high interstitial pressure, increasing the infiltration of immune cells, enhancing the response to IFN-γ, and upregulating the MHC-I expression in tumor cells (198). In addition, the endothelial ICAM-1-induced transendothelial migration of leukocytes increased the infiltration of immune cells after vascular normalization. Antigenic compounds induce the expression of endothelial ICAM-1, implying that VEGF-targeted therapy can counteract tumor endothelial cell anergy and promote the formation of inflammatory infiltrates in tumors (49). Moreover, Rac1 and its effector molecules, such as Trio, Tiam, and Rhog, may contribute to the increased trans-endothelial migration of T cells. Rac1 and Rhog are the members of the rho-GTPase family. Tiam and Trio are the guanine nucleotide exchange factors, which stimulate the release of GDP and promote GTP binding. Rac1, widely expressed in tissues, is a regulator associated with cell motility and invasion (199). Myct1, a direct target gene of ETV2, is involved in regulating the angiogenic function of ECs, and more CD8+ T cells can migrate through the Myct1-deficient EC barrier. The expression of Rac1 was increased in Myct1-deficient ECs in tumors, and inhibition of Rac1 abolished the increase in T-cell migratory phenotype (200). Finally, the formation of HEVs (the blood vessels usually found in secondary lymphoid tissues) promotes the infiltration of lymphocytes. HEV promotes the infiltration of CD8+ CTLs in solid tumors, and their presence is associated with slower tumor growth and better prognosis in patients (201). Combined anti-VEGFR2 therapy with anti-PD-L1 antibodies induced HEV in breast cancer and pancreatic neuroendocrine tumors (202).

Moreover, VEGFR-2 blockade alone increased the expression of PD-1 in tumor-infiltrating CD4+ cells in an endothelial IFN-γ dependent manner (197). This suggests that the combined therapy with PD-1 can reduce the negative effects of the anti-VEGF monotherapy. In addition, combination therapy increases the density of DCs and promotes their activation (198). This change indirectly restores the function of suppressed T cells, a goal that cannot be achieved with either drug alone. In addition, targeting peroxisome proliferator-activated receptor-gamma, a factor that activates VEGFA transcription, can avoid T-cell dysfunction caused by T-cell exhaustion (203).

Compared with anti-VEGFR-2 therapy alone, dual anti-PD-1/VEGFR-2 therapy can promote CD4+ T cell-induced vascular normalization, indicated by the increased density of microvessels covered by pericytes and the protection against increased hypoxia in HCC (197). The blocking of TGF-β1 signaling favors the proliferation and expression of adhesion molecules, such as E-selectin in ECs, leading to the densification and normalization of the vasculature within the tumors. Moreover, the co-blockade of TGF-β1/PD-1 increased the density of blood vessels covered by pericytes (204). CD4+ and CD8+ T cells effectively mediate vascular normalization in breast cancer models (108, 205). Therefore, the concepts of vascular normalization and immunotherapy are combined to avoid excessive vascular pruning caused by the use of anti-angiogenic drugs and normalize the tumor vascular network. The normalized blood vessels can stimulate the infiltration of immune cells and enhance the efficacy of immunotherapy. Simultaneously, an immune-stimulated TME can promote tumor vascular normalization; therefore, a virtuous circle is formed between vascular normalization and immunotherapy.




5.2.2 Regimens of combined therapy

Anti-angiogenic agents synergize with immune checkpoint blockade; however, the sequence, dose, and timing of administration remain to be studied. Huang, Y. et al. suggested that a normalization “window” exists, depending on the timing and dose of anti-angiogenic therapy (206). Li, Q. et al. showed that both standard and low-dose anti-angiogenic drugs had vascular normalization effects in breast cancer. However, low-dose anti-angiogenic drugs were more effective in promoting the activated immune cell infiltration and PD-1 expression compared with standard dose drugs. Clinical studies on patients with advanced triple-negative breast cancer revealed that the combination of low-dose apatinib and immune checkpoint blockade shows better efficacy and tolerance (207). Given the reciprocal mechanisms, the sequence of anti-angiogenic and immunotherapy treatments is critical. The ideal effect can be achieved by using anti-angiogenic drugs to mediate vascular normalization before immune checkpoint blockade treatment. The efficacy and mechanism of immunotherapy followed by anti-angiogenic therapy have been explored. Administration of sorafenib, an inhibitor of the pan-vascular endothelial growth factor receptor, improved outcomes in patients with HCC after initial treatment with anti-PD-1 antibody. In addition, the infiltration of immune cells and the degree of vascular normalization were improved (208). This study specified the order of drug use but failed to compare the tested order with other orders of drug use; therefore, a further expansion of this concept is needed.





5.3 Clinical trials of combination therapy

Combined therapy includes anti-angiogenic drugs, such as large-molecule monoclonal antibodies and small-molecule TKIs, for vascular normalization and immune checkpoint inhibitors for immunotherapy in clinical trials. In addition, bispecific antibodies, such as PD-L1 and VEGF dual fusion antibodies, have also been used for combination therapy. Several combination regimens have already been approved by the FDA, and a large number of therapies are being tested (Table 1).

Table 1 | Clinical trials based on vascular normalization and immunotherapy.
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Vascular normalization has proven to be a successful therapeutic strategy in RCC. The response to chemotherapy is poor, and targeted therapy against VEGFR is used as the first-line treatment in advanced RCC (overall survival: 8–9 months) (209). Several immune checkpoint inhibitors combined with anti-angiogenic drugs have been approved for the treatment of RCC, including atixinib/pembrolizumab, axitinib/avelumab, cabozantinib/nivolumab, and lenvatinib/pembrolizumab (170). The combination of lenvatinib and pembrolizumab leads to a longer overall and progression-free survival compared with sunitinib monotherapy. Moreover, this combination shows certain advantages in progression-free survival over lenvatinib plus everolimus treatment (210). In addition, the addition of atezolizumab to bevacizumab plus chemotherapy significantly improved overall and progression-free survival in patients with metastatic nonsquamous non-small cell lung cancer, irrespective of PD-L1 expression and EGFR or ALK genetic alteration status (211). This treatment was subsequently approved for clinical use. Overall, the concept of combining vascular normalization and immunotherapy is gradually being validated in clinical practice.





6 Discussion

All the current drugs available for vascular normalization target angiogenic factors and their upstream/downstream pathways, reflecting the importance of TME in tumor therapy. Moreover, the concept of immune response in the TME has also been extended from the role of immune cells to that of other components, such as blood vessels, ECM, and CAFs. In addition, the relationship between tumor vascular normalization and tumor immunity has also been extended to the entire TME. Here, we summarized the role of CAF, ECM, and cytokines in the cycle of tumor vascular normalization and tumor immunity. The combination of anti-angiogenic drugs and immunotherapy focuses on vascular normalization and provides a new direction for cancer treatment by increasing the efficacy through reciprocal mechanisms and decreasing side effects by reducing the dosage of each drug (7). However, the availability of combination strategies is limited, and numerous combination regimens are only available for highly angiogenic tumors such as RCC. Clinical trials for combination therapy in poorly vascularized tumors, such as PDAC, after the failure of anti-VEGF and immune checkpoint blockade monotherapy are lacking (212–214). It is difficult to achieve the same efficacy for the same therapy for different types of tumors or even the same type of tumors, which denotes the heterogeneity in tumor blood vessels and tumor immunity. Circulating markers, such as serum ANG2, and the ECM molecule EMILIN-2 (a pro-angiogenic molecule) are associated with the therapeutic effect of immune checkpoint blockade (215, 216), indicating that they may be considered new markers for predicting the efficacy of immunotherapy. Changes in vascular function can be directly visualized with imaging studies, such as Doppler ultrasonography, perfusion scanning, or dynamic contrast-enhanced magnetic resonance imaging (217, 218). In conclusion, the close relationship between vascular normalization and tumor immunity determines their potential applications in cancer treatment.
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Protein S-palmitoylation is a reversible post-translational lipid modification that involves the addition of a 16-carbon palmitoyl group to a protein cysteine residue via a thioester linkage. This modification plays a crucial role in the regulation protein localization, accumulation, secretion, stability, and function. Dysregulation of protein S-palmitoylation can disrupt cellular pathways and contribute to the development of various diseases, particularly cancers. Aberrant S-palmitoylation has been extensively studied and proven to be involved in tumor initiation and growth, metastasis, and apoptosis. In addition, emerging evidence suggests that protein S-palmitoylation may also have a potential role in immune modulation. Therefore, a comprehensive understanding of the regulatory mechanisms of S-palmitoylation in tumor cells and the tumor immune microenvironment is essential to improve our understanding of this process. In this review, we summarize the recent progress of S-palmitoylation in tumors and the tumor immune microenvironment, focusing on the S-palmitoylation modification of various proteins. Furthermore, we propose new ideas for immunotherapeutic strategies through S-palmitoylation intervention.
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1 Introduction

S-palmitoylation is a highly conserved post-translational lipid modification of proteins that is widely present in eukaryotes. It plays a crucial role in various physiological processes by influencing protein structure, localization, transport, and function (1). Recent system-level analysis has revealed that S-palmitoylation affects more than 10% of the proteome, estimating that there are nearly 1,000 palmitoylated proteins in humans (2). Protein palmitoylation can be categorized into S-palmitoylation, N-palmitoylation, and O-palmitoylation based on the different acyl receptors (3). Among these modification, S-palmitoylation occurs on cysteine residue of a protein, involves a thioester linkage and is a reversible modification. N-palmitoylation can occur at both the N-terminus and the epsilon amino group of the protein via an amide bond. O-palmitoylation involves the attachment of palmitate to the serine and threonine residues of target protein via an ester bond (4). S-palmitoylated proteins are mainly membrane proteins, particularly transmembrane proteins and peripheral membrane proteins (5). The S-palmitoylation modification increases protein hydrophobicity and membrane binding ability, thereby altering protein structure, localization, transport, and function.

Protein S-palmitoylation plays an important role in tumor progression as many oncogenic proteins or tumor suppressors are palmitoylated (6). Recent studies have shown that protein S-palmitoylation in tumor cells or immune cells influences the tumor immune microenvironment by regulating the activation, depletion, and infiltration of immune cells (7, 8). The emergence of multiple immune checkpoint inhibitors and the success of various tumor immunotherapy clinical trials have greatly contributed to the advancement of tumor immunotherapy (9, 10). Understanding the impact of protein S-palmitoylation on the tumor immune microenvironment is a key area of research in this field. This review provides a comprehensive analysis of how S-palmitoylation regulates tumor cells and the tumor immune microenvironment. Furthermore, it explores potential ideas for more precise personalized treatment through the development of protein S-palmitoylation targeted drugs.




2 Dynamic regulation of protein S-palmitoylation

Unlike other permanent lipid attachments, S-palmitoylation can be reversed by cellular thioesterases, allowing for dynamic regulation of the local hydrophobicity of substrate proteins (11). Protein S-palmitoylation is catalyzed by palmitoyl S-acyltransferases (PATs) and acyl-protein thioesterases (APTs) enzymes (Figure 1) (4). Proteins can transition between palmitoylated and de-palmitoylated forms within timeframes ranging from seconds to hours (12). The dynamic process of S-palmitoylation can impact protein localization, accumulation, secretion, stability, and function by altering membrane affinity (13). Investigating how protein S-palmitoylation influences the function of specific proteins in both normal and cancer cells is a significant driving force behind current research in this field.
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Figure 1 | The reversible palmitoylation of proteins mediated by the enzymes zDHHC1 and APT1. (A) The molecular structures of human palmitoyltransferase zDHHC1 (predicted by SWISS-MODEL) and its substrate P53 (PDB ID: 1uol) are depicted. zDHHC-PATs are membrane proteins that contain 4 or 6 transmembrane domains. The enzyme’s catalytic DHHC motif is located in the cytoplasm. During the S-palmitoylation process, the DHHC domain of zDHHCs binds to palmitoyl-CoA and undergoes autopalmitoylation. Subsequently, the palmitate group is transferred to the cysteine residue of the substrate protein, thereby promoting the membrane localization of the substrates. (B) The molecular structures of human APT1 (PDB ID: 5sym) and its substrate protein HRAS (PDB ID: 1agp) are depicted. APT1 removes palmitic acid groups from the palmitoylated substrate. APT1/2 itself undergoes palmitoacylation and contains a hydrophobic pocket to accept the palmitoacylated substrates and hydrolyze them.

In humans, S-palmitoylation is catalyzed by a family of zinc finger and DHHC motif-containing palmitoyl acyltransferases (zDHHC-PATs). The zDHHC proteins have four to six transmembrane domains contain a signature Asp-His-His-Cys (DHHC) motif within the cysteine-rich domain in the intracellular loop (13, 14). The majority of zDHHC proteins are localized in the endoplasmic reticulum (ER) and Golgi apparatus, which are the primary sites of protein S-palmitoylation activity in mammalian cells (Table 1). The crystal structure analysis of human zDHHC20 has confirmed that the transfer of palmitoyl-CoA to substrate occurs in two steps (15, 16). zDHHC20 exhibits a teepee-like structure, wider at the cytoplasmic side and narrower at the membrane-inner side, with the DHHC active site positioned at the cytoplasmic junction between the transmembrane domains 2 and 3 (12). This position allows for interaction with both palmitoyl-CoA and substrate proteins at the membrane-cytosol interface. Palmitoyl-CoA first reacts with the cysteine residue in the DHHC motif, forming an acyl-intermediate and releasing free CoA-SH (12). Subsequently, this intermediate is transferred from the DHHC motif to the substrate proteins directly. Cysteine residues located near the catalytic DHHC motif coordinate two structural zinc atoms that are vital for the proper folding and function of the enzyme, but do not play a catalytic role in palmitic acid transfer (17). Despite sharing similar amino acid sequences, the 24 human zDHHC enzymes exhibit distinct abilities for self-acylation, indicating their diverse roles in tumor progression (18). It should be emphasized that although palmitate (C16:0) is the main lipid of endogenous S-acylated proteins, other fatty acids such as stearate (C18:0) and oleate (C18:1) can also be added to a protein cysteine residue (19). In addition, different cell types may exhibit different S-acylated lipid profiles, and in fact, the lipid profiles of S-acylated proteins in cells have been reported to be significantly influenced by the lipid composition of the extracellular environment (19).

Table 1 | An overview of the function of zDHHCs in cancers.
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Since there is no consistent S-palmitoylation sequence, how the zDHHC enzyme selects specific substrate proteins for modification is not fully understood. S-palmitoylation proteins can usually be catalyzed by more than one zDHHC enzyme, but a specific zDHHC enzyme is usually more potent than other enzymes for the substrate palmitoylation in cells (18). Interestingly, certain zDHHC enzymes have unique substrate binding preferences. For some proteins, proteins palmitoylation requires other lipidation events to occur on amino acid residues close to palmitoylated Cys residues (e.g., RAS farnesylation, SRC family myristoylation), and these modifications help substrate locate to zDHHC-enriched membrane region (20). zDHHC13 and zDHHC17 contain unique C-terminal ankyloprotein repeat domains that bind certain substrate and enhance their membrane localization, promoting substrate S-palmitoylation by other zDHHC enzymes (18). In addition, the palmitoylation process of some zDHHC enzymes such as zDHHC9 and zDHHC6 requires the involvement of a helper protein such as Selenoprotein K (21). Therefore, these helper proteins may contribute to substrate selection. For some protein substrates, only certain portions of cysteine residues can be S-palmitoacylated. Progress has been made in computational prediction, but experiments are still needed to determine which specific cysteines in proteins will be modified. It was found that S-palmitoylation of membrane proteins preferentially occurs at cysteine located in the 8 angstroms range of the membrane-cytoplasmic interface, which provides a structural constraint on the S-palmitoylation potential of certain residues of the substrate protein (22). These results suggest that further studies are needed to determine how substrate conformation or binding affects protein S-palmitoylation.

Depalmitoylation modification in mammalian cells is catalyzed by APTs and palmitoyl-protein thioesterases (PPTs), as well as the mammalian α/β hydrolase domain-containing proteins (ABHDs) (Table 2) (23). Soluble APT2 weakly interacts with the cell membrane through its β tongue. It can separate from the membrane or encounter zDHHC3/7 (24). In this case, zDHHC3/7 mediates APT2 S-palmitoylation at Cys2, allowing APT2 to stably bind to the membrane and search for potential substrates (25). When APT2 encounters a substrate, it triggers the extraction of an acyl chain from the membrane, causing it to move into the APT2 hydrophobic pocket. With this ideal positioning, APT2 hydrolyzes the substrates (26). Interestingly, inhibiting APT1 expression or its thioesterase activity markedly increases the membrane localization of APT2, while shRNA suppression of APT2 has no effect on the membrane localization of APT1 (27). These results indicate that APT1 and APT2 S-palmitoylation link cytosol-membrane trafficking of their substrates, facilitating their membrane localization and function. PPT1 plays a critical role in protein depalmitoylation. However, the substrates of PPT1 and the catalytic process are largely unknown. A recent study used a 2-step proteomic approach to identify 138 novel PPT1 substrates (28). They found that the validated substrates of PPT1 frequently catalyze cysteine residues that participate in disulfide bonds. The depalmitoylated cysteines catalyzed by PPT1 spontaneously form disulfide bonds in the oxidative environment, suggesting a novel function of PPT1 in oxidative stress. ABHD17A, ABHD17B, and ABHD17C are novel depalmitoylation enzymes that have been recently identified as regulators of N-Ras, Psd-95, and MAP6 depalmitoylation (29, 30). N-Ras depalmitoylation by ABHD17 is required for its re-localization to internal cellular membranes (31).

Table 2 | The function of depalmitoylation enzymes in cancers.
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Palmitoyl proteins play a crucial role in complex regulatory networks. For instance, zDHHC5, zDHHC6, and zDHHC8 are responsible for catalyzing the S-palmitoylation of cysteine residues that are located outside the DHHC motif. These modifications are essential for ensuring the proper localization and functioning of the enzyme (12). Recent research has demonstrated that zDHHC16 physically interacts with zDHHC6 and palmitoylates the Cys328, Cys329, and Cys343 residues of the C-terminal Src Homology 3 (SH3) domain of zDHHC6 (32). The S-palmitoylation of zDHHC6 by zDHHC16 enhances the overall stability and activity of zDHHC6. However, it is important to note that different configurations of modifications yield varying activity and stability profiles. The S-palmitoylation of zDHHC6 on these C-terminal cysteine residues is reversible through APT2, with the conversion occurring particularly rapidly at Cys328. The thioesterases belonging to the APT1/2 and ABHD families are also palmitoylated, and this modification is crucial for their proper localization and functioning (25). PPT1 is another protein that undergoes S-palmitoylation by zDHHC3 and zDHHC7, although in this case, S-palmitoylation reduces enzyme activity. Moreover, both the PAT enzymes (e.g., zDHHC3, zDHHC13) and the APT enzymes (e.g., APT1, APT2) can be regulated through phosphorylation or ubiquitination in cancer and other cells, further adding to the complexity of this regulatory network. Thus, a complex web of interconnected modifications regulates the localization and functioning of both zDHHC and thioesterase proteins, which has significant implications for the regulation of cancer-associated proteins.




3 Proteins S-palmitoylation in cancer

Protein S-palmitoylation plays a crucial role in cancer initiation, cancer cell growth, survival, and modulation of the anti-tumor immune response. Aberrant S-palmitoylation of proteins may indicate functional alterations in cancer. Several studies have demonstrated that the zDHHC family members can both inhibit and promote tumorigenicity by regulating S-palmitoylation of important proteins, including epidermal growth factor receptor (EGFR), Ras, and PD-L1, etc. (33, 34).



3.1 Protein S-palmitoylation in the regulation of oncogenic or tumor-suppressive signaling

Numerous carcinogenic or tumor-suppressive proteins involved in tumorigenesis, metastasis, or drug resistance are regulated by S-palmitoylation. Studies have shown that zDHHC9-mediated S-palmitoylation of oncogenic NRAS is essential for its localization on the plasma membranes and downstream signaling activation, promoting the occurrence of leukemia (34, 35). APT1 has been found to depalmitoylate H-Ras and N-Ras, reducing their affinity to the plasma membrane and releasing them from it, allowing diffusion back into the Golgi apparatus (36, 37). Therefore, the S-palmitoylation-depalmitoylation cycle of N-Ras and H-Ras regulates the transport of Ras between the Golgi apparatus and the plasma membrane (Figure 2). EGFR, a growth factor receptor critical for cell proliferation and differentiation (38), S-palmitoylation of EGFR by zDHHC1, zDHHC2, and/or zDHHC21 on Cys797 is essential for the stability, membrane localization, dimerization, and activation of this receptor and increases cell migration and anchor-independent growth in lung cancer (39). Fatty acid synthase (FASN), a major lipogenic enzyme that synthesizes palmitic acid (40), induces an oncogenic phenotype when overexpressed in normal cells. This transformation involves enhanced lipid synthesis and an increase in phosphorylation and expression of EGFR (41). EGFR activation is involved in FASN-dependent palmitoylation, which is required for both ligand-dependent and ligand-independent activation of EGFR and occurs within the cell. Treatment of prostate and lung cancer cells with the FASN inhibitor cerulenin or the palmitoylation inhibitor 2-bromopalmitate (2-BP) reduces EGFR levels on the plasma membrane while increasing lysosome levels (42). A recent published study also reported the lipid-rich microenvironment activates palmitate biosynthesis in metastatic colorectal cancer cells by up-regulating FASN. The increased intracellular palmitate promotes EGFR palmitoylation, thereby activating EGFR signaling. The FASN inhibitor orlistat inhibits EGFR palmitoylation and inhibits the stem cell properties of colorectal cancer (CRC) cells (43). EGF stimulates the S-palmitoylation of the oncogenic protein CDCP1, thereby blocking the degradation of CDCP1 (44). This study establishes a connection between S-palmitoylation events and EGFR signaling. However, further research is required to fully understand the specific mechanisms involved.
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Figure 2 | The functional roles of protein S-palmitoylation in cancer. Palmitoylation regulates oncogenic or tumor-suppressive signaling pathways (A), apoptosis (B), tumor metastasis (C) and tumor metabolism (D).

The membrane protein claudin-3 (CLDN3) is crucial for the formation and maintenance of tight junctions and is highly expressed in various cancers (45). In ovarian cancer, zDHHC12 mediates S-palmitoylation of CLDN3 at C181, C182, and C184, which contributes to its proper localization and stabilization on the plasma membrane. zDHHC22 is significantly upregulated in renal cancer cells (RCC) resistant to tyrosine kinase inhibitors (46). In RCC, zDHHC2 mediates AGK S-palmitoylation, facilitating AGK translocation to the plasma membrane and activating the PI3K-AKT-mTOR signaling pathway (47). These findings indicate the existence of a zDHHC2-AGK signaling axis and suggest that targeting zDHHC2 could enhance the effectiveness of sunitinib in RCC treatment (47). zDHHC22 expression is significantly reduced in estrogen receptor-negative breast cancer tissues, and its expression is positively correlated with the clinical prognosis of breast cancer patients (46). Through S-palmitoylation, zDHHC22 decreases mTOR stability and suppresses AKT signaling pathway activation. Restoring zDHHC22 expression sensitizes tamoxifen-resistant MCF-7 cells to tamoxifen treatment (46). Proprotein convertase subtilisin/kexin type 9 (PCSK9) plays a crucial role in cholesterol metabolism and antitumor immune responses (48). Abnormal upregulation of PCSK9 promotes cell proliferation and sorafenib resistance in HCC. zDHHC16-mediated S-palmitoylation of PCSK9 at cysteine 600 enhances the binding affinity between PCSK9 and tensin homolog (PTEN) (49). S-palmitoylation of PCSK9 leads to lysosome-mediated PTEN degradation and subsequent AKT activation (50). Inhibiting PCSK9 S-palmitoylation suppresses AKT phosphorylation and enhances the antitumor effects of sorafenib (49).

P53 is a well-known tumor suppressor that regulates cell proliferation and apoptosis. The S-palmitoylation of p53 at the C135, C176, and C275 residues, mediated by zDHHC1, has been reported to play necessary roles in p53 nuclear trafficking and subsequent pathway activation (Figure 1A) (51). Conversely, p53 epigenetically regulates zDHHC1 expression by recruiting DNMT3A and HDAC1 to the promoter region (51). This regulatory feedback loop could help explain the function of zDHHC family members and may be utilized for targeted therapy.




3.2 S-palmitoylation and apoptosis

Apoptosis, a cell-intrinsic mechanism for suicide, plays a pivotal role in inflammatory diseases and tumors (52). Recent studies have identified dysregulated S-palmitoylation of apoptosis-related proteins in many human cancers. For instance, the TNF family receptor Fas can undergo S-palmitoylation, as revealed by metabolic labeling of [3H] palmitate in HEK293 cells (53, 54). zDHHC7-mediated S-palmitoylation of Fas leads to an increase in the active form of caspase-8 (55). Decreased expression of zDHHC7 inhibits the expression of Fas in the plasma membrane of SW480 cells, thereby suppressing FASL-induced apoptosis. While Fas is located on various cell surfaces, Fas ligand (FasL) is primarily found on activated T cells and natural killer (NK) cells (56). Dysregulation of Fas/FasL signaling compromises immune function. FasL can be palmitoylated at residue cysteine 82, and mutants at this site show significantly lower cell death compared to controls (57). S-palmitoylation of the Fas signaling member Lck is essential for Fas-mediated apoptosis (58). The binding of the Fas receptor to its ligand Fas results in a rapid and substantial increase in the S-palmitoylation level of the tyrosine kinase Lck. Inhibition of Lck S-palmitoylation not only disrupts proximal Fas signal transduction events but also confers resistance to Fas-mediated apoptosis. zDHHC21, a palmitoyltransferase, functions as a PAT that controls Lck activation. Knockout of zDHHC21 eliminates the activation and downstream signaling of Lck following Fas receptor stimulation (59).

Death receptor-6 (DR6) is a newly discovered member of the Death receptor subfamily that can induce apoptosis and/or activate NF-κB and JNK/SAPK family stress kinases in specific cell types (60). The S-palmitoylation of DR6 occurs at Cys368, but the relationship between DR6 S-palmitoylation and apoptosis requires further investigation. In COS7 cells, the increase in caspase-6 S-palmitoylation at the C264 and C277 sites, mediated by zDHHC17, leads to a decrease in caspase-6 activation (61). Additionally, S-palmitoylation can also occur in Bcl-2 family proapoptotic proteins. S-S-palmitoylation of BAX at Cys-126 is crucial for the apoptosis process as it affects its localization to the mitochondria (62). The mutation C126 significantly reduces the number of apoptotic cells and the activation of caspase-3. These findings collectively indicate that S-palmitoylation plays an essential role in the apoptosis process of immune cells and tumor cells.




3.3 S-palmitoylation and tumor metastasis

Aberrant S-palmitoylation has been shown to contribute to tumor initiation and growth, and its potential role in tumor metastasis has been investigated. Tetraspanins, which are small membrane proteins, have been found to promote the adhesion and metastasis of tumor cells (63). The S-palmitoylation of integrin subunits beta-4 (ITGB4), alpha-3 (ITGA3), and alpha-6 (ITGA6) has an impact on the formation of integrin tetraspanin complexes (64). Additionally, ITGA6 and ITGB4 collaborate with EGFR and ERBB2 to promote various aspects of tumor progression and metastasis (65). It is crucial to conduct studies to determine how different S-palmitoylation of proteins interferes with EGF receptor-integrin dynamics within tetraspanin complexes. Ras-related protein RAB27A is significantly overexpressed in oral squamous cell carcinoma (66). RAB27A regulates the S-palmitoylation of EGFR via zDHHC13 in oral squamous cell carcinoma (66). The laminin-binding integrin α6β4 plays a key role during tumor cell metastasis (67).

Several studies have indicated that the S-palmitoylation of α6β4 protein by zDHHC3 inhibits the degradation of α6β4. This inhibition is likely due to a decrease in endosomal exposure to cathepsin D (68). Flotillin-1 is a membrane-associated protein that plays a role in multi-cellular signaling events in cells (69). It has been observed that Flotillin-1 is overexpressed in numerous solid tumors, and its S-palmitoylation contributes to its stability and subsequent metastatic capabilities in breast cancer cells and experimental metastasis models (70, 71). Therefore, targeting flotillin-1 S-palmitoylation could be a promising approach for addressing breast cancer metastasis. MUC1, a mucin-like protein located on the apical membrane of epithelial cells, is also associated with tumor metastasis (72). S-palmitoylation of MUC1 modulates its recycling from endosomes to the plasma membrane (73), and the intracellular localization of MUC1 is altered during breast cancer metastasis (74). CCR5 is a CC chemokine receptor expressed on immune cells such as memory lymphocytes, macrophages, and dendritic cells. Weinberg and colleagues have discovered that CCR5 undergoes S-palmitoylation at three cysteine residues within its C-terminal region (75). Palmitoylated cysteines are known to have a significant role in the intracellular trafficking of CCR5. When CCR5 S-palmitoylation is eliminated, it reduces the surface expression of CCR5 by trapping the receptor in organelles, leading to its degradation. This is particularly relevant in breast cancer metastasis to bone, as CCR5 S-palmitoylation facilitates tumor metastatic spread through CCL5-CCR5 chemokine signaling. Another important factor in tumor metastasis is SMAD3, which is involved in the activation of the transforming growth factor-beta (TGF-β) signaling pathway (76). S-palmitoylation of SMAD3, mediated by palmitoyltransferase zDHHC19, promotes its activation. Furthermore, the interaction between SMAD3 and EP300 promotes the expression of mesenchymal markers in the mesenchymal subtype of glioblastoma multiforme (GBM). Therefore, targeting Smad3 S-palmitoylation could be a crucial molecular approach in combating tumor metastasis (77).




3.4 Protein S-palmitoylation in the metabolic adaptation of tumors

The relationship between cellular metabolic reprogramming and protein S-palmitoylation is inherently connected, as S-palmitoylation involves the covalent attachment of palmitic acid to proteins. In cancer cells, the addition of the saturated fatty acid palmitate enhances the synthesis of palmitoyl-CoA, thereby upregulating protein S-palmitoylation (78). This direct involvement of central metabolites in post-translational modifications allows tumor cells to integrate information from the microenvironment and effectively regulate cellular processes. Consequently, these palmitoylated metabolic proteins are believed to influence cancer cell metabolism. For instance, glucose transporter (GLUT1), a transmembrane protein responsible for glucose uptake, is frequently upregulated in various cancer types (79). The localization of GLUT1 to the plasma membrane is crucial for its function in glucose uptake. Studies have shown that zDHHC9 mediates the S-palmitoylation of GLUT1 at C207, promoting its plasma membrane localization and resulting in heightened glycolysis in glioblastoma (80). Malate Dehydrogenase (MDH2), a key enzyme in the TCA cycle, catalyzes the reversible conversion of malate to oxaloacetate. S-palmitoylation of MDH2 by zDHHC18 at C138 leads to increased MDH2 activity (81). This S-palmitoylation event activates mitochondrial respiration and promotes the malignancy of ovarian cancer. Additionally, zDHHC21 has recently been identified as a critical regulator of oxidative phosphorylation activation in acute myeloid leukemia cells. zDHHC21 specifically catalyzes the S-palmitoylation of mitochondrial adenylate kinase 2 (AK2) and activates OXPHOS in these leukemia cells (82). Depletion of ZDHHC21 induces the differentiation of acute myeloid leukemia cells and weakens their stemness potential (83).

