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Obesity, similar to aging, is associated with chronic low-grade systemic inflammation, known as inflammaging, and represents a significantly higher risk for developing chronic diseases typical of old age. Immune cells are recruited to the obese adipose tissue (AT) by chemotactic molecules secreted by non-immune and immune cells in the AT, both contributing to the release of several pro-inflammatory mediators that fuel local and systemic inflammation, to the refractory response of immune cells to further in vivo and in vitro stimulation and to the induction of autoimmune B cells with potentially pathogenic repertoires. In terms of molecular mechanisms involved, leptin, an adipokine secreted primarily by adipocytes, has been proposed to be involved in the reduced generation of protective antibodies, and in the increased generation of autoimmune antibodies, further supporting the concept that obesity accelerates age defects. Leptin has also been shown to induce intrinsic B cell inflammation and B cell immunosenescence. The results presented in this review highlight the importance of weight reduction programs to improve immunity and reduce the risk for developing chronic diseases in obese and older individuals.
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INTRODUCTION

Obesity, defined as body-mass index (BMI) ≥ 30 kg/m2 by CDC and WHO, is an increasing health concern that affects young (1) and older adults (2), and has reached pandemic proportions. Individuals with obesity are at higher risk for developing chronic diseases typical of old age such as cardiovascular disease (3), Type-2 Diabetes Mellitus (T2DM) (4–6), cancer (7), psoriasis (8), atherosclerosis (9), inflammatory bowel disease (10). Obesity-induced metabolic changes cause tissue dysfunction, disruption of the integrity of lymphoid tissues, and decreased leukocyte development and function, all leading to reduced protective immunity. One of the reasons is because obesity, similar to aging, is an inflammatory condition associated with chronic low-grade systemic inflammation, inflammaging (11), which is negatively associated with a functional immune system, healthspan and longevity in both mice and humans (12). All immune cells contribute to the inflammatory status of obese individuals, and increased frequencies of pro-inflammatory macrophages (13, 14), T cells (15, 16), and B cells (17, 18) have been reported. Decreased frequencies of regulatory B cells have also been shown in the blood of individuals with obesity (19).



THE OBESE ADIPOSE TISSUE (AT)

Obesity is characterized by increased mass of the AT. The AT is a storage of nutrients and an active endocrine and immunological tissue. The AT is composed of adipocytes and a mixture of mesenchymal, endothelial and immune cells, known as the Stromal Vascular Fraction (SVF) (17, 20). Under conditions of over-nutrition, the AT changes from a condition of insulin sensitivity (IS) to a condition of insulin resistance (IR) that is occurring in parallel with the expansion of adipocyte mass, remodeling of extracellular matrix components (collagens, elastins and the associated blood vasculature) and increased secretion of pro-inflammatory mediators (cytokines, chemokines, adipokines, leukotrienes), involved in the recruitment of immune cells to the AT. Chronic inflammation in the AT contributes to inflammaging and leads to increased IR in obesity (21). IR also increases with age (22, 23), and is associated with high serum levels of glucose and free fatty acids (FFAs), and markers of metabolic inflammation, metaflammation (24), that fuels inflammaging and promotes aging, diseases and death.

Altered innate and adaptive immune responses occur in the AT under conditions of over-nutrition (17, 20). Mouse (25, 26) and human (27, 28) results have shown that immune cells are recruited to the obese AT by chemotactic molecules secreted by non-immune and immune cells in the AT, generating a positive feedback loop in which a large number of pro-inflammatory mediators are secreted, contributing to local and systemic inflammation. The obese AT of mice (25, 26) and humans (28, 29) also secretes antibodies that have been shown to be pathogenic (25) in mouse studies. These antibodies are IgG2c, a subclass associated with murine autoimmunity (26). These antibodies are specific for AT-derived “self” proteins and nucleic acids, including dsDNA, found increased in the plasma of elderly individuals, suggesting that obesity may drive the secretion of autoimmune antibodies during aging. This may occur even in elderly lean individuals, due to the deposition of fat on internal organs which is known to increase during aging. An age-associated increase in ectopic deposit of triglycerides in several tissues (liver, muscle, heart, pancreas, kidney) (30–34) and blood vessels (35) has indeed been reported and the word “TOFI” (thin-outside-fat-inside) has been coined to identify lean individuals with abnormal abdominal adiposity and inflammaging. Moreover, age-associated changes in abundance, distribution and cellular composition of the AT have been reported and shown to accelerate the onset of age-associated diseases (36, 37). Computational tomography scans have shown that with age subcutaneous AT (SAT) mass decreases, whereas visceral AT (VAT) mass increases (38). SAT and VAT are biologically distinct in secretion of pro-inflammatory mediators, with VAT being more inflammatory. Furthermore, secretion of adipokines by cells in the AT is regulated by nutrients, and these responses are increased with aging (39).

