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Over the last decades, the frequency of allergic disorders has steadily increased. Immunologically, allergies are caused by abnormal immune responses directed against otherwise harmless antigens derived from our environment. Two of the main cell types driving allergic sensitization and inflammation are IgE-producing plasma cells and Th2 cells. The acute activation of T and B cells, their differentiation into effector cells, as well as the formation of immunological memory are paralleled by distinct changes in cellular metabolism. Understanding the functional consequences of these metabolic changes is the focus of a new research field termed “immune metabolism”. Currently, the contribution of metabolic changes in T and B cells to either the development or maintenance of allergies is not completely understood. Therefore, this mini review will introduce the fundamentals of energy metabolism, its connection to immune metabolism, and subsequently focus on the metabolic phenotypes of IL-4-activated B cells and Th2 cells.
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Introduction

Belonging to hypersensitivity disorders, allergies are abnormal, Th2-biased immune responses directed against otherwise harmless antigens derived from our environment. In susceptible individuals, contact with certain allergens results in the activation, differentiation, and proliferation of allergen-specific Th2 cells. Activated allergen-specific Th2 cells in turn produce IL-4, IL-5, IL-9, and IL-13 which can promote expansion, maturation, and/or functional activation of inflammatory cells, including mast cells, eosinophils, and allergen-specific B cells. These activated B cells in turn undergo class switch recombination of immunoglobulin genes to produce allergen-specific IgE antibodies (1). Finally, allergen-specific IgE antibodies mediate allergic inflammation by FcϵRI-mediated activation of mast cells, basophils, and perhaps eosinophils.

Over the last decades, the frequency of allergic disorders has steadily increased. Currently, IgE-mediated type I allergies affect more than 25% of the population in developed countries (2, 3), making them an important health and economic problem.

As described above, type I allergies arise from complex interactions between different types of immune cells. Hereby, activated immune cells undergo extensive changes in phenotype and function to fulfill their effector functions. Activation, differentiation, proliferation, migration, and mounting of effector responses all require metabolic reprogramming. This connection between immune cell function and cellular metabolic state is investigated in the relatively new research field termed “immune metabolism”.

Recent progress in basic research has repeatedly pointed out that immune cell activation and effector function are tied to distinct changes in the metabolism of the respective cell (4, 5). Here, changes in both overall metabolic activity and phenotype not only fulfill the rapidly increasing energy demand of activated cells but are also used to synthesize crucial immune effector molecules (e.g. prostaglandins, nitric oxide (NO), reactive oxygen species (ROS), or itaconate [reviewed in (6)].

Immune metabolism is also of relevance in allergic diseases (7). For example, Obeso et al. reported the progression to severe profilin allergic phenotypes to be characterized by alterations in platelet function, reduced protein synthesis, and the switch to glycolytic Warburg metabolism (8).

We recently summarized the contribution of immune metabolism to the activation and effector function of the innate immune cells involved in allergic reactions (7). Besides innate immune cells, T and B cells are also indispensable for the induction, maintenance, and resolution of allergic responses.

While changes in T and B cell metabolism clearly contribute to their activation, differentiation, and effector function [reviewed in (9–11)], currently, the contribution of metabolic changes in T and B cells to either the development or maintenance of allergies is not completely understood. Therefore, this mini review will briefly introduce the field of immune metabolism and subsequently focus on the metabolism of IL-4-activated B cells and Th2 cells.



Immune Metabolism Is Critically Important for Immune Cell Effector Function

Glucose, fatty acids, and amino acids are the main cellular energy sources. Exposure of immune cells to different stimuli may require these cells to prioritize the biosynthesis of certain molecules or ROS over the simple production of energy in the form of ATP (12). To allow for this flexibility, cellular metabolism is a complex network of interconnected catabolic and anabolic pathways, most of which converge at the mitochondrion (13).

Under normal metabolic conditions, glucose (a C6 body) is converted via a multi-step pathway termed glycolysis into two molecules of pyruvate (C3 bodies) (Figure 1A). In the mitochondrion, pyruvate is metabolized into acetyl-CoA by the enzyme pyruvate dehydrogenase (PDH) (Figure 1A), which is used to drive the Krebs cycle (Figure 1A).