Activated lipid metabolism has been found to promote cancer development both in vitro and in vivo (11, 84). Treatment with exogenous palmitate enhances Src-dependent mitochondrial β-oxidation, increases the level of Src kinase localized in the cell membrane, and activates Src-mediated downstream MAPK and FAK signaling (78). These results reveal that dietary palmitate, in collaboration with elevated Src kinase, accelerates prostate tumor progression (78). CD36, a fatty acid transporter, is widely expressed in immune cells and tumor cells (85). CD36 can be palmitoylated by zDHHC4 and zDHHC5 at both N-terminal and C-terminal cysteine residues (86). zDHHC4 and zDHHC5 function at different subcellular localizations and regulate CD36 S-palmitoylation, targeting it to the plasma membrane for fatty acid uptake (87). Inhibiting CD36 S-palmitoylation reduces the hydrophobicity of the CD36 protein and its localization in the plasma membrane of hepatocytes. Depletion of either zDHHC4 or zDHHC5 disrupts the capability of adipose tissues to uptake fatty acids (88). These findings demonstrate the critical role of zDHHC4 and zDHHC5 in regulating CD36 S-palmitoylation and fatty acid uptake.





4 Proteins S-palmitoylation in anti-tumor immunity

Numerous palmitoylated proteins play a crucial role in IFN-γ, Nucleotide oligomerization domain (NOD)-like receptors 1 and 2 (NOD1/2), Stimulator of interferon genes (STING), and JAK-STAT signaling pathways, which are closely associated with anti-tumor immunity (3, 89). Recent studies have also started investigating the impact of protein S-palmitoylation on the regulation of the tumor immune microenvironment, particularly in relation to IFN-γ and PD-1/PD-L1 signaling (Figure 3) (33). Understanding the influence of protein S-palmitoylation on the tumor immune microenvironment is a significant driving force behind current research in this field.

[image: Diagram illustrating immune regulation and S-palmitoylation. Panel A shows innate immunity regulation involving IFNGR1, NOD1/2, TLR4, and associated pathways like lysosome degradation and inflammation. Panel B depicts acquired immunity regulation with CD3, CD4/8, LAT, and their interactions, highlighting T-cell activation. Panel C illustrates S-palmitoylation in immune checkpoints involving PD-L1, PD-1, and mTOR, indicating immune evasion and tumor progression.]
Figure 3 | The functional roles of protein S-palmitoylation in anti-tumor immunity. (A) Palmitoylation regulates the IFNGR, NOD and TLR pathways. (B) Protein S-palmitoylation in T cell activation and immune regulation. (C) Protein S-palmitoylation regulates immune checkpoints.



4.1 S-palmitoylation regulates innate immunity

IFN-γ is a cytokine secreted by various activated immune cells, including NK and CD8+ T cells (90). Binding of IFNγ to its receptor activates the JAK-STAT pathway, inducing the expression of classical interferon-stimulated genes that play a critical role in antitumor responses (90). Recent research has discovered that S-palmitoylation of IFN-γ receptor 1 (IFNGR1) at cysteine 122 acts as a sorting signal for IFNGR1 lysosomal degradation, mediated by AP3D1 in CRC (91, 92). OPTN, which is lost in early-stage human CRC, interacts with AP3D1 to hinder its recognition of IFNGR1, thereby maintaining IFNGR1 stability and the integrity of downstream MHC-I signaling. This promotes antigen presentation to T cells and inhibits CRC progression (92).

NOD1/2 are intracellular pattern-recognition proteins that recognize peptidoglycan associated with microorganisms. The activation of NOD signaling is crucial for host defense against infections (93). Studies have demonstrated that zDHHC5 palmitoylates NOD1/2, which is necessary for its membrane localization and induction of NF-κB signaling in response to peptidoglycan (94). Toll-like receptor 4 (TLR4) is a pattern recognition receptor expressed by various innate immune cells, including macrophages, dendritic cells, and neutrophils (95). TLR4 participates in inflammasome activation by triggering downstream myeloid differentiation primary response protein (MYD88) signaling, leading to the release of inflammatory factors TNF-α, IL-1β, and IL-18 (96). The binding of IRAK4 to the MYD88 intermediate domain and subsequent signal activation require MYD88 S-palmitoylation at cysteine 113 (97). The S-palmitoylation of MYD88 is facilitated by de novo fatty acid synthesis and CD36-mediated incorporation of exogenous fatty acids. zDHHC6 is responsible for palmitoylating MYD88, and knockdown of zDHHC6 reduces MYD88 S-palmitoylation and impairs TLR/MYD88 activation upon lipopolysaccharide stimulus in neutrophils (97).

STING plays a crucial role in the innate immune response during infection (98). Research has shown that STING expression is elevated in patients with RCC and controls tumor growth through non-standard innate immune signaling involving the maintenance of mitochondrial ROS and calcium homeostasis (99). STING interacts with mitochondrial voltage-dependent anion channel (VDAC2) via STING-C88/C91 palmitoylation. zDHHC3, zDHHC7, and zDHHC15 palmitoylate STING in the Golgi apparatus of C89/91 (99). Depletion of STING enhances the formation of mitochondria-ER contacts mediated by VDAC2/grp75, leading to increased levels of mitochondrial ROS/calcium and damage to mitochondrial function. Recently, covalently bound small molecule inhibitors that target STING palmitoylation have been developed, further confirming the critical role of STING palmitoylation in its assembly into polymeric complexes in the Golgi apparatus and the activation of downstream STING-triggered inflammatory signals (100). These studies reveal the significance of S-palmitoylation of STING in regulating mitochondrial function and growth in RCC, providing a rationale for targeting STING palmitoylation in the treatment of RCC.




4.2 S-palmitoylation regulates acquired immunity

T cells play a crucial role in the adaptive immune response. Recent evaluation of the palmitome in primary T cells and Jurkat T cells revealed a pool of 120 palmitoylated proteins (101). This pool includes both well-known palmitoylated proteins and 92 previously unidentified palmitoylated proteins in vivo. Among the known palmitoylated proteins are ERBB2IP, FASN, CD44, and products of 52 genes associated with breast cancer metastasis to bone, lung, or brain (102). The study also demonstrated that certain PAT enzymes are themselves palmitoylated, suggesting the presence of a feedback mechanism. Furthermore, differential S-palmitoylation of T-cell surface antigens (mono- versus dual-lipidation) was observed, which likely contributes to increased functional flexibility. Previous studies have shown that S-palmitoylation regulates various components of the T-cell receptor (TCR) signaling pathway (59). S-palmitoylation has also been found to impact the T-cell co-receptors CD4 and CD8, as well as associated signaling molecules such as SRC family kinases LCK and FYN (103). Specifically, S-palmitoylation of CD4 on cysteine residues Cys396 and Cys399 near the membrane is associated with LCK, and together they enhance the enrichment and localization of CD4 in lipid rafts (3). Similarly, S-palmitoylation of CD8b is essential for the effective functioning of the CD8 co-receptor, as it increases the association of CD8 with p56lck and enhances p56lck activation in lipid rafts (104). In addition to N-terminal glycine myristoylation, LCK is palmitoylated on Cys3 and Cys5 (105). Both zDHHC2 and zDHHC21 have been identified as enzymes responsible for palmitoylating LCK (89, 106). S-palmitoylation plays a critical role in the plasma membrane targeting of LCK and the phosphorylation of its substrates, such as CD8. Knockdown of zDHHC21 leads to decreased LCK S-palmitoylation and subsequently reduced T-cell activation.

Calcium signaling plays a crucial role in T cell signaling, with calcium increases primarily mediated by 1-phosphatidylinositol 4,5-bisphosphate phosphodiesterase gamma-1 (PLC-γ1). PLC-γ1 activates the production of inositol triphosphate, which then binds to the inositol triphosphate receptor, triggering an increase in calcium levels within the cell membrane (107). zDHHC21 palmitoylates PLC-γ1, and its activity is dynamically regulated by TCR signaling (59). Furthermore, the T cell activation adapter LAT undergoes S-palmitoylation at Cys26 and Cys29. This S-palmitoylation helps LAT efficiently distribute to membrane microdomains and enables its tyrosine phosphorylation. The plasma membrane targeting function of S-palmitoylation is crucial in TCR signaling, and the absence of LAT S-palmitoylation results in T cell inactivity (108).

JAK2/STAT3 is a crucial signaling pathway that plays a significant role in promoting inflammation and tumor progression (109). The activation of JAK2 occurs when extracellular IL-6 binds to its receptor on the cell membrane, subsequently leading to the activation of STAT3 signaling. Once phosphorylated, STAT3 translocates to the nucleus and functions as a transcription factor, facilitating the expression of downstream genes. In this context, zDHHC7 plays a noteworthy role by palmitoylating STAT3 at cysteine 108, which enhances its membrane recruitment and phosphorylation (110). Interestingly, phosphorylated STAT3 is depalmitoylated by APT2, allowing it to translocate to the nucleus. This palmitoylation-depalmitoylation cycle augments STAT3 activation, thereby promoting Th17 cell differentiation (110). The excessive activation of TH17 cells has been linked to various inflammatory diseases, including inflammatory bowel disease (IBD). In a mouse model, the inhibition of APT2 through pharmacological means or the knockout of zDHHC7 has been found to alleviate the symptoms associated with IBD (110). These findings not only propose a potential therapeutic strategy for treating IBD but also provide insights into the role of S-palmitoylation in regulating cell signaling, which could have broader implications for understanding the functional significance of various S-palmitoylation events.




4.3 S-palmitoylation regulates immune checkpoints

Immune checkpoint inhibitors have been widely utilized in tumor immunotherapy. PD-L1, a transmembrane protein, is highly expressed on various types of cancer cells. By binding to its receptor PD-1 on T cells, PD-L1 significantly inhibits T cell activation and activity, thereby playing a crucial role in enabling tumor cells to evade immune surveillance (111). Antibodies that block PD-L1/PD-1 interactions have revolutionized cancer treatment, showing promising clinical outcomes in melanoma, lung, bladder, colorectal, and renal cell carcinoma. However, the response rate to PD-L1/PD-1 antibody therapy is less satisfactory in other cancers such as prostate, ovarian, and breast cancer. In breast cancer, PD-L1 has been found to be palmitoylated by zDHHC9 at the C272 site, enhancing its stability (33). Mutation of Cys272 to Ala dramatically abolishes mPD-L1 palmitoylation, or inhibiting the expression of zDHHC9 sensitizes breast cancer cells to T-cell killing, thereby repressing tumor growth (33). Another study discovered that S-palmitoylation of PD-L1 at Cys272 inhibits its ubiquitination-mediated lysosomal degradation. zDHHC3 is the primary acyltransferase responsible for PD-L1 S-palmitoylation, and inhibiting PD-L1 S-palmitoylation using 2-BP or silencing DHHC3 activates anti-tumor immunity in CRC (112). The same group further elucidated the regulatory role of S-palmitoylation in PD-1 stability in tumor cells. Mechanistically, zDHHC9 mediates PD-1 palmitoylation at C192, promoting its binding with recycling endosomes and preventing lysosome-dependent degradation (113). They demonstrated that palmitoylation of PD-1, but not PD-L1, promotes mTOR signaling and tumor cell proliferation.

S-palmitoylation of PD-L1 plays a crucial role in regulating its stability. It inhibits the monoubiquitination of PD-L1, thereby preventing its passage through the endosomal sorting complex required for transport (ESCRT). Consequently, the degradation of PD-L1 via the lysosomal pathway is blocked, leading to increased expression of PD-L1 on the cell surface. This increased expression of PD-L1 inhibits the cytotoxicity of T cells. In order to enhance the lethality of cytotoxic T cells against cancer cells, researchers developed a competitive peptide that specifically inhibits PD-L1, surpassing the commonly used universal palmitoylation inhibitor 2-BP in terms of specificity. As a result, the inhibitor reduced the expression of PD-L1 in tumor cells. These findings highlight the significant antitumor effects of targeted S-palmitoylation in vitro and offer promising opportunities for the development of new approaches in cancer immunotherapy.





5 Targeting protein S-palmitoylation for cancer treatment

Protein S-palmitoylation plays a crucial role in cancer progression and anti-tumor immunity, making it an attractive target for cancer therapy. Inhibitors of palmitoylation could be beneficial for anticancer treatment, as many oncogenes require S-palmitoylation modification for proper localization on the cellular membrane. Currently, there are no potent and specific inhibitors for zDHHC enzymes. While broad-spectrum protein S-palmitoylation inhibitors like 2-BP are commonly used to validate anticancer effects and have been employed in pre-clinical studies (39), they lack selectivity for individual zDHHC enzymes and can acylate other intracellular proteins, making them unsuitable as drug leads or therapeutic candidates (25). Through a FRET-based high throughput assay screening of over 350,000 compounds, two related tetrazole-containing compounds (TTZ-1 and TTZ-2) were identified that inhibit both zDHHC2 autopalmitoylation and substrate palmitoylation in cell-free systems (114). However, it remains to be investigated whether these compounds or their derivatives can inhibit other mammalian zDHHC enzymes in cancer or immune cells. Crystal structures of zDHHC20 and zDHHC15 have been reported (22, 114), and structure-guided methods can be used to develop inhibitors that target specific zDHHC enzymes at their binding domains (22). However, obtaining structures of additional zDHHC enzymes would be necessary to discover inhibitors that are specific to one enzyme over another. Moreover, since many proteins can be palmitoylated by multiple zDHHC enzymes, specific inhibitors for individual zDHHC enzymes may not be clinically useful as they may target multiple zDHHC family members. A potential solution to this challenge would be to develop inhibitors that can block the function of several specific palmitoylation enzymes for a single target.

Palmitate-derived palmitoyl-CoA supports protein palmitoylation in cancer cells or immune cells. Previous studies have shown that inhibiting palmitate generation by FASN inhibitors such as TVB-3166 or TVB-3664 significantly reduces palmitate generation and tubulin S-palmitoylation (115). Combining FASN inhibition with taxane treatment enhances the inhibition of in vitro tumor cell growth in lung, ovarian, prostate, and pancreatic cancers. Competitive inhibition of substrate S-palmitoylation is an effective method for targeting specific zDHHC enzymes. It is conceivable that a small molecule or polypeptide could inhibit zDHHC-protein substrate interactions, which are necessary for substrate S-palmitoylation. This competitive inhibition strategy could be used to develop more specific palmitoylation inhibitors. In a previous study, a polypeptide containing the PD-L1 (265aa-279aa) sequence, which includes the S-palmitoylation site of PD-L1, was developed (112). The polypeptide sequence near the S-palmitoylation site may inhibit the S-palmitoylation of endogenous PD-L1 by competitively binding to zDHHC3. The results show that this polypeptide can effectively reduce the S-palmitoylation of PD-L1, thereby significantly decreasing the expression of PD-L1 in tumor cells. This study suggests that a competitive inhibition strategy can effectively inhibit the S-palmitoylation of PD-L1.

Rather than inhibiting protein S-palmitoylation, it may sometimes be more effective to focus on preventing depalmitoylation. Several small molecule inhibitors have been developed for this purpose, including the pan-depalmitoylation inhibitor PalmB, as well as the APT1- and APT2-specific inhibitors ML348 and ML349 (116, 117). Inhibiting APT enzymes can suppress tumor formation by promoting the proper localization of SCRIB and enhancing the activity of melanocortin-1 receptor (MC1R) (118–120). In addition to regulating tumor suppressor function through inhibition of APT1/2, inhibiting lysosomal PPT1-mediated depalmitoylation may have a more direct toxic effect on cancer cells (121). Cells lacking PPT1 exhibit abnormal accumulation of palmitoylated protein in the ER (122). This protein leads to activation of the unfolded protein response (UPR) pathway and increased expression of chaperone proteins such as glucose-regulatory protein-78. The abnormal accumulation of protein also mediates caspase-12 and caspase-3 activation, ultimately inducing apoptosis (123). Inhibition of PPT1 by the natural product didemnin B may inhibit lysosomal acidification and induce apoptosis. In this case, apoptosis is caused by the loss of the rapidly degraded pro-survival protein MCL1. Apart from disrupting lysosome function, DQ661 or didemnin B might also cause protein synthesis inhibition, lysosomal membrane permeabilization, and apoptosis via mTOR signaling (124). DQ661 inhibits the mTOR pathway by preventing RAGC, MTOR, and other key molecules from associating with the lysosomal surface. PPT1 inhibition by HCQ or DC661 induces cGAS/STING/TBK1 pathway activation and interferon-β release in macrophages, enhancing the antitumor efficacy of anti-PD-1 Ab in melanoma (125).




6 Concluding remarks

S-palmitoylation plays a role in various aspects of tumor cell proliferation, metastasis (126), and apoptosis, impacting tumors by influencing antitumor immunity in the tumor microenvironment (127). Abnormal expression of zDHHCs, APTs, and PPTs, as well as changes in the S-palmitoylation status of cancer-associated proteins, have been observed in almost all types of cancer. Previous studies have shown that inhibition of some members of the zDHHC family such as zDHHC3, 5, 17, 9, 12 inhibited tumor progression and enhanced the therapeutic efficacy of PD-1/PD-L1 checkpoint antibody blockade in CRC, glioblastoma, leukemia, and pancreatic cancer (33, 80, 128, 129). These findings suggest that targeting either zDHHCs and PPTs or palmitoylated cancer-associated proteins could potentially benefit the treatment of different cancer types. However, it is important to note that inhibiting protein S-palmitoylation can have toxic effects on normal cells. Despite this caution, there is strong evidence supporting the targeting of PAT enzymes as a potential approach to treating cancer (12, 125). For instance, oncoproteins like RAS-family GTPases rely on S-palmitoylation to promote tumor formation. Inhibiting the function of oncoproteins by blocking this key post-translational modification is an appealing strategy, particularly for undruggable proteins such as RAS.

In recent years, there has been rapid development in tumor immunotherapy, which has shown promising results in some patients, offering the potential for long-lasting treatment. However, current cancer immunotherapy still faces challenges such as low response rates and the risk of serious immune-related adverse events. The effectiveness of tumor immunotherapy largely depends on the tumor microenvironment, particularly the tumor immune microenvironment. Therefore, understanding the regulatory mechanism of S-palmitoylation in the tumor microenvironment can serve as a theoretical foundation for intervening in S-palmitoylation to regulate the tumor immune microenvironment. This understanding can pave the way for improving the efficacy of immunotherapy by providing a new direction.

In summary, the investigation of the regulatory mechanism of protein S-palmitoylation, a post-translational modification, on the tumor immune microenvironment is a crucial and promising research area in the field of tumor immunity. Understanding this mechanism can have significant clinical implications and contribute to the advancement of tumor immunotherapy.
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Background

Cancer stem cells (CSCs) have emerged as pivotal players in tumorigenesis, disease progression, and resistance to therapies.





Objective

This comprehensive review delves into the intricate relationship between CSCs and the cell-of-origin in diverse cancer types.





Design

Comprehensive review of thematically-relevant literature.





Methods

We explore the underlying molecular mechanisms that drive the conversion of normal cells into CSCs and the impact of the cell-of-origin on CSC properties, tumor initiation, and therapeutic responses. Moreover, we discuss potential therapeutic interventions targeting CSCs based on their distinct cell-of-origin characteristics.





Results

Accruing evidence suggest that the cell-of-origin, the cell type from which the tumor originates, plays a crucial role in determining the properties of CSCs and their contribution to tumor heterogeneity.





Conclusion

By providing critical insights into the complex interplay between CSCs and their cellular origins, this article aims to enhance our understanding of cancer biology and pave the way for more effective and personalized cancer treatments.
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Introduction

Cancer is a complex and multifactorial disease characterized by uncontrolled cell proliferation and invasion (1). The concept of cancer stem cells (CSCs) has revolutionized our understanding of tumor initiation, progression, and therapeutic resistance. CSCs possess self-renewal and differentiation capabilities, contributing to tumor heterogeneity and therapeutic resistance (2, 3). Recent studies suggest the cellular origin of cancer impacts CSC properties and behavior (4, 5). This review explores the relationship between CSCs and cell-of-origin across cancer types. We analyze mechanisms driving CSC formation, examine how cell-of-origin influences CSCs and tumor progression, discuss implications for cancer therapy, and suggest future research directions to enhance understanding of this complex interplay.

The notion of CSCs challenges the traditional view of cancer as a homogeneous mass of rapidly dividing cells, and instead, emphasizes the presence of a hierarchical organization within tumors (6). According to this model, CSCs serve as the “seeds” of the tumor, while the non-tumorigenic, differentiated cancer cells constitute the “bulk” or “bulk tumor” (7). This hierarchical organization implies that the eradication of CSCs is crucial for achieving long-term tumor remission and preventing relapse, as CSCs have the capacity to regenerate and drive tumor regrowth even after initial therapy-induced tumor regression (8).

Notably, recent research has illuminated a fascinating and nuanced relationship between the cellular origin of cancer and the properties of CSCs. The cell-of-origin refers to the normal cell type that accumulates the initiating mutations and transforms into a cancerous cell (9). Evidence suggests that the cell-of-origin exerts a profound influence on CSC behavior, dictating their characteristics, tumorigenic potential, and response to therapeutic interventions (10, 11).

In conclusion, the relationship between CSCs and the cell-of-origin represents a compelling and intricate area of cancer research. Understanding the impact of the cellular origin of cancer on CSC phenotypes has the potential to unlock novel therapeutic avenues and advance precision medicine in oncology. By elucidating the molecular and cellular underpinnings of this relationship, we aim to contribute significantly to the growing body of knowledge in cancer biology and ultimately pave the way for more effective and personalized cancer treatments.





Cancer stem cells origin and properties

CSCs, a small subset of tumor cells possessing stem cell properties, including self-renewal and multipotent differentiation capacity, are the root cause of tumor initiation, therapeutic resistance, metastasis, and relapse (12, 13). Though functionally defined by their tumor-propagating ability, their cell-of-origin and relationship to normal stem cells is debated (14).

CSCs were initially thought to arise from normal tissue stem cells that accumulate mutations enabling aberrant self-renewal (15). Evidence now suggests that more committed progenitors or differentiated cells may acquire self-renewal capacity through dysregulation of embryonic stem cell programs (14). Regardless of origin, CSCs are defined by expression of stem cell markers and pathways regulating self-renewal and survival (7). Well-studied CSC markers include CD44, CD133, and aldehyde dehydrogenase (ALDH), but their specificity is context-dependent (4). Intrinsic and microenvironmental factors all contribute to generate CSC populations with heterogeneous phenotypes and plasticity (16).

CSCs’ increased tumorigenicity upon limiting dilution xenotransplantation reflects their self-renewal capacity (17). CSCs propagate tumors long-term and recapitulate intratumor heterogeneity, differentiating into non-CSC bulk tumor cells (18). Beyond initiating tumor growth, CSCs mediate metastasis and therapeutic resistance through quiescence, enhanced DNA repair, drug efflux pumps, anti-apoptotic signaling, and immunosuppressive effects (19).

However, CSCs exhibit plasticity, readily interconverting between stem and non-stem states (20). The variability in intratumoral proportion of CSCs, coupled with the non-CSCs’ capacity to dedifferentiate into CSCs, especially post-therapy, questions proposed CSC rarity (11, 16). This plasticity enables dynamic maintenance of CSC populations, challenging efforts to definitively isolate stable CSC subsets.

The presence of CSCs within tumors has critical implications for cancer therapy. Conventional cytotoxic treatments, such as chemotherapy and radiation, target rapidly dividing cells, which primarily constitute the non-CSC tumor bulk population, leading to initial shrinkage of tumor size, and often temporary tumor regression (21). However, CSCs upregulate pro-survival signaling pathways and overexpress ATP-binding cassette (ABC) drug efflux transporters, conferring resistance to chemotherapeutics, survival advantage, metastasis, and recurrence (4, 22, 23). These intrinsic resistance mechanisms allow CSCs to evade conventional treatments, survive initial therapy and eventually repopulate the tumor, leading to recurrence and metastasis (5). For instance, glioblastoma CSCs expressing Hedgehog, Notch, and angiogenic pathways were found to persist after temozolomide chemotherapy, reconstituting recurrent tumors (24). Therefore, understanding the properties and behaviors of CSCs is vital for developing tailored strategies, like combination therapies or inhibitors targeting specific resistance pathways, to eradicate these resilient cell populations and improve long-term treatment outcomes (25).





Cell-of-origin and its influence on cancer stem cells

The cell-of-origin concept proposes that stemness properties are largely shaped by the normal cell type from which CSCs arise (11). Extensive evidence now indicate that the specific cellular context in which cancer-initiating mutations occur influences downstream CSC behavior, including tumorigenicity, differentiation capacity, and therapeutic vulnerability (4, 14).

Studies across cancer types show the relationship between cell-of-origin and CSC properties. In glioblastoma, neural stem cell-derived CSCs propagated more infiltrative, aggressive tumors compared to CSCs from committed neural progenitors (24). In prostate cancer, basal cell-derived CSCs generated tumors with higher Gleason scores and metastases than luminal cell-derived CSCs (26), and in colorectal cancer, studies have demonstrated that colorectal CSCs derived from intestinal stem cells exhibit a higher tumorigenic potential and metastatic ability compared to those originating from more differentiated cell types. Specifically, Lgr5+ intestinal stem cell-derived CSCs preferentially metastasized to the liver and express liver homing chemokine receptors, such as CCR6 (27).

In pancreatic cancer, the cell-of-origin plays a crucial role in determining the characteristics of pancreatic CSCs (PCSCs). PCSCs derived from pancreatic progenitor cells display enhanced self-renewal and tumorigenic potential compared to those originating from differentiated acinar or ductal cells (28, 29). Additionally, the cell-of-origin influences the activation of specific oncogenic signaling pathways in PCSCs, with progenitor-derived PCSCs exhibiting aberrant Hedgehog pathway activation (30).

The cell-of-origin has been implicated in shaping the behavior of lung CSCs (LCSCs). LCSCs derived from basal stem cells in the airway epithelium exhibit increased invasiveness and metastatic potential compared to those originating from other cell types (31, 32). Furthermore, the cell-of-origin determines the expression of specific stem cell markers and the activation of distinct signaling pathways in LCSCs, influencing their response to targeted therapies (30, 32).

More so, mesenchymal stem cells (MSCs) have emerged as potential cells-of-origin for CSCs in various cancer types, including glioblastoma. Recent studies have suggested that MSCs may contribute to the formation and maintenance of CSCs through various mechanisms - In glioblastoma, MSCs have been implicated as potential cell-of-origin for a CSC subset exhibiting mesenchymal phenotype (33–35). These mesenchymal glioblastoma stem cells, akin to their neural stem cell-derived CSCs counterparts, are associated with increased invasiveness, resistance to therapy, and poor prognosis (35). Emerging evidence suggests that the transformation of MSCs may give rise to this aggressive glioblastoma subpopulation (34, 35).

Aside glioblastoma, MSCs have been proposed as potential cells-of-origin for CSCs in various other cancer types, including breast cancer (36, 37), prostate cancer (38), and osteosarcoma (37, 39). The capacity of MSCs to differentiate into multiple lineages and their inherent migratory and self-renewal properties may contribute to their potential role in CSC formation and tumor progression (33, 34, 36, 37). The role of MSCs as cells-of-origin for CSCs is an active area of research, and further investigation is needed to elucidate the mechanisms underlying this potential relationship and its implications for cancer development and therapeutic strategies.

Mechanistically, the cell-of-origin imprints durable epigenetic, transcriptional, and signaling programs that shape CSC behavior (40). The cell-of-origin dictates activation of distinct oncogenic pathways, as basal breast CSCs upregulate EGFR while luminal CSCs activate HER2 signaling (41). Additionally, the cell-of-origin determines CSC differentiation trajectories, with mature cells generating unipotent CSCs while early progenitors produce multipotent CSCs (10).

Importantly, the cell-of-origin also modulates therapeutic response. Breast CSCs from basal cells resist radiation but remain DNA damage-sensitive, whereas those from luminal cells upregulate ABC drug transporters (42). In melanoma, CSCs derived from blocked differentiated cells retain DNA damage response mechanisms and are readily targetable, compared to those from neural crest stem cells (43). Thus, personalized, context-specific anti-CSC therapies are possible, but challenged by intratumor heterogeneity and CSC plasticity. Integrating lineage tracing, single-cell profiling, and functional validation is critical for understanding these pivotal interactions.





Cell-of-origin based molecular mechanisms driving cancer stem cell formation

The cell-of-origin influences the molecular events that enable normal cells transform into CSCs. This cellular context determines the signaling pathways, epigenetic programs, and mutations that confer aberrant self-renewal ability. Cells-of-origin shape mutations arising during CSC formation. Different cells-of-origin possess distinct DNA repair deficiencies that allow specific mutations. For example, melanocyte stem cells have high levels of reactive oxygen species and rely heavily on nucleotide excision repair (NER) (44). Mutations in NER genes like ERCC2 in melanocyte stems cells allow DNA damage accumulation, hypermutability, and formation of melanoma CSCs (45). In contrast, mammary stem cells are deficient in homologous recombination (HR) repair due to epigenetic repression of BRCA1 (46). Hence, loss of BRCA1/2 occurs early during breast CSC formation, enabling genomic instability through HR deficiency (47).

Several key signaling pathways involved in normal stem cell biology become dysregulated in CSCs in a cell-of-origin dependent manner. For instance, Wnt pathway mutations in intestinal stem cells promote colorectal CSC formation, while Hedgehog activation drives CSC properties in Sonic Hedgehog-responsive cerebellar stem cells giving rise to medulloblastoma (48, 49). The cell-of-origin also determines which signaling pathways are leveraged for CSC formation. For example, normal hematopoietic stem cells require FGF signaling but rely on BMP signaling for differentiation (50). Mutations activating FGF signaling while inhibiting BMP signaling promote aberrant self-renewal, allowing hematopoietic stem cells to transform into leukemic stem cells (50). A similar scenario occurs in glioblastoma, where mutations activating growth factor signaling like EGFR/PDGFRα in neural stem cells drive unrestrained proliferation during CSC genesis (51).

The epigenetic and metabolic states established by the cell-of-origin play important roles in CSC reprogramming. Normal intestinal stem cells exhibit an “open” chromatin landscape at Wnt target gene loci which primes them for CSC formation when APC mutations occur, enabling aberrant TCF/β-catenin transcriptional activation of stemness signals (52, 53). Similarly, mammary stem cells possess an epigenetic landscape suppressing BRCA1 but permitting proliferation, which fosters CSC properties when BRCA1 is mutated (46). Moreover, normal intestinal stem cells rely heavily on oxidative phosphorylation, which is co-opted during colon CSC formation to sustain stemness, and mediated in part by mutations in fumarate hydratase (54, 55).

Appreciating how the cell-of-origin-dependent genomic, epigenetic, and metabolic states shape the specific mechanisms enabling CSC formation is crucial for developing novel approaches to prevent oncogenic transformation by targeting these early vulnerabilities in a cell-context-specific manner.





