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INTRODUCTION

Chronic inflammation is linked to various diseases, including cancer, diabetes mellitus, obesity, and hypertension. The critical question—how is chronic inflammation linked to acute inflammation and are there any physiological counterparts to chronic inflammation (1, 2). Answers to these questions are of paramount importance as they determine the treatment strategies of diseases associated with chronic inflammation.

In a simplistic approach, it is possible to divide acute inflammation into the two phases: the onset and the resolution (termination of inflammation and return to homeostasis) (3, 4).

Chronic inflammation for various reasons lacks a complete resolution phase—it never ends. There are different reasons for it such as prolonged contact with infection or irritants and the presence of cells that continuously secrete inflammatory mediators. During chronic inflammation, anti-inflammatory cytokines are released continuously—along with pro-inflammatory cytokines (2). So, when the inflammatory stimulus becomes permanent, immunosuppression begins. This property can be used to achieve immune tolerance. For this aim, every immune-privileged site might contain the source of inflammatory factors (5). In this case, slightly elevated levels of inflammatory factors are linked to immune tolerance, while significantly elevated levels are linked to inflammatory exacerbations.



EXAMPLES OF IMMUNE REGULATORY ROLES OF PRO-INFLAMMATORY FACTORS

According to recent studies, there is a long-lasting immune post-resolution phase even after acute inflammation, which might be essential for immune tolerance (6). It can be supposed that chronic inflammation significantly enhances this stage. Immune-privileged organs can acquire chronic inflammatory status to maintain immune tolerance. In pathology, e.g., cancer, chronic inflammatory status is also utilized to maintain immune tolerance (Figure 1) (7).
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FIGURE 1. Low-grade constitutive inflammation might be the mechanism of immune tolerance. Various mechanisms of the transition to immune suppression during chronic inflammation exist. The figure depicts some of them. Inflammatory factors induce anti-inflammatory factors, which cause immune suppression (7). In the case of acute inflammation, the resolution of inflammation proceeds without suppressing immunity. It is necessary to stop an acute inflammation in time to prevent its transition to the chronic form. In the treatment of diseases linked to chronic inflammation, there may be two methods to utilize—anti-inflammatory and pro-inflammatory therapy. Both of these therapies are aimed at overcoming the vicious cycle of chronic inflammation. Pro-inflammatory therapy can cause a subsequent anti-inflammatory response, resulting in the resolution of chronic inflammation. For instance, this can be the case in hyperthermia therapy (8). Chronic inflammation, which can occur for various reasons (chronic contact with infection or irritants, chronic stress, and the presence of cells that continuously secrete inflammatory mediators), lacks a complete resolution phase—it never ends. Anti-inflammatory cytokines are released continuously—along with pro-inflammatory cytokines. So, when the inflammatory stimulus becomes permanent, immunosuppression begins. This property can be used to achieve immune tolerance. Chronic low-grade inflammation might be localized—either in immune-privileged organs or tumors. It can lead to immunological tolerance (unresponsiveness to antigens) in the areas of chronic inflammation.


There are various examples of the transition to immune suppression during chronic inflammation.

One such example is the capability of essential inducers of inflammation (specifically, prostaglandins) to function as pro-resolvers—they promote factors necessary for anti-inflammatory and immunosuppressive responses (e.g., specialized pro-resolving mediators) (4). Inflammation also induces growth and differentiation factor 15 (GDF15), which regulate tolerance to inflammatory damage (9).

Another example is that one of the primary inflammatory mediators—IL-6 is needed for regenerative and protective processes in the body. For instance, in mice, IL-6 was essential for liver regeneration, gut barrier repair, and the suppression of inflammation in the kidney and pancreas (2).

The transition of inflammation to immune suppression can also occur at the cellular level. As an illustration, macrophages shut down the generation of pro-inflammatory mediators and activate a transcriptional program resulting in the release of anti-inflammatory cytokines [e.g., IL-10 and transforming growth factor β (TGFβ)] (4).

Other recent studies have shown that long-term activated dendritic cells (DCs) significantly changed their profile toward a non-functional, tumor-promoting, and anti-inflammatory phenotype (10). Such DCs promote the generation of T cells with a regulatory phenotype. One of the mechanisms of DCs turning to tolerogenic cells is the action of immunoregulatory enzymes involved in amino acid metabolism (indoleamine-2,3-dioxygenase 1—IDO1, arginase, and inducible nitric oxide synthase—iNOS). They are induced by chronic inflammation, particularly by repeated stimulation of TLR (e.g., exposure to endotoxin) and are involved in the autoimmunity limitation and maintenance of immune tolerance (11, 12). These enzymes catabolize amino acids causing their deprivation in the microenvironment (arginase and iNOS catalyze the degradation of L-arginine and IDO1 catalyzes the degradation of L-tryptophan) and produce immune regulatory compounds. For instance, IDO1 produces 3-hydroxyantranilic and L-kynurenine, which serve as an activating ligand for the aryl hydrocarbon receptor (AhR) favoring the expression of protective TGFβ, regulatory T cells (Treg cells) differentiation and inducing IDO1 expression in DCs (11, 13, 14).