Senescent cells accumulate in the AT of aging mice and humans (40). Senescent cells are characterized by the irreversible arrest of cell proliferation due to different types of stress, and by the secretion of factors that constitute the senescence-associated secretory phenotype (SASP), consisting of soluble pro-inflammatory molecules, soluble receptors, growth factors and extracellular matrix macromolecules (41). The age-dependent accumulation of senescent cells is a favorable environment for the development of inflammatory-based age-associated diseases and for this reason several strategies have been developed to decrease accumulation of senescent cells in tissues and suppress the SASP with the aim to delay the onset of age-associated diseases (42, 43).



EFFECTS OF OBESITY ON MOUSE B CELLS

Obesity, similar to aging, impairs several aspects of B cell biology. In mice fed a high-fat diet (HFD), early B cell development is characterized by decreased frequencies of B cell subsets in the bone marrow (BM) and reduced expression of early lymphoid commitment markers such as the B cell transcription factor PAX5 (44). Mechanistic experiments using co-cultures of BM cells with the OP9 stromal cell line have shown that BM adipocytes secrete soluble factors that drive the development of myeloid-derived suppressor cells (MDSCs) (45, 46). MDSC inhibition of B lymphopoiesis is mediated by MDSC-derived IL-1β and the inflammatory molecule complex called calprotectin, suggesting that these may be therapeutic targets for the restoration of B lymphoiesis in obesity and aging.

Splenic B cell function is also affected by HFD. Initial studies have indicated that mice fed HFD secrete more pro-inflammatory cytokines (IL-6/TNF-α) than B cells from mice fed normal-fat diet (NFD), thus contributing to the higher levels of systemic inflammation observed in mice fed HFD (47) and in aged mice (48). B cells from HFD mice, in turn, induce changes in the AT and promote adipocyte hyperthropy, hyperglycemia and IR and induce T cell and macrophage inflammation (25). Mice lacking B cells (μMT mice) (49) have reduced IR and glucose intolerance.

Splenic B cells from obese mice have been shown to be pathogenic, as demonstrated by adoptive transfer experiments in which B cells from HFD mice, transferred into Bnull mice, induce IR and glucose intolerance only if recipients are on HFD, suggesting that the development and/or maintenance of pathogenic B cells requires exposure to HFD (25). B cells from HFD mice influence the function of T cells and macrophages and induce secretion of IFN-γ and TNF-α, respectively, two crucial cytokines involved in the establishment of IR. IgG antibodies isolated from the serum of HFD, but not NFD, mice are mediators of IR and glucose intolerance and induce FcγR-mediated activation of macrophages and consequent TNF-α secretion. B cell depletion using anti-CD20 antibodies decreases obesity-induced glucose abnormalities and ameliorates metabolic disease. All these results were among the first to show the fundamental role of B cells in the pathogenesis of obesity-associated IR.

While the spontaneous secretion of pathogenic IgG antibodies increases in the spleen of HFD mice (25), as well as in the spleen of aged mice (26), the secretion of protective IgG antibodies decreases (44, 50). It has been shown that even mice fed a Western Diet (that provides a moderate but lower quantity of fat than the HFD), showed significantly lower influenza-specific titers as compared to NFD mice after infection with the influenza virus A/Puerto Rico/8/34 (44). In the same study, it was shown that mice fed HFD together with DHA (docosahexaenoic acid), an essential FA with immunostimulatory function, whose serum levels are low in obesity, had improved influenza-specific antibody responses, suggesting that DHA may be used as a therapeutic strategy to increase humoral immunity.