Microenvironmental regulation of cancer stem cell maintenance and survival

The tumor microenvironment (TME) is now recognized as a critical regulator of CSC fate and function (Figure 1). Rather than acting in isolation, CSCs engage in dynamic crosstalk with surrounding stromal, immune, endothelial, and ECM components that maintain stemness properties and confer therapeutic resilience (56). Elucidating these complex TME interactions offers exciting opportunities for new anti-CSC therapies.
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Figure 1 | A visual summary showing that normal tissue stem/progenitor cells give rise to CSCs, which then interact with and reshape the surrounding tumor microenvironment. This illustrates the critical interplay between cell-of-origin, CSCs, and the TME in cancer.




Hypoxia

Hypoxia, a characteristic feature of the tumor microenvironment (TME) which is almost always coupled with chaotic vasculature and rapid cell proliferation, has emerged as a critical regulator of CSC maintenance and survival. Accruing evidence implicate hypoxia in the upregulation of multi-drug resistance transporters, maintenance of undifferentiated state, and enhancement of tumorigenic potential of CSCs (57, 58). Low oxygen tension stabilizes hypoxia-inducible factors (HIFs), which transcriptionally activate genes involved in stemness, self-renewal, and therapy resistance (59–62). Specifically, HIF-1α and HIF-2α promote the expression of pluripotency factors like Oct4, Nanog, and Sox2, as well as the upregulation of ABC drug efflux transporters, contributing to the chemoresistance of CSCs (59, 60). Additionally, hypoxia induces the expression of CSC markers, such as CD44 and CD133, and enhances the sphere-forming ability of CSCs, indicative of their self-renewal capacity (13, 61, 62). Targeting hypoxia-activated pathways thus represents a promising approach to disrupt the CSC-promoting effects of hypoxic TMEs.





Inflammation

Beyond hypoxia, the TME is often characterized by chronic inflammation, which plays a crucial role in shaping the CSC phenotype. TME-derived inflammatory signals expand CSCs through cytokine-mediated activation of NF-κB, STAT3, and other critical stemness pathways (63). Inflammatory cytokines, such as IL-6, IL-8, and TNF-α, secreted by tumor-associated immune cells and stromal components, activate pro-survival signaling pathways like NF-κB, STAT3, and Akt in CSCs (63, 64). These pathways upregulate stemness-associated transcription factors, including Oct4, Nanog, and c-Myc, promoting self-renewal and therapy resistance (64, 65). Furthermore, inflammation-induced EMT has been linked to the acquisition of stem-like properties and the generation of CSCs from non-stem tumor cells (66, 67). It is also notable that checkpoint blockade elicits T cell production of inflammatory cytokines that may inadvertently expand CSCs by stimulating these pathways (63).





Stromal cell interactions

The dynamic crosstalk between CSCs and non-malignant stromal components of the TME, such as cancer-associated fibroblasts (CAFs), endothelial cells, and mesenchymal stem cells (MSCs), plays a pivotal role in regulating CSC behavior. Paracrine signaling networks involving cytokines, growth factors, and metabolites facilitate bidirectional communication between CSCs and stromal cells (68–70). For instance, CAF-derived factors like TGF-β, CXCL12, and IL-6 induce EMT, stemness, and therapy resistance in CSCs, while CSC-secreted factors like IL-1β and IL-8 promote a pro-tumorigenic phenotype of CAFs, including EMT, drug resistance, and metastasis (71–74). Similarly, endothelial cell-derived factors stimulate CSC self-renewal and angiogenesis, while MSCs contribute to the maintenance of CSC populations through cytokine signaling and cell-cell interactions (71, 74). Targeting the homeostatic mechanisms by which non-malignant stroma supports CSC maintenance may offer new therapeutic inroads.





Extracellular matrix remodeling

The extracellular matrix (ECM) cues within the TME provides crucial biochemical and biomechanical cues that regulate CSC behavior and fate. The composition, organization, and stiffness of the ECM influence CSC self-renewal, division patterns, differentiation, plasticity, and therapy resistance (75, 76). Adhesive ECM proteins like laminin induce symmetric division that propagates the CSC pool, whereas fibrillar collagen I promotes differentiation (77). Specific ECM components, such as laminin and hyaluronic acid, have been shown to promote CSC self-renewal and stemness, while others, like collagen I, induce differentiation (75–77). Additionally, matrix metalloproteinases (MMPs) secreted by CSCs and stromal cells remodel the ECM, releasing bioactive fragments that modulate CSC signaling and promote invasion and metastasis (76, 78, 79). ECM stiffness has also been implicated in regulating CSC plasticity, with increased matrix rigidity favoring the acquisition of a mesenchymal-like CSC phenotype associated with enhanced invasiveness and therapy resistance (78, 79). Manipulating ECM signals to silence self-renewal and promote differentiation offers a promising approach to deplete CSCs.






Cell-of-origin dynamics shaping cancer stem cell-driven tumorigenesis, invasion, and metastasis

The cell-of-origin is a critical determinant of cancer pathogenesis, shaping tumor initiation, growth rate, and metastatic potential. Comparative studies exploring different cell-of-origin scenarios within specific cancers have shed light on the complexity of tumor heterogeneity and have implications for personalized cancer therapies.




Tumor initiation

Different cell types possess distinct genetic and epigenetic susceptibilities, making some more prone to oncogenic transformation (3). In glioblastoma, CSCs derived from neural stem cells generate more rapidly expanding and invasive tumors than CSCs from progenitor cells, reflecting greater self-renewal and motility (24). This indicates cells-of-origin dictate the degree of stemness and aggressiveness of resultant CSC populations.

Moreover, certain cell-of-origin contexts favor more aggressive tumor initiation. For example, basal cell-derived prostate cancer is more aggressive and associated with higher Gleason scores than luminal cell-derived cancers (80). Similarly, in breast cancer, mammary stem cells have been identified as a cell-of-origin that gives rise to tumors with a basal-like phenotype, which typically carries a poor prognosis (9). These findings underscore the significant influence of cellular context on the initial transformation events that set the stage for tumor development.





Tumor heterogeneity

The cell-of-origin controls CSC differentiation trajectories, thus, influencing downstream heterogeneity. For instance, mature luminal cells transformed into prostate CSCs produce unipotent tumors composed predominantly of luminal cells (26). However, multipotent basal stem cells yield heterogeneous prostate cancers encompassing luminal, basal, and neuroendocrine cells via their multipotent CSC derivatives (26).





Tumor growth rate

The cell-of-origin can also impact the growth rate of tumors. CSCs derived from highly proliferative and undifferentiated progenitor cells may contribute to more rapidly growing tumors (11), whereas, those originating from more differentiated cell types with limited self-renewal capacity may exhibit slower growth rates (5). The cellular background can imprint specific molecular signatures on CSCs, influencing their proliferative capacity and tumor growth dynamics (7).

Moreover, the cell-of-origin can influence the overall aggressiveness and invasive behavior of the tumor. In glioblastoma, for instance, tumors arising from neural stem cells tend to exhibit more extensive infiltration into surrounding brain tissues compared to those originating from neural progenitors (81). These distinctions in growth rate and invasiveness emphasize the importance of cell-of-origin in understanding tumor behavior and designing effective therapeutic strategies.





Metastatic potential

The cell-of-origin shapes organotropism and patterns of metastasis, by influencing migratory pathways activated in CSCs. Intestinal stem cell-derived colorectal CSCs preferentially metastasize to liver due to expression of liver homing chemokine receptors like CCR6 (27). Gastric stem cell-derived CSCs favor distant metastasis through activation of a gastric carcinoma related protein CARP-1 (82). Similarly, luminal breast cancers have been shown to preferentially metastasize to bone, while basal-like breast cancers tend to metastasize to the brain and lungs (83). In essence, the cell-of-origin has profound impacts on subsequent tumor evolution and progression kinetics. This knowledge promises to elucidate the molecular determinants of tumorigenesis and reveal actionable differences between cancers arising from distinct cells-of-origin.





Epithelial-to-mesenchymal transition

The epithelial-to-mesenchymal transition (EMT) is a fundamental process in embryonic development and tissue remodeling, wherein epithelial cells lose their polarity and cell-cell adhesion properties, acquiring a mesenchymal phenotype with increased migratory and invasive capabilities (66, 67, 72, 78). Emerging evidence suggests that EMT plays a crucial role in the generation and maintenance of CSCs, and this process is closely linked to the cell-of-origin. In epithelial cancers, such as breast and prostate cancer, EMT has been implicated in the formation of CSCs from more differentiated epithelial cells (84, 85). During EMT, epithelial tumor cells acquire stem-like properties, including self-renewal, increased expression of CSC markers (e.g., CD44, CD24, and ALDH), and enhanced resistance to therapies (66, 67, 72, 78, 84, 85). The induction of EMT in these cells is often mediated by transcription factors like Twist, Snail, Slug, and Zeb1, which suppress epithelial markers like E-cadherin and upregulate mesenchymal markers like vimentin and N-cadherin (85–87).

Importantly, the propensity for EMT and the subsequent generation of CSCs is influenced by the cell-of-origin. In breast cancer, basal-like or triple-negative breast cancer cells, which are thought to originate from more primitive mammary stem/progenitor cells, exhibit a higher propensity for EMT and CSC formation compared to luminal subtypes derived from more differentiated epithelial cells (88). Similarly, in prostate cancer, basal cells are more prone to undergoing EMT and acquiring stem-like properties compared to luminal cells (89, 90). EMT not only contributes to the formation of CSCs but also plays a critical role in metastasis, another key feature of CSCs. EMT enables CSCs to disseminate from the primary tumor site, invade surrounding tissues, and eventually colonize distant organs, establishing metastatic lesions (89, 91). The interplay between EMT and CSCs is bidirectional, as CSCs can also induce EMT in neighboring tumor cells, further promoting metastasis and therapy resistance (89, 90, 92, 93).





Metastatic cascades and organotropism

CSCs are pivotal drivers of metastatic dissemination and the establishment of secondary tumors in specific distant organs, a process known as organotropism. CSCs possess several characteristics that facilitate their ability to initiate and sustain metastatic cascades. CSCs exhibit enhanced invasive and migratory capabilities, enabling them to detach from the primary tumor, invade the surrounding stroma, and intravasate into the circulatory or lymphatic systems (89–93). This invasive behavior is mediated by the activation of EMT programs, as discussed earlier, and the expression of specific cell surface markers and proteases that facilitate extracellular matrix degradation and cell motility (72, 78, 85–87). Once in the circulation, CSCs possess intrinsic mechanisms that allow them to survive and evade immune surveillance. These include enhanced expression of anti-apoptotic proteins, increased DNA repair capacity, and the ability to enter a quiescent or dormant state (94, 95). This dormancy enables CSCs to withstand the harsh conditions of the circulatory system and later reactivate their proliferative and self-renewal capabilities upon reaching a suitable microenvironment. Upon extravasation into distant organs, CSCs demonstrate remarkable adaptability to the new microenvironment. They secrete factors that remodel the local niche, promoting angiogenesis, immune evasion, and the recruitment of supportive stromal cells (94, 95). This niche formation creates a permissive environment for CSC self-renewal, proliferation, and eventual establishment of metastatic lesions.

The preferential dissemination of CSCs to specific organs is known as organotropism, and it is influenced by the interplay between CSC-intrinsic factors and the unique microenvironmental cues of distant organs (96, 97). For example, in gallbladder tumors, CSCs expressing high levels of CXCR4 preferentially metastasize to the liver, where its ligand CXCL12 is abundantly expressed (98). Similarly, in pancreatic cancer, CSCs expressing the TEK receptor tyrosine kinase and integrin α6β4 exhibit a propensity for liver and lung metastasis, respectively (99, 100). In prostate cancer, CSCs expressing the bone-specific chemokine receptor CCR3 preferentially establish bone metastases (101). Lung metastasis in various cancers, including breast and colon cancer, has been linked to the expression of specific adhesion molecules and chemokine receptors on CSCs that facilitate their homing to the lung microenvironment (102, 103).

Understanding the intricate mechanisms underlying CSC-driven metastasis and organotropism, will help facilitate identification of potential therapeutic targets and develop strategies to disrupt these processes, ultimately improving patient outcomes.






Epigenetic mechanisms in cancer stem cells: influence of the cell-of-origin

Epigenetic modifications, including DNA methylation, histone modifications, and non-coding RNA regulation, play crucial roles in shaping the behavior and properties of CSCs (104). Importantly, the epigenetic landscape of the cell-of-origin can have a profound impact on the epigenetic patterns observed in CSCs, influencing their stemness, self-renewal, and tumorigenic potential.




DNA methylation patterns and CSC stemness

DNA methylation, the addition of methyl groups to cytosine residues in CpG dinucleotides, is a key epigenetic mechanism that regulates gene expression. Aberrant DNA methylation patterns, including hypermethylation of tumor suppressor genes and hypomethylation of oncogenes, are hallmarks of cancer and contribute to the acquisition of stem-like properties in CSCs (105–107).

Importantly, the cell-of-origin can impart specific DNA methylation patterns that shape the behavior of CSCs. For instance, in colorectal cancer, intestinal stem cells exhibit a distinct DNA methylation landscape primed for the activation of Wnt signaling, a critical pathway for stem cell self-renewal (108). When these cells acquire mutations in genes like APC, the pre-existing methylation patterns facilitate the aberrant activation of Wnt signaling, driving the formation of colorectal CSCs (53, 108, 109).

Similarly, in breast cancer, mammary stem cells possess an epigenetic landscape that represses the expression of the DNA repair gene BRCA1 (46). Mutations in BRCA1 in this context lead to genomic instability and the acquisition of stem-like properties, contributing to the formation of breast CSCs (46, 47). These examples illustrate how the cell-of-origin’s epigenetic landscape can predispose certain cell types to CSC formation upon accumulation of specific genetic alterations.





Histone modifications and gene regulation in CSCs

Histone modifications, such as acetylation, methylation, phosphorylation, and ubiquitination, regulate chromatin structure and gene expression patterns. These modifications can influence the stemness and self-renewal properties of CSCs, and their dysregulation has been implicated in various cancers (110–112).

The cell-of-origin can contribute to the histone modification patterns observed in CSCs. For example, in glioblastoma, the histone methyltransferase G9a is markedly depleted in CD133+ neural stem cells, the proposed cell-of-origin for glioblastoma CSCs (113). Upregulated G9a expression induces histone H3 lysine 9 methylation (H3K9me2), which in turn downregulates the expression of stemness-associated genes. Conversely, aberrant G9a activity in NSCLC CSCs leads to increased stemness and tumorigenicity, potentially influenced by the epigenetic landscape inherited from the lung epithelial cells-of-origin, also known as tumor-initiating cells (107). In addition, in NSCLC, histone ubiquitination patterns have been linked to the regulation of CSC properties. The histone E3 ubiquitin ligase TRIM37 is highly expressed in NSCLC CSCs and promotes stemness and metastasis through the ubiquitination of histone H2A (114), suggesting a potential link between the epigenetic landscape of the cell-of-origin and the histone modification patterns observed in CSCs.





Non-coding RNAs and CSC regulation

Non-coding RNAs, particularly microRNAs (miRNAs) and long non-coding RNAs (lncRNAs), have emerged as critical regulators of CSC properties and behavior. These non-coding RNAs can modulate gene expression by targeting mRNAs for degradation or translational repression, or by influencing epigenetic mechanisms (106, 110).

The expression and function of non-coding RNAs in CSCs are cell-of-origin-dependent. For instance, in glioblastoma, the lncRNA NEAT1 is highly expressed in neural stem cells and contributes to the maintenance of stemness and self-renewal (115). Conversely, NEAT1 has been shown to suppress stem cell self-renewal and leukemogenesis by inactivating Wnt signaling (116), consistent with its role as a tumor suppressor, and as a direct transcriptional target of the tumor suppressor gene p53 (117). Furthermore, NEAT1 has been found to mitigate multidrug resistance in leukemia by inhibiting the ABCG2 gene (118).

The long non-coding RNA MIR22HG is also upregulated in glioblastoma CSCs, where it promotes stemness and therapy resistance by regulating epigenetic changes and gene expression programs (119). However, MIR22HG plays tumor-suppressive role in various other types of cancer, including lung cancer, hepatocellular carcinoma, endometrial cancer, gastric cancer, and cholangiocarcinoma (120–122). Its low expression is associated with poor prognosis in these cancers. MIR22HG exerts its tumor-suppressive effects through various mechanisms, including the suppression of proliferation, invasion, and metastasis, and the attenuation of CSC-activating NOTCH2 signaling (120–123). This indicates that the cell-of-origin’s lncRNA expression patterns is retained in CSCs and contribute to their stemness properties.

Moreover, in breast cancer, the miRNA expression profiles of CSCs have been shown to be influenced by the cell-of-origin. Basal-like breast CSCs derived from more primitive mammary stem/progenitor cells exhibit distinct miRNA signatures compared to luminal breast CSCs derived from more differentiated cells (124, 125). These miRNA profiles can regulate key stemness-associated pathways and contribute to the differences in CSC properties observed between different breast cancer subtypes.

Increased understanding of the interplay between epigenetic mechanisms and the cell-of-origin in shaping CSC behavior will aid identification of potential therapeutic targets and develop epigenetic-based strategies to disrupt CSC maintenance and self-renewal, potentially leading to more effective cancer treatments.






Leveraging the integrative understanding of cancer stem cell biology and cell-of-origin effects in cancer therapies

Deciphering the intricate relationship between CSCs and their cell-of-origin provides unprecedented opportunities to transform cancer therapies through personalized, mechanism-based approaches. However, to effectively leverage these paradigm-shifting discoveries to conquer tumor heterogeneity, evolution, and resistance necessitates deliberate integration of this knowledge into complex therapeutic designs rooted in a deep appreciation of cancer biology.

Cell-of-origin insights can guide predictive biomarker-driven patient stratification to optimize chemotherapy regimens. For instance, gene expression profiling of breast CSCs revealed distinct chemotherapy vulnerability profiles based on the cell-of-origin-linked intrinsic subtype, which facilitates predictive selection of taxane versus anthracycline-based regimens to improve outcomes (126, 127). Furthermore, rational co-targeting of activated oncogenic drivers in CSCs through combinatorial chemotherapy regimens, as demonstrated by EGFR blockade enhancing taxane therapy in basal breast cancers, disables key survival pathways perpetuating drug resistance (128). However, conquering acquired resistance requires accounting for CSC plasticity and inevitable clonal selection. Innovative adaptive designs that dynamically adjust dosing in response to altered CSC composition show promise in this context (129).

Regarding radiotherapy, the radiosensitivity phenotype of CSCs strongly associates with cell-of-origin determinants. Compared to CSCs arising from differentiated cells that retain residual DNA repair capacity, those originating from undifferentiated stem/progenitor cells upregulate robust pro-survival signaling and display relative radioresistance (24). Targeted radiosensitization through inhibitors disabling these radioprotective CSC programs, informed by cell-of-origin insights, as with Chk1 inhibitors in laryngeal and tongue CSCs, can dramatically improve therapeutic index (130). However, the sequencing and schedule of radiotherapy combinations warrants careful optimization to avoid potential expansion of aggressive CSC subclones.

Moreover, integrative genomic and single-cell profiling can help identify cell-of-origin-associated neoantigens for personalized vaccines or CAR-T cells targeting CSCs, as demonstrated against EGFRvIII-expressing glioblastoma CSCs of neural stem origin (131, 132). However, mitigating the immunosuppression conferred by the protective CSC niche remains crucial, highlighting opportunities for immunomodulators blocking inhibitory ligands like PD-L1 in CSCs (133). Cell-of-origin insights also empower selection of targeted therapies, such as KRAS wild-type status in intestinal crypt-derived colon CSCs, predicting sensitivity to EGFR blockade (53). Nevertheless, acquired resistance is inevitable due to subclonal evolution; single-cell genomic monitoring of CSC dynamics during therapy facilitates real-time adjustment of targeted regimens to overcome resistance emergence (134).

Further, cell-of-origin-associated CSC biomarker panels can enhance early detection and therapeutic monitoring. Longitudinal tracking of circulating CSCs expressing normal mammary stem cell markers may signal occult metastases, while shifting to mesenchymal markers can indicate early treatment failure (135). Liquid biopsy assessing CSC dynamics thereby enables personalized surveillance strategies.





Therapeutic targeting of cancer stem cells based on cell-of-origin vulnerabilities

The cell-of-origin concept provides a framework for developing more precise therapies tailored to the unique vulnerabilities of CSCs based on their cellular origin.




Small molecule inhibitors

Small molecule inhibitors designed against oncogenic drivers and signaling pathways activated preferentially in CSCs based on cell-of-origin are a promising therapeutic approach. In basal breast cancers enriched in mammary stem cell-derived CSCs, EGFR tyrosine kinase inhibitors like neratinib suppress pro-survival signaling in the CSCs (136). Wnt-targeting porcupine inhibitors, including LGK974, selectively inhibit Wnt-dependent intestinal stem cell-derived colorectal CSCs (137). Sonic Hedgehog (SHH) inhibitors vismodegib and glasdegib demonstrate activity against cerebellar stem cell-derived medulloblastoma CSCs exhibiting aberrant SHH pathway activation (138). Ongoing research aim to expand the repertoire of targeted CSC inhibitors informed by cell-of-origin (see Tables 1, 2).

Table 1 | Novel preclinical therapies targeting CSCs based on cell-of-origin to resolve chemotherapy resistance in solid tumors.
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Table 2 | Key clinical trial-based therapeutic advances in targeting cancer stem cells based on cell-of-origin between 2015 and 2023.
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Monoclonal and bispecific antibodies

Antibodies targeting surface antigens and pathways selectively enriched in CSCs based on cell-of-origin are another promising approach. Glembatumumab vedotin targets glycoprotein NMB overexpressed on CSCs across cancer types including breast cancers of basal/myoepithelial origin (184). Additionally, antibodies against the epithelial cell adhesion molecule (EpCAM) preferentially expressed on liver CSCs derived from hepatic progenitor cells, and anti-CD47 antibodies blocking “don’t eat me” signaling in leukemia CSCs arising from hematopoietic stem cells have entered clinical testing (185, 186). Ongoing research aims to identify novel cell-origin-associated CSC antigens amenable to antibody targeting.





Gene therapies

Leveraging knowledge of genetic drivers and dependencies based on cell-of-origin offers opportunities for gene therapy. Delivering mutant KRAS-targeted CRISPR constructs preferentially suppresses acinar cell-derived pancreatic CSCs exhibiting aberrant KRAS activity (187). Additionally, suicide gene strategies using a herpes simplex virus thymidine kinase transgene and ganciclovir prodrug show promise against glioblastoma CSCs derived from neural stem cells (188). Enhancing selective targeting of gene therapies against cell-origin-defined CSC populations is warranted.





Combination strategies

Given the marked heterogeneity of CSCs, concurrently targeting bulk tumor cells and CSC subpopulations dependent on their unique cell-of-origin are under active evaluation. For example, simultaneously targeting HER2 and EGFR or PIK3CA signaling using trastuzumab and lapatinib in HER2+ progenitor-derived luminal breast CSCs shows synergistic activity (189, 190). Combined inhibition of MEK and Bcl-2 selectively suppresses intestinal crypt stem cell-derived colorectal CSCs exhibiting co-activation of MAPK and anti-apoptotic pathways (191). Moving forward, high-dimensional mapping of cell-origin CSC vulnerabilities using single-cell omics promises to inform rational combination therapies (192). Combining personalized and multi-modal approaches holds great promise for achieving long-term remissions and overcoming therapy resistance, which requires extensive research efforts focused on precision targeting of heterogeneous and adaptable CSC populations (Figure 2).

[image: Flowchart illustrating the transformation of normal tissue stem cells into cancer stem cells. It shows epigenetic changes leading to aberrant signaling pathways, dysregulated cellular processes, and the development of transformed cancer stem cells with self-renewal and initiating capabilities. This results in metastasis, chemoresistance, and tumor relapse. The chart also highlights targeting cancer stem cells based on their cell of origin.]
Figure 2 | Origin and therapeutic targeting of CSCs. Normal tissue stem cells accumulate genetic and epigenetic alterations over time leading to dysregulation of signaling pathways such as Wnt, Hedgehog (HH), STAT3, and AKT. This results in aberrant stem cell processes and the transformation into CSCs with acquired self-renewal and tumor-initiating capabilities. CSCs drive tumor heterogeneity, metastasis, chemotherapy resistance, and relapse. Targeting dysregulated CSC signaling pathways provides a potential therapeutic approach to eliminate this tumorigenic population and improve patient outcomes.






Precision targeting of chemoresistant cancer stem cells in solid tumors based on cell-of-origin

Eradicating chemoresistant CSCs is critical to improve outcomes in solid tumors. This section discusses emerging strategies against cell-origin-defined CSCs across diverse cancer types.




Breast cancer

In triple negative breast cancer (TNBC), CSCs arise from basal/myoepithelial progenitors and are marked by ALDH+ and CD44+/CD24- (193). Overexpression of ALDH1A3 isoform in these CSCs contributes to chemoresistance. Accordingly, the ALDH inhibitor disulfiram preferentially inhibits ALDH1A3 activity, reduces CSC populations, and re-sensitizes TNBC models to taxanes (139). Additionally, oncolytic viruses like MG1MAGEA3 specifically target MAGE-A3 expressed on ALDH+ TNBC CSCs, diminishing these cells and enhancing chemotherapy efficacy (140).





Colorectal cancer

Colorectal CSCs marked by Lgr5 and CD44 arise from intestinal crypt base stem cells and drive chemoresistance via Wnt pathway activation (53). Porcupine inhibitor LGK974 suppresses Wnt signaling specifically in Lgr5+ CSCs, potentiating oxaliplatin therapy (141). Napabucasin inhibits STAT3-NANOG signaling preferentially activated in Lgr5+/CD44+ CSCs, reducing this subset and sensitizing to irinotecan (12, 142).





Glioblastoma

Glioblastoma CSCs expressing CD133 and Nestin originate from neural stem cells and utilize aberrant Hedgehog pathway signaling (144). Hedgehog inhibitor GDC-0449 selectively antagonizes SHH ligands in Nestin+ CSCs, decreasing these cells, enhancing chemoradiation response, and delaying recurrence (144). STAT3 inhibitor WP1066 suppresses stemness transcription factors like NANOG in CD133+ CSCs, improving temozolomide efficacy (143).





Cervical cancer

Cervical CSCs marked by ALDH1A1 and CD133 arise from transformed cervical epithelial progenitors and upregulate oxidative stress response pathways (194). Salinomycin selectively inhibits stress response enzymes highly expressed in CD133+/CD44+ CSCs, reducing this subset and re-sensitizing tumors to docetaxel (145).





Ovarian cancer

Ovarian CSCs expressing ALDH1 and CD117 originate from transformed fallopian tube epithelia and exhibit platinum resistance. All-trans retinoic acid (ATRA) binds retinoic acid receptors on ALDH1A1+/CD117+ CSCs, inducing differentiation and re-sensitizing tumors to platinum therapy (147). ALDH inhibitor disulfiram decreases ALDH1A1+ CSCs, abrogating taxane resistance (146).





Lung cancer

Lung CSCs marked by CD133 and ALDH derive from transformed lung epithelial cells and drive platinum resistance (195). ATRA induces differentiation of ALDH+ CSCs, reducing these cells and sensitizing tumors to cisplatin (160). Oncolytic adenovirus ZD55-TRAIL targets SOX2highNANOGhighMRP1high lung CSCs via CAR/integrin receptors, diminishing these cells and augments doxorubicin, vinblastine, cisplatin, and 5-FU efficacy (158).





Hepatocellular carcinoma

Hepatocellular carcinoma CSCs marked by CD90 originate from hepatic progenitor cells and exhibit sorafenib resistance mediated by H3K9 methylation and stemness genes (196). Histone methyltransferase inhibitor GSK126 suppresses aberrant H3K9 methylation in CD90+/EZH2+ CSCs, impairing stemness and sensitizing to sorafenib (161, 196).





Pancreatic cancer

Pancreatic CSCs expressing CD44 and ESA derive from transformed pancreatic progenitors and utilize hedgehog signaling to maintain stemness and confer gemcitabine resistance (148). Hedgehog inhibitor LDE225 blocks SMO-mediated hedgehog pathway activation specifically in CD44+/ESA+ CSCs, diminishing these cells and sensitizing tumors to gemcitabine (148, 149).





Neuroblastoma

Neuroblastoma CSCs marked by CD114 and ALK originate from neural crest progenitors and exhibit chemotherapy resistance (197). ALK and mTOR inhibitors like crizotinib and everolimus preferentially target ALK and mTOR-driven survival pathways upregulated in ALK+ and CD114+ CSCs respectively, re-sensitizing tumors to chemotherapy (150, 151).





Bladder cancer

Bladder CSCs enriched in CD44 arise from transformed basal urothelial progenitors and drive cisplatin resistance via NF-κB, Wnt and Notch signaling (152). Curcumin analog EF24 potently inhibits these pathways preferentially activated in CD44+ CSCs, reducing these cells and re-sensitizing tumors to cisplatin (153).





Prostate cancer

ALDH1A1+ castration-resistant prostate CSCs originate from transformed basal epithelial progenitors and exhibit aberrant STAT3/AKT signaling (154). Niclosamide suppresses STAT3 and AKT signaling specifically in ALDH1A1+ CSCs, augmenting tumor response to androgen deprivation (154).





Kidney cancer

CD105+ Kidney CSCs derive from nephron progenitors in clear cell renal carcinoma and confer radioresistance via mTOR and Chk1 signaling (198). The combination of mTOR and Chk1 inhibition, demonstrating cytotoxic and anti-proliferative effects, with potential translational value for treatment, has been shown to effectively target oncogenic pathways in CD105+ renal CSCs, leading to increased radiosensitivity in ccRCC (155–157). Additionally, the inhibition of PLK1, a cell-cycle-related kinase, has been identified as a potential therapeutic target in clear cell renal cell carcinoma, further supporting the potential of combined mTOR and Chk1 inhibition in this context (199).

Despite advances in CSC-targeting therapies based on cell-of-origin properties, several challenges remain. The intratumoral and intertumoral heterogeneity of CSCs presents significant challenge to identifying universal CSC-specific targets, thus, identifying robust and universal cell-origin-based CSC-specific markers remains an ongoing area of research (Tables 1, 2). The dynamic interplay between CSCs and the TME further complicates therapy responses and necessitates consideration. Preclinical models that accurately depict the cell-of-origin context and TME are essential for evaluating therapeutic interventions (Table 1). Additionally, Biomarker discovery and patient stratification based on cell-of-origin characteristics are critical for implementing personalized CSC-targeting therapies in clinical settings (Table 2). Overcoming these challenges requires integrative advanced omics technologies, preclinical models that mimic the TME, and well-designed clinical trials.

Personalized and multi-modal cancer treatments using small-molecule inhibitors, monoclonal antibodies, gene therapies, and combination approaches offer promising avenues for improving cancer treatment outcomes. Continued research on the complex interactions between CSCs and their cell-of-origin is essential for developing transformative anticancer therapeutic strategies and achieving lasting remissions (Figure 3). Overall, despite lingering challenges including tumor heterogeneity, dynamic CSC plasticity, and resistance mechanisms, unraveling cell-origin allows tailored targeting of chemoresistant CSC subsets across diverse solid tumors.