These mechanisms are involved in endotoxin tolerance—attenuated production of pro-inflammatory cytokines such as tumor necrosis factor-α (TNF-α), IL-6, and IFN-γ, and increased production of anti-inflammatory cytokines such as IL-10 and TGFβ in response to repeated exposure to LPS (lipopolysaccharide) or a gram-negative infection (12, 15).

Above-mentioned enzymes are interconnected as arginase enzymatic activity might be mandatory for the subsequent IDO1 upregulation. Arginine is actively metabolized by arginase to produce urea and l-ornithine. Polyamine spermidine is generated downstream of the decarboxylation of l-ornithine. Spermidine can promote IDO1 phosphorylation and signaling events in DCs, possibly via direct activation of the Src kinase, which has IDO1-phosphorylating activity (16).



LOW-GRADE INFLAMMATION IN PREGNANCY

There is much evidence that low-grade inflammation is significant for maintaining immune tolerance in immune-privileged sites. A successful pregnancy requires fine-tuning the level of inflammation. Either the increase or the decrease in the level of inflammatory mediators leads to negative consequences (7). For instance, it was shown that both a decrease or increase in the IL-6 concentration enhances the risk of infertility and miscarriage (17).

According to recent studies, it might be proposed that chronic moderate antigen stimulation might be necessary for successful immune tolerance in pregnancy as the repeated LPS exposure leads to placental endotoxin tolerance (18).

Pregnancy, especially implantation, evokes an inflammatory reaction, which includes the upregulation of inflammatory cytokines [e.g., IL-6, IL-1, leukemia inhibitory factor (LIF)]—they are critical mediators of a healthy pregnancy. Besides, various leukocytes are found in the decidua, including maternal natural killer (NK) cells, DCs, macrophages, and lymphocytes (19).

The specific subset of NK cells, which constitutes about 50–90% of total lymphoid cells in the uterus, plays a vital role at the fetal-maternal interface during the first trimester of the pregnancy (20).

HLA-G molecules are considered to be crucial for the immunological tolerance of the fetus by the mother. At the same time, they may be involved in the active secretion of pro-inflammatory cytokines (21, 22). Another example—the granulocyte-macrophage colony-stimulating factor (GM-CSF), which is involved in myeloid cell development and inflammation (23). Recently, Chu et al. (24) have shown that GM-CSF has a beneficial effect on the development of human embryos in assisted reproductive technology.

Kieffer et al. (25) have shown that healthy pregnancies have a higher activation of CD4+ memory T cells compared to preeclampsia.

Due to the possible tolerogenic role of low-intensity inflammation, anti-inflammatory therapy can reverse the level of immune tolerance factors. As an example of this in mice, prednisolone, known as an immune suppressor, disrupted the expected expansion of CD4+ T cells in early pregnancy, inhibiting the generation of both suppressive Treg cells and effector T cells (26).

Other anti-inflammatory substances, nonsteroidal anti-inflammatory drugs (NSAIDs), are known for their serious fetal side effects. NSAIDs inhibit the production of prostaglandins, which are essential for successful embryonic implantation (27). Prostaglandins can cause low-grade inflammation in pregnancy (e.g., in the decidua), which can help to induce the immune tolerance necessary for normal fetal development.



LOW-GRADE INFLAMMATION IN OTHER IMMUNE-PRIVILEGED SITES—THE CENTRAL NERVOUS SYSTEM AND ORAL TOLERANCE

According to the concept of the necessity of low-grade physiological inflammation for maintaining immune tolerance, every immune-privileged organ should contain the source of inflammatory factors.

In the central nervous system, glial cells, along with the neurons, can act as the source of inflammatory factors in a steady-state (28). A certain level of IL-1 is detected in the healthy brain where it exerts a neuro-modulatory role. Microglia is the primary source of IL-1 production in the brain without infiltrated leukocytes. When the IL-1 level is increased over a certain threshold level, it becomes associated with various neuroinflammatory conditions (29).