Figure 1 | Cellular metabolism under steady-state conditions and metabolic changes associated with cancer cells, proliferating cells, or activated immune cells. Under steady-state conditions (A), cells take up glucose from their medium and metabolize it to pyruvate in a cytoplasmic process called glycolysis. Pyruvate is subsequently imported into the mitochondria, where it is used in the Krebs cycle to generate the reduction equivalents NADH and FADH2. Besides glucose, the Krebs cycle can also be replenished by acetyl-CoA derived from fatty acid oxidation (FAO) or glutamate derived from amino acid metabolism. NADH and FADH2 generated in the Krebs cycle are then used in the oxidative phosphorylation to generate energy (B). Here oxygen is used as the terminal electron acceptor in the electron transport chain (consisting of complexes I through IV) to generate a proton gradient over the inner mitochondrial membrane (measured as oxygen consumption rate (OCR)). This proton gradient drives the generation of ATP via the ATP-synthase complex. Under certain conditions, cancer cells, strongly proliferating cells, or activated immune cells switch their metabolism to predominantly produce lactate from glucose instead of fully oxidizing glucose into CO2 in the mitochondrion (C). The produced lactate is secreted from the cell, leading to an extracellular pH decrease that can be measured as extracellular acidification rate (ECAR). Moreover, the lack of pyruvate results in a “disrupted” Krebs cycle, which the activated immune cells use to generate important biosynthetic intermediates needed for immune cell effector function such as prostaglandins, NO, ROS, or itaconate. Additionally, fumarate and acetyl-CoA (generated, for example, from citrate via the ATP-citrate lyase, ACL) can be used for epigenetic modification. For more information see main text. FAO, fatty acid oxidation; ROS, reactive oxygen species; NO, nitric oxide; FAS, fatty acid synthesis; PDH, pyruvate dehydrogenase; ACL, ATP-citrate lyase; GDH, glutamate dehydrogenase; IDH, isocitrate dehydrogenase; IRG1, immune-responsive gene 1; HIF-1a, hypoxia-inducible factor 1a; OCR, oxygen consumption rate; ECAR, extracellular acidification rate; I to IV, complex I to IV.



Besides pyruvate, the Krebs cycle can also be replenished by acetyl-CoA derived from fatty acid oxidation (FAO) as well as α-ketoglutarate generated from glutamate (derived from amino acid metabolism) (Figure 1A).

Ultimately, pyruvate, fatty acids, or amino acids degraded via the Krebs cycle result in the generation of both CO2 and energy in the form of the reduction equivalents NADH and FADH2 (Figure 1A) (10, 11). In a process termed oxidative phosphorylation (OxPhos), these reduction equivalents are subsequently transferred to the terminal electron acceptor oxygen (O2) to generate energy at the inner membrane of the mitochondrion via the ATP synthase complex (Figure 1B) (6). Therefore, OxPhos strongly depends on the availability of exogenous oxygen and can be quantified via the cellular oxygen consumption rate (OCR) (Figure 1B).

However, under certain conditions (see below), cells can switch to predominantly producing lactate from pyruvate (Figure 1C). Mechanistically, this shift towards lactate production is caused via the hypoxia-inducible factor 1a (HIF-1a)-dependent up-regulation of different pyruvate dehydrogenase kinase (PDHK) isoforms (Figure 1C) (14). The generated lactate cannot be further metabolized inside the cell and is subsequently secreted, acidifying the extracellular environment (Figure 1C) (15).

Lactate generation in eukaryotic cells is typically observed under anaerobic conditions but can also occur as “aerobic glycolysis” in cancer cells under conditions of adequate oxygen supply (16–18). First detected by Otto Warburg in cancer cells, “aerobic glycolysis” is therefore known as the “Warburg effect” (Figure 1C) (18). Experimentally, the Warburg effect can be detected by either measuring lactate levels in the cells supernatant, quantifying the yellow coloring in phenol red containing culture media optically, or determining the extracellular acidification rate (ECAR) (Figure 1C).