[image: Timeline chart detailing significant discoveries in cancer stem cell research from 1997 to 2020. Highlights include the identification of leukemia stem cells in 1997, isolation of breast cancer stem cells in 2003, and various advancements like targeting chemotherapy-resistant cancer stem cells and specific marker identifications through 2020. Each milestone includes the year, discovery, and reference to scientific studies.]
Figure 3 | An updated timeline of key discoveries related to cancer stem cell research.






Critical appraisal and controversy surrounding cancer stem cells, cells-of-origin, and their clinical/therapeutic utility

The concepts of CSCs and cell-of-origin have transformed and advanced our understanding of tumor biology, but their intricacies have also sparked debate and exposed critical gaps in knowledge (14). CSCs are characterized by their ability to self-renew and recreate the full heterogeneity of the original tumor, but isolating pure CSC populations and identifying immutable CSC markers has proven extremely challenging (200). Several candidate CSC markers have been proposed, but demonstrating specificity and reproducibility has been difficult.

Against initial propositions that CSCs are exceptionally rare within tumors, accounting for <5% of cells, mounting evidence indicate non-CSC differentiated tumor cells can readily de-differentiate and acquire stem-like behavior, questioning the rarity of CSCs (201). This plasticity allows non-CSCs convert into CSCs, especially in response to therapies targeting the differentiated tumor bulk. Furthermore, CSCs exhibit inherent plasticity, dynamically transitioning between stem-like and non-stem cell states, enabling CSC flexibility and adaptability which consequently complicates therapeutic efforts to permanently eliminate them (20). In summary, CSCs demonstrate plasticity, context-dependency, and resistance to rigid definitions, creating complex challenges in isolating, studying, and targeting these shifting cells.

The cell-of-origin concept refers to the normal cell type, whether a stem cell, progenitor cell, or mature differentiated cell, that initially acquires the first cancer-causing mutations and undergoes transformation to give rise to full malignancy. However, it is difficult to definitively determine the cell-of-origin retrospectively due to limitations and challenges (9). After a tumor has developed, reconstructing the initiating events to pinpoint the cell-of-origin is difficult, if not impossible, in many cases. Moreover, different potential cells-of-origin, including progenitor or stem cells, can ultimately converge on very similar tumor phenotypes after accumulating mutations. Emerging evidence indicates that combined mutations occurring simultaneously across multiple cell types within a tissue may be required for full malignant transformation, rather than mutations within a single discrete cell (202), thus, obscuring efforts to clearly delineate the initiating cell-of-origin.

The goal of identifying the cell-of-origin is to develop therapies that specifically target malignant stem cells while sparing normal stem cells. However, developing therapies that discriminate between malignant and normal stem cells remains difficult. For example, despite preclinical data showing DOT1L inhibitor pinometostat exhibits10-fold higher toxicity against leukemia stem cells than normal hematopoietic stem cells, nearly 50% of acute myeloid leukemia patients relapsed after DOT1L inhibition, highlighting the challenges of translating cell-of-origin insights into clinical practice (182, 203).

Clinically, emerging therapies directly targeting CSCs, such as STAT3 inhibitor napabucasin and ABL inhibitor asciminib, have shown initial efficacy in early phase trials, offering proof-of-concept for CSC-directed approaches (204). However, resistance and relapse continue to pose substantial challenges. In studies of ALDH inhibitors, suppression of CSC populations was only transient before their reconstitution, highlighting the need for combination treatments (205). However, directly linking patient clinical response to the specific effects on CSCs is complicated by the realities of intratumor heterogeneity and CSC plasticity (5). CSCs can dynamically transition between cell states and repopulate the CSC pool, limiting durable responses to single agent CSC-targeting drugs.

The rarity of CSCs poses inherent difficulties for analysis and evaluation, especially in the context of tumor heterogeneity. The low CSC frequency makes obtaining sufficient material for in-depth profiling challenging. Furthermore, low initial CSC frequency can cloud clinical response assessments if the resolution is inadequate, since even small surviving CSCs can re-initiate tumor growth (206). This has stirred debate on whether rarity versus abundance is more therapeutically disadvantageous. Thus, despite promising preliminary results, realizing the full potential of CSC-targeted therapies will require overcoming hurdles related to tumor evolution, plasticity, heterogeneity, and rarity through rational combination strategies and high-resolution monitoring.

The paradigm-shifting concept of CSCs and cell-of-origin holds immense promise for transforming cancer prevention, treatment, and overcoming therapeutic resistance. However, capitalizing on their full potential requires navigating tremendous knowledge gaps and inherent complexities. A key challenge is prospectively isolating definitive purified CSC subsets for characterization because of biomarker ambiguity and interconversions between states (11, 14). Preventing resistance requires innovative, adaptive therapies blocking CSC evolution and plasticity (59). Selectively eliminating CSCs while sparing normal stem cells remains an ongoing quest requiring deeper appreciation of stemness vulnerabilities (182). Realizing clinical advances necessitates embracing CSC complexity through emerging tools like high-dimensional single-cell profiling, organoids, and computational modeling that capture dynamic stem cell ecosystem interactions (207, 208). By unraveling the intricacies of malignant stem cell biology, pioneering interdisciplinary science can transform cancer into a durable chronic condition rather than a deadly disease.





Challenges and future directions

Despite advances in our understanding of the interplay between CSCs and the cell-of-origin, several challenges persist. First, cell-origin-based identification and characterization of CSCs remains challenging due to CSC and TME heterogeneity. Improved single-cell sequencing technologies coupled with innovative lineage tracing approaches may provide deeper insights into distinct cellular origins of CSCs within heterogeneous tumors (201, 209). Second, CSC plasticity complicates their targeting because of their dynamic transitions between stem-like and differentiated states. Improved understanding of the epigenetic and signaling mechanisms regulating CSC plasticity could lead to novel strategies to maintain CSCs in a more differentiated state, susceptible to conventional therapies (210, 211). Third, TME plays a critical role in regulating CSC behavior and therapeutic responses. Interactions with immune cells, fibroblasts, and the ECM contribute to CSC maintenance and therapy resistance (5, 212). Investigating the crosstalk between CSCs and TME may unveil new therapeutic targets and combination strategies to overcome therapy resistance. Fourth, the development of reliable CSC-specific biomarkers based on cell-of-origin properties is essential for clinical translation. Biomarkers that can accurately identify and isolate CSCs from patient samples would facilitate the design of targeted therapies and monitoring of treatment responses (213). Continued efforts in biomarker discovery and validation are crucial for advancing CSC-targeted therapies.

Furthermore, integrated multi-omics approaches are required to fully characterize and map the cell-of-origin-specific molecular vulnerabilities and dependencies of CSCs. Additionally, novel ex vivo and in vivo models that more accurately recapitulate the complex native TME are required to better understand the extrinsic regulation of CSC behavior by the surrounding niche. Standardization of protocols for isolating and validating CSCs across research groups would allow for improved comparisons and reproducibility between studies. As evident in Table 2, clinical trials evaluating cell-of-origin-guided therapies and combination approaches thatspecifically target CSCs are critical for translating research findings to benefit patients (162-159). Finally, the development and validation of reliable biomarkers and assays to track and profile CSCs longitudinally in patients could enable earlier detection of minimal residual disease and facilitate more tailored, adaptive treatment monitoring approaches.





Conclusion

The intricate relationship between CSCs and their cell-of-origin is an exciting frontier in cancer research. Understanding this interaction provides insights into the molecular basis of tumor initiation, therapeutic resistance, and patient outcomes. The path forward demands interdisciplinary collaboration to unlock transformative insights that propel more effective, adaptive, and durable therapies targeting the self-renewing core of tumors; ultimately making curative outcomes feasible and fundamentally altering the prognosis of cancer patients worldwide.
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Ovarian cancer, a highly fatal gynecological cancer, warrants the need for understanding its heterogeneity. The disease’s prevalence and impact are underscored with statistics on mortality rates. Ovarian cancer is categorized into distinct morphological groups, each with its characteristics and prognosis. Despite standard treatments, survival rates remain low due to relapses and chemoresistance. Immune system involvement is evident in ovarian cancer’s progression, although the tumor employs immune evasion mechanisms. Immunotherapy, particularly immune checkpoint blockade therapy, is promising, but ovarian cancer’s heterogeneity limits its efficacy. Single-cell sequencing technology could be explored as a solution to dissect the heterogeneity within tumor-associated immune cell populations and tumor microenvironments. This cutting-edge technology has the potential to enhance diagnosis, prognosis, and personalized immunotherapy in ovarian cancer, reflecting its broader application in cancer research. The present review focuses on recent advancements and the challenges in applying single-cell transcriptomics to ovarian cancer.
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1 Introduction

Ovarian cancer is one of the most common gynecological cancers that cause the highest mortality rate in women worldwide. In 2023, it was estimated around 13270 deaths from 19710 new cases which accounts for more than 67% of the mortality rate among women diagnosed with ovarian cancer (1). It is a type of heterogeneous group of malignancies with poor overall survival because of late-stage diagnosis and limited response toward the currently available treatment options. The World Health Organization (WHO) divides epithelial ovarian carcinomas (EOC) into several morphological groups based on cell type: serous carcinomas (SC), mucinous carcinomas (MC), endometrioid carcinomas (EC), clear-cell carcinomas (CCC), seromucinous carcinoma, Brenner tumors, mixed, and undifferentiated type (2). These subgroups differ in origin, appearance, molecular biology, and prognosis, yet are grouped (3). Cytoreductive surgery and platinum/taxane combined chemotherapy are the usual treatments whereby the response rate to first-line therapy is approximately 80–90%. Nevertheless, the majority of patients relapse and develop chemotherapy resistance, with a 5-year survival rate of 35% (4). Heterogeneity is a significant aspect of malignant tumors, explaining in part the lack of medical intervention.

Several clinical characteristics in ovarian cancer have confirmed a prominent role for the immune system in determining disease progression and outcomes. Ovarian cancer can induce an antitumor immune response by the host immune system found in different tumor microenvironments (TMEs) including blood, ascites and tumor tissue (5). Nevertheless, ovarian cancer presents multiple mechanisms of immune evasion, which consequently reduce the efficacy of immunotherapy to prevent the recurrence of disease and progression after surgery and chemotherapy (6). As illustrated in Figure 1, although there are presence of various anti-tumor immune cells such as B cells, T cells and Natural Killer cells (NK cells) in ovarian cancer TME, the co-existence of pro-tumor immune cells including dendritic cells (DCs), tumor-associated macrophages (TAMs), and myeloid-derived suppressor cells (MDSCs) effectively impairs the antitumor immunity and eventually allow tumor progression and metastasis (7, 8).
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Figure 1 | Schematic illustration of cellular diversity in ovarian tumor microenvironment.

The intervention of immunotherapeutic approach including immune-checkpoint blockade therapy, adoptive T-cell therapies, and vaccine therapies has emerged as a promising alternative therapeutic method because of its enhanced specificity, long-term survival, and lower side effects for cancer treatment (8, 9). Among these, the immune checkpoint blockade therapy is the most promising approach in restoring anti-tumor immunity in many cancers but shows very minimal response rates in ovarian cancer due to its heterogeneity (9). Even though the biological and molecular heterogeneity of ovarian cancer has been investigated extensively, the heterogeneity of its TMEs remains unclear and warrants further studies. Thus, a new technological approach is needed to study the heterogeneity of immune cells to develop early diagnostic biomarkers, increase the treatment efficacy, reduce the disease burden, and improve the overall survival rate in ovarian cancer patients.

Single-cell sequencing (scRNA-seq) technology is a powerful tool advocated to investigate cellular heterogeneity by identifying genomic changes and different transcriptomic states at single-cell resolution. Conventional data obtained via bulk gene sequencing only represents an average gene expression over a dominant group of cells rather than the specific cell of interest or rare cells. Hence, the usage of scRNA-seq technology which can finely classify broad heterogeneity that exists within the tumor-associated immune cell populations and its TMEs will be ideal. Detailed investigation of the immune cell populations in ovarian cancer at a single cell level using scRNA-seq technology may also aid in the diagnosis of cancer as well as in the prognosis of immune-focused therapy (10). Single cell sequencing technology has been applied in the field of cancer providing favorable conditions for developing new tumor biomarkers and providing more accurate and individualized targeted immunotherapy for better clinical management of cancer patients (11). This article features the recent advances in single-cell transcriptome of tumor cells in ovarian cancer as well as discusses its application and future challenges.




2 Heterogeneity of ovarian cancer

Ovarian cancer is a complex disease with significant heterogeneity because of the existence of diverse subtypes or variations within a particular cancer type (3). Epithelial ovarian cancer is classified as a heterogeneous disease with several subtypes: high-grade serous, low-grade serous, clear cell, endometrioid, and mucinous ovarian cancer (12). Tumor heterogeneity appears to be quite high among subtypes and within a single tumor, posing a significant risk of treatment failure in ovarian cancer (3). Aside from the many subtypes of ovarian cancer, tumor heterogeneity, which can be classified into inter-tumoral and intra-tumoral heterogeneity, adds to the disease’s complexity. Inter-tumoral heterogeneity refers to the genotypic and phenotypic differences identified between numerous tumors of the same type in different individuals. For example, ovarian tumors in two distinct people might have quite varied profiles in terms of genetic alterations, cellular makeup, and responsiveness to therapy (13). Inter-tumoral ovarian cancer heterogeneity can be shown at multiple levels, including genetic, histological, and clinical features. On the other hand, intra-tumoral heterogeneity refers to genetic and biological differences that occur within a single patient caused by cancer cells, developing in response to specific environmental signals. Moreover, the presence of multiple cell types inside a single tumor mass, genetic differences between cancer cells, changes in the microenvironment, and the presence of a variety of cell types including immune cells and stromal cells can also result in intra-tumoral heterogeneity. Therefore, clonal diversity and variability of TME in intra-tumoral heterogeneity play an important role in metastasis, invasion, tumor growth, recurrence, and treatment resistance in ovarian cancer (14).



2.1 Genetic heterogeneity

Patients with ovarian cancer may have distinct genetic abnormalities. Mutations in tumor suppressor genes (such as BRCA1/2, PTEN, and TP53) and oncogenes (such as PIK3CA) are associated with a high risk of developing ovarian cancer (15, 16). Nevertheless, not all ovarian tumors have the same genetic changes, and the types and frequency of these alterations might vary. Numerous studies have shown that TP53 is mutated in 50% or more of high-grade serous carcinomas, whereas KRAS or BRAF activating mutations are prevalent in more than half of low-grade serous carcinomas (17, 18). Besides this, mutations in oncogenes, such as BRCA1/2, PTEN, and PIK3CA, have also been described in ovarian serous carcinomas, however, the frequency of mutation is generally modest (<10%) (17).




2.2 Histological heterogeneity

Histological heterogeneity in ovarian cancer refers to variances in the microscopic appearance of tumor cells across different patients. Ovarian cancer encompasses a spectrum of histological subtypes, each with distinct features and clinical outcomes, affecting prognosis and treatment effectiveness. The reliability of pathologists in accurately identifying these subtypes using current criteria ranges from high to moderate (19). Notably, there is a considerable discrepancy in differentiating between endometroid and serous carcinomas, leading to a reclassification of 20–30% of tumors initially diagnosed as endometrioid carcinomas (EC) to high-grade serous ovarian carcinomas (HGSOC) (20). Using a panel of immunohistochemical markers that includes at least WT1, p53, napsin A (NAPSA), and progesterone receptor (PR) significantly enhances histotype classification agreement. Although WT1 expression is characteristic of serous carcinomas, this marker does not have 100% sensitivity and specificity. The expression of p53 allows us to differentiate between HGSOC and LGSOC (21). NAPSA has been demonstrated to be a very sensitive and specific CCC marker. Its expression, on the other hand, might be poor and localized in some tumors, and it can occasionally be found in other histological types (22). Vimentin may aid in distinguishing PR-negative EOC with significant mucinous differentiation, which is typically vimentin-positive, from MOC, which is vimentin-negative (23).




2.3 Clinical prognostic determinants

Variations in clinical outcomes for ovarian cancer are influenced by several established prognostic determinants. The stage of the disease at diagnosis, the size of the primary tumor, and the extent of metastasis are critical markers that guide treatment decisions and influence patient prognosis. In addition to these tumor-centric factors, patient-specific determinants, such as age and overall health status, also play an essential role in shaping the clinical course and survival outcomes (24). HGSOC has the worst prognosis across all sub-types; nevertheless, it is important to realize that distant-stage MC and CCC have equal or worse 10-year survival projections than distant-stage HGSOC (25). Moreover, older age is related to poorer survival, with a median overall survival of 18.7 months compared to 53.2 months when comparing >70 years against 50–69 years (26). Molecular markers as prognostic variables, of which a lack of homologous recombination in DNA repair has been clinically verified, specifically the status of BRCA1/2 mutation. BRCA2 carriers fare better than BRCA1 carriers, while BRCA1/2 carriers fare better than BRCA wild-type patients (27). Chemotherapy, radiation, and targeted treatments can put selective pressure on cancers, resulting in the formation of resistant clones. This evolution adds to tumor heterogeneity, as well as highlights the difference between primary and recurring diseases. Populations that were previously small may become substantial contributors to recurring malignancies following the removal of other phylogenies by therapy, as evidenced in matched pre- and post-therapy clinical samples (28). These prognostic markers underscore the need for personalized therapeutic strategies and highlight the importance of considering tumor biology, patient characteristics and treatment responses in the management of ovarian cancer.




2.4 Clonal diversity

Clonal diversity refers to the presence of many cancer cell types in a single tumor, each with a distinct set of genetic mutations or epigenetic changes that can influence tumor development, metastatic potential, and resistance to medicines (29). The populations of ovarian tumor cells acquire unique characteristics over time as alterations accumulate, resulting in spatially and temporally different clones. Differentiation from clonal evolution, the presence of cancer stem cells, and tumor microenvironmental effects can all contribute to the formation of distinct cell populations (13). A study on the degree of clonal expansion between tumors was determined using a high-resolution whole-genome copy number method and selected genome-wide sequencing was done by Schwarz and colleagues (28). The study analyzed 135 tumor samples from 17 women undergoing chemotherapy for HGSC. The evolutionary history of each patient was determined by calculating the minimum number of events needed to transform genomic profiles. Interestingly, wide differences in clonal expansions between patients and within samples of the same tumor were observed but only a minor change was detected after treatment. Besides, Hoogstraat and team investigated the mechanism of treatment resistance driven by clonal expansion on 27 samples collected from primary and metastatic sites of 3 treatment naive HGSOC patients. The analysis of whole-genome mate-pair sequencing, topographic mapping of somatic break points, and transcriptional profiling revealed genomic alterations influence intratumor gene expression. Moreover, the study also unveiled the activation of different pathways in metastatic and primary tumors in the same patient, implying that tumor lesions at different sites appear to evolve independently and adapt to the environment (30).




2.5 Variability in tumor microenvironment

The tumor microenvironment (TME) consists of non-cancerous cells, including immune cells, fibroblasts, endothelial cells, and the extracellular matrix, which interact with tumor cells. Cancer cells communicate with these cells, exchanging chemical signals and establishing a niche where they may thrive in new environments. Variations in the TME composition can influence tumor progression, immune evasion, and response to treatment. Among the immune cells, CD8+ cells are more prevalent in HGSC than in other subtypes, with higher CD4+ cells and MHC-I expression in recurring cancers (31). In addition, the presence of immune cells will also differ by tumor location within a particular patient, whereby the degree of immune cell infiltration into a tumor and the clonal heterogeneity of that tumor are often inversely correlated (32). In addition to immune cells, local cell types such as cancer-associated fibroblasts (CAFs) also interact extensively with tumor cells. The presence of CAFs linked with metastatic tumor burden in patient samples, and it also facilitates invasion of ovarian cancer (33). The number of CAFs within the metastatic niche in the omentum expands along with the ovarian tumor growth. Zhang et al. also found that some omental samples contained CAFs but no cancer cells therefore suggesting CAFs promote angiogenesis and may work to prepare a niche before the emergence of ovaria cancer cells (33). As a result, in addition to circumstances influencing changes in tumor clones, the tumor itself may affect its surroundings. Moreover, ascites is a common feature of ovarian cancer, where tumor cells are exposed to a unique fluid environment within the peritoneal cavity. The tumor cells in this fluid are diverse, and they are exposed to a mix of pro- and anti-tumor signals from a wide range of cell types, such as CAFs, endothelial and mesothelial cells, immune cells, and other tumor cells. The content and proportion of soluble factors will alter as the disease advances, but they may include interleukins 6 and 8, which activate AKT and promote survival signaling in circulating tumor cells (34). On the other hand, tumor cells in ascites are exposed to exosomes from other tumor cells, which include proteins such as CD24 and the pro-apoptotic proteins Fas ligand and TRAIL (35). Therefore, understanding TME variability is crucial for designing therapies that target not just the tumor cells but also the supportive TME components.

Researchers and clinicians can gain a better understanding of ovarian cancer’s complexity by categorizing genetic variation and tumor heterogeneity with these categories. This comprehensive categorization facilitates the development of personalized treatment regimens, improves prognostic evaluations, and enhances patient-specific therapeutic outcomes.





3 Current treatments for ovarian cancer

The treatment techniques for various types of cancer are determined by their pathological phases. Early detection will aid in the development of promising and effective treatment alternatives. Ovarian cancer treatment typically involves a combination of surgery, chemotherapy, and, in some cases, targeted therapies. The specific treatment approach depends on the stage of the disease, histological subtype, genetic factors, and the patient’s overall health (36).



3.1 Debulking surgery

Surgery is a primary treatment for ovarian cancer. The goal is to remove as much of the tumor as possible in a procedure called debulking or cytoreductive surgery. The extent of surgery depends on factors such as tumor size, location, and spread. Surgery and systemic treatment are frequently used in tandem and are preceded by imaging procedures and a detailed pathologic report. Cytoreduction surgery is performed either at the time of the main diagnosis or after neoadjuvant chemotherapy (interval debulking surgery) (37). The outcome of surgery (whether complete or incomplete with no macroscopic remaining tumor) is critical for therapy planning. A pooled analysis showed the overall survival was 70, 40, and 30 months, respectively when complete cytoreduction, 0.1–1 cm residual disease, and >1 cm residual disease were attained during debulking surgery (38). Surgical options may include a hysterectomy (removal of the uterus), bilateral salpingo-oophorectomy (removal of both ovaries and fallopian tubes), and removal of any other affected tissues or lymph nodes (39).




3.2 Chemotherapy

Chemotherapy is commonly used in ovarian cancer treatment with the use of anti-cancer drugs that kill or inhibit the growth of cancer cells. The most frequently used chemotherapy regimen is a combination of platinum-based drugs (carboplatin) and a taxane drug (paclitaxel) (40). Chemotherapy can be given before surgery (neoadjuvant chemotherapy) to shrink the tumor or after surgery (adjuvant chemotherapy) to destroy any remaining cancer cells (41). Chemotherapeutic drugs can be given intravenously (IV), intraperitoneally (IP), or in a mix of the two. IP/IV chemotherapeutic agent delivery is the preferred form of administration of drugs for individuals with cytoreduced disease. Chemotherapeutic drugs are most effective when taken via IP route, which has some pharmacokinetic advantages such as increased IP concentration of the medication, a longer half-life of the drug in the abdominal cavity, and prolonged systemic exposure (42). An earlier study found that intraperitoneal chemotherapy following complete cytoreduction in stage III ovarian cancer was related to a lower mortality rate (43). Nevertheless, the use of high-dose chemotherapeutic agents will result in complications due to side effects and may result in the treatment plan being terminated. Because ovarian cancer cells undergo molecular-level alterations over time, they may develop resistance to treatment (36).




3.3 Targeted therapies

Targeted therapies are drugs that specifically target molecular alterations or pathways involved in cancer growth and progression and are also adopted as an alternative treatment modality in ovarian cancer management. For example, PARP inhibitors (such as olaparib, niraparib, and rucaparib) are used in patients with BRCA mutations, as these drugs exploit the DNA repair deficiencies in the cancer cells (44). Because these medications are taken orally and for lengthy periods without interruption, various adverse effects such as nausea, asthenia, and neutropenia have been reported (45). Intravenous bevacizumab, which targets angiogenesis, was the first biological agent approved for the treatment of ovarian cancer. Bevacizumab, a monoclonal antibody targeting vascular endothelial growth factor (VEGF), may also be used in combination with chemotherapy in certain cases (46).




3.4 Immunotherapy

Immunotherapy is quickly becoming the standard of care in a variety of human cancers. It aims to enhance the body’s immune system to recognize and attack cancer cells. Despite encouraging results in other malignant tumors, the use of single-agent antibodies inhibiting the CTLA-4, PD-1, or PD-L1 axis yielded only modest results in ovarian cancer, with median response rates of 10–15% and disease control observed in less than half of the patients (47). Nonetheless, due to a lack of prognostic biomarkers, no immunotherapeutic treatment has received regulatory approval for ovarian cancer to date. Therefore, a contemporary approach to employing immune checkpoint inhibitors is to combine them with anti-angiogenic treatments and PARP inhibitors, which could reduce primary resistance and improve therapy outcomes (48, 49).

It is vital to remember that treatment strategies are tailored to the unique characteristics of each patient’s malignancy. To make informed decisions regarding their care, patients should examine their treatment options, potential side effects, and long-term considerations with their healthcare team.





4 Biomarkers and molecular pathways in the development of ovarian cancer

Ovarian cancer is a highly heterogeneous disease and therefore poses a big challenge to biomarker discovery. There are various histological subtypes of epithelial ovarian cancer including serous, endometrioid and clear-cell carcinoma whereby each is indicated by different molecular features and characteristics. As a result, detecting ovarian cancer in its early stages will require a panel of tumor markers. Several clinically relevant epithelial ovarian cancer biomarkers discovered to date have already been reviewed in the past and present (50, 51). The standard approach for ovarian cancer diagnosis focused on the level of serum tumor biomarker CA-125 (carbohydrate antigen 125), which is raised in the serum of most ovarian cancer patients. Besides ovarian cancer, CA-125 is also highly expressed in other malignant and non-malignant conditions, therefore, limiting its ability to distinguish benign and malignant ovarian masses (52, 53). The lack of sensitivity and specificity of CA-125 to significantly detect the development of ovarian cancer at an early stage paves the way for the discovery of immunological biomarkers that have received special attention in the past years to study the likelihood of improving early cancer detection as well as to improve the survival rate among asymptomatic women.

Several reports over the decades have highlighted that ovarian cancer patients have high levels of serum cytokines leading to speculation that the possibility of the immune response toward ovarian cancer may have both diagnostic and prognostic value. Nevertheless, the use of individual cytokines is only limited to diagnostic tools due to concerns about their specificity and sensitivity. Therefore, measuring of variety of cytokines, especially in a multiplex manner could improve the diagnostic efficiency in ovarian cancer. A previous study demonstrated a combination of plasma IL-6 and IL-8, with two inflammatory markers, CRP and serum amyloid A with CA-125 levels enhanced the diagnostic efficiency compared to CA-125 alone (54). In another study, the combination of CA-125, IL-6, epidermal growth factor, vascular endothelial growth factor, and IL-8 was exceptional in distinguishing early-stage ovarian cancer from healthy controls with better sensitivity and specificity (55). Moreover, the biomarker panel of (CA-125, G-CSF, IL-6, vascular endothelial growth factor and epidermal growth factor) accurately distinguished benign masses from cancer with sensitivity and specificity of 84% and 76% respectively. These results collectively reveal the potential role of immune factors to be a useful biomarker panel for the early detection and diagnosis of ovarian cancer.

Natural immune responses to ovarian cancer have a crucial impact on the clinical outcome of the disease. Ovarian cancer can stimulate spontaneous anti-tumor immune responses whereby a significant number of tumor-infiltrating lymphocytes have been found in ovarian cancer tissues (56). T-cell infiltration into ovarian masses was associated with improved survival. A previous study reported the five-year survival rate is improved among patients with CD3+ T cells within their tumor compared to patients without infiltrating T cells after debulking and platinum-based therapy (57). Moreover, elevated numbers of intraepithelial CD8 cytotoxic T lymphocytes (CTL) also lead to improved survival as compared to those without intraepithelial CTLs (58). Nevertheless, the poor outcome of ovarian cancer is also contributed by immune cells that are unable to control tumor growth as a result of the recruitment of suppressive immune cells such as Tregs, or NK cells which fail to recognize tumor antigens (56). The role of tumor infiltrating immune cells is directly influenced by the level of circulating cytokines in the tumor microenvironment. Therefore, dissecting the heterogeneity of immune cells and the expression level of genes responsible for producing soluble cytokines at single-cell resolution can eventually determine the presence of immune cells and the cytokine levels in the ovarian cancer patient may help to predict the proper clinical outcome.




5 Single-cell sequencing technology

The conventional method of defining the cellular diversity both in tumor biopsies and TME respectively is using immunohistochemical (IHC) staining and flow cytometry. However, this is only limited to classifying the cell types based on specific cell surface markers, thus failing to dissect the intra-cellular variation. Moreover, the use of bulk RNA profiling to reveal the transcriptional state within the tumor and its TMEs has also failed to identify the respective contribution of each cell subset because this traditional method averages gene expression from highly distinct cell populations (59). Nevertheless, these limitations could be addressed by using scRNA-seq technology that combines the application of IHC, flow cytometry and RNA profiling in a single platform to investigate tumor composition, revealing cellular diversity and gene regulatory networks at a single-cell resolution (60–62).

Advancements in single-cell isolation, DNA sequencing, cDNA library preparation and bioinformatic analytical tools have led to remarkable progress in the development of scRNA-seq platforms in recent years. There are five crucial steps involved in scRNA-seq experiments: (1) single cell isolation (2), RNA extraction and cDNA conversion, (3) PCR amplification, (4) sequencing library preparation and (5) sequencing analysis as demonstrated in Figure 2.
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Figure 2 | Single cell sequencing workflow.

The isolation of single cells is the most important step that determines the accuracy and quantity of DNA amplification. Single-cell isolation begins with cell selection by random seeding/dilution, laser microdissection (LCM), fluorescence-activated cell sorting (FACS), or microfluidic/microplate methods. Although FACS is mostly used to capture single cells, large numbers of cells for sequencing can be captured easily using microfluidic technology. This cutting-edge technique easily wraps single cells into an independent microdroplet that contains oligonucleotide primers and unique molecular identifiers (UMI) for cell identification. Nevertheless, there are several other improved technologies of FACS or microfluidics have been discovered over the past years to streamline and increase the throughput of single-cell isolation for transcriptomics, genomics, epigenomics, and proteomics studies. These new platforms also improved cell identification and library preparation for sequencing (63).

Single-cell RNA-seq is commonly used to profile the transcriptomes of individual cells whereby Droplet-based 10X Genomics Chromium and plate-based Switching Mechanism at the 5′ End of RNA Template sequencing (SMART-Seq) are two regularly used platforms (64). In 2012, SMART-Seq enabled the identification of full-length transcripts but as reported in 2013, SMART-Seq v2 excluded the purification step by replacing the last guanosine at the TSO 3′ end with locked nucleic acid (LNA) and improved protein thermal stability by using betaine has eventually increased the yield (65). SMART-Seq v2 is more sensitive and detects more genes inside a single cell, including low-abundance and alternatively spliced transcripts (66). However, SMART-Seq v4 improves efficiency in template swapping, resulting in faster cDNA synthesis and library development as well as providing increased sensitivity for low input and better consistency (67).