Basal IL-6 and IFN-γ levels in the healthy brain are also linked to the maintenance of brain homeostasis (30). IFN-γ is involved in IDO induction, the immune regulatory properties mentioned above (11, 31). IFN-γ is also the upstream regulator of iNOS expression. According to various studies, iNOS may have a regulatory function during neuroinflammation and autoimmunity (in addition to its pro-inflammatory role) (32). Besides its pro-inflammatory role, IL-6 is the inductor of suppressive Treg cells. According to the recent work of Hagenstein et al., engagement of the IL-6 receptor leads to the generation of a unique Treg subtype with enhanced suppressive capacity. These cells express transcription factor RORγt—similar to pro-inflammatory Th17 cells (33–35).

Interestingly, cytokines that are associated with the induction of neuroinflammation in some cases can exert a protective effect. For instance, the administration of IL-12 (which amplifies Th1 polarization) during the early phases of experimental autoimmune encephalomyelitis (an animal model of multiple sclerosis) suppressed the disease through the induction of IFN-γ (36, 37). IL-8 levels (cerebrospinal fluid, as well as serum) were found to be significantly lower in Alzheimer's disease patients (38). Reduced IL-8 is also linked to HIV-associated neurocognitive disorder (39).

Brain NK cells control the inflammation by killing pro-inflammatory microglial cells, which are activated within minutes of ischemia onset (40).

NK cells are a major lymphocyte subpopulation within the rat testis (41). Sertoli cells, spermatocytes, and round spermatids are known to produce pro-inflammatory IL-1α (42).

According to modern approaches, the traditional labels of pro- and anti-inflammatory are too simplistic to describe cytokine actions. Genetic ablation of IL-17 (overexpressed in the inflamed intestine as a contributor to intestinal damage) declined gut epithelial cell proliferation and exacerbated dextran sulfate sodium (DSS)-induced murine colitis (43). Overall, data suggest both a pro-inflammatory and a protective function of the IL-17 immune response (44).

Generally, in recent years we have been faced with a revision of the typical inflammatory role of inflammatory factors (33, 45). For instance, the physiological role of GM-CSF is to amplify adaptive immunity and inflammatory responses by recruiting DCs (45). Nevertheless, these DCs might be either inflammatory or tolerogenic. According to recent studies, the microbiota-dependent generation of the GM-CSF is of paramount importance for DC-mediated oral tolerance, and this factor in itself has previously been linked to Crohn's disease development (46, 47).

Diet and gut flora metabolites promote the ability of DCs to control T cell responses in the gut and other sites (e.g., lungs) (48, 49). Thus, immune stimulation by microbiota antigens (e.g., LPS) can mediate low-intensity physiological inflammation in the intestine, which is necessary for intestinal mucosal tolerance (50).



ELEVATED INFLAMMATION IN AGING AND IMMUNE TOLERANCE

In contrast to younger individuals, older individuals have elevated levels of inflammatory cytokines, especially IL-6 and TNF-α (51, 52). Fat tissue might be the main source of inflammatory cytokines in aged people. Adipocytes can produce pro-inflammatory and chemotactic compounds, such as IL-6, IL-1β, and TNF (52, 53). IL-6, TNF-α, and their receptors are also upregulated in other aged tissues and cells (54).

The increased basal level of inflammatory cytokines can mediate increased immune tolerance. That might be the reason why older persons have higher autoimmunity but a lower prevalence of autoimmune diseases (55). The price of increased immune tolerance is increased susceptibility to tumors (56).

Young individuals have decreased basal levels of various inflammatory cytokines—this may explain a reduced immunological tolerance, and, consequently, higher susceptibility to autoimmune diseases, which is observed in young people (57). Progressive increases in the percentage of total lymphocytes and absolute numbers of T and B cells in infants compared to adults might be evidence of the reduced immunological tolerance in young individuals (51).



CYTOKINES LEVEL AND IMMUNE TOLERANCE

As we have previously shown, constitutive slightly elevated cytokine levels may be linked to immune tolerance. These are the same cytokines whose levels rise significantly during inflammatory and autoimmune disorders (e.g., IL-6, IL-1, and IFN-γ). The main difference between these two conditions is the cytokine concentration—slightly elevated in immune tolerance and significantly elevated during exacerbations.

According to the latest research, a very low cytokine level is sufficient to develop a specific effect. For example, binding of as few as 4 IL-6 molecules per cell seemed to result in statistically significant bioactivity, whereas binding of 16 IL-6 molecules triggered extensive cellular responses (58).

The cytokine profile of physiological fluids related to immune-privileged organs (e.g., eye, placenta, central nervous system, and testes) is of significant interest. It may reflect the constitutively increased content of cytokines in the tissues of these organs.