Also, mucosal B cells from HFD mice regulate obesity-induced IR (51). IgA secreting B cells, as well as secreted IgA antibodies, are significantly reduced in the colon of HFD vs. NFD mice, similar to what has been observed in the colon of aged mice (52). IgA deficiency, specifically in intestinal B cells, deteriorates glucose homeostasis in HFD but not NFD mice, further confirming that the negative regulation of glucose metabolism needs exposure to HFD. IgA antibodies control host-microbiome homeostasis and provide a barrier for microbial and/or ingested antigens that may translocate from the gut into the blood, inducing inflammatory responses. IgA antibodies also regulate lipid absorption from the gut.

The characterization of potentially pathogenic B cell repertoires, performed using high-throughput Ig sequencing from several tissues of mice fed HFD and NFD, has shown that HFD significantly changes the biochemical properties of Ig heavy-chain complementarity-determining region-3 (CDRH3) sequences, with IgA antibodies being characterized by shorter and highly hydrophobic CDRH3 (53). HFD is also associated with higher frequencies of unmutated IgA. These changes occur in B cells from the gut and the AT, suggesting the possibility of a gastrointestinal-AT immune axis shaped by HFD. Surprisingly, similar gene rearrangements were found in B cells from the gut, AT and peritoneal cavity of several individual mice, suggesting that affinity maturation may have occurred in these tissues in a similar antigen-specific way.

B cells infiltrate the AT under obesity conditions (25, 26, 54), recruited by several chemotactic signals including those generated by the interaction of the leukotriene B4 with its receptor. Inhibition of this interaction has been shown to reduce B cell recruitment and activation and to mitigate the contribution of B cells to local inflammation and IR (55). AT-associated B cells are highly inflammatory and secrete several pro-inflammatory mediators (cytokines, chemokines, adipokines). It has recently been shown that aging further increases the expansion of these AT resident B cells, through the activation of the NLRP3 inflammasome, a major regulator of inflammaging and age-associated metabolic disorders, likely due to AT-associated metabolic and mitochondria dysfunction and increased production of mitochondrial reactive oxygen species (54). Our studies on mice fed HFD have confirmed the above findings and have shown that the increased size of the AT, increased infiltration of immune cells and increased secretion of pro-inflammatory mediators induce a powerful feed-forward loop of inflammation, both locally and systemically, that are responsible for the refractory response of immune cells to further in vivo and in vitro stimulation. In particular, we have shown that the AT directly impairs B cell function by changing the composition of the B cell pool and inducing higher frequencies of pro-inflammatory B cells (26), and similar results have been observed in old mice (56).



EFFECTS OF OBESITY ON HUMAN B CELLS

Studies on B cell development in the human BM have shown that soluble factors secreted by the adipocytes inhibit early stages of B lymphopoiesis, with the inhibition occurring at the common lymphoid progenitor to pre/pro-B cell stage (57), suggesting that the age-related decline in B lymphopoiesis is due at least in part to an increase in BM adipocytes, and an increase in adipocyte-derived factors (IL-1β) that directly inhibit B lymphopoiesis.

Obesity decreases B cell function in humans as well, and it is associated with impaired B cell responses to infections and vaccines (58–60). Our results in humans have demonstrated that obesity-associated defects in class switch recombination (CSR) and somatic hypermutation (SHM), two processes necessary for the generation of class switched high affinity secondary antibodies (61), are due to reduced expression of activation-induced cytidine deaminase (AID), the enzyme of CSR and SHM, and E47, encoded by the E2A gene, a key transcription factor regulating AID (62). Both AID and E47 are decreased in B cells isolated from the blood of obese young and elderly individuals as compared to lean controls. Importantly, the response of elderly lean individuals was not different from that of young obese individuals, supporting the hypothesis that obesity accelerates age defects in B cells. At least one mechanisms involved in the decrease of AID/E47 in B cells from obese vs. lean individuals was the decreased expression of phosphorylated-AMPK (59), up-stream of phosphorylated-p38 MAPK, crucial for E47 activation, as previously shown in murine B cells (63). Another mechanism was associated with the increased expression of the inflammatory micro-RNA (miR)-155 and miR-16 in unstimulated B cells from obese vs. lean individuals, with miR-155 binding the 3'-untranslated region (3'-UTR) of AID mRNA and miR-16 binding the 3'-UTR of E47 mRNA, inducing their degradation (59). These results recapitulate what we have initially shown in our studies on the effects of aging on B cell function in which both AID and E47 were found decreased in mitogen-stimulated B cells from elderly as compared to young individuals (64).