The high expense of single-cell DNA sequencing has hindered its adoption for high-dimensional analysis. Therefore, bulk sequencing is the most cost-effective approach, followed by targeted single-cell DNA sequencing to study specific mutations or variants of interest in cancer cells. TARGET-seq, which combines genomic and coding DNA genotyping, provides comprehensive coverage of important mutation hotspots and allows for sensitive investigation of known mutations inside individual cells (68).

Single-cell sequencing approaches, such as chromatin immunoprecipitation sequencing (ChIP-seq) and transposase-accessible chromatin assays using sequencing (ATAC-seq), can also identify epigenetic dynamics (69). Researchers used single-cell Cleavage Under Targets and Tagmentation (CUT&Tag) technology to analyze histone modifications in promoters, enhancers, and gene bodies, as well as regulatory interactions and chromatin occupancy within single cells. This technology provides high sensitivity and throughput (70). Moreover, in situ genome sequencing (IGS) uses DNA library creation, in situ sequencing, amplicon dissociation, PCR, and ex situ sequencing to pinpoint the precise location of a particular DNA sequence. As a result, it gives an important chance to address complex biological concerns, such as the links between genomic architecture and disease (71). These new approaches can identify the functions of transcriptomics and genomic architecture, as well as relationships between function, anatomy, transcription, and cell types in cancer and progression.

Deciphering the expressed proteome at the single-cell level is of tremendous interest as proteins are the primary functional machinery of cells. Mass cytometry by time of flight (CyTOF), which uses metal isotope-labelled antibodies and signal molecules to label cells, can identify 100 distinct proteins in a single cell, allowing for detailed quantitative proteomics sequencing at a single-cell level. On the other hand, Imaging mass cytometry (IMC) which was created from immunohistochemistry with metal-labeled antibodies, may assess up to 40 protein markers and their spatial architecture and relationships, providing information not available by standard tissue lysis of single cells (72). More importantly, IMC can be done on paraffin-embedded tissue slices, allowing for retrospective analysis of patient cohorts with known outcomes that can lead to tailored treatment.




6 Ovarian cancer at single-cell resolution

Single-cell RNA sequencing provides an unbiased and comprehensive method for examining the cellular heterogeneity and diversity within complex biological systems, such as the immune system. By analyzing the transcriptomes of individual cells, scRNA-seq enables the identification of distinct cell types and states without the preconceived biases inherent in bulk sequencing methods (73). Single-cell gene expression profiles using scRNA-seq technologies in immunological studies has transformed our understanding of cellular development and differentiation at the molecular level and the role of immune cells in health and disease. Investigation of the whole transcriptome at single-cell resolution by the scRNA-seq platform enables the discovery of novel regulators of immune cell differentiation and the deciphering of the heterogeneity in the immune system (74, 75). To date, most transcriptomic studies using scRNA-seq technology in ovarian cancer have aimed mainly at cancer cells while only a handful of studies have investigated the heterogeneity of TME which contains various immune cell types that are also crucial for patient stratification, targeted treatment planning, and predict prognostic outcomes. Table 1 summarizes recent findings of scRNA-seq in ovarian cancer.

Table 1 | Summary of recent findings of scRNA-seq in Ovarian cancer.
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In a study conducted by Winterhoff, B. J., and colleagues, two primary groups of cells, epithelial and stromal gene expression patterns have been found in high-grade serous ovarian cancer (HGSOC) patient tumor cells (76). The epithelial group was distinguished by proliferative genes, such as those involved in oxidative phosphorylation and MYC activity, whereas the stromal group was distinguished by increased expression of extracellular matrix (ECM) genes and those involved in epithelial-to-mesenchymal transition (EMT). Although neither group showed a signature that corresponded to previously described chemo-resistant gene signatures, numerous cells, primarily in the stromal subgroup, displayed markers associated with cancer stem cells, suggesting they might not accurately indicate resistance. Moreover, the patient in focus, showing no recurrence after surgery, had single cells without a chemo-resistant gene pattern. On the other hand, this study’s patient is classified as mesenchymal at the bulk sample level but shows a mix of mesenchymal and proliferative subtypes at the single-cell level, hinting at multiple molecular subgroups within tumors. This differential outcome at bulk versus single cell level indicates the potential use of scRNA analysis to categorize cancer cell subpopulations affecting clinical outcomes and chemo responses in ovarian cancer.

Siel Olbrecht and co-researchers found 11 cancer and 32 stromal cell morphologies originating from primary ovarian tumors and their metastatic lesions in high-grade serous tubo-ovarian cancer (HGSTOC) patients by using scRNA-seq (77). This study emphasizes patient-specific cancer cell clusters based on genetic variations in tumors. Some cancer cell subclusters display similarities with previously identified oncogenic pathways, potentially responsible for HGSTOC development and maintenance. The number of myofibroblasts, TGF-driven cancer-associated fibroblasts, mesothelial cells, and lymphatic endothelial cells indicated poor prognosis, whereas plasma cells suggested better outcomes in patients. Furthermore, they also discovered a distinct cell-like transcriptome signature in cancer cells, which was associated with worse overall survival in HGSTOC patients. The phenotypes of stromal cells varied greatly amongst molecular subgroups. The mesenchymal, immunoreactive, and differentiated signatures, for example, were distinguished by distinct fibroblast, immune cell, and myofibroblast/mesothelial cell morphologies suggesting the benefit of scRNA-seq to identify stromal cell characteristics that predict overall survival in patients with HGSTOC. However, they have also highlighted the need for more extensive analysis involving a larger number of patients and various sampling sites to validate the patient’s stratifying strategy based on these phenotype-specific marker genes that could be a potential technique for predicting prognosis or responsiveness to therapy in ovarian cancer.

A recent study published in 2023 performed high-throughput long-read scRNA-seq to capture cell-type-specific genomic and transcriptomic alterations on tumor samples collected from three HGSOC patients presenting with omental metastasis (80). Dondi and colleagues used both short-read and long-read scRNA-seq in 2571 individual cells to generate the deepest dataset which enabled them to identify 150000 cell-type-specific isoforms of which 52,000 were not previously reported. An isoform-level investigation indicated that, on average, 20% of protein-coding gene expression was noncoding, resulting in an overestimation of protein expression. The study discovered that in omental metastases, mesothelial cells change into CAFs via the TGF-β/miR-29/Collagen axis, based on differential isoform and polyadenylation site usage analysis of cells from metastatic TME and distant omental biopsies. They also observed genomic and transcriptomic dysregulations in the insulin-like growth factor (IGF) network in tumor cells. As a result, this study demonstrated that scRNA-seq may reliably capture genomic changes, including cancer- and patient-specific germline and somatic mutations in genes like TP53, as well as gene fusions, such as an IGF2BP2:TESPA1 fusion.

Another study on metastatic ovarian cancer utilized scRNA-seq to identify 9 primary cell types, including cancer, stromal, and immune cells, in 9,885 cells isolated from the omentum of 6 patients (59). The study identified distinct clusters of cancer epithelial cells expressing genes associated with metastasis and EMT, alongside the presence of cancer stem cell-like populations. Their transcriptional analysis of immune cells divides patient samples into two groups: (1) those with strong T cell infiltration (high Tinf) and (2) those with low Tinf. The high Tinf group is enriched in TOX-expressing resident memory CD8+ T (CD8+ Trm) and granulysin-expressing CD4+ T cell clusters potentially impacting cancer therapy, especially in the context of immune checkpoint blockade. Concurrently, they also discovered distinct plasmablast and plasma B cell clusters, as well as NR1H2+IRF8+ and CD274+ macrophage clusters, indicating an anti-tumor response in the high Tinf group. These findings suggest a potential link between these cell populations and their role in response to immune checkpoint inhibitors, emphasizing the need for mechanistic studies to enhance patient responses to these therapies. Nonetheless, the study notes limitations due to low cell counts in certain cell types, restricting further analysis. It also highlights the absence of mesothelial cells in their metastatic dataset from the omentum, contrary to findings in benign ovarian tumors in previous studies (10).

Although many studies have explored the mechanisms and treatment of ovarian cancer at single cell level, the primary focus was given to the commonalities among multiple patients limited by the sample size and the high inter-tumor heterogeneity of ovarian cancer. Nevertheless, a study by Guo et al. successfully constructed a cell atlas containing normal epithelium, primary carcinoma, and metastatic carcinoma by integrating single-cell sequence data from 12 patients (81). In this study, the developmental trajectory of cancer cells during metastasis was characterized using pseudo-time trajectory analysis at various phases, and a cell subcluster with commonality in patients and close association with metastasis was found. This subcluster has immune escape and pro-mesenchymal growth features, as indicated by cell-cell communication studies. Moreover, an overexpressed gene RAB13, that had not before been reported in ovarian cancer was found to increase cell migration and invasion in vitro. Further exploration of the associations between RAB13 expression levels and clinical phenotypes as investigated using TCGA datasets shows RAB13 to be strongly related to a poorer prognosis and tumor progression. This suggests that RAB13 could be further explored to have a deeper understanding of the mechanisms for ovarian cancer metastasis and as a potential drug target.

Interestingly, both bulk and scRNA-seq do not give a complete evaluation of tissue spatial diversity in cancer samples, and existing in situ methods (multiplex immunohistochemistry and imaging mass cytometry) only allow for restricted study of a small number of targets (83). Stur, E., et al. is the first scientific group to use intact tumor tissue to conduct a complete approach to spatial transcriptomics of HGSOC (78). They chose a small group of patients with highly annotated HGSOC, divided them into two groups based on their response to neoadjuvant chemotherapy (poor or excellent), and examined pre-treatment tumor tissue specimens. The team discovered significant changes in tumor composition between poor and excellent treatment responders, which were related to cell cluster architecture and location. The significance of the stromal component influencing chemotherapy response and the identification of diverse cell clusters in different tissue types, particularly concerning the EMT pathway. The study reveals variations in EMT pathway activity within and among tumor tissues, suggesting specific cell populations may contribute to therapy resistance. It emphasizes the importance of physical cell cluster connections within the TME, such as the mesenchymal cluster’s interactions possibly sustaining resistance and immune cell clusters enhancing chemotherapy’s cytotoxic effects. This detailed analysis of tumor tissue from poor and good responders with high-grade serous ovarian cancer revealed that spatial interactions between cell clusters may impact chemo-responsiveness more than cluster composition alone.

In addition, a recent study produced a high-resolution representation of the cellular contact network in early- or late-stage HGSOC tumors compared to nonmalignant ovarian tissues (79). J Xu and co-scientists unveiled the distinct TME elements of HGSOC and tumor cell traits linked with tumor phases using scRNA-seq techniques. They identified 38 genes of the EMT programme differentially expressed in HGSOC tumor cells when compared to nonmalignant ovarian cells. Among these, expression levels of EMT markers consisting of NOTCH1, SNAI2, TGFBR1, and WNT11 were associated with poor survival in at least three cohorts similar to worse patient overall survival in all The Cancer Genome Atlas and Gene Expression Omnibus serous ovarian cancer cohorts. Moreover, they also found a highly immunosuppressive context in which most invading tumor specific CD8+ T lymphocytes become exhausted and effector function is substantially compromised in HGSOC patients. Although several T-cell coinhibitory receptors have been identified including TIGIT, CTLA4, HAVCR2, LAG3, PDCD1, and SIRPA, TIGIT was the most abundant coinhibitory receptor on CD8+ T exhausted cells. Interestingly, TIGIT inhibition hampered tumor development in mouse models of patient-derived ovarian cancer and greatly reduced the frequency of TIGIT+-CD8+ T cells in tumors. On the other hand, the ability of macrophages to recruit immune cells was steadily diminished, whilst the effects of growth factor release were dramatically boosted as the phases progressed, showing that malignant transformation of macrophages occurred during this process. In this study, a distinct subpopulation of APOBEC3A M1 macrophages were mostly in early stage 1, had increased chemokine production, and were linked with better survival outcomes.

Ascites, a cluster of cell types, are found in one-third of ovarian cancer patients at the stage of diagnosis and are common in individuals with chemotherapy-resistant disease (84). The accumulation of malignant abdominal fluid is a common complication in women with advanced HGSOC, and it is related to resistance to drugs and an uncertain prognosis (85). In a study published in 2020, the researchers performed sc-RNA sequencing to analyze 11,000 cells from 22 ascites specimens from 11 individuals with HGSOC to define the HGSOC ascites ecosystem (24). The study of malignant ascites from patients with advanced HGSOC using scRNA-seq revealed considerable differences in cellular states and programs between malignant and non-malignant cells. Cancer-associated fibroblasts (CAFs) (CD14, AIF1, CSF1R and CD163 positive cells) are a subgroup with immunomodulatory programs in which inflammatory CAFs produce IL-6 and other cytokines and may promote tumor development and treatment resistance. Moreover, macrophage diversity was predominantly driven by two gene programs: one involving major histocompatibility complex (MHC) class II, interferon-receptor 1, and M1-associated genes, and the other by complement factors, demonstrating that an equilibrium of these phenotypes existed within the ascites environment of patients getting the platinum therapy. Malignant cells that express the MHC class II program may have more tumor-infiltrating lymphocytes, a better prognosis, and a stronger immunotherapy response. The ascites ecosystem may balance cancer progression and medication responses, and changing this equilibrium therapeutically might help alter the drug-resistant setting. Furthermore, the differentiated subtype program is robustly expressed by most cancer cells across patients, whereas the proliferative subtype is expressed by a minority. The mesenchymal and immunoreactive subtype programs are not expressed by cancer cells, but rather by CAFs and macrophages, which represent tumor makeup. CAFs can explain the majority, if not all, of the mesenchymal subtype, implying that cancer cells play an important role in tumor composition. However, future research should look at a bigger amount of patient samples to see if the programs revealed in one patient are generalizable. Single cell profiling of well-stratified clinical cohorts is also required to improve inter-patient comparisons, find convergent elements of tumor biology and drug resistance, and improve our understanding of HGSOC.

Another well-constructed study conducted by Zheng, X., et al. has outlined a complete landscape of ovarian cancer TME using scRNA-seq by analyzing the distinct cellular components of five tumor-related locations, including primary ovarian tumor, omentum metastasis, ascites, pelvic lymph node, and peripheral blood (82). The researchers used scRNA-seq to investigate the intricacy of TME as well as the relationships between the samples obtained from five different tissues in 14 patients with ovarian cancer who had variable sensitivity to platinum-based treatment. They found ascites-derived GZMK+ TEM, which resembles ‘pre-exhausted’ CD8+ T cells within tumors, might be a substantial source of tumor-infiltrating TEX cells, implying that ascites-derived memory T cells may migrate into tumor locations and serve as a key cell pool for TILs. In addition, accelerating the movement of ascites derived GZMK+ TEM cells into tumor locations might be a possible ovarian cancer treatment method. More research is needed, however, to completely understand the functional functions of these ascites T lymphocytes. On the other hand, conventional DCs demonstrated distinct ascites-enriched distribution patterns, suggesting that their presence in ascites might serve as a possible source of LAMP3+ DCs in tumor tissues. Macrophages of various origins and phenotypes coexisted inside the ovarian tumor and ascites, with tumor-enriched macrophages regulating immunity and ascites-enriched macrophages being more pro-inflammatory. Moreover, DES+ mesothelial cells in ascites and IL13RA1+ endothelial cells at the tumor site are two examples of stromal cell types that play essential roles in tumor growth. Ascites-enriched DES+ mesothelial cells may assist in remolding the ascites milieu by attracting T cells and macrophages via CXCL12-CXCR4. Lastly, IL13RA1+ endothelial cells with tip-like characteristics were found to be considerably abundant in platinum-resistant individuals indicating its influence on chemotherapy resistance. The findings shed light on the biological factors that contribute to the remodeling of the TME and identified specific cell subpopulations that could serve as potential predictive biomarkers for chemotherapy and prognostic markers for prolonged survival, while also discovering new therapeutic targets or methods for overcoming platinum resistance and immune suppression in ovarian cancer.




7 Potential clinical applications of scRNA-seq in ovarian cancer

Single-cell sequencing has emerged as a powerful tool in cancer research and has several clinical applications in ovarian cancer. By analyzing individual cells’ genetic and molecular characteristics, single-cell sequencing allows researchers and clinicians to gain valuable insights into tumor heterogeneity and potential treatment strategies (86). It shows tumor cell heterogeneity and monitors tumor progression, preventing additional cellular damage. Moreover, immune cell transcriptome analysis in tumor tissue can be utilized to classify immune cells, their immune escape mechanisms, and drug resistance mechanisms, as well as to design effective therapeutic targeted therapies in combination with immunotherapy in ovarian cancer (87). Here are some key potential clinical applications of scRNA-seq for the management of ovarian cancer.



7.1 Understanding cellular diversity

Ovarian cancer is known for its high degree of cellular diversity, with different cell populations within the same tumor displaying distinct genetic and molecular features (88). Single-cell sequencing enables the identification and characterization of various cell subpopulations, providing a comprehensive view of the tumor’s complexity (89). This may help researchers understand the composition of tumor tissues, identify rare cell types, and explore how different cell populations interact within the tumor microenvironment. Moreover, this information can be essential in designing personalized treatment plans that target specific cell populations driving tumor growth and resistance.




7.2 Predicting treatment response

Single-cell sequencing can identify genetic mutations and gene expression patterns associated with drug resistance or response to specific therapies. This sequencing approaches provide precise and reliable profiling of tumor subpopulations, revealing modest changes in therapy response. Deep transfer learning to predict drug sensitivity allows us to use not just past information derived from enormous bulk sequencing data, but also the diverse landscapes produced by single-cell sequencing techniques (90). By analyzing individual cells, researchers can identify subpopulations that may be responsible for treatment resistance. This information can aid clinicians in selecting the most effective treatment options for individual patients, improving treatment outcomes.




7.3 Biomarker discovery

Traditionally, bulk transcriptome signatures have been employed to identify prognostic biomarkers in cancer but have not yet demonstrated convincing clinical utility. It also lacks the resolution to capture important cell types in tumors and their complex microenvironment; therefore the true nature of epithelial cell diversity remains unknown (91). Single-cell sequencing enables the discovery of novel biomarkers that can aid in early diagnosis and prognosis of ovarian cancer. Researchers can develop more accurate and sensitive biomarkers for detecting ovarian cancer and monitoring its progression by identifying unique genetic and molecular signatures in specific cell populations.




7.4 Uncovering immune responses

The tumor microenvironment in ovarian cancer is influenced by immune cells that can either promote or inhibit tumor growth (7). In ovarian cancer, the tumor microenvironment is important in developing therapy resistance and disease progression because it provides cancer stem cell niches, promotes tumor cell metabolic reprogramming, reduces chemotherapeutic drug perfusion, and leads to an immunosuppressive environment (92). Single-cell sequencing can characterize immune cell populations and their interactions within the tumor cells precisely. This information can be used to develop immunotherapies or combination therapies that enhance the body’s immune response against ovarian cancer. Moreover, the treatment response rate of immunotherapeutic agents could also be retrieved by single-cell sequencing techniques.




7.5 Monitoring minimal residual disease

After surgery and chemotherapy, there may still be residual tumor cells that are not detectable by conventional methods. Patients with macroscopic residual disease (0.1–0.5 cm) outlive those with more than 0.5 to 1 cm (53 months) (38). Minimizing the occurrence of residual disease post-surgery and chemotherapy could improve the survival rate of ovarian cancer patients. Single-cell sequencing can provide more sensitive detection of minimal residual disease, helping clinicians assess treatment effectiveness and make informed decisions regarding further therapy. This would eventually lead to better management of ovarian cancer patients and reduce the chance of cancer relapse.

Overall, the clinical application of single-cell sequencing in ovarian cancer holds significant promise for advancing precision medicine approaches and improving patient outcomes by tailoring treatments to individual tumor characteristics. However, it is important to note that single-cell sequencing is still an evolving technology and further research, and validation are needed before its widespread clinical implementation.





8 Discussion

Ovarian cancer is a highly heterogeneous disease with various subtypes and variations, which poses challenges in its treatment. This heterogeneity can be observed at genetic, histological, and clinical levels. Ovarian cancer patients may exhibit different genetic abnormalities, with mutations in various genes associated with the risk of ovarian cancer. For instance, high-grade serous carcinomas often have TP53 mutations, while low-grade serous carcinomas frequently have KRAS or BRAF mutations. Other oncogenes like BRCA1/2, PTEN, and PIK3CA are also involved but less frequently. The microscopic appearance of ovarian cancer cells varies across different histological subtypes, leading to differences in clinical behaviors and treatment responses. Pathologists may have challenges in distinguishing between certain subtypes, such as endometrioid and serous carcinomas, which can lead to reclassification. Clinical aspects of ovarian cancer, including its presentation, progression, and response to treatment, can differ significantly. Factors like cancer stage, tumor size, and metastasis, as well as patient characteristics like age and overall health, influence the clinical outcome. Understanding ovarian cancer’s heterogeneity is crucial for tailoring personalized treatment approaches.

Treatment strategies for ovarian cancer are determined by factors such as the cancer’s stage, histological subtype, genetic factors, and the patient’s overall health. Surgery aims to remove as much of the tumor as possible whereby the extent of surgery depends on tumor characteristics. Complete cytoreduction during surgery is critical for therapy planning and can significantly impact survival. In addition, chemotherapy using platinum-based drugs such as carboplatin and taxane is commonly used in combination with ovarian cancer. Chemotherapy is often administered before surgery to shrink the tumor or after surgery to eliminate any remaining cancer cells. Nevertheless, targeted therapies which focus on specific molecular alterations or pathways involved in cancer growth have gained popularity among clinical researchers in recent times. The PARP inhibitors are used in patients with BRCA mutations, exploiting DNA repair deficiencies in cancer cells. Moreover, Bevacizumab, which targets angiogenesis, can also be used in combination with chemotherapy. Besides that, immunotherapy, which boosts the body’s immune system to recognize and attack cancer cells, is an emerging treatment option which warrants in-depth studies to be employed in ovarian cancer. This is because its effectiveness in ovarian cancer has been modest, and no immunotherapeutic treatment has received regulatory approval to date. Combining immunotherapy with anti-angiogenic treatments and PARP inhibitors is being explored to enhance therapy outcomes. In the ovarian cancer ecosystem, each patient’s treatment plan is customized based on their unique cancer characteristics, and patients need to discuss their options, potential side effects, and long-term considerations with their healthcare team. Early detection is always crucial for more promising and effective treatment options that need new technological interventions in cancer management.

Ovarian cancer is a highly heterogeneous disease, which makes biomarker discovery challenging. Different histological subtypes, such as serous, endometrioid, and clear-cell carcinoma, have distinct molecular features and characteristics. Detecting ovarian cancer in its early stages necessitates a panel of tumor markers. The conventional diagnostic approach has relied on the serum tumor biomarker CA-125, which is elevated in most ovarian cancer patients. However, CA-125 is also found in high levels in other benign and malignant conditions, limiting its ability to differentiate between benign and malignant ovarian masses. Due to the lack of sensitivity and specificity of CA-125, there has been a focus on the discovery of immunological biomarkers in recent years to improve early cancer detection and enhance the survival rate among asymptomatic women.

The presence of high levels of serum cytokines in ovarian cancer patients has sparked interest in the potential diagnostic and prognostic value of the immune response to ovarian cancer. However, individual cytokines have limitations in terms of specificity and sensitivity for diagnosis. Multiplex measurements of various cytokines need further advancement to improve diagnostic efficiency in ovarian cancer. Besides this, the natural immune responses to ovarian cancer play a critical role in the clinical outcome of the disease. The presence of tumor-infiltrating lymphocytes, particularly T cells and CD8 cytotoxic T lymphocytes (CTLs), has been associated with improved survival in ovarian cancer patients. However, the effectiveness of the immune response can be influenced by suppressive immune cells like Tregs and NK cells, as well as the levels of circulating cytokines in the tumor microenvironment. Therefore, dissecting the heterogeneity of immune cells, examining the expression of genes responsible for cytokine production at a single-cell resolution, and determining the presence of immune cells and cytokine levels in ovarian cancer patients may be valuable for predicting clinical outcomes in ovarian cancer.

Conventional techniques, such as IHC staining, flow cytometry, and bulk RNA profiling, have restrictions in dissecting both inter-cellular and intra-cellular heterogeneity of ovarian cancer. These techniques mainly rely on the expression of surface markers and result from averaging of gene expression from diverse cell populations. ScRNA-seq addresses these limitations by combining elements of IHC, flow cytometry, and RNA profiling within a single platform, allowing for the investigation of cellular composition, revealing cellular diversity, and uncovering gene regulatory networks at a single-cell resolution. Recent advancements in single-cell isolation, DNA sequencing, cDNA library preparation, and bioinformatics tools have significantly improved scRNA-seq platforms. Various methods, FACS, microfluidics, and laser microdissection, are used to isolate single cells, with microfluidic technology being particularly efficient for high-throughput single-cell capture. Fast-paced developments in FACS and microfluidics, further streamline single-cell isolation processes and enhance cell identification and library preparation for sequencing, thus improving our understanding of cellular heterogeneity in cancer.

Single-cell sequencing has emerged as a powerful tool in ovarian cancer research and offers several clinical applications. It provides valuable insights into tumor heterogeneity, immune responses, and treatment strategies. The use of scRNA-seq enables the discovery of novel biomarkers for early diagnosis and prognosis of ovarian cancer. It offers higher resolution to capture the complexity of cell types in tumors and their microenvironment, leading to the development of more accurate and sensitive biomarkers. Single-cell sequencing allows for the comprehensive identification and characterization of highly heterogeneous ovarian cancer subpopulations, helping researchers or clinicians understand the complexity of tumor tissues. This information is vital for designing personalized treatment plans targeting specific cell populations that drive tumor growth and resistance. Furthermore, scRNA-seq can identify genetic mutations and gene expression patterns associated with drug resistance or response to specific therapies. By analyzing individual cells, researchers can pinpoint subpopulations responsible for treatment resistance, guiding clinicians in selecting the most effective treatment options for individual patients. Ovarian cancer’s microenvironment is influenced by immune cells that can either promote or inhibit tumor growth. Single-cell sequencing precisely characterizes immune cell populations and their interactions, aiding in the development of immunotherapies and combination therapies to enhance the body’s immune response against ovarian cancer. In addition, this cutting-edge technology provides a more sensitive method for detecting minimal residual disease after surgery and chemotherapy. This helps clinicians assess treatment effectiveness and make informed decisions regarding further therapy, ultimately improving the management of ovarian cancer patients and reducing the risk of cancer relapse.

In the nutshell, single-cell sequencing holds significant promise in advancing precision medicine for ovarian cancer, tailoring treatments to individual tumor characteristics. However, further research and validation are needed before its widespread clinical implementation.




9 Conclusion & future perspectives

The field of single-cell sequencing is developing quickly whereby clinically relevant information such as intra-tumor heterogeneity, resistance towards treatment and tumor evolution can be collected by profiling single cells from cancer patients. Numerous fundamental objectives of cancer precision medicine (including prediction of treatment response, prognostication, and detection of treatment resistance) are possible to address at a higher resolution with scRNA-seq methods compared with traditional bulk average molecular phenotyping. Therefore, single-cell molecular phenotyping will overtake bulk average profiling in many application areas in the future. The way forward steps in the application of single-cell methods in the study of human cancers is to initiate studies that include larger patient cohorts, larger numbers of single cells and clinical outcomes.
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The tumor microenvironment influences cancer progression and response to treatments, which ultimately impacts the survival of patients with cancer. The sympathetic nervous system (SNS) is a core component of solid tumors that arise in the body. In addition to influencing cancer progression, a role for the SNS in the effectiveness of cancer treatments is beginning to emerge. This review explores evidence that the SNS impairs chemotherapy efficacy. We review findings of studies that evaluated the impact of neural ablation on chemotherapy outcomes and discuss plausible mechanisms for the impact of neural signaling on chemotherapy efficacy. We then discuss implications for clinical practice, including opportunities to block neural signaling to improve response to chemotherapy.
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Introduction

The tumor microenvironment was long thought to be a bystander in cancer progression but is now recognized to play an active role in regulating cancer progression (1). Cancer cells interact with stromal and immune cells in the tumor microenvironment, actively sculpting the environment to favor cancer progression (1). Multiple compartments of the tumor microenvironment regulate both treatment efficacy and resistance (2, 3). For example, variation in the immune profile of individual tumors predict treatment outcomes, where high T cell and low macrophage abundance in the tumor has been linked to better response to chemotherapy in patients (4, 5). Moreover, vascular integrity within the tumor can affect chemotherapy distribution within the tumor (6, 7). Whilst much is known about how the vasculature and immune landscape of tumors contributes to treatment response or resistance, the role of tumor-associated nerves in modulating these effects is only beginning to be elucidated.

The peripheral nervous system is comprised of the autonomic (sympathetic and parasympathetic) and somatic nervous systems. The sympathetic and parasympathetic nervous systems regulates physiological functions of organs, while sensory neurons transmit internal and external sensory cues (temperature, touch, mechanical and noxious stimuli) to the brain, and regulate signaling in innervated organs through neuropeptide release (8, 9). Tumors that arise in the body (outside the central nervous system) may be innervated by more than one neural subtype (10–15), each of which has been shown to play an active role in cancer progression by either regulating cancer cell function or shaping the tumor microenvironment to favor cancer progression, as reviewed previously (16).

In addition to modulating cancer progression, recent studies provide evidence that the sympathetic nervous system (SNS) also regulates the response to chemotherapy treatment. The SNS is activated by stimuli that challenge organismal homeostasis, inducing a fight-or-flight stress response (17). Activation of the SNS induces the release of catecholaminergic neurotransmitters including norepinephrine (or noradrenaline) from nerve endings and epinephrine (or adrenaline) from the adrenal gland (18). Neurotransmitter ligation of G-protein coupled adrenergic receptors shifts gene expression to modulate the behavior of diverse cell types in the tumor microenvironment. The β2-adrenergic receptor (β2AR) subtype is expressed by tumor cells, endothelial cells, and immune cells, and preclinical studies from the last two decades show that β2AR signaling drives tumor growth and metastasis and suppresses anti-cancer immunity in various cancer types (19–33), as previously reviewed (34). More recently, evidence for the role of other adrenergic receptor subtypes (α1AR, α2AR, β1AR and β3AR) in regulating cancer progression is emerging (35–38). As described below, evidence for SNS regulation of chemotherapy response has focused on the role of β2AR, and the role of the other adrenergic receptors on chemotherapy response is yet to be explored. Therefore, here we focus on evidence that SNS signaling through β2AR modulates chemotherapy response.





Targeting tumor-associated nerves improves response to chemotherapy

Expanding on well characterized roles for the SNS in cancer progression (16, 39), the application of tools from neuroscience and pharmacology to the field of cancer biology has begun to elucidate a role for the SNS in response to cancer treatments including chemotherapy. Evidence that SNS signaling can impact the effectiveness of chemotherapy comes from studies that target different aspects of SNS signaling including tumor-associated nerves, neurotrophins that support these nerves, and the receptor signaling activated by SNS neurotransmitters.