For instance, the GM-CSF level in plasma of healthy adults is about 2.5 pg/ml while the GM-CSF level in tears (this fluid is related to ocular immune privilege) of healthy subjects is about 30 pg/ml (59, 60). The average physiological concentrations of IL-6 in human serum are 1–5 pg/ml. In comparison, the IL-6 level in tears of healthy subjects is more than 100 pg/ml (59, 61). The plasma concentration of IL-1β in healthy controls is about 2.5 pg/ml, while the IL-1β level in tears of healthy subjects is about 100 pg/ml (59, 62). At the same time, in infectious inflammation, the levels of these cytokines in tears sometimes increase by more than 10 times (63).

In other physiological fluids related to immune-privileged sites, we can also observe a slightly increased level of specific pro-inflammatory cytokines: for example, in amniotic fluid, CSF (especially IL-8), and semen (64–68). In the case of inflammatory diseases in these organs, the level of these cytokines rises significantly. Thus, we can distinguish three types of inflammation (the level of inflammatory factors)—low (normal or absent), medium (constitutive low-grade inflammation—associated with immune tolerance), and high—associated with an intense immune response.

Perhaps, IL-1β, IL-6, and GM-CSF might be some of the most critical cytokines for tolerance induction. These cytokines are also involved in the induction of immune-suppressive myeloid-derived suppressor cells (MDSCs) by various cancer cell lines (69).



CONCLUSION AND PROSPECTS

As already mentioned, there is an increased level of some inflammatory cytokines in immune-privileged sites, compared with blood plasma. Inflammatory cytokines are also critical at the beginning of the resolution phase of inflammation.

Can we talk about physiologic low-grade inflammation, which is linked to immune tolerance, as the physiologic counterpart of chronic inflammation (or para-inflammation)? (1, 70).

There might be various consequences of this hypothesis—for example, in violation of the diversity of microbiota antigen stimulation (specifically, due to the use of antibiotics)—autoimmune lesions may occur (71). Another consequence is the new argument in favor of anti-inflammatory therapy in cancer. Can such therapy reduce the tolerance to tumor antigens? (5) Also, in the treatment of diseases linked to chronic inflammation, there may be two ways to tackle it—anti-inflammatory and pro-inflammatory therapy. Both of these therapies are aimed at overcoming the vicious cycle of chronic inflammation (Figure 1).

Thus, the maintenance of chronic low-grade inflammation might be the universal mechanism of immune tolerance. The basement of such physiologic low-grade inflammation might be in naturally increased pro-inflammatory cytokine secretion. This process can be observed both in disease (e.g., cancer) and in health (immune-privileged sites) (5).

It is well-known that chronic exposure to antigens may cause not only immune tolerance but also cause an excessive immune reaction, including autoimmunity (15, 72–74). Thus, that raises another important question—how does immunity determine which method of interacting with antigens should be used - immune tolerance or elimination? It might be proposed that besides the discrimination of self and non-self, immunity makes another critical decision—dangerous or not dangerous, and applies immune tolerance to antigens deemed as not dangerous. The exact mechanisms of this choice remain to be fully elucidated.



AUTHOR CONTRIBUTIONS

The author confirms being the sole contributor of this work and has approved it for publication.



REFERENCES

 1. Medzhitov R. Origin and physiological roles of inflammation. Nature. (2008) 454:428–35. doi: 10.1038/nature07201

 2. Kany S, Vollrath JT, Relja B. Cytokines in inflammatory disease. Int J Mol Sci. (2019) 20:6008. doi: 10.3390/ijms20236008

 3. Schett G, Neurath MF. Resolution of chronic inflammatory disease: universal and tissue-specific concepts. Nat Commun. (2018) 9:3261. doi: 10.1038/s41467-018-05800-6

 4. Gudernatsch V, Stefanczyk SA, Mirakaj V. Novel resolution mediators of severe systemic inflammation. Immunotargets Ther. (2020) 9:31–41. doi: 10.2147/ITT.S243238

 5. Rogovskii VS. Modulation of inflammation-induced tolerance in cancer. Front Immunol. (2020) 11:1180. doi: 10.3389/fimmu.2020.01180

 6. Motwani MP, Newson J, Kwong S, Richard-Loendt A, Colas R, Dalli J, et al. Prolonged immune alteration following resolution of acute inflammation in humans. PLoS One. (2017) 12:e0186964. doi: 10.1371/journal.pone.0186964

 7. Rogovskii VS. The linkage between inflammation and immune tolerance: interfering with inflammation in cancer. Curr Cancer Drug Targets. (2017) 17:325–32. doi: 10.2174/1568009617666170109110816

 8. Kleef R, Moss R, Szasz AM, Bohdjalian A, Bojar H, Bakacs T. Complete clinical remission of stage IV triple-negative breast cancer lung metastasis administering low-dose immune checkpoint blockade in combination with hyperthermia and interleukin-2. Integr Cancer Ther. (2018) 17:1297–303. doi: 10.1177/1534735418794867