Recent research has shown that the Warburg effect not only occurs in cancer cells, but also in other cells characterized by a high energy demand, such as strongly proliferating cells or activated immune cells (15, 19).

The increased rates of aerobic glycolysis are used to both fulfill the rapid energy demands of activated immune cells and to provide certain Krebs cycle intermediates critically needed in activated and proliferating immune cells (19–23). For example, the predominant cytoplasmic metabolization of pyruvate into lactate results in a shortage of pyruvate which is usually fed into the mitochondrial Krebs cycle. This results in an arrest of the Krebs cycle at certain steps, which is termed a “disrupted” Krebs cycle (Figure 1C) (7, 24, 25).

In this context, a reduced expression of the enzyme isocitrate dehydrogenase (IDH), which normally converts D-isocitrate to α-ketoglutarate (26), was shown to result in the accumulation of the Krebs cycle intermediates citrate, cis-aconitate, and D-isocitrate facilitating the generation of important immune effector molecules such as prostaglandins, NO, ROS, or itaconate (Figure 1C) [reviewed in (6)]. Moreover, accumulation of fumarate upon lipopolysaccharide (LPS) re-stimulation of β-glucan-trained macrophages was reported to boost TNF- and IL-6-secretion via epigenetic modification (27). In addition, accumulation of succinate in LPS-stimulated macrophages was shown to promote glycolysis and IL-1β production via the stabilization of HIF-1a (Figure 1C) [reviewed in (24)].

Therefore, the metabolic shift towards Warburg metabolism allows activated immune cells to quickly produce the energy needed for their respective effector function and efficiently function in the oxygen-deprived microenvironment of the acutely inflamed/infected tissue. Moreover, the “disrupted” Krebs cycle is used to form important immune effector molecules.


Immune Metabolic Changes Associated With the Activation of B and T Cells

Currently, the connection between T and B cell metabolism and either the development or maintenance of allergies is not completely understood. Therefore, this mini review will focus on the metabolism of IL-4-activated B cells and Th2 cells (the pathways and metabolic phenotypes associated with the activation of B and T cells discussed in this review are depicted in Figure 2).




Figure 2 | Metabolic phenotype and main signaling pathways associated with the activation of T and B cells in allergies. Cell types are grouped within the metabolic pathways (glycolysis, oxidative phosphorylation (OxPhos), fatty acid oxidation (FAO)) according to the published and discussed literature (A). Upon activation, IL-4-stimulated B cells undergo complex metabolic changes, including a poly ADP-ribose polymerase 14 (PARP14)-dependent increase in glucose consumption driving both nucleotide synthesis and IgG1 production as well as high rates of OxPhos and glutamine metabolism, which promote B cell activation, plasmablast differentiation, and isotype switching (B). In naïve CD4+ T cells antigen-dependent stimulation results in a mechanistic target of rapamycin (mTOR)-dependent T helper cell differentiation. While inhibition of mTOR results in differentiation of regulatory T cells (Treg) with a predominant carnitine palmitoyl transferase 1a (CPT1a)-dependent increase in FAO, mTOR activation is critically important for either Th1, Th2, Th17 differentiation. In both Th1 and Th17 cells, mTOR activation drives a glycolytic phenotype. In Th2 cells, mTOR complex 2 (mTORC2) promotes a RhoA-dependent increase in glycolysis (which was shown to contribute to IL-5 and IL-13 production) and an increase in mitochondrial oxygen consumption (whose contribution to Th2 effector function is currently unclear). Moreover, activation of mTORC1 and peroxisome proliferator-activated receptor gamma (PPAR-γ) in Th2 cells promotes fatty acid uptake and oxidation which fuels Th2 cell survival, proliferation, and effector function (C). In germinal centers (GC), follicular T helper cells (TFH) HIF-1/2a-dependently promote the activation of germinal center B cells via CD154-dependent co-stimulation and the production of the switching cytokines IL-4 and IL-21 (D). Here, TFH cells display both enhanced glycolysis and OxPhos while using the lipid metabolism enzyme stearoyl-CoA desaturase (SCD) to reduce ER stress and increase survival. In contrast to other cells types, antigen-activated GC B cells mainly rely on FAO for energy generation while suppressing glycolytic genes. For more detailed information see text. OxPhos, oxidative phosphorylation; FAO, fatty acid oxidation; BCR, B cell receptor; LPS, lipopolysaccharide; Glut1, glucose transporter 1; TCR, T cell receptor; 2-DG, 2-deoxy glucose; mTOR(C1/2), mechanistic target of rapamycin complex 1/2; PDH(K1), pyruvate dehydrogenase (kinase 1); LDH, lactate dehydrogenase; Treg, regulatory T cell; CPT1a/2, carnitine palmitoyl transferase 1a/2; PARP14, Poly ADP-ribose polymerase 14; PPAR-γ, peroxisome proliferator-activated receptor gamma; ROS, reactive oxygen species; STAT6, signal transducer and activator of transcription 6; NOX2, NADPH oxidase 2; BCL-6, B-cell lymphoma 6 protein; GC, germinal center; TFH cell, follicular T helper cell; SCD, stearoyl-CoA desaturase; HIF-1/2a, hypoxia inducible factor 1/2a.