In mouse models of triple-negative breast cancer (TNBC) and pancreatic ductal adenocarcinoma, localized SNS denervation of the tumor microenvironment using surgery or neurotoxin prior to chemotherapy treatment were shown to improve chemotherapy control of metastasis and increase overall survival (23, 28) (Table 1). In a mouse model of TNBC, ablation of sympathetic nerves within the mammary fatpad using 6-hydroxydopamine reduced metastasis progression after treatment with the anthracycline chemotherapy doxorubicin (23) (Figure 1). In contrast, anthracycline chemotherapy had no effect on metastasis in mice with intact sympathetic innervation at the site of the primary tumor. Denervation of the primary tumor had no effect on doxorubicin control of primary tumor growth, nor did denervation of the primary tumor have any effect on metastasis in mice that were not treated with chemotherapy. These findings indicate that neural signaling may modulate the response to chemotherapy by affecting the invasive properties of tumor cells rather than by enhancing the effects of chemotherapy on tumor cell killing (23). Similarly, resection of the nerve bundles that supply the pancreas (around the celiac and superior mesenteric arteries) in mice with established pancreas tumors improved the response to subsequent treatment with gemcitabine by doubling overall survival compared to mice with intact nerves (28). As the effect of nerve resection on survival was not evaluated in mice not treated with gemcitabine, it is possible that improved survival was due to an additive effect of chemotherapy and denervation, rather than an effect of neural ablation on gemcitabine efficacy. Additionally, this study did not confirm that the resected nerve bundle specifically contained sympathetic nerve fibers, hence ablation of other neuronal subtypes present in the nerve bundles may contribute to the observed improvement in survival outcomes (28). Nonetheless, these studies suggest that neural signaling may impair the effect of chemotherapy.

Table 1 | Neural-targeted interventions modulate cancer progression and response to chemotherapy in mouse models of cancer.
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Figure 1 | Strategies that block SNS signaling during chemotherapy improve cancer-related outcomes. Sympathetic signaling acts on the multiple components of the tumor microenvironment to drive cancer cell dissemination, including (A) tumor cells to increase transcription of neurotrophins including nerve growth factor (NGF) and shift the balance of pro- and anti-apoptotic factors to reduce apoptosis, (B) immune cells to increase recruitment of myeloid derived suppressor cells (MDSC) to the tumor, increase MDSC resistance to oxidative stress, and reduced cytotoxic T cells recruitment, and (C) blood and lymph vasculature to reduce drug delivery and increase pathways of tumor cell escape. Preclinical studies showed that interventions that target sympathetic nervous system, including surgical or chemical denervation, Trk inhibitors or beta-blockers reduce metastasis and improve survival.

Studies that targeted neurotrophin support of tissue innervation also provide evidence that neural signaling impacts chemotherapy response. Neurotrophins including nerve growth factor (NGF) support the growth and maintenance of sympathetic neurons (40). Within tumors, neurotrophins are synthesized by cancer cells and could increase tumor innervation (41, 42). Blocking neurotrophin signaling using a pan-tropomyosin receptor kinase (Trk) inhibitor during treatment with gemcitabine was shown to improve survival of mice with pancreatic cancer compared with treatment with gemcitabine alone (28) (Table 1). Similarly, blocking pro-brain derived neurotrophic factor using a neutralizing antibody during treatment with 5-fluorouracil reduced growth associated protein-43-positive tumor innervation and resulted in smaller colorectal tumors than treatment with the chemotherapy alone (41) (Table 1). In addition to being expressed by neurons, TrkA and p75 neurotrophin receptors (p75NTR) are expressed by tumor cells and NGF activation of these receptors promotes tumor cell proliferation (28, 43). Therefore, it will be important to determine whether improved outcomes of neurotrophin targeted strategies that have been observed in preclinical studies are due to an effect on chemotherapy efficacy or a result of limiting cancer cell proliferation during treatment.

When activated, SNS nerves release neurotransmitters that bind to adrenergic receptors in target tissues. Evaluation of clinical cancer samples shows wide variation in levels of adrenergic receptors on tumor cells (44, 45). A number of studies that examined the prognostic potential of β2AR expression found that high tumor cell β2AR was associated with worse survival outcomes in various cancer types (32, 46–50). A plausible mechanism for this effect may be through modulation of treatment efficacy. For example, in a study of HER2+ breast cancer, high levels of tumor cell β2AR prior to neoadjuvant treatment with anthracycline-containing chemotherapy and trastuzumab was associated with decreased pathological complete response (46). While not all tumors express high β2AR at diagnosis, there is evidence that β2AR levels (and therefore sensitivity to SNS activation) may be increased by chemotherapy (23). Anthracycline drugs including doxorubicin and epirubicin were shown to increase β2AR transcription in mouse models of TNBC and in patient samples, thereby sensitizing tumor cells to SNS neurotransmitter signaling (23). These findings suggest that chemotherapy treatment could potentially affect the tumor response to future treatment by modulating sensitivity to neural signaling.

In line with these clinical observations, studies that investigated pharmacological blockade of βAR suggest that the SNS impacts chemotherapy outcomes. β-adrenergic antagonists, also known as beta-blockers, are commonly used to treat cardiovascular diseases and a range of other conditions (51). In mice with TNBC, treatment with the beta-blocker propranolol significantly improved doxorubicin-mediated control of metastatic growth, independent of an effect on the primary tumor (23) (Table 1). Genetic knockout of β2AR from tumor cells replicated the effect of beta-blockade: tumors derived from β2AR-deficient tumor cells had reduced metastasis following doxorubicin administration compared to tumors derived from β2AR-expressing tumor cells (23). Other chemotherapy drugs may also be improved by blocking neural signaling. In an immunocompromised mouse model of TNBC, propranolol-mediated blockade of SNS signaling during treatment with paclitaxel and 5-fluorouracil improved survival of mice (determined by primary tumor burden) (52), and treating mice with pancreatic tumor with the selective β2-blocker ICI-118551 during treatment with gemcitabine slowed primary tumor growth and increased the overall survival time compared treatment with gemcitabine chemotherapy alone (28) (Table 1).

Retrospective clinical studies that investigated cancer-related outcomes in patients who were treated with beta-blockers at the time of cancer diagnosis or treatment also support a role for βAR signaling in improving clinical outcomes. Beta-blockers are used to treat cardiovascular disease including arrhythmias and heart failure, glaucoma, and are used for migraine prophylaxis (53). As a consequence of the widespread use of beta-blocker drugs, a significant proportion of adults who are diagnosed with cancer will (co-incidentally) be prescribed a beta-blocker during cancer treatment. A recent retrospective study using both hospital and population cohorts, found that beta-blocker use at the time of treatment with chemotherapy was associated with better metastasis-free survival in women with TNBC compared to no use of beta-blockers (23). Similar findings were reported in another cohort of women with TNBC treated with chemotherapy (54). These studies did not distinguish between use of cardio-selective versus non-selective beta-blockers. While beta-blocker use at diagnosis has been associated with improved disease-free survival and/or overall survival in other cancer types (55–63), those studies did not consider interactions with standard cancer treatments such as chemotherapy. Nonetheless, as beta-blocker use for cardiovascular indications tends to be long-term, it is likely that beta-blockers were used concurrently with cancer treatment in those cancer cohorts. In future clinical analyses it will be important to investigate if the beneficial effects of beta-blockers on cancer outcomes is due to an interaction with chemotherapy.





Mechanisms for neural effects on chemotherapy treatment

The effects of SNS activation on chemotherapy response may be due to effects on tumor cells, or components of the tumor microenvironment (Figure 1). While mechanisms of chemotherapy drugs vary, their ultimate goal is to induce apoptosis in cancer cells. In addition, optimal chemotherapeutic effects may be dependent on induction of a tumor-targeted immune response and drug access to the tumor. Neural signaling may impact the effects of chemotherapy by acting at each of these levels.

Beta-adrenergic signaling desensitizes cancer cells to the cytotoxic effects of chemotherapy, an effect that is prevented with beta-blockers (24, 52, 64–67). This has been demonstrated for different chemotherapy drugs including cisplatin, paclitaxel, and vincristine, and in cell lines derived from different cancer types including breast, ovarian, pancreatic cancer and neuroblastoma (24, 52, 64–67). Several mechanisms have been proposed, including modulation of the apoptotic molecular machinery and DNA damage response by βAR signaling (Figure 1A) (24, 63, 65, 67). Preclinical studies have shown that βAR signaling inactivated pro-apoptotic protein BAD and p53, and increased anti-apoptotic protein BCL-XL, BCL-2 and MCL1 in pancreatic cancer cells (24). βAR signaling can also increase dual specificity phosphatase 1 protein which inhibited paclitaxel-induced JNK/c-Jun-dependent apoptotic signaling pathway (64). βAR signaling has been implicated in promoting DNA damage, thus driving G1 cell cycle arrest in breast cancer cells which may contribute to the lack of paclitaxel efficacy in the presence of βAR signaling (66). In contrast, blockade of βAR signaling using propranolol increased levels of the pro-apoptotic protein p53 in breast cancer cells in vitro; and a similar observation was reported in a single patient who was treated with propranolol before surgical resection of tumor (68). These findings indicate that blockade of βAR signaling may improve cytotoxic effects of chemotherapy. Supporting this hypothesis, co-administration of propranolol increased tumor sensitivity to docetaxel or pro-apoptotic therapy Apo2L/TRAIL, resulting in smaller tumors compared to mice that were treated with either therapy alone (24, 64).

The finding that blocking sympathetic neural signaling improve chemotherapy control of metastasis without impacting primary tumor burden in vivo or cancer cell proliferation in vitro (23), suggests that beta-blockade may improve chemotherapy efficacy via alternative mechanisms besides targeting chemotherapy-induced apoptosis. Emerging evidence suggests that neural signaling can impair chemotherapy through effects on immune cells (69)(Figure 1B). An immune response is required for the optimal effect of some chemotherapy drugs (70, 71). For example, the anthracycline drug doxorubicin increased proliferation of tumor-specific CD8+ T cells in tumor-draining lymph nodes and T cell deletion reduced the effectiveness of chemotherapy in mice (71). Moreover, leukocyte infiltration into tumors predicts recurrence-free and overall cancer survival in TNBC patients who received adjuvant chemotherapy (5). However, myeloid-derived suppressor cells (MDSC) that are prevalent in the tumor can dampen CD8 immune response (72), which may affect chemotherapy efficacy. Recently, it was shown that activation of βAR signaling in MDSC inhibited doxorubicin-induced apoptosis by inducing metabolic reprogramming, thus making the MDSC more resistant to doxorubicin-induced oxidative stress (Figure 1B) (69). Consequently, propranolol blockade of βAR signaling promoted MDSC cell death and reduced MDSC abundance in tumors, which was associated with increased survival of mice with lymphoma compared to treatment with doxorubicin or propranolol alone (69). Neural signaling through βAR has also been shown to regulate recruitment, expansion and function of other immune cell populations. For example, βAR signaling promotes recruitment of other myeloid cell populations to tumors, while reducing recruitment of functional CD8+ T cells (29, 73–76). Additionally, βAR signaling can modulates T cell motility by regulating tissue oxygen levels, thus affecting T cell priming and expansion of tumor-specific T cells (19). Neural signaling also impairs T cell priming and thus cytotoxicity by downregulating the antigen presentation capacity of dendritic cells (20, 77). Notably, most of the immune cells regulated by neural signaling through βAR have been implicated in modulation of chemotherapy efficacy (4, 70, 71, 78–81). Therefore, future studies are needed to examine if these immune cells are also targeted by βAR signaling in the context of chemotherapy treatment. These studies will provide important insights into how blocking neural signaling can improve the anti-cancer immune response, which may have significant implications for clinical practice with the recent shift towards addition of immunotherapy to chemotherapy regimens.

Neural regulation of tumor vasculature may also impact the effect of chemotherapy (Figure 1C). The tumor vasculature serves as an important route to ensure effective drug delivery (6, 7). Physiological SNS activation by restraint stress has been shown to dysregulate blood and lymph vasculature within tumors via βAR-signaling (29, 30, 60, 82). βAR-induced remodeling of vasculature in tumor occurs through both direct effects on endothelial cells and indirect effects through immune cells and tumor cells (29, 30, 33, 60, 82). Genetic deletion of Adrb2, which encodes β2AR, in endothelial cells significantly increased oxidative metabolism in endothelial cells, thus reducing angiogenesis, vascular density, and ultimately progression of prostatic intraepithelial neoplasia in a transgenic model of prostate cancer (33). Other studies have shown that tumor-associated macrophages are required for βAR-induced vascular remodeling by inducing production of VEGF-A and VEGF-C by tumor cells (29, 60). βAR signaling can also affect tumor cells directly by upregulating transcription and production of VEGF-A, leading to vascular remodeling in tumors (30, 82, 83). As tumor vasculature is a critical component of the tumor microenvironment that impacts chemotherapy efficacy (80, 81, 84), βAR-induced remodeling of tumor vasculature may contribute to the effects of neural signaling on chemotherapy efficacy. Therefore, to fully understand how neural signaling modulates the effects of chemotherapy, it will be important for future studies to define how the SNS regulates multiple aspects of the tumor microenvironment including immune and vasculature contributions to treatment response.





Discussion: clinical implications and future directions

SNS control of chemotherapy efficacy suggests that strategies that target neural signaling may be leveraged to improve outcomes for patients with cancer. Pharmacological beta-blockade could be rapidly translated to help patients as beta-blockers are widely available, inexpensive, and well-tolerated drugs that could be readily combined with existing treatments including chemotherapy. Early-stage clinical trials for the use of beta-blockers are promising. Phase II window of opportunity studies have shown that the beta-blocker propranolol reduces biomarkers of invasion and inflammation and is well tolerated by patients with cancer (85–87). Feasibility trials have demonstrated that propranolol may be safely combined with neoadjuvant chemotherapy (88, 89) and used in the perioperative period (85, 86). Additional insights may come from several ongoing single arm trials (NCT04005365, NCT02641314, NCT03108300, NCT02897986) in other cancer types, and early evidence suggests that beta-blockers may improve progression-free survival in cancer patients (90).

To best design future clinical trials for evaluation of beta-blocker use in combination with existing cancer therapies, we need to understand which treatment regimens can be optimally enhanced by blocking sympathetic neural signaling. To address this, a number of key questions remain to be addressed. Firstly, does the SNS broadly impair chemotherapy, or are effects limited to drugs with specific mechanisms of action? In the context of TNBC, observations from a hospital cohort and mechanistic preclinical studies suggest that beta-blockers may optimally improve anthracycline-containing regimens (23, 54). However, in vitro and in vivo studies across TNBC, neuroblastoma, pancreatic cancer, and osteosarcoma, suggest that beta-blockers may improve the effect of taxanes, 5-fluorouracil, vincristine, gemcitabine and cisplatin (28, 52, 91, 92). Therefore, it will be important to determine if the benefit of blocking neural signaling depends on the distinctive biology of different cancer types.

Second, consideration of the receptor that mediates the effects of SNS activation will determine the type of beta-blocker used in future clinical trials. The mechanistic studies described above emphasize a role for β2AR in the effects of neural signaling on chemotherapy (23, 69). This raises the possibility that non-selective beta-blockers may be more effective in the chemotherapy treatment context than β1AR-targeted cardio-selective beta-blockers. Beyond the treatment context, some epidemiological analyses support this concept (55, 57, 93), while other studies that did not distinguish between beta-blocker subtypes have found improved cancer-related outcomes (59, 62, 94). It will be also important to consider the timing of beta-blockade. Previous phase II trials were designed to block SNS signaling in the peri-operative period (85, 86), and emerging studies suggest that beta-blockade during neoadjuvant chemotherapy treatment may improve long term relapse-free and overall survival (23, 54). Recent findings that SNS signaling through α2AR may have anti-tumor effects by modulating the immune response, has led to suggestions that drugs such as clonidine may be effective in cancer (36). However, perioperative clonidine use during resection surgery for lung or breast cancer was found to have no association with cancer-related survival (95). Therefore, further research on the role of α2AR in chemotherapy response is needed. Third, does SNS activity affect other cancer treatment modalities, such as immunotherapy, radiotherapy, or targeted therapies? Preclinical studies suggest that this is likely, indicating that beta-blockade may have benefit across different cancer treatments. Physiological SNS activation by exposure to cold temperature housing impaired the therapeutic effects of immune checkpoint inhibitors in mouse models of breast cancer, melanoma and lymphoma, and this effect was phenocopied by βAR agonism and blocked by beta-blockade (20, 76, 96). Moreover, preclinical studies found that beta-blockade improved radiotherapy-induced reduction of primary tumor growth and enhanced an abscopal response in a non-irradiated second primary tumor, suggesting that βAR signaling impairs the efficacy of radiotherapy (97, 98). Other targeted therapies including trastuzumab, erlotinib, and the anti-angiogenic drug sunitinib are impaired by βAR signaling (46, 82, 99, 100). Mechanistic studies suggest that βAR activation induced oncogenic PI3K/Akt/mTOR signaling or LKB1/mTOR signaling, which impaired the response to trastuzumab and erlotinib, respectively (46, 100), while βAR upregulation of angiogenic factors VEGF, IL-8, and IL-6 may impair the effects of sunitinib (82, 99). Expanding our understanding of the impact of βAR signaling on other treatment modalities, beside chemotherapy, will help to guide strategic translation of neural-targeted intervention strategies including beta-blockers.

Beyond evaluation of the SNS, an understanding of the role of other peripheral neural subtypes may provide additional opportunities to enhance cancer treatment response. A growing body of work shows that sensory neurons induce immunosuppression in tumors through the actions of neuropeptide signaling (12, 14). Future research to evaluate the impact of sensory neural regulation of anti-cancer immunity may identify opportunities to improve treatment modalities that rely on a functional immune response including chemotherapy and immunotherapy. Drugs that target sensory neuropeptide signaling are already used clinically to treat migraine (gepant drugs) and nausea (pitant drugs) (101, 102), and may provide a strategy to target sensory signaling in tumors. The parasympathetic nervous system modulates anti-inflammatory pathways (103), suggesting it could be leveraged to slow cancer. However, as parasympathetic neural signaling has been implicated in tumor cell dissemination in prostate cancer (15), further research is needed. Generalized nerve blocking drugs also offer a strategy to target multiple neural subtypes within the tumor. Supporting evidence for this approach comes from a prospective clinical trial that administered lidocaine around the tumor immediately prior to surgery and found a small but significant improvement in disease-free and overall survival (104).

Opportunities for clinical translation are not limited to pharmacological strategies, with several other techniques currently being used to modulate neural signaling. While not currently used for cancer, denervation may allow targeted ablation of neurons to a specific organ. This approach is utilized to treat resistant hypertension using sympathetic denervation of the renal system via catheter (105). Additionally, implantable bioelectric devices that use electric stimulation to modulate vagus nerve signaling are currently being developed for the treatment of rheumatoid arthritis and Crohn’s Disease (106–108), suggesting that a similar approach can be used to target cancers that are regulated by the vagus nerve.

Finally, targeting neural signaling during the period of cancer treatment may have additional benefits beyond control of cancer progression. The non-selective β-blocker carvedilol is currently used to treat cardiotoxicity induced by anthracycline chemotherapy and trastuzumab (109). Carvedilol has been shown to reduce primary tumor growth and metastasis by modulating tumor cell invasion (59), raising the possibility that carvedilol could be administered at the time of conventional cancer treatment to both slow cancer progression and prevent treatment-induced cardiotoxic side-effects. Drugs that target neurotrophic signaling may be another strategy for multifaceted effects. For example, anti-NGF antibodies have been evaluated for treatment of pain (110), suggesting that they could reduce cancer-associated pain in addition to targeting the sympathetic and sensory nervous systems in the tumor microenvironment. As the NGF targeted drug tanezumab failed FDA approval for treatment of osteoarthritis (111), there may be commercial interest in repurposing this drug for treatment of cancer.





Conclusions

Cancer is a stressful experience which elevates SNS flight-or-flight signaling in patients. In addition, cancer treatment increases tumor sensitivity to SNS signaling (23). Our understanding of how neural signaling regulates cancer treatment efficacy is expanding and will support the discovery of targeted neural interventions that may be leveraged to enhance outcomes of standard cancer treatments.
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Cellular plasticity is enhanced by dedifferentiation processes such as epithelial-mesenchymal transition (EMT). The dynamic and transient nature of EMT-like processes challenges the investigation of cell plasticity in patient-derived breast cancer models. Here, we utilized patient-derived organoids (PDOs) as a model to study the susceptibility of primary breast cancer cells to EMT. Upon induction with TGF-β, PDOs exhibited EMT-like features, including morphological changes, E-cadherin downregulation and cytoskeletal reorganization, leading to an invasive phenotype. Image analysis and the integration of deep learning algorithms enabled the implantation of microscopy-based quantifications demonstrating repetitive results between organoid lines from different breast cancer patients. Interestingly, epithelial plasticity was also expressed in terms of alterations in luminal and myoepithelial distribution upon TGF-β induction. The effective modeling of dynamic processes such as EMT in organoids and their characteristic spatial diversity highlight their potential to advance research on cancer cell plasticity in cancer patients.
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1 Introduction

Breast cancer ranks as a leading cause of cancer-related deaths among women, primarily attributed to its heterogeneity and propensity to metastasize and evade treatments (1–4).

The process of cancer cell invasion and dissemination encompasses several fundamental steps: local invasion, intravasation, bloodstream survival, extravasation, colonization, and evasion of therapeutic interventions. Each step demands different characteristics from the cancer cell, adding to the complexity and difficulty in understanding and combating this process. However, a common requirement for all these steps is cellular plasticity. Biological plasticity is defined as the ability to adapt and survive under variable circumstances. Cellular plasticity allows cells to accumulate and thrive in changing environments. Enhanced plasticity enables cancer cells to adapt to and survive in various hostile conditions and treatments, promoting persistence and progression (5–7). Understanding the mechanisms underlying cellular plasticity could open doors to improving survival and enhancing the quality of life of cancer patients (8). We previously demonstrated how cellular plasticity can be utilized to trans-differentiate cancer cells into post-mitotic, non-dividing adipocytes (9). Thus, suggesting how comprehending cancer cell plasticity may lead to novel therapeutic approaches.

During EMT, a plethora of phenotypic and functional cellular changes enhance cancer plasticity (10–13). The dedifferentiation process typical to EMT includes the downregulation of adhesion proteins such as E-Cadherin and the change in cell polarity triggered by the rearrangement of the cytoskeleton (14). EMT was originally described in developmental biology, when during embryogenesis cell migration enabled the formation of the three germ layers (15, 16). Cancer invasion, metastasis formation, and drug resistance are all significantly impacted by pathological reactivation of the EMT process (7, 17–19). Over the past decade, the field of EMT has witnessed significant advancements. Nonetheless, as a transient and dynamic phenomenon, it presents substantial challenges for accurate modeling (20). The utilization of preclinical genetic mouse models, including both knock-out and knock-in techniques targeting EMT transcription factors (21–25) has been instrumental in enhancing our understanding of EMT. Lineage tracing models based on the activation and/or switching of fluorescent reporters driving EMT, particularly those focused on breast (26–28), pancreatic (29) and colorectal cancers (30) have further elucidated the complexities of this process. Approaching the clinical application of EMT modeling, Soundararajan et al.’s study provides a notable example of a clinically relevant mouse model. Their research shows that a gene expression signature from mouse embryos, indicative of high cellular plasticity, can predict breast cancer metastasis (31). As for EMT assessment in patient-derived assays, detection of EMT markers in tumor samples is widely used (32, 33). In fact, cells that have undergone EMT are not frequently observed in tumor samples, presumably because biopsies represent a precise moment during tumor development, whereas cells undergoing EMT could be switching between hybrid epithelial/mesenchymal states. A recently published methodology suggests an interpretable, scalable, machine learning-based method to assess EMT status directly from Hematoxylin and Eosin (H&E)-stained images, which may improve traditional biopsy analysis (34). A unique approach involves prospectively collecting surgical specimens from primary tumors, adjacent normal tissue, and metastatic sites. This method aims to capture the dynamic processes characterized by high plasticity, potentially facilitating a deeper understanding of EMT dynamics in tumor progression (35).

PDOs may offer a promising complementary approach to study cancer cells susceptibility to EMT in human tissues. Owing to their complex heterocellular architecture and functionality, PDOs are particularly suited to study evolving, transitory, and heterogeneous processes (36–40). While spheroid cultures are typically derived from a single cell clone and thus exhibit high homogeneity, patient-derived organoids offer a more accurate representation of the complexities and heterogeneity inherent in human tumors. Thus, PDOs propose a model for studying cancer biology and treatment responses, enhancing their relevance to patient outcomes and improving their translatability to clinical settings (41).

While PDO cultures recapitulate original tissue architecture and heterogeneity, the culture conditions essential for the proper growth of PDOs interfere with dedifferentiation processes. Specifically, a potent inducer of EMT in vitro and in vivo is the cytokine TGF-β. Yet, organoids culture medium contains various compounds inhibiting TGF-β signaling to maintain epithelial organization. Optimizing PDO culture medium for TGF-β induction reveals the possibility to induce cancer cell plasticity in cancer organoids.

Here, we demonstrate the potential of EMT modeling in breast cancer PDOs utilizing microscopy and histology-based approaches to highlight inter- and intra-organoid variability. Through the manifestation of EMT-like and invasive phenotypes under varied durations of TGF-β induction, we demonstrate that PDOs proficiently capture dynamic cellular processes as cell plasticity and invasiveness. This approach addresses the limitations of existing research models, which may miss critical aspects of EMT, including its dynamic nature, heterogeneity, and spatial context in patient-derived cultures. Recognizing that PDO expansion can be challenging in primary cultures, our study aimed to develop a robust methodology for evaluating EMT susceptibility in early PDO cultures. Therefore, we focused on image analysis based primarily on confocal microscopy to evaluate changes typical for EMT; changes in organoids morphology, cytoskeleton reorganization, E-Cadherin downregulation leading to an invasive migratory phenotype. Utilizing deep learning algorithms we established EMT-quantification tools optimized for PDO models. Applied across diverse breast tumors, this work underscores the substantial potential of PDOs to advance research on cancer cell plasticity and personalized medicine.




2 Materials and methods



2.1 Cell lines

Murine epithelial tumor cells derived from a mammary tumor of an MMTV-PyMT transgenic mouse (MMTV: promoter, PyMT: polyoma middle T-antigen oncogene) as previously described (42). Cells were cultured in high glucose Dulbecco’s modified eagle medium (DMEM (Sartorius; 01-055-1A)) supplemented with 10% Fetal Bovine Serum (FBSS; ThermoFisher; A5256701), x1 Penicillin/streptomycin (Biowest; L0022-100) and 2mM L-Glutamine (Biowest; X0550-100). All cell lines were grown at 37°C, 5% CO2, 95% humidity. TGF-β (R&D Systems; 240-B); instead of, was added to the growth medium at a concentration of 2ng/ml, with medium changes occurring every 3 days.




2.2 Breast cancer organoid culture

For the establishment of patient-derived tumor breast organoids, tumor breast tissues were obtained via the Sheba Tissue Bank from patients that underwent mastectomy or lumpectomy under informed consent. Following published protocol (43), the tissue was both mechanically and enzymatically digested, and isolated cells were plated in adherent Cultrex growth-factor-reduced basement membrane extract (BME) type 2 drops (R&D Systems; 3533-005-02). Organoids were overlaid with organoid culture medium containing Advanced DMEM DMEM/F12 (Thermofisher; 12634010), supplemented with 10mM HEPES (GIBCOTM; 15630-080), 2mM GlutaMAX (GIBCOTM; 35050-061), x1 Penicillin streptomycin (Biowest;L0022-100), 10% R-spondin-1-conditioned medium (RCM) produced from HEK293 HA–Rspo1–Fc cells (Cultrex® HA–R-spondin-1–Fc 293T cells; 3710-001-01), 10% Noggin-conditioned medium (NCM) produced from HEK293 cells stably transfected with pcDNA3-mouse NEO insert (to confer neomycin resistance; cells for NCM production were kindly provided by the Hubrecht Institute, Utrecht, The Netherlands), x1 B27 (ThermoFisher; 17504044)), 100 ng/mL A83-01 (Tocris Bioscience; 2939), 50 ng/mL EGF (PeproTech; AF-100-15). When organoids were first established or expended, 10 mM Y-27632 (ROCK inhibitor; Sigma Aldrich; Y0503) was added to the medium. Medium was changed every 4 days, and organoids were passaged every few weeks using mechanical shearing with TrypLE Express (Invitrogen; 12605036). Use of human tissues was approved by the local ethics committee and by the Associate Director at the Sheba Medical Center (approval no. 7188-20-smc) and informed consent was obtained from all tissue donors. Investigations were conducted according to the principles expressed in the Declaration of Helsinki.




2.3 Histological characterization



2.3.1 Tissues

Tissues were processed according to standard pathological procedures. Tissues were fixed in buffered formalin, embedded in paraffin, and sectioned using a microtome. Sections were then placed on histologic slides and stained using H&E. Slides were scanned at x40 magnification using the Philips IntelliSite Ultra-Fast scanner (Philips Digital Pathology Solutions, Best, Netherlands).




2.3.2 Organoids

Following treatments, the organoids were extracted from BME by 1h incubation with Cell Recovery Solution (Corning®; 354253) on ice for 1 hour and fixed in 4% paraformaldehyde for 30 minutes. After fixation, the organoids were washed with PBS, suspended in 1% Agarose and embedded in paraffin to create formalin-fixed paraffin-embedded (FFPE) blocks. FFPE blocks were sectioned using a microtome. Slides were then scanned at x40 magnification using VENTANA® DP 200 slide scanner (Roche, Basel, Switzerland).





2.4 EMT induction in patient derived organoids

Whole organoids were suspended in BME, plated in an 18-well μ Slide (ibidi; 81816) and covered with the appropriate growth medium for the duration of the experiment (3-10 days). Control group organoids were covered with organoid culture medium, while TGF-β group organoids were covered with EMT-optimized medium (EMT medium): organoid culture medium without A-8301, supplemented with TGF-β. Medium was changed every 3 days.




2.5 Immunofluorescence staining

Following treatments, the organoids were fixed in 4% paraformaldehyde for 30 minutes, permeabilized with 0.3% Triton X100 in phosphate buffered saline (PBS) for 30 min, then blocked with 3% Bovine serum albumin (BSA; Avantor; 0332-50G), in PBST (0.01% Triton X-100 in PBS) for 1 hour. The organoids were incubated with a primary antibody (Rabbit anti E-Cad (cell signaling; #3195), 1:200, or anti-Cytokeratin 14 (Ck14) conjugated to Alexa Fluor 647 ((abcam; ab206100),1:100) or anti-Cytokeratin 8 (Ck8) conjugated to Alexa Fluor 488 (abcam; ab192467; 1:100)) for 2 hours at room temperature (RT), then for 1 hour at RT with a secondary antibody Alexa Fluor 647 labeled gout anti Rabbit (abcam; ab150083), 1:500) together with Phalloidin-iFluor 488 Reagent ((abcam; ab176753), 1:1000). Antibodies were diluted in 3% BSA in PBST, and incubations were followed by three washes of 5 min with PBST. DNA staining was performed with 4′,6-diamidino-2-phenylindole (DAPI; D1306; Invitrogen), for 10 min, and then organoids were covered with PBS.