 9. Luan HH, Wang A, Hilliard BK, Carvalho F, Rosen CE, Ahasic AM, et al. GDF15 is an inflammation-induced central mediator of tissue tolerance. Cell. (2019) 178:1231–44.e11. doi: 10.1016/j.cell.2019.07.033

 10. Carstensen LS, Lie-Andersen O, Obers A, Crowther MD, Svane IM, Hansen M. Long-term exposure to inflammation induces differential cytokine patterns and apoptosis in dendritic cells. Front Immunol. (2019) 10:2702. doi: 10.3389/fimmu.2019.02702

 11. Negrotto L, Correale J. Amino acid catabolism in multiple sclerosis affects immune homeostasis. J Immunol. (2017) 198:1900–9. doi: 10.4049/jimmunol.1601139

 12. Manni G, Mondanelli G, Scalisi G, Pallotta MT, Nardi D, Padiglioni E, et al. Pharmacologic induction of endotoxin tolerance in dendritic cells by L-kynurenine. Front Immunol. (2020) 11:292. doi: 10.3389/fimmu.2020.00292

 13. Mondanelli G, Iacono A, Allegrucci M, Puccetti P, Grohmann U. Immunoregulatory interplay between arginine and tryptophan metabolism in health and disease. Front Immunol. (2019) 10:1565. doi: 10.3389/fimmu.2019.01565

 14. Quintana FJ, Sherr DH. Aryl hydrocarbon receptor control of adaptive immunity. Pharmacol Rev. (2013) 65:1148–61. doi: 10.1124/pr.113.007823

 15. Bohannon JK, Hernandez A, Enkhbaatar P, Adams WL, Sherwood ER. The immunobiology of toll-like receptor 4 agonists: from endotoxin tolerance to immunoadjuvants. Shock. (2013) 40:451–62. doi: 10.1097/SHK.0000000000000042

 16. Mondanelli G, Bianchi R, Pallotta MT, Orabona C, Albini E, Iacono A, et al. A relay pathway between arginine and tryptophan metabolism confers immunosuppressive properties on dendritic cells. Immunity. (2017) 46:233–44. doi: 10.1016/j.immuni.2017.01.005

 17. Prins JR, Gomez-Lopez N, Robertson SA. Interleukin-6 in pregnancy and gestational disorders. J Reprod Immunol. (2012) 95:1–14. doi: 10.1016/j.jri.2012.05.004

 18. Kim ML, Maloney C, Klimova N, Gurzenda E, Lin X, Arita Y, et al. Repeated lipopolysaccharide exposure leads to placental endotoxin tolerance. Am J Reprod Immunol. (2019) 81:e13080. doi: 10.1111/aji.13080

 19. Yockey LJ, Iwasaki A. Interferons and proinflammatory cytokines in pregnancy and fetal development. Immunity. (2018) 49:397–412. doi: 10.1016/j.immuni.2018.07.017

 20. Paul S, Lal G. The molecular mechanism of natural killer cells function and its importance in cancer immunotherapy. Front Immunol. (2017) 8:1124. doi: 10.3389/fimmu.2017.01124

 21. Lynge Nilsson L, Djurisic S, Hviid TV. Controlling the immunological crosstalk during conception and pregnancy: HLA-G in reproduction. Front Immunol. (2014) 5:198. doi: 10.3389/fimmu.2014.00198

 22. Hauer V, Risti M, Miranda BLM, da Silva JS, Cidral AL, Pozzi CM, et al. The association of HLA-G polymorphisms and the synergistic effect of sMICA and sHLA-G with chronic kidney disease and allograft acceptance. PLoS One. (2019) 14:e0212750. doi: 10.1371/journal.pone.0212750

 23. Hamilton JA. GM-CSF in inflammation. J Exp Med. (2020) 217:e20190945. doi: 10.1084/jem.20190945

 24. Chu D, Fu L, Zhou W, Li Y. Relationship between granulocyte-macrophage colony-stimulating factor, embryo quality, and pregnancy outcomes in women of different ages in fresh transfer cycles: a retrospective study. J Obstet Gynaecol. (2020) 40:626–32. doi: 10.1080/01443615.2019.1639040

 25. Kieffer TEC, Scherjon SA, Faas MM, Prins JR. Lower activation of CD4(+) memory T cells in preeclampsia compared to healthy pregnancies persists postpartum. J Reprod Immunol. (2019) 136:102613. doi: 10.1016/j.jri.2019.102613