Leptin has been proposed to be at least one molecular mechanism involved in dysfunctional B cell function in individuals with obesity. Leptin is an adipokine secreted primarily by the adipocytes (65) with endocrine and immune functions, whose serum concentration correlates with the amount of body fat and BMI (66). Leptin increases the secretion of pro-inflammatory cytokines by immune cells, and ob/ob mice that are leptin-deficient have reduced secretion of Th1 cytokines and increased secretion of Th2 cytokines (67).

Leptin levels in the serum of young obese individuals are comparable to those in the serum of elderly lean individuals (68), and we have recently demonstrated that incubation of B cells from young lean individuals with leptin decreases class switch and influenza vaccine-specific IgG antibodies, similar to the levels observed in B cells from young obese and from elderly lean individuals, further supporting the concept that obesity accelerates age defects. Leptin also increases the frequencies of pro-inflammatory B cells and induces intrinsic B cell inflammation, measured by mRNA expression of several pro-inflammatory markers associated with immunosenescence, the expression of which before stimulation negatively correlates with the response of the same B cells after stimulation (68). Previously published data have also shown that leptin activates human peripheral blood B cells to secrete the pro-inflammatory cytokines TNF-α and IL-6 (69, 70). Figure 1 summarizes our recently published results on the effects of leptin on B cell function.
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FIGURE 1. Effects of leptin on human B cell function. Leptin is secreted by adipocytes in the AT. Leptin concentration increases locally and systemically under obesity conditions. Leptin interacts with its receptor on the surface of B cells and increases mRNA expression of several markers of inflammation and cellular senescence, such as TNF-α, IL-6, IL-8, miR-155, miR-16, TLR4, and p16. The expression of these mediators in unstimulated B cells is negatively associated with the response of the same B cells after in vivo/in vitro stimulation, e.g., with the influenza vaccine.


Obesity increases blood frequencies of the subset of B cells called late memory, tissue-like or double negative (DN) B cells (CD19+CD27-IgD-), that represents the most inflammatory B cell subset, also increased in the blood of elderly individuals (71, 72) and of autoimmune patients (73–75). DN B cells do not proliferate and do no make antibodies to “new” antigens, but they secrete antibodies specific for autoantigens known to increase with age and autoimmune diseases, such as the “self” antigens dsDNA and Malondealdehyde, a product of lipid peroxidation and a marker of oxidative stress (76). DN B cells that secrete anti- “self” antibodies are characterized by the membrane phenotype CD95+CD21-CD11c+, and by the spontaneous expression of the transcription factor T-bet (29, 72), two features of human B cells present not only in patients with autoimmune diseases but also in individuals with chronic inflammatory conditions, including aging and obesity (77, 78).

Previously published results have indicated that the plasma of obese individuals with IR contains autoantibodies specific for intracellular proteins, ubiquitously expressed in tissues including pancreas, nervous tissues, muscle, AT, as well as in immune cells (25), suggesting the release of “self” antigens under obesity conditions in insulin target tissues. More recently, we have shown that the human obese AT contributes to increased secretion of adipocyte-specific IgG antibodies and this occurs without any stimulation, likely because the ongoing process of cell death in the obese AT leads to the release of “self” antigens, that are almost exclusively intracellular or cell-associated, able to chronically stimulate B cells (28). Adipocyte-specific IgGs secreted in the obese AT are significantly correlated with those present in the plasma (79).

DN B cells are the cells secreting anti- “self” antibodies in the human obese AT. DN B cells are significantly increased in frequencies in the SVF of the human obese AT. Autoimmune antibody secretion occurs after a metabolic adaption that allows DN B cells to activate oxidative phosphorylation, aerobic glycolysis and fatty acid oxidation, as well as pathways that mitigate stress and cell death, leading to a better survival and function in the hostile pro-inflammatory environment of the obese AT (29). Under these conditions, metabolic reprogramming represents a significant advantage, allowing cells to adapt and survive even when they encounter metabolically restrictive conditions, such as hypoxia, nutrient deprivation and exposure to inflammatory stimuli, as it happens during obesity and aging.



CONCLUSIONS

The mechanisms for the down-regulation of mouse and human B cell responses by obesity and aging are in large part overlapping. Obesity accelerates inflammaging and induces metabolic, physiological, and functional changes in immune cells that lead to defective humoral immunity. The results in this review highlight the importance to prevent obesity as a way to improve immunity and reduce the risk for developing chronic diseases typical of old age.
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