2.6 Confocal microscopy

Confocal imaging was performed on a confocal LSM700 ZEISS microscope, using a 40× oil lens, NA 1.518 and on TCS SP8 Leica Confocal microscope, Leica Microsystems.




2.7 Image processing and analysis



2.7.1 E-Cadherin mean intensity measurements

To isolate individual cells within an organoid image taken by confocal microscopy, we utilized CellPose3, a deep neural network-based instance segmentation algorithm (44). The algorithm supports designating different channels as the nucleus and cytoplasm in order to facilitate better segmentation. Here, DAPI was used as the nucleus marker and Phalloidin as the cytoplasm marker. For each segmented cell, we obtained the segmentation mask and computed the mean gray level value (between 0 and 255) of the E-Cadherin channel on the activated mask pixels.




2.7.2 Relative well-bottom adhesion area measurements

The well-bottom adhesion area was manually outlined and measured using the Fiji processing software package of ImageJ. The relative adhesion area was calculated as the ratio of the well-bottom adhesion area to the total image area.





2.8 Biostatistics



2.8.1 E-Cadherin intensity

E-Cadherin intensity was assessed in patient-derived organoids BR73T (n = 386 measurements) and BR83T (n = 50 measurements). To evaluate the differences between control and TGF-β treated PDOs, an unpaired t-test was employed. Data are expressed as mean ± SEM. Significance was determined with a p-value of ****<0.0001.




2.8.2 Comparison of cell counts: manual vs. CellPose segmentation

To evaluate the differences between manual and CellPose segmentation, cell counts of randomly selected images were compared and paired t-test was employed. The analysis included 6 measurements per group, with non-significant p-value for control images and p-value of 0.018 for TGF-β images.




2.8.3 Adhesion area

The relative well-bottom adhesion area was analyzed using unpaired t-tests for statistical comparisons between groups. The analysis included 18 measurements per group, with a p- with a p-value of 0.0034.

All statistical analyses were performed using GraphPad Prism software.






3 Results



3.1 Optimization of culture medium for EMT induction

TGF-β induced epithelial response is counteracted in organoid culture media by various compounds to maintain epithelial organization. Therefore, optimization of the culture medium was necessary to allow EMT induction with TGF-β exposure. For this purpose, we induced EMT in 2D cell cultures of Py2T murine breast cancer cells as previously described (42). The culture medium was supplemented with cytokines and growth factors from the organoid culture medium that were expected to interfere with TGF-β signaling. Specifically we used Noggin, an antagonist of bone morphogenetic proteins (BMPs) from the TGF-β-superfamily (45); A83-01, an inhibitor of TGF-β type I receptor ALK-5 (46); and epidermal growth factor (EGF) that has a known cross-talk with TGF-β signaling pathway via MAPK with common targets (47, 48). EMT was induced using TGF- β and was evaluated by visualizing actin fibers and E-cadherin expression (Figure 1). The results revealed that while Noggin seemed to enhance EMT in organoid cultures, A83-01 repressed EMT response and maintained epithelial characteristics upon TGF- β induction. Therefore, to enable proper EMT induction with TGF-β in PDOs, A83-01 was removed from the culture medium during EMT induction.

[image: Fluorescent microscopy images showing E-cadherin in red and blue (nuclei) and Phalloidin in green and blue (nuclei) under different conditions: Control, DMEM, Noggin, A83-01, EGF, and their combinations, with comparisons of unstimulated and TGF-β-stimulated cells over ten days.]
Figure 1 | Organoids culture medium components interfere with EMT in murine breast cancer cells. Py2T cells were treated with TGF-β (2ng/ml) for 10 days to induce EMT, and DMEM culture medium was supplemented with various potential EMT regulators: Noggin (10%), A83-01 (500nM), EGF (5ng/ml). Cells were immunolabeled with antibody for the epithelial marker E-Cadherin (magenta, top) and counter-stained with DAPI to label cell nuclei (blue), and Phalloidin to label F-actin (green, bottom). Bar = 100µm.




3.2 Modeling EMT in patient-derived breast cancer organoids



3.2.1 PDOs recapitulate breast cancer architecture and demonstrate EMT-driven morphological changes

Breast cancer tissues were obtained from primary tumors of patients diagnosed with early-stage breast cancer undergoing surgical lumpectomy or mastectomy. No neoadjuvant treatment was administered to any of the patients prior to surgical resection of the primary tumor. The majority of the PDOs were established from tumor tissues with similar clinicopathological characteristics as described in Table 1. Namely, most of the organoids were established from intra-ductal carcinoma (IDC), hormone receptors positive (HR+), with Oncotype recurrence scores (RS) between 12-18, and derived from premenopausal patients. An exception is PDO BR19T, which was established from mucinous carcinoma in a postmenopausal patient. PDO BR73T is also noteworthy for being triple-positive IDC (HR+ and HER2-positive). It is worth mentioning that all organoid lines were derived from tumors that were either multifocal or multicentric. This was not an intentional selection criterion but rather a consequence of the necessity to obtain adequate tissue for both pathological analysis and organoids establishment from residual tissue in early breast cancer.

Table 1 | Clinicopathological and organoid characteristics of patient derived organoids.


[image: Table displaying data for five patients with cancer. Columns include organoid line, age, menopause status, comorbidities, histology, tumor size, staging (T, N, M), receptors (ER, PR, HER2), grade, Ki67 percentage, and Oncotype RS. Histology types include multifocal mucinous carcinoma and various IDC forms. Ages range from forty-two to fifty-six. Menopause status indicates pre or post, with comorbidities like asthma, smoking, and hypothyroidism noted. Tumor sizes range from 0.8 to 4.4 centimeters. Receptors and grades vary. Ki67 is between fifteen and twenty percent, with Oncotype RS scores provided.]
Following establishment, triple-positive PDOs were fixed, embedded in paraffin to create FFPE blocks, and sectioned onto slides for H&E staining. Pathological evaluation of the H&E staining of both the original tissue and PDOs demonstrated that PDOs maintained tumor characteristics and faithfully recapitulated the histological and cytological profiles of the original tumor tissue (Supplementary Figure 1). Subsequent exposure of PDOs to TGF-β by culturing the organoids in EMT-medium (organoid culture medium without A-8301, supplemented with TGF-β) for 10 days revealed noticeable changes in overall morphology of the PDOs upon TGF-β induction compared to control, as illustrated by histological sections.




3.2.2 Breast cancer PDOs undergo gradual EMT upon TGF-β exposure

Having observed general morphological changes in the histological sections upon 10-day TGF-β induction, we sought to gain a more detailed understanding of these morphological phenotypes. To achieve this, we conducted additional experiments using immunofluorescence and confocal imaging techniques, including time-course analyses to capture the temporal progression of this process. First, we conducted a time course study exposing triple-positive PDOs to TGF-β (EMT-medium versus control) for 3, 5, 7, and 10 days (Figure 2). The results revealed EMT-like changes including cell elongation and stress fibers formation on day 3 of TGF-β induction. Over time, an increasing number of cells underwent morphological changes, ultimately leading to a uniform and homogeneous response to EMT induction including downregulation of E-Cadherin and the reorganization of cortical actin into stress fibers, accompanied by loss of luminal structure and overall architectural changes.

[image: Fluorescence microscopy images showing cell structures over time (days 3, 5, 7, and 10) under two conditions: Control and with TGF-β treatment. Each row has images stained with Phalloidin (green), E-Cadherin (magenta), and DAPI (blue), alongside bright-field (BF) images. The images display cellular morphology changes, emphasizing Phalloidin and E-Cadherin expression patterns.]
Figure 2 | Gradual EMT progression in triple-positive PDOs. Patient-derived triple-positive (hormone receptor and HER2-positive) breast cancer organoids were cultured in two conditions: control (organoid culture medium) and TGF-β (EMT-medium). Organoids were analyzed over a time course of 3, 5, 7, and 10 days. Immunolabeling was performed with antibody for the epithelial marker E-Cadherin and counter-stained with DAPI to label cell nuclei (blue) and Phalloidin to label F-actin. Confocal imaging was used to capture detailed cellular changes along with bright field images (right column). Representative images from each time point and condition are shown. Enlargement of the squared areas highlight actin rearrangement into stress fibers and E-Cadherin downregulation in the TGF-β-treated group. Bar= 50µm.

Based on these findings, we proceeded to investigate the susceptibility of PDO lines derived from different breast cancer subtypes to EMT induction. The HR+ PDOs were subjected to EMT induction using TGF-β (EMT-medium versus control). Confocal imaging of organoids, stained for F-actin with Phalloidin and immunolabeled for E-Cadherin, revealed similar alterations following induction (Supplementary Figure 2; Figure 3A). Notably, PDOs demonstrated a uniform, homogeneous response pattern to TGF-β, which was comparable to the response observed in 7- and 10-day exposure of the triple-positive IDC PDOs described in the previous section.

[image: Panel A shows fluorescence microscopy images of cells labeled with Phalloidin and E-Cadherin (E-Cad), with control and TGF-β treatment. Insets highlight cell details. Panel B presents a box plot comparing E-Cadherin intensity between control and TGF-β treated cells in BR83T and BR73T lines, showing a significant decrease under TGF-β. Panel C displays a distribution histogram of E-Cadherin intensity across cells, with control cells showing a higher frequency of higher intensities compared to TGF-β treated cells.]
Figure 3 | Modeling and quantification of EMT in breast cancer PDOs. (A) Control and TGF-β treated (EMT-medium) patient-derived hormone-receptor positive breast cancer organoids were cultured for 8 days. The organoids were then immunolabeled with an antibody for the epithelial marker E-Cadherin (magenta) and counter-stained with DAPI to label cell nuclei (blue) and Phalloidin to label F-actin (green). Confocal imaging was used to capture detailed cellular changes. Enlargement of the squared areas highlights actin rearrangement as stress fibers and E-Cadherin downregulation in the TGF-β treated organoids. Bar = 50 µm. (B) E-Cadherin mean intensity measurements in individual cells was measured following cell segmentation using CellPose3, a deep neural network-based instance segmentation algorithm (44).The algorithm supports designating different channels as the nucleus and cytoplasm in order to facilitate better segmentation. Here, DAPI was used as the nucleus marker and Phalloidin as the cytoplasm marker. E-Cadherin intensity was measured in cells from two hormone receptor-positive breast cancer patient-derived organoids (PDOs), BR73T (n=386) and BR83T (n=50). An unpaired t-test was performed to compare the mean E-Cadherin intensities between control and TGF-β treated PDOs. Data are presented as mean ± SEM. p values ****<0.0001. (C) Distribution of E-Cadherin intensity (x-axis) in cells from four breast cancer PDOs with and without EMT induction using TGF-β as described in (B). The y-axis represents the number of cells.

To evaluate the observed phenotypic changes in the confocal microscopy images, we utilized the CellPose3 segmentation algorithm (44). This approach allowed us to measure and quantify E-Cadherin down-regulation by assessing the mean E-Cadherin intensity for each cell. A significant reduction in E-Cadherin levels was observed following EMT induction (Figure 3B). E-Cadherin down-regulation was consistently noted across all four IDC PDO lines, as shown in Figure 3C. It is noteworthy that the CellPose3 algorithm, initially trained for single-cell segmentation across various tissues, has not been specifically tailored for PDOs, especially those exhibiting altered morphology. We validated the segmentation outcomes by comparing them with manual segmentation and by evaluating the similarity in nuclear area between control and treatment groups, yielding similar results (Supplementary Figure 2; Supplementary Table 1). The minor discrepancy between the algorithmic and manual segmentations may stem from changes in phalloidin staining in the TGF-β group, where, due to EMT-induction it is not always confined to cell borders, causing some cells in the treatment group to be omitted. This discrepancy, however, reinforces our findings, as it likely excludes cells with E-Cadherin downregulation.

The global phenotypic cellular EMT-like changes in HR+ and triple positive IDC PDOs following TGF-β induction protocol (EMT-medium) were consistent across all IDC PDOs (Figures 2, 3A, 4A; Supplementary Figure 3). However, PDOs derived from mucinous carcinoma exhibited a rather heterogeneous and selective response to TGF-β induction (Figures 4B, C), even at long exposure. These results demonstrate the potential of modeling EMT in PDOs to reveal heterogeneous cellular responses, and possibly reflect the contribution of cellular plasticity in tumor heterogeneity.

[image: Fluorescence microscopy images show cell structures labeled with Phalloidin (green), E-Cadherin (magenta), and DAPI (blue) in two treatment conditions: "Control" and "+10 days TGF-β" for BR72T and BR19T cell lines. Images reveal changes in cell morphology and protein localization. Panel A depicts BR72T, and panel B depicts BR19T, with further magnified views. Panel C provides 3D reconstructions for both conditions. Scale bar included.]
Figure 4 | Heterogenous EMT phenotypes correlate with tumor histology. Control and TGF-β treated (EMT-medium) patient-derived hormone-receptor positive breast cancer organoids were cultured for 10 days. The organoids were then immunolabeled with an antibody for the epithelial marker E-Cadherin (magenta) and counter-stained and counter-stained with DAPI to label cell nuclei (blue) and Phalloidin to label F-actin (green). Confocal imaging was used to capture detailed cellular changes. The images show representative images of control organoids (top) versus TGF-β treated organoids (bottom). (A) Hormone receptor-positive IDC organoids (BR72T) exhibit a uniform susceptibility pattern, with most cells within the organoid responding to TGF-β. Enlargement of the squared area reveals actin rearrangement into stress fibers and downregulation of E-Cadherin in the TGF-β-treated group. (B) Mucinous carcinoma organoids (BR19T) show a selective, heterogeneous susceptibility pattern, where only a specific subset of cells responds to TGF-β. Enlargement of the yellow squared area highlights cells that remain unchanged following TGF-β treatment, while enlargement of the red squared area illustrates actin rearrangement into stress fibers and E-Cadherin downregulation in the responding cells. Bar= 50µm. (C) 3D reconstruction of Mucinous carcinoma organoids demonstrates the changes in organoids structure and organoids fusion upon treatment in cancerous organoids, formed by EMT-induced cells.





3.3 PDOs well-bottom adhesion reflecting EMT-induced cancer-cell migration and invasion.

While organoids typically display a 3D structure throughout the BME drop, upon induction with TGF-β, we observed a marked increase in the adhesion of organoids to the well bottom (Figures 5A, B; Supplementary Figure 4). The adhesion observed indicates the migration and invasion of organoids within the BME, suggesting their ability to move through the extracellular matrix upon EMT induction resulting in organoids migration towards well bottom and adhesion. The difference in adherence pattern between control and EMT induced organoids was quantified by measuring the relative adhesion area on the well bottom: a larger relative adhesion area corresponds to greater migratory activity (Figure 5D). Curiously, both control and TGF-β-treated (EMT-medium) adherent organoids exhibited re-organization of actin into stress fibers and adopted a mesenchymal-like morphology (Figures 5B, C). Thus, suggesting that organoids’ attachment to stiff culture plate induces the formation of mesenchymal-like features highlighting the relevance of 3D models to study EMT in patient-derived cultures.

[image: Diagram and images of cell experiment. A: Schematic of a multi-well plate setup with cells. B: Fluorescent images showing phalloidin-stained cells at mid-section and bottom, comparing control and TGF-β treatment. C: Zoomed views of cell structure under both treatments. D: Box plot showing increased cell adhesion area under TGF-β treatment compared to control, indicating a significant difference.]
Figure 5 | Area of well-bottom adhesion as an indicator for EMT-induced PDOs migration and invasion. (A) Illustration showing hormone receptor positive breast cancer organoids adhering to the well bottom. White arrows indicate typical organoids at the mid-section of the BME drop, while black arrows point to adherent organoids at the well bottom. (B) Confocal imaging of breast cancer organoids stained with Phalloidin to label F-actin (green). Top: control group. Bottom: organoids treated with TGF-β to induce EMT for 8 days. Left: organoids at the mid-section of the BME drop. Right: adherent organoids at the well bottom. The adhesion area on the right images was marked to calculate the relative well-bottom adhesion area (yellow) (C) Enlargement of the squared area shows actin rearrangement into stress fibers in adherent organoids in both groups. (D) Graphs show the relative well-bottom adhesion area in TGF-β treated group compared to the control group. **P-value = 0.0034. Unpaired T-test. n=18.




3.4 PDOs embody epithelial plasticity and heterogeneity

To evaluate the contribution of distinct epithelial subpopulations to cell plasticity and tumor heterogeneity, PDOs were treated with TGF-β (EMT-medium) for 3, 7 and 10 days, and immunolabeled with antibodies for luminal cytokeratin 8 (CK8) and myoepithelial cytokeratin 14 (CK14) (Figure 6). The control samples demonstrated a gradual spatial organization of outer basal and inner luminal layers, demonstrating the described PDO model’s capability to recapitulate the original tissue’s architecture and to organize over time. Of note, unlike PDOs from normal tissue that demonstrate organoid architecture resembling normal tissue, cancer organoids can exhibit diverse morphological structures depending on tumor grade and subtype (36). On day 3 of the time-course experiment, control organoids showed no specific spatial organization of CK8 and CK14 expressing cells. However, by later time points, control organoids developed a distinct structure with a majority of luminal cells and a thin layer of CK14-positive cells at the outer border. In contrast, the TGF-β-treated organoids did not exhibit this spatial organization. Instead, they displayed disrupted and disorganized cellular architecture at all time points, demonstrating the impact of TGF-β on the structural integrity of the PDOs.

[image: Fluorescent microscopy images show epithelial cells over 3, 7, and 10 days under control and TGF-β treatment. CK14 is marked in magenta, CK8 in green, and nuclei in blue with DAPI. Columns display separate and merged channels, with zoomed regions highlighting cellular morphology changes.]
Figure 6 | Altered luminal and myoepithelial distribution induced by TGF-β. Control and TGF-β treated (EMT-medium) patient-derived triple-positive (hormone receptor and HER2-positive) breast cancer organoids were cultured over a time course of 3, 7, and 10 days. Immunolabeling was performed with antibodies for CK8 to mark luminal cells (green) and with CK14 to label myoepithelial cells (magenta) and visualized using confocal microscopy. Top: Control. bottom: TGF-β induced organoids. Representative images from each time point and condition are shown, enlargement of the squared area highlights specific areas of heterogeneity, in which cells expressing different epithelial markers are in neighbor. Bar= 50µm.

Furthermore, a notable decrease in the luminal to basal cell ratio after 10 days of TGF-β treatment, suggesting that EMT increased the prevalence of basal-like aggressive cells at the expense of luminal cells. These results demonstrate the capacity of PDOs to replicate the spatial and functional dynamics of the original tumor.





4 Discussion

Fundamental to tumor progression, metastasis and therapy resistance, cellular plasticity holds a pivotal role. The inherent complexity of plasticity complicates the development of effective models. In this study, we demonstrated the possibility to model EMT in breast cancer PDOs, enabling the assessment of cell plasticity in a human-relevant context. Intriguingly, PDOs preserved the original tissue architecture and displayed epithelial plasticity and invasiveness, demonstrated by EMT features, epithelial cell type alterations, and movement within the extracellular matrix.

This study underscores the substantial potential of PDOs in advancing our understanding of cancer cell plasticity. Complementary to existing breast cancer models, PDOs accurately preserve the complexity of human tissue, maintaining the inter-tumor and inter-patient heterogeneity that is often not represented in cell lines and spheroids cultures. Additionally, PDOs enable the study of dynamic biological processes that cannot be captured by static, fixated tissue samples (36, 39, 49–51).

EMT in cancer allows cancer cells to invade and migrate, thus contributing to cancer progression. The here established well-bottom adherence quantification essay is used as a correlative measurement to assess organoids’ capability to invade extracellular matrix (BME) and migrate towards well-bottom. Evaluating adherent organoids in the control samples highlighted the importance of utilizing a 3D model system for investigating cell type transition processes, as the adherence to a monolayer significantly influences cell identity and morphology.

Microscopy-based analysis facilitated the establishment of a robust methodology for evaluating EMT susceptibility in primary PDO cultures. Microscopy offers significant advantages in this context by providing rapid, high-resolution spatial context of cellular and subcellular features within intact organoid structures. Microscopy-based analysis is feasible also if only a small number of organoids is available, without going through extensive culture expansions and passaging. Complementary single-cell analysis methods are possible but have the disadvantage of significant cell loss and stress associated with organoid dissociation in single-cell methods, which can affect EMT outcomes and introduce bias. Microscopy is particularly beneficial for “primary” (early-passage) PDO cultures, where preserving the original genomic characteristics and tumor heterogeneity is essential. This advantage is underscored by the fact that expanding PDOs is often impractical and may lead to alterations in their genomic profiles and clonal diversity over time (52–54). By preserving the three-dimensional structure and cellular interactions, microscopy provides a comprehensive view of EMT processes, offering insights that might be missed with dissociative single-cell methods, and ensuring that genomic and functional analyses remain aligned.

A patient-derived model facilitates the exploration of correlations between histopathological characteristics and phenotypes and outcomes in-vitro. Although definitive conclusions necessitate larger cohorts, several noteworthy observations emerged. Notably, we identified a correlation between HR+, intermediate-risk IDC in premenopausal women and a uniform response to EMT. Additionally, PDOs of mucinous carcinoma demonstrated a selective susceptibility to EMT, even upon prolonged exposure to TGF-β. This observation might align with the typically less aggressive behavior of mucinous carcinoma compared to other breast cancer types.

Although PDOs offer a sophisticated model for studying cancer, they come with several limitations that must be considered for future research. These include the limited range of tissue types that can be successfully cultured as organoids, incomplete representation of the tumor microenvironment (such as interactions with immune cells and vasculature), and the variability in culture conditions. Additionally, the process of developing and maintaining PDOs can be resource-intensive and time-consuming.

Overall, the study underscores the unique value of PDOs as an effective model for investigating EMT. Microscopy-based image analysis enabled quantification of EMT induction in PDOs while preserving spatial architecture and tumor heterogeneity. Thus, PDOs offer a platform for elucidating the dynamics of EMT and reveal primary breast cancer susceptibility to cell plasticity. Future research would benefit from integrating spatial transcriptomics at the single-cell level to further decipher cancer cell plasticity and provide more detailed, quantitative insights. By providing deeper insights into cancer cell plasticity, PDOs could facilitate the development of novel therapeutic approaches aimed at modulating this plasticity to achieve more favorable clinical outcomes.
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Supplementary Figure 1 | H&E Staining Illustrates Histological Features of Triple-Positive IDC Tissue with Matched Control and TGF-β-treated PDOs. Hematoxylin and Eosin (H&E) staining was performed on the original tissue of patient-derived organoids (PDO) BR73T, untreated control PDO BR73T, and 10 days TGF-β-induced PDO BR73T. Control and treated PDOs were fixed, embedded in paraffin to create Formalin-Fixed Paraffin-Embedded (FFPE) blocks, and then sectioned onto slides for H&E staining. Bar = 50µm.

Supplementary Figure 2 | Cell segmentation and validation in organoid confocal microscopy images. Organoid image segmentation into individual cells was performed using CellPose3. The segmentation was defined with the nucleus assigned to the blue channel (DAPI) and the cytoplasm to the green channel (Phalloidin), generating an instance segmentation map of the cells, as illustrated in (A). Validation of the segmentation was conducted by analyzing the distribution of the nucleus area in each cell, confirming that the segmentation was consistent between Control and TGF-β groups, as shown in (B).

Supplementary Figure 3 | EMT characterization in an additional hormone-receptor positive IDC PDO line. Control and TGF-β treated (EMT-medium) patient-derived hormone-receptor positive breast cancer organoids (BR63T) were cultured for 8 days. The organoids were then immunolabeled with an antibody for the epithelial marker E-Cadherin (magenta) and counter-stained with DAPI to label cell nuclei (blue) and Phalloidin to label F-actin (green). Confocal imaging was used to capture detailed cellular changes. The images show control organoids (top) versus TGF-β treated organoids (bottom). Enlargement of the squared areas highlights actin rearrangement as stress fibers and E-Cadherin downregulation in the TGF-β treated organoids. Bar= 50µm.

Supplementary Figure 4 | PDOs adhering to the well bottom. Two lines of hormone-receptor positive breast cancer organoids were cultured (control and TGF-β treated) for 8 days. Confocal imaging of organoids adhering to the bottom of the well, immunolabeled with Phalloidin to label F-actin (green) are shown. Left: control. Right: TGF-β treated organoids. Bar = 500µm.
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Epigenetic

Subclass Reference
compound Target
Quercetin Citrus ;:\ﬁsz’;ﬁ_s Anti-inflammatory, Anti-cancer (158-161)
i 5 Anti-cancer, anti-microbial, anti-inflammatory,
Widespread in o i . ) .
Flavonols Kaempferol 3 HDACs antioxidant cardioprotective, neuroprotective, and anti-  (162-164)
plant kingdom pi
diabetic
EGCG Green tea ggrg::ﬁ;: Anti-inflammatory, anti-cancer, antioxidant (162-164)
Flavonoids Luteolin p - ' o i o . 5
— Many fruits DNMT HDAC Anti-inflammation, antioxidant anti-diabetic anti-cancer (165-169)
Apigenin and vegetables HMT and HAT anti-bacterial and anti-parasitic
Hesperin DNMT DOTIL
Flavanones s Citrus fruits HMTs HDACs Anti-cancer (170-173)
i Anti-cancer, anti-inflammation, antioxidant, anti iz
Isoflavones Genistein Soybean DNMT HDAC " ) o *
microbial and anti-cancer
NFxB
—_ . - Bl besties SIRT1 DNMTs Ar:lt.l-nnfclzm?atory,rlncrease ms:lfn ﬂsensm\;lty, —
ilbenes esveratrol cardioprotective, anti-cancer, anti-inflammatory, —
and grapes | NExB LSDI IGF1 e ) gL
neuroprotective
Non-
flavonoids HDAC (190-192)
Lignans Curcumin Turmeric HATSs Notchl Anti-inflammatory, antioxidant, anti-cancer, anti-
® NEKB DNMT1 thrombotic and cardioprotective
HDAC
Sulforaphane Cruciferous
Glucosinolates  Isothiocyanates HDACs DNMTs Anti-cancer (193, 194)
PEITC vegetables
; Allyl . ;
Thiosulfonates Garlic HDACs Anti-cancer (195-197)
mercaptan

The source, targets and effects of each bioactive compound are explained. In red are indicated those targets that are inhibited, in green those that are activated and in orange those that can be both

activated o inhibited depending on the cellular context.
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ZDHHC1 ER, Golgi zDHHCI plays a crucial P53,
role in p53 palmitoylation TFITM3
at the C135, C176, and
€275 residues, facilitating
the nuclear translocation
of p53. Additionally, it has
a function in DNA virus-
triggered and CGAS-
mediated innate immune
response, independent of
its palmitoyltransferase
activity. z-DHHCI acts as
an activator of STING1 by
promoting the cGAMP-
induced oligomerization of
STINGI and facilitating
the recruitment of
downstream
signaling components.

ZDHHC2 ER, Golgi zDHHC2 functions as a AGK, LCK,
mediator of AGK CD9Y,
palmitoylation, facilitating CD151
AGK translocation to the CKAP4
plasma membrane and
activating the PI3K-AKT-
mTOR signaling pathway
in RCC. It also plays a
crucial role in cell
adhesion by
palmitoylating CD9 and
CD151, thereby regulating
their expression and
function. Furthermore,
zDHHC2 palmitoylates
CKAP4, which in turn
influences its localization
to the plasma membrane.
Additionally, ZDHHC2
has the potential to
palmitoylate LCK and
regulate its localization to
the plasma membrane.

ZDHHC3 Golgi zDHHC3 is responsible PPTI1,
for palmitoylating PPT1, APT2,
leading to a reduction in ITGB4, PD-
PPT1 enzyme activity. It L1, STING
also plays a role in
mediating APT2
palmitoylation at Cys2,
which allows APT2 to
stably bind to the
membrane and search for
potential substrates.

Additionally, ZDHHC3
palmitoylates ITGA6 and
ITGB4, thereby regulating
the localization,
expression, and function
of the alpha-6/beta-4
integrin in cell adhesion to
laminin. Moreover, the
palmitoylation of PD-L1
at Cys272 inhibits its
ubiquitination-mediated
lysosomal degradation.
Lastly, zZDHHC3 is
involved in palmitoylating

STING in the
Golgi apparatus.
ZDHHC4 ER, Golgi, zDHHCA is involved in GSK3f
Plasma mediating the
membrane palmitoylation of GSK3p,

which contributes to the
promotion of
tumorigenicity in
temozolomide-resistant
glioblastoma stem cells.
This effect is achieved
through the EZH2-

STATS3 axis.
ZDHHC5 Plasma 2zDHHCS participates in CTNND2,
membrane the uptake of fatty acids CD36,
by palmitoylating CD36, NOD1,
facilitating its NOD2,
transportation to the STAT3
plasma membrane. and S1PR1

zDHHCS is responsible
for the palmitoylation of
NOD1/2, enabling its
localization to the
membrane and subsequent
induction of NF-kB
signaling in response to
peptidoglycan.
Furthermore, ZDHHC5
plays a crucial role in
regulating oligodendrocyte
development by catalyzing
STAT3 palmitoylation.

ZDHHC6 ER zDHHCG is responsible AEG-1,
for palmitoylating ITPR1 AMFR,
in immune cells, which calnexin,
helps regulate the stability ITPR1
and function of ITPRI1. and TFRC

Additionally, zDHHC6
palmitoylates MYD88, and
when zDHHC6 is knocked
down, it reduces MYD88
palmitoylation and TLR/
MYD88 activation.

ZDHHC7 Golgi zDHHC?7 palmitoylates STAT3
STATS3 at cysteine 108, FAS,
facilitating its recruitment SCRIB,
and phosphorylation at ESR1, PGR
the cell membrane. and

Moreover, it plays a role AR, GNAQ
in regulating the FAS
signaling pathway by
palmitoylating and
stabilizing the receptor at
the plasma membrane.
zDHHC6 also
palmitoylates SCRIB,
controlling its localization
to the plasma membrane,
which indirectly affects cell
polarity and
differentiation.
Furthermore, it
palmitoylates JAM3,

the plasma membrane,
particularly in ovarian
cancer. Additionally,
zDHHCI2 acts as an
inhibitor of the NLRP3
inflammasome by
facilitating the
palmitoylation of NLRP3,
ultimately promoting

its degradation.

ZDHHC13 ER, Golgi 2zDHHCI13-dependent Drpl, HTT
Drpl palmitoylation MCIR,
results in the normal GAD2

occurrence of
mitochondria fission-
fusion processes. It acts as
a palmitoyltransferase for
HTT and GAD2.

ZDHHC14 ER, Golgi zDHHCI14 inhibits acute ADRB2
myeloid leukemia cellular
differentiation. It also
exhibits
palmitoyltransferase
activity towards the beta-2
adrenergic receptor/
ADRB?2, thereby
regulating G protein-
coupled receptor signaling.
Additionally, it may play a
role in cell differentiation
and apoptosis.