 26. Kieffer TEC, Chin PY, Green ES, Moldenhauer LM, Prins JR, Robertson SA. Prednisolone in early pregnancy inhibits regulatory T cell generation and alters fetal and placental development in mice. Mol Hum Reprod. (2020) 26:340–52. doi: 10.1093/molehr/gaaa019

 27. Li DK, Ferber JR, Odouli R, Quesenberry C. Use of nonsteroidal antiinflammatory drugs during pregnancy and the risk of miscarriage. Am J Obstet Gynecol. (2018) 219:275.e1–e8. doi: 10.1016/j.ajog.2018.06.002

 28. Himmerich H, Patsalos O, Lichtblau N, Ibrahim MAA, Dalton B. Cytokine research in depression: principles, challenges, and open questions. Front Psychiatry. (2019) 10:30. doi: 10.3389/fpsyt.2019.00030

 29. Liu X, Quan N. Microglia and CNS interleukin-1: beyond immunological concepts. Front Neurol. (2018) 9:8. doi: 10.3389/fneur.2018.00008

 30. Bobbo VCD, Jara CP, Mendes NF, Morari J, Velloso LA, Araujo EP. Interleukin-6 expression by hypothalamic microglia in multiple inflammatory contexts: a systematic review. Biomed Res Int. (2019) 2019:1365210. doi: 10.1155/2019/1365210

 31. Yadav MC, Burudi EM, Alirezaei M, Flynn CC, Watry DD, Lanigan CM, et al. IFN-gamma-induced IDO and WRS expression in microglia is differentially regulated by IL-4. Glia. (2007) 55:1385–96. doi: 10.1002/glia.20544

 32. Sonar SA, Lal G. The iNOS activity during an immune response controls the CNS pathology in experimental autoimmune encephalomyelitis. Front Immunol. (2019) 10:710. doi: 10.3389/fimmu.2019.00710

 33. Hagenstein J, Melderis S, Nosko A, Warkotsch MT, Richter JV, Ramcke T, et al. A novel role for IL-6 receptor classic signaling: induction of RORγt+Foxp3+ Tregs with enhanced suppressive capacity. J Am Soc Nephrol. (2019) 30:1439–53. doi: 10.1681/ASN.2019020118

 34. Melnikov M, Rogovskii V, Boyko CA, Pashenkov M. Dopaminergic therapeutics in multiple sclerosis: focus on Th17-cell functions. J Neuroimmune Pharmacol. (2020) 15:37–47. doi: 10.1007/s11481-019-09852-3

 35. Melnikov M, Rogovskii V, Boyko A, Pashenkov M. The influence of biogenic amines on Th17-mediated immune response in multiple sclerosis. Mult Scler Relat Disord. (2018) 21:19–23. doi: 10.1016/j.msard.2018.02.012

 36. Kunkl M, Frascolla S, Amormino C, Volpe E, Tuosto L. T helper cells: the modulators of inflammation in multiple sclerosis. Cells. (2020) 9:482. doi: 10.3390/cells9020482

 37. Gran B, Chu N, Zhang GX, Yu S, Li Y, Chen XH, et al. Early administration of IL-12 suppresses EAE through induction of interferon-gamma. J Neuroimmunol. (2004) 156:123–31. doi: 10.1016/j.jneuroim.2004.07.019

 38. Hesse R, Wahler A, Gummert P, Kirschmer S, Otto M, Tumani H, et al. Decreased IL-8 levels in CSF and serum of AD patients and negative correlation of MMSE and IL-1beta. BMC Neurol. (2016) 16:185. doi: 10.1186/s12883-016-0707-z

 39. Ozturk T, Kollhoff A, Anderson AM, Christina Howell J, Loring DW, Waldrop-Valverde D, et al. Linked CSF reduction of phosphorylated tau and IL-8 in HIV associated neurocognitive disorder. Sci Rep. (2019) 9:8733. doi: 10.1038/s41598-019-45418-2

 40. Chen C, Ai QD, Chu SF, Zhang Z, Chen NH. NK cells in cerebral ischemia. Biomed Pharmacother. (2019) 109:547–54. doi: 10.1016/j.biopha.2018.10.103

 41. Perez CV, Theas MS, Jacobo PV, Jarazo-Dietrich S, Guazzone VA, Lustig L. Dual role of immune cells in the testis: protective or pathogenic for germ cells? Spermatogenesis. (2013) 3:e23870. doi: 10.4161/spmg.23870

 42. Lie PP, Cheng CY, Mruk DD. Interleukin-1alpha is a regulator of the blood-testis barrier. FASEB J. (2011) 25:1244–53. doi: 10.1096/fj.10-169995

 43. Andrews C, McLean MH, Durum SK. Cytokine tuning of intestinal epithelial function. Front Immunol. (2018) 9:1270. doi: 10.3389/fimmu.2018.01270

 44. Latella G, Viscido A. Controversial contribution of Th17/IL-17 toward the immune response in intestinal fibrosis. Dig Dis Sci. (2020) 65:1299–306. doi: 10.1007/s10620-020-06161-1

 45. Waller EK. A new role for an old cytokine: GM-CSF amplifies GVHD. Blood. (2020) 135:520–1. doi: 10.1182/blood.2019004681

 46. Prescott D, Maisonneuve C, Yadav J, Rubino SJ, Girardin SE, Philpott DJ. NOD2 modulates immune tolerance via the GM-CSF-dependent generation of CD103+ dendritic cells. Proc Natl Acad Sci U S A. (2020) 117:10946–57. doi: 10.1073/pnas.1912866117

 47. Mortha A, Chudnovskiy A, Hashimoto D, Bogunovic M, Spencer SP, Belkaid Y, et al. Microbiota-dependent crosstalk between macrophages and ILC3 promotes intestinal homeostasis. Science. (2014) 343:1249288. doi: 10.1126/science.1249288

 48. Hasegawa H, Matsumoto T. Mechanisms of tolerance induction by dendritic cells in vivo. Front Immunol. (2018) 9:350. doi: 10.3389/fimmu.2018.00350

 49. Perdijk O, Marsland BJ. The microbiome: toward preventing allergies and asthma by nutritional intervention. Curr Opin Immunol. (2019) 60:10–8. doi: 10.1016/j.coi.2019.04.001

 50. Oleskin AV, Shenderov BA, Rogovsky VS. Role of neurochemicals in the interaction between the microbiota and the immune and the nervous system of the host organism. Probiotics Antimicrob Proteins. (2017) 9:215–34. doi: 10.1007/s12602-017-9262-1

 51. Valiathan R, Ashman M, Asthana D. Effects of ageing on the immune system: infants to elderly. Scand J Immunol. (2016) 83:255–66. doi: 10.1111/sji.12413

 52. Sanada F, Taniyama Y, Muratsu J, Otsu R, Shimizu H, Rakugi H, et al. Source of chronic inflammation in aging. Front Cardiovasc Med. (2018) 5:12. doi: 10.3389/fcvm.2018.00012

 53. Ferrucci L, Fabbri E. Inflammageing: chronic inflammation in ageing, cardiovascular disease, and frailty. Nat Rev Cardiol. (2018) 15:505–22. doi: 10.1038/s41569-018-0064-2

 54. Chung HY, Kim DH, Lee EK, Chung KW, Chung S, Lee B, et al. Redefining chronic inflammation in aging and age-related diseases: proposal of the senoinflammation concept. Aging Dis. (2019) 10:367–82. doi: 10.14336/AD.2018.0324

 55. Vadasz Z, Haj T, Kessel A, Toubi E. Age-related autoimmunity. BMC Med. (2013) 11:94. doi: 10.1186/1741-7015-11-94

 56. Estape T. Cancer in the elderly: challenges and barriers. Asia Pac J Oncol Nurs. (2018) 5:40–2. doi: 10.4103/apjon.apjon_52_17

 57. Decker ML, Grobusch MP, Ritz N. Influence of age and other factors on cytokine expression profiles in healthy children-A systematic review. Front Pediatr. (2017) 5:255. doi: 10.3389/fped.2017.00255

 58. Hansen MB. Interleukin-6 signaling requires only few IL-6 molecules: relation to physiological concentrations of extracellular IL-6. Immun Inflamm Dis. (2020) 8:170–80. doi: 10.1002/iid3.292

 59. Carreno E, Enriquez-de-Salamanca A, Teson M, Garcia-Vazquez C, Stern ME, Whitcup SM, et al. Cytokine and chemokine levels in tears from healthy subjects. Acta Ophthalmol. (2010) 88:e250–8. doi: 10.1111/j.1755-3768.2010.01978.x

 60. Lee J, Kim Y, Lim J, Kim M, Han K. G-CSF and GM-CSF concentrations and receptor expression in peripheral blood leukemic cells from patients with chronic myelogenous leukemia. Ann Clin Lab Sci. (2008) 38:331–7. Available online at: http://www.annclinlabsci.org/content/38/4/331.long

 61. Hunter CA, Jones SA. IL-6 as a keystone cytokine in health and disease. Nat Immunol. (2015) 16:448–57. doi: 10.1038/ni.3153