ZDHHC15 Golgi 2DHHCI15 palmitoylates IGF2R,
IGF2R and SORTI, SORTI,
facilitating their GAP43

localization to a specific
subdomain of the
endosomal membrane.
This localization enables
their interaction with the
retromer cargo-selective
complex. zDHHCI5 also
mediates STING
palmitoylation in the
Golgi apparatus and has
the potential to catalyze
the palmitoylation

of GAP43.
ZDHHC16 ER zDHHCI6 is responsible ZDHHCS,
for palmitoylating PCSK9

ZDHHCS, which affects
the quaternary assembly,
localization, stability, and
function of ZDHHC6.
Additionally, the
palmitoylation of PCSK9
at cysteine 600 enhances
the binding affinity

between PCSK9
and PTEN.

ZDHHC17 Golgi zDHHC17 palmitoylates CASP6,
Caspse6, preventing its SNAP25

dimerization and
subsequent activation.
Moreover, zZDHHC17 may
enhancing its expression
at tight junctions and
regulating its function in
cell migration.

ZDHHC8 Golgi zDHHCS is responsible ABCAL,
for palmitoylating ABCA1, = DRD2
which plays a crucial role
in regulating the
localization of the
transporter to the plasma
membrane. This, in turn,
affects the function of
ABCAL in cholesterol and
phospholipid efflux.

Additionally, zDHHC8
palmitoylates the D2
dopamine receptor DRD2,
thereby regulating its
stability and localization
to the plasma membrane.

ZDHHCY/ ER, Golgi zDHHCY/10 plays a GLUT1,
ZDHHC10 crucial role in the HRAS,

palmitoylation of GLUT1 ADRB2

at C207, which enhances

its localization to the

plasma membrane and

promotes a high level of

glycolysis in glioblastoma.

The zZDHHC9-GOLGA7

complex serves as a

specific

palmitoyltransferase for

HRAS and NRAS.

Additionally, it may

exhibit

palmitoyltransferase

activity towards the beta-2

adrenergic receptor/

ADRB2, thereby

regulating G protein-

coupled receptor signaling.

ZDHHCI11 ER zDHHCI1 exhibits NCDN
palmitoyltransferase
activity towards NCDN
and plays a role in
regulating cell
proliferation. It also has a
function independent of
its palmitoyltransferase
activity, specifically in the
DNA virus-triggered and
CGAS-mediated innate
immune response.

ZDHHCI11B = Membrane, Golgi = May play a role in -
cell proliferation.

ZDHHC12 ER, Golgi zDHHCI2 is responsible CLDN3,
for mediating S- GPHN,
palmitoylation of CLDN3 NLRP3
at amino acid positions
C181, C182, and C184.

This modification
contributes to the accurate
localization and
stabilization of CLDN3 on
play a role in the sorting
or targeting of crucial
proteins involved in the
initial stages of
endocytosis at the

plasma membrane.

ZDHHCI18 Golgi Palmitoylation of MDH2, MDH2,
catalyzed by zDHHC18 at CGAS,
C138, results in the HRAS,
activation of LCK,

mitochondrial respiration ADRB2
and promotes the
malignancy of ovarian
cancer. Additionally, it
acts as a negative regulator
of the cGAS-STING
pathway by mediating the
palmitoylation and
inactivation of CGAS.
zDHHC18 may also
exhibit
palmitoyltransferase
activity towards the beta-2
adrenergic receptor/
ADRB2, thereby
regulating G protein-
coupled receptor signaling.

ZDHHC19  Cytoplasm, Golgi | Palmitoylation of SMAD3  SMAD3,
by zDHHC19 promotes RRAS
the activation of the
transforming growth
factor-beta (TGF-B)

signaling pathway.
ZDHHC20 Cytoplasm, zDHHC20 palmitoylates EGFR,
Golgi, ER EGFR, leading to the TFITM3

activation of EGFR
signaling. This, in turn,
enhances cell migration
and anchor-independent
growth in lung cancer.

ZDHHC21 Golgi, Plasma zDHHC21 exhibits AK2, EGFR,
membrane specific catalytic activity in | eNOS, LCK,
the palmitoylation of AK2, = AR, FYN,
resulting in the activation ADRAIDP,
of OXPHOS in leukemic PLCB1
blasts. Additionally, it
palmitoylates FYN,
thereby regulating its
localization in hair follicles
and playing a crucial role
in epidermal homeostasis
and hair follicle
differentiation. The
palmitoylation of PLCB1
and the subsequent
regulation of its
downstream signaling
pathways may indirectly
influence the function of
the endothelial barrier and
the adhesion of leukocytes
to the endothelium.
Furthermore, ZDHHC21
demonstrates
palmitoyltransferase
activity towards ADRA1D,
positively modulating its
activity and expression,
potentially contributing to
vascular contraction. It
may also be involved in
the palmitoylation of
eNOS and LCK.

ZDHHC22 | ER, Golgi ZDHHC22 palmitoylates mTOR,
mTOR, leading to reduced = KCNMAI,
mTOR stability and CNN3

decreased activation of the
AKT signaling pathway.
Additionally, zDHHC22
palmitoylates KCNMAL,
thereby regulating its
localization to the

plasma membrane.

ZDHHC23 Golgi zDHHC23 palmitoylates KCNMAL
KCNMAL, playing a role
in its localization to the
plasma membrane.

ZDHHC24 Membrane - -
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APT1 Membrane, APT1 and APT2 are HRAS
Cytoplasm, enzymes involved in the NRAS,
ER, Nucleus hydrolysis of fatty acids from = KCNMAI,

S-acylated cysteine residues ADRB2,
in proteins. APT1 specifically =~ CKAP4,
acts on proteins such as LPR6
trimeric G alpha proteins,

HRAS, and ADRB2,

displaying

depalmitoylating activity.

APT2 Cytoplasm APT2 depalmitoylates STAT3,
phosphorylated STAT3, GAP43,
facilitating its translocation ZDHHC6,

to the nucleus. Additionally, HRAS
APT2 also hydrolyzes fatty

acids from S-acylated

cysteine residues in proteins

like GAP43, ZDHHCS, and

trimeric G alpha proteins.

PPT1 Lysosome, PPT1 is responsible for -

Secreted removing thioester-linked
fatty acyl groups, such as
palmitate, from modified
cysteine residues in proteins
or peptides during lysosomal
degradation. It has a
preference for acyl chain
lengths of 14 to 18 carbons.
PPTI frequently catalyzes
cysteine residues that
participate in
disulfide bonds.

PPT2 Lysosome PPT?2 exhibits the highest S- =
thioesterase activity for the
acyl groups palmitic and
myristic acid, followed by
other short- and long-chain
acyl substrates. However,
PPT2 is unable to remove
palmitate from peptides
or proteins.

ABHD17A | Cell membrane ABHDI17A exhibits MAP6,
depalmitoylating activity NRAS
towards NRAS and DLG4/

PSDY5, and it may also have
depalmitoylating activity
towards MAP6.

ABHD17B  Cell membrane ABHD17B demonstrates DLG4/
depalmitoylating activity PSD95,
towards DLG4/PSD95 GAP43
and GAP43.

ABHD17C = Cell membrane ABHDI17C hydrolyzes fatty NRAS,
acids from S-acylated DLG4/
cysteine residues in proteins, ~ PSD95
and it also exhibits
depalmitoylating activity
towards NRAS and
DLG4/PSD95.
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Source Sample Type Sample Size

Primary HGSOC
tumor biopsy

92 single cells from
tumor tissues

Primary HGSTOC
tumor biopsy

N=7
18,403 single cells from 7
tumor tissues

£
3
5
£ Metastatic HGSOC/ N=6
g malignant tumor biopsy 9,885 single cells from
H omental tumor samples of
S 6 patients
Primary HGSOC N-12
tumor biopsy 5000 cells from intact
tumor tissues
Primary HGSOC N=12
tumor biopsy 59,324 cells from tumor &
nonmalignant tissues
Z
£
2
5
g Metastatic omental HGSOC |~ N=3
s tumor biopsy 2571 cells from omental
E tumor tissues
S

Ovarian cancer N=2
tumor biopsy 5000-10000 cells

N=11
11000 cels from ascites

Ascites from
advanced HGSOC

4
53499 cells from ascites

Ascites from
advanced HGSOC

Tumor microenvironment

ARIDIB, AT-rich interactive domain 18; ARID2, AT+

Treal

nt

Pre-chemotherapy 1. Identification of two major cel subsets characterized based on
epithelial (proliferative genes, and genes related to oxidative
phosphorylation and MYC activity) and stromal (extracellular
‘matrix genes and genes associated with epithelial-to-mesenchymal
transition) gene expression patterns.

2. Neither of these groups displayed gene expression patterns
associated with chemoresistance based on three
independent studies.

Pre-chemotherapy 1. Detection of 11 cancer cell and 32 stromal cell subtypes
deriving from both the primary ovarian tumor and its metastatic
peritoneal or omental lesions.

2. Discovery of 43 new potential targets for therapy and 6
cellular phenotypes of prognostic significance.

3. Cells group of 21 clusters representing 8 major cell types
based on canonical marker gene expression across these clusters
including epithelial cancer cells, myeloid cells, denditic cells, T
cells B cells, fibroblasts, endothelial cells and ovarian stromal cell.

Pre-chemotherapy = 2/6 1. Identification of unique sub-populations of CD274" and IRF§"
Post-chemotherapy = 4/6  macrophages, CD4'GNLY* T cells, plasmablasts and plasma
B cells.
2. Transcriptional analysis of immune cells stratifies our patient
samples into 2 groups: (1) high T cell infiltration and (2) low T
cell infiltration.
3. Plasmablast and plasma B cell clusters, and NRIH2'TRFS" and
CD274" macrophage clusters, suggesting an anti-tumor response
in the high Tinf group.

Post-chemotherapy 1. Discovery of the presence of more T-cells, B-cells and natural
Killer el by in-situ single-cell RNA sequencing technique that
promotes better progression-free survival and overall survival in
excellent neoadjuvant chemotherapy responders.

2. Identification of highly expressed several DNA repair genes
(ATR, ARID2, and ARIDIB) in poor responders compared to bulk
sequencing.

3. Discovery of downregulation in immune cell activation,
adaptive immune response, and regulation of innate response
pathways in poor responders.

Pre-chemotherapy 1. A series of epithelial-to-mesenchymal transition EMT-
associated gene signatures (NOTCHI, SNAIL2, TGFBRI, and
WNTI11) distinguished tumor cells and could be applied to predict

poor patient outcomes,
2. The dominant CAFs in HGSOC tumors were mCAF
expressing -SMA, vimentin, COL3A, COLIOA, and MMP11,

which induces EMT properties in ovarian cancer cells in the
coculture system.

3. In early-stage cancers, certain immune cell subsets such as C7-
APOBEC3A M1 macrophages, CD8* Ty, and Tex cells were
selectively enriched.

Pre-chemotherapy 1. Identified over 150000 cell-type-specific isoforms using short-
read and long-read scRNA-seq.
2. On average, 20% of protein-coding gene expression was non-
coding, resulting in an overestimation of protein expression.
3. In omental metastases, mesothelial cells transition into CAFs
is mainly through the TGF-B/miR-29/Collagen axis

N/A 1. Uncovered a cell subcluster C4, which is strongly related to
metastasis and a poor prognosis in ovarian cancer.
2. The C4 subcluster exhibited an EMT and angiogenesis
signature, with RABI3 serving as a significant marker.
3. Downregulation of RABI3 reduced OC cell migration
and invasion.

Treatment naive, pre-and 1. The composition and functional programming of ascites cells
post-chemotherapy vary significantly between patients.
2. The mesenchymal subtypes are immunoreactive and with
prognostic significance.
3. The JAK/STAT pathway, which was expressed in both
‘malignant cells and cancer-associated fibroblasts, was found to
have a powerful anti-tumor effect,

Post- chemotherapy 1. Memory T cells are concentrated in ascites as a reservoir for
tumor-infiltrating depleted CD8* T cells and T helper 1-like cells.
2. Tumor-enriched macrophages favored monocyte-derived
ontogeny, while ascites macrophages favored embryonic ontogeny.
3. As prognostic biomarkers for platinum-based chemotherapy
response, MAIT and dendritic cells in malignant ascites, as well as
two endothelial subsets in primary tumors, have been identified.

Platform References

Fluidigm CI chip, Illumina HiSeq2500 | (76)

Chromium Single Cell 3' Library, Gel
Bead & Multiplex kit and chip kit
(10X Genomics),

Tlumina HiSeq 4000

Drop-seq microfluidic, Tllumina’s (59)
NextSeq 500

10X Genomics, llumina’s 78)
NovaSeq 6000

10X Genomics, 79

Tlumina sequencer

10X Genomics, (80)
Tilumina NovaSeq platform

10% Genomics Chromium platform | (81)
Tllumina Novaseg 6000

10X Genomics, @4
Tllumina NextSeq 500

10X Genomics, llumina’s ()
NovaSeq 6000

ch interactive domain 2; ATR, Ataxia telangiectasia and Rad3-related protein; CAF, Cancer-associated fibroblast; CD274, Programmed death-ligand 1; CD4, Cluster of differentiation 4; COL3A, Type Il collagen;

‘COLIOA, Type X collagen; EMT, Epithelial-to-mesenchymal transition; GNLY, Granulysin; HGSOC, High-grade serous ovarian cancer; HGSTOC, High-grade serous tubo-ovarian cancer; IRES, Interferon regulatory factor 8; LYPD6, LY6/PLAUR Domain Containing 6;

MAIT, mucosal-associated invariant T cells; mCAF, Matrix cancer-ass

resident memory T cells; WNTI1, Wt Family Member 113 N/A, not available.

ed fibroblast; MMP11, Matrix Metallopeptidase 11; NOTCH1, Neurogenic locus notch homolog protein 1; SLAME7, SLAM Famil
protein SNAL2: TAMs, Tumor-associated macrophages; TBX2-AS1, TBX2 Antisense RNA 1; Tex, Exhausted T cells; TGE-B, Transforming growth factor-bet

‘GEBRI, Transforming growth factor-beta receptor type 1

Member 7; SMA, Smooth muscle actin; SNAI, Zin finger
ME, Tumor microenvironment; Ty, Tissue
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e First
identification of
leukemia stem
cells (Bonnet &

Dick, 1997)

® Prostate cancer
stem cells
shown to arise
from basal
epithelial
progenitors
(Goldstein et al.,
2010)

-

® Breast cancer
stem cells
isolated based
on
CD44+/CD24-
markers (Al-Hajj
etal., 2003)

e Ovarian cancer
stem cells
demonstrated
to derive from
normal ovarian
epithelial stem
cells (Silva et al.,
2011)

—

® Brain tumor

stem cells
identified, can
originate from
neural stem
cells (Singh et
al., 2004)

¢ Pancreatic
cancer stem
cells expressing
CD44+/CD24+
traced back to
pancreatic
epithelium
(Hermann et al.,

e Intestinal stem
cell marker Lgr5
found to also
mark colon
cancer stem
cells (Barker et
al., 2007)

2007)

—

-~

e STAT3 inhibitor
WP1066
suppresses
stemness
pathways in
glioblastoma
stem cells
(Zhang et al.,
2016)

.

e Origin of
glioblastoma
stem cells
traced back to
transformed
neural stem
cells (Son et al.,
2009)

-

® Oncolytic virus
MG1MAGEA3
shown to target
chemotherapy
resistant breast
cancer stem
cells
(Bourgeois-
Daigneault et

al., 2018)
~_

e Curcumin
analog EF24
developed to
target
chemotherapy
resistant
bladder cancer
stem cells
(zhang et al.,
2009)

——

e Liver cancer
stem cells
originating
from hepatic
progenitors
sensitive to
GSK126 (Song
etal., 2020)

\ 4
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Cancer Type

Breast Cancer

Colorectal Cancer

Glioblastoma

Cervical Cancer

Ovarian Cancer

Pancreatic Cancer

Neuroblastoma

Bladder Cancer

Prostate Cancer

Kidney Cancer

NSCLC

Lung Cancer

Hepatocellular
Carcinoma

CSC Markers

ALDH+,
CD44+/CD24-

Lgr5+, CD44+,
CD166+

CD133+, Nestin+,
A2B5+

CD44+, CD133+

ALDH1+, CD117+

CD44+/CD24+/ESA+

CD114+, ALK+

CD44+, 67LR+,
ALDHIAL+

CD44+/02B1
+/ALDHIAL+

CD105+, CD133+

ALDH+, CD133+,
MRP1+

APN/CD13+

CD90+, CD44
+ EpCAM

Therapies

Disulfiram

Oncolytic virus MGIMAGEA3

LGK974
Napabucasin

WP1066

GDC-0449

Salinomycin
Disulfiram
ATRA

LDE225
ALK inhibitors (Crizotinib)

mTOR inhibitors
(Rapamycin, Everolimus)

EF24

Niclosamide

mTOR inhibitor (WYE-687,
CC-115)

Disulfiram

Oncolytic virus ZD55-TRAIL

Aminopeptidase
inhibitor (Tosedostat)

ATRA

GSK126

Route

Oral

Intratumoral
injection

Oral

Oral

Intraperitoneal

Oral

Intraperitoneal
Oral
Oral

Oral

Oral

Oral

Intravesical

Oral

Oral

Oral

Intratumoral
injection

Oral

Oral

Intraperitoneal

NSCLC, non-small cell lung cancer; ATRA, all-trans retinoic acid; PDX, patient-derived xenografts.

Side Effects

Nausea, neuropathy

Fever, fatigue

Well tolerated
GI toxicity

No data

Muscle spasms

No data

Nausea, neuropathy
Headache, dry skin
‘Well tolerated
Vision

changes, edema

Stomatitis, rash

No data

GI toxicity

Stomatitis,
hyperglycemia

Nausea, neuropathy

Fever, fatigue

No data
Headache, dry skin

No data

Models

PDX

PDX

PDX

PDX

Intracranial
xenografts

Intracranial
xenografts

Xenografts
Xenografts
Xenografts

PDX

Xenografts

Xenografts

Xenografts

Xenografts

PDX

PDX

Orthotopic
models

Xenografts
Xenografts

Xenografts

References

(139)

(140)

(141)

(142)

(143)

(144)

(145)
(146)
(147)

(148, 149)

(150)

(151)

(152, 153)

(154)

(155-157)

(139)

(158)

(159)

(160)

(161)
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of-Origin

Therapeutic Advances

Mechanism

Clinical Trials

References

Anti-CD44 antibody drug conjugates

Breast C Luminal CD44+, CD24-, ith Trasts b emtansi Targets CSC Phase I trial of anti- (162, 163)
reast Lancer progenitor cells ALDH+ With rastuzumab emtansine surface markers CD44-T-DM1 e
(T-DM1)
Targets CSC
s:;ge s Phase I trial of oncolytic
Glioblastoma Neural stem cells | CD133+, Nestin+ | Oncolytic virus therapy adenovirus Delta- (164, 165)
renewal
24-RGD
pathways
Blocks Phase I 1b trials of
Colorectal Intestinal Lgrs+, Wat signaling inhibitor (Porcupine ocks C3C ase Land 1b trils; 0
Cancer stem cells CD44+ inhibitor CGX1321) maintenance P (ee)
pathways inhibitor CGX1321
Ceivical Cervical Epigenetic Phase 1 trial of PCI-
Cancer epithelial CD44+, ALDH1+ | Histone deacetylase inhibitors modulation 24781 and MS- (167)
stem cells of CSCs 275 (Entinostat)
Ovarian Ovarian epithelial . Targets Phase I trial of CD133
Cancer stem cells CD133+, CD117+ | Anti-CD133 CAR T-cell therapy CSC antigen CART cells (168)
: Epigenetic P
Bronchioalveolar | CD166+, DNA methyltransferase ” Phase /11 trials
Ly t 169, 170;
Hng Cancer | o calls EpCAM+ inhibitor (Gemcitabine) regulation of gemcitabine ( )
of CSCs
D90+, CD133+, Inhibi
Hepatocellular  Hepatic D90+, CD133+ ) nhibits CSC Approved for advanced
Carcinoma progenitor cells EpCAM:, SorafEad sigualing HCC in 2007 (172
g ALDH+ pathways
Pancreatic Pancreatic Targets
epithelial CD133+, CD44+ Metformin '8 . Phase I/11 trials (169 173, 174)
Cancer 3 CSC metabolism
progenitor cells
Neural t Targets CSC Phase III trials
Neuroblastoma cural cres CD114+, CD56+ Anti-GD2 immunotherapy argets . a?e f]a M (175, 176)
stem cells surface antigen of dinutuximab
Bladder Bladder epithelial Selective
D44v6+, CK14- M in- Phase 11 trial 177
Cancer stem cells CDAtv6+, CKldr | Mytomycin-C CSC toxicity ase 1 ria a7
Prostatic Targets CSC
Prostat d: f fi
rRsRE epithelial CD44+, TROP2+ | Androgen deprivation therapy signaling Standard of careifor (178, 179)
Cancer advanced prostate cancer
stem cells pathway
1 Anti-angi i Phase III trial of
Kidney Cancer | P& CD105+, CD133+ | VEGE inhibitors nti-angiogenic ase 111 trial of (180, 181)
progenitor cells against CSCs bevacizumab + IFN-o;
Acute Disrupts CSC
Hematopoieti Phase 1b/II trial
Myeloid ematopoietic CD34+, CD38- DOTIL inhibitors epigenetic ase LB/ tria (182, 183)
. stem cells R of pinometostat
Leukemia regulation
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Cancer Stem Cell (CSCs)

Normal stem/progenitor cells that serve as the cell-of-origin have distinct .
properties related to maturity, lifespan, energetics, genotype, signaling, and | Normal Stem/Progenitor
anatomical location within tissues. Cell (Cell-of-Origin) .

b

CD166+

Hedgehog
Signaling

CD44+/CD24-  CD133+
L

Stemness - Ability to self-renew and differentiate into multiple cell types.
Quiescence - Typically exist in a non-proliferative, slow-cycling state.
Plasticity - Capacity to adapt and change identities in response to signals.
Longevity - Extended lifespan compared to differentiated cells.
Residence - Persist for long periods within mature tissue.

Tumor suppressors - Expression of genes that regulate cell growth and
survival.

Metabolic profile - Reliance on anaerobic glycolysis for energy.

RIKLRP.

Epigenetic state - Unique epigenetic landscape that maintains identity. Differentiation
Signaling pathways - Active signaling networks like Wnt, Hedgehog. Quiescence
Location - Reside in specific niches within tissues. ALK+
PTEN WNTSignaling i
Hypoxia - Low oxygen levels due to aberrant vasculature, - inive Unmitless self-renewal
: Aberrant differentiation

Acidosis - Increased acidity due to altered metabolism.

Fibroblasts - Activated cancer-associated fibroblasts (CAFs).

Immune cells - Presence of various immune cell types like macrophages,
T cells.

Angiogenesis - Formation of irregular, leaky blood vessels.
Lymphangiogenesis - Formation of new lymphatic vessels.

Extracellular matrix - Altered ECM components like collagen and
hyaluronan.

Cytokines - Presence of inflammatory cytokines like IL-6, IL-1B.

Growth factors - Growth factors like VEGF, FGF2, EGF that promote
tumor growth. . .
Metabolites - Buildup of metabolites like lactate, adenosine. Tumor Microenvironment (TME)

Tumorigenic

Self-renewal - Ability to undergo limitless replication.

Tumor initiation - Capacity to generate new tumors when transplanted.
Differentiation - Can give rise to heterogeneous progeny, not just identical
CSCs.

Quiescence - Exist commonly in slow-cycling, dormant state.

Survival - Resistance to apoptosis and conventional therapies.

Metabolic plasticity - Flexible switching between glycolysis and OXPHOS.

EMT properties - Co-expression of epithelial and mesenchymal markers.
Metastasis - Increased capacity to migrate and colonize distant sites.
The TME exhibits marked physiological differences from normal tissue and Signaling pathways - Aberrant Wnt, Hedgehog, Notch pathway activation.
contains cellular, structural, chemical and metabolic factors that collectively Immunoevasive - Escape host immune response via PD-L1, cytokine
contribute to tumor progression. secretion.

CSCs possess stem-like properties of self-renewal and differentiation but
differ from normal stem cells by their uncontrolled growth, therapeutic
resistance and modulation of the tumor microenvironment.
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Treatment Mediators Results References

resistance

Chemoresistance TGF-B1 induces the expression and activation of FOXOI, which induces TGF-B1 expression through an Zhang et al.
autocrine/paracrine feedback loop, leading to treatment resistance (65)
IL-6 upregulates CXCR7 expression through the STAT3/NE-KB pathway, promoting ESCC cell proliferation  Qiao et al. (66)

and drug resistance

activates activator of transcription 3 to promote the production of M-MDSCs, promoting resistance to Zhao et al. (44)
cisplatin in tumour cells

PAI-1 promotes tumour growth and attenuates the therapeutic effects of cisplatin Che et al. (67)
exogenous promotes the proliferation and cisplatin resistance of ESCC cells by secreting IL-6 Tong et al. (27)
IncRNA POU3F3
Radiotherapy CXCL1 increases ROS accumulation after radiation, enhances DNA damage repair and mediates radiation Zhang et al.
resistance resistance by activating the MEK/ERK pathway (68)
IncRNA conferres significant radiation resistance in vitro and in vivo by regulating DDR and the PDGEb/ Zhang et al.

DNM30$ PDGFRb/FOXO-1 signalling pathway @)
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Histological

Selection of
cases

subtypes

ESCC

EAC

95 patients with ESCC
who underwent
oesophagectomy (2007)

153 ESCC samples

51 tumour sample from
ESCC patients who
underwent surgery
without preoperative
treatment

102 ESCC samples

A total of 70 surgically
removed human ESCC
tissue samples were

collected between 2005

and 2010

152 patients

Patients with ESCC who
underwent surgical
resection

189 formalin-fixed and
paraffin-embedded tissue
samples

171 patients

183 patients with EAC

200 patients with EAC
who underwent surgery

Prognosis
3-year OS Inverse
(%) correlation
with OS
CAF- 63
poor
group
CAF- 42
rich
group

Increased CD10 expression was associated with poor tumour
differentiation, OS and DFS

Median CAF-derived Wnt2 was significantly
survival associated with lymph node metastasis,
time and patients with high Wnt2

(months) expression had shorter median
7 survival time

Wnt2- 16

positive

ESCC

‘Wnt2- 51

negative

ESCC

Patients in the high-TGFBI-expression group (n = 16) had more
frequent haematogenous recurrence than the low-TGFB1-
expression group (n = 86)

FAP+ CAFs were strongly associated with lymph node metastasis

The expression of two CAF markers, a-SMA and FAP, was linked to the depth of tumour invasion,
Iymph node metastasis, advanced clinical stage, progressed pathological stage and poor prognosis

Overexpression of LTBP1 was positively linked to lymphatic
metastasis in ESCC (p = 0.002)

HIC-5 overexpression in the tumour stroma was associated with
positive lymph node metastases and a higher TNM stage

High PAI-1 expression was associated with poor PFS

Increased stromal uPA levels (132/146 cases) were associated with
tumour invasion (p < 0.05) and O (p < 0.05) in ESCC

A strong correlation was observed between poor clinical outcomes
and the concurrent expression of Twistl and other CAF markers

High POSTN expression was associated with poor OS (P = 0.0001)
and RES (P = 0.03).

os DES (months)
(months)

POSTN- 468 4745

positive

tumours

POSTN- 76.45 80.67

negative

tumours

Podoplanin-expressing CAFs were positively associated with short
0S (42 versus 105 months) and mean DFS (42 versus 89 months)

Predictive Reference
value

CAF density may serveasa  Cheng et al.
marker for predicting (72)
therapeutic efficacy and

prognosis

CD10 overexpression may Lee et al. (73)
serve as an independent poor

prognostic factor

Wnt2 promotes tumour Fuet al. (74)

growth and invasion

TGFBI expression may serve Ozawa et al.
as an independent predictor (75)
of OS.
CAFs may serve as a Kashima et al.
prognostic (76)
factor
Higashino
etal. (42)

LTBP1 plays an oncogenic Cai etal. (77)
role in ESCC progression
and may serve as a potential

therapeutic target for ESCC

HIC-5 is a risk factor for

lymph node metastasis in
ESCC

Du et al. (30)

PAI-1 in CAFs is a potential (35, 67)

prognostic factor for ESCC

uPA may serve as a Tian et al. (34)
predictive marker for the

diagnosis and prognosis of

ESCC and an effective

therapeutic target

Twistl may serve as a novel Yeo et al. (78)
CAF marker for predicting
the prognosis of ESCC and is

a potent therapeutic target

High POSTN expression is Ishibashi et al.

an independent prognostic (79)
factor for ESCC
POSTN may be an Underwood
independent prognostic et al. (80)
factor for EAC
Schoppmann
et al. (81)
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rspectives Mediatol

To enhance tumour  TGF-B
progression,
proliferation and
metastasis

HIC-5
NOX 5
MT2A
POSTN
CCL5
PLAU

uPA

PAI-1

IncRNA
POU3F3

miR-3656
LINCO01410

mir-100-5p

exosomal
proteins

Sonic
Hedgehog

To evade immune PD-1/PD-L1
surveillance

M2
macrophages

DO
M-MDSCs

TILs

WNT2

FGF2 and
SPRY1

To participate in Reverse
metabolism ‘Warburg
effect

Mechanisms

Upregulates LAMCI by activating SP1 and SMAD4

Regulates cytokine production and alters the ECM

Promotes the production of TNF-0,, IL-1B and lactate by activating Src/NF-kB signalling

Promotes IGFBP2 production and secretion through the NF-kB, AKT and ERK signalling pathways
Stimulates ADAM17 activity by activating the integrin cvf3 or the ovB5-ERK1/2 pathway
Promotes the growth of ESCC cells both in vitro and in vivo through ERK1/2 signaling

Increases the expression of IL-8 via the uPAR/Akt/NF-kB pathway

Enhances ESCC cell growth, proliferation, migration and invasion by the PI3K/Akt and ERK
signalling pathways

Induces cell migration and invasion through LDL receptor-associated protein 1

Transforms NFs to CAFs through exosomes and stimulates the proliferation and cisplatin resistance
in ESCC cells via the production of IL-6

Activates the PI3K/Akt and B-catenin signalling pathways by regulating ACAP2 downregulation
Promotes EMT by upregulating miR-122-5P and increasing the expression of PKM2

Stimulates lymphangiogenesis through IGFIR/PI3K/AKT axis and aids in the spread of tumor
lymph nodes

boostes oesophageal cancer cells’ ability to proliferate, invade, and migrate

Enhances the growth and migration of oesophageal cancer cells

Facilitates tumour cell survival by helping the cells to evade recognition by T cells

Suppresses antitumour immune responses and secrets anti-inflammatory molecules including TGE-
B, IL10 and Arginasel as well as PD-L1 and PD-L2

Promotes immune escape by inducing apoptosis of T and NK cells and enhancing Treg activity

Induces paracrine and autocrine functions of IL-6 to activate STAT3 signalling

CAFs form an immune microenvironment by promoting the migratory and invasive capabilities of
FoxP3 TILs while suppressing the infiltration of CD8 TILs

Restores antitumour T cell responses and improves the efficacy of anti-PD-1 treatment

Impairs T cell activity and promotes ESCC progression

Some epithelial cancer cells metabolically supported the growth of adjacent stromal fibroblasts

The presence of pro-inflammatory cytokines can stimulate glycolysis, which may lead to the local
accumulation of energy-rich metabolites
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