 62. Vieira EL, de Oliveira GN, Lessa JM, Goncalves AP, Sander JW, Cendes F, et al. Interleukin-1beta plasma levels are associated with depression in temporal lobe epilepsy. Epilepsy Behav. (2015) 53:131–4. doi: 10.1016/j.yebeh.2015.09.035

 63. Santacruz C, Linares M, Garfias Y, Loustaunau LM, Pavon L, Perez-Tapia SM, et al. Expression of IL-8, IL-6 and IL-1β in tears as a main characteristic of the immune response in human microbial keratitis. Int J Mol Sci. (2015) 16:4850–64. doi: 10.3390/ijms16034850

 64. Rametse CL, Adefuye AO, Olivier AJ, Curry L, Gamieldien H, Burgers WA, et al. Inflammatory cytokine profiles of semen influence cytokine responses of cervicovaginal epithelial cells. Front Immunol. (2018) 9:2721. doi: 10.3389/fimmu.2018.02721

 65. Olah KS, Vince GS, Neilson JP, Deniz G, Johnson PM. Interleukin-6, interferon-gamma, interleukin-8, and granulocyte-macrophage colony stimulating factor levels in human amniotic fluid at term. J Reprod Immunol. (1996) 32:89–98. doi: 10.1016/S0165-0378(96)00990-4

 66. Leonardi A, Penco S, Gramigni C, Bason C, Ribizzi G, Gazzola P, et al. Granulocyte-macrophage colony-stimulating factor activity in cerebrospinal fluid. Acta Neurol Scand. (1999) 100:274–7. doi: 10.1111/j.1600-0404.1999.tb00394.x

 67. Gomez-Lopez N, Romero R, Xu Y, Miller D, Arenas-Hernandez M, Garcia-Flores V, et al. Fetal T cell activation in the amniotic cavity during preterm labor: a potential mechanism for a subset of idiopathic preterm birth. J Immunol. (2019) 203:1793–807. doi: 10.4049/jimmunol.1900621

 68. Dobano C, Bardaji A, Kochar S, Kochar SK, Padilla N, Lopez M, et al. Blood cytokine, chemokine and growth factor profiling in a cohort of pregnant women from tropical countries. Cytokine. (2020) 125:154818. doi: 10.1016/j.cyto.2019.154818

 69. Lechner MG, Megiel C, Russell SM, Bingham B, Arger N, Woo T, et al. Functional characterization of human Cd33+ and Cd11b+ myeloid-derived suppressor cell subsets induced from peripheral blood mononuclear cells co-cultured with a diverse set of human tumor cell lines. J Transl Med. (2011) 9:90. doi: 10.1186/1479-5876-9-90

 70. Furman D, Campisi J, Verdin E, Carrera-Bastos P, Targ S, Franceschi C, et al. Chronic inflammation in the etiology of disease across the life span. Nat Med. (2019) 25:1822–32. doi: 10.1038/s41591-019-0675-0

 71. Muller PA, Matheis F, Mucida D. Gut macrophages: key players in intestinal immunity and tissue physiology. Curr Opin Immunol. (2020) 62:54–61. doi: 10.1016/j.coi.2019.11.011

 72. Galli SJ, Tsai M, Piliponsky AM. The development of allergic inflammation. Nature. (2008) 454:445–54. doi: 10.1038/nature07204

 73. Miller SD, Karpus WJ. Experimental autoimmune encephalomyelitis in the mouse. Curr Protoc Immunol. (2007) Chapter 15:Unit 15.1. doi: 10.1002/0471142735.im1501s77

 74. Jensen-Jarolim E, Bax HJ, Bianchini R, Crescioli S, Daniels-Wells TR, Dombrowicz D, et al. AllergoOncology: opposite outcomes of immune tolerance in allergy and cancer. Allergy. (2018) 73:328–40. doi: 10.1111/all.13311

Conflict of Interest: The author declares that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Rogovskii. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/xhtml/Nav.xhtml




Contents





		Cover



		Immune Tolerance as the Physiologic Counterpart of Chronic Inflammation



		Introduction



		Examples of Immune Regulatory Roles of Pro-Inflammatory Factors



		Low-Grade Inflammation in Pregnancy



		Low-Grade Inflammation in Other Immune-Privileged Sites—The Central Nervous System and Oral Tolerance



		Elevated Inflammation in Aging And Immune Tolerance



		Cytokines Level and Immune Tolerance



		Conclusion and Prospects



		Author Contributions



		References

















OPS/images/cover.jpg
, frontiers
in Immunology

Immune Tolerance as the
Physiologic Counterpart of
Chronic Inflammation





OPS/images/fimmu-11-02061-g001.gif
Chronic nflammation

preR—
wos

s | | o e Ty

st (g &l

e hes. 1o
coxz










OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Immunology