Immune Metabolic Changes Associated With IL-4-Activated B Cells

The available literature suggests that the metabolic changes associated with activated B cells are complex and strongly depend on the activating stimulus.

Upon either B cell receptor (BCR) crosslinking (28) or LPS-stimulation (29), activated B cells demonstrate enhanced glucose uptake, shown by e.g. increased glucose transporter 1 (Glut1) expression (Figures 2A, B). Furthermore, Caro-Maldano et al. showed stimulation of B cells with LPS leading to both increased ECAR-, and enhanced basal and maximal OCR-values (29).

In resting B cells, BCR-stimulation triggered NADPH oxidase 2 (NOX2)-dependent ROS-production in the first hour, which later switched to mitochondrial respiration (Figure 2B) (30), suggesting a connection between B cell oxygen consumption and ROS-production in pathogen clearance.

Haniuda et al. demonstrated that stimulation of B cells with IL-4 enhanced mitochondrial metabolism characterized by an accumulation of α-ketoglutarate and further promoted Bcl6 gene expression, which affected B cell proliferation and differentiation (31). Moreover, in strongly proliferating B cells stimulated with CD40L and IL-4, Waters and colleagues observed the generation of Krebs cycle intermediates, an upregulated nucleotide biosynthesis fueled by glucose, and an increase in OxPhos, suggesting enhanced mitochondrial activity (Figure 2B) (32). In line with the observation that glycolysis mainly fueled nucleotide biosynthesis in IL-4-stimulated B cells, secretion of the glycolytic end-product lactate was shown to be enhanced in B cells stimulated with LPS, while being undetectable after IL-4 stimulation (33), which suggests that the respective stimulus strongly influences the metabolism of B cells and therefore the resulting accumulation of metabolites.

Mechanistically, essential roles of poly ADP-ribose polymerase (PARP)14 and signal transducer and activator of transcription 6 (STAT6) were demonstrated for IL-4 induced glycolysis in B cell cultures in vitro (33): PARP14 was shown to act as a transcriptional switch promoting both STAT6-binding to target genes and IL-4-dependent transcription (34). Furthermore, Cho et al. showed that IL-4 enhanced mitochondrial respiration only in wild type (WT, C57BL/6 for PARP14- and B6/129-intercrossed animals for STAT6-deficient mice) but not in either PARP14- or STAT6-deficient B cells (33). Additionally, they found IL-4 to increase expression levels of the Krebs cycle enzyme citrate synthase in IL-4-stimulated WT C57BL/6- but not in PARP14-deficient B cells (33). Furthermore, IL-4-induced PDH gene expression was reduced in PARP14-deficient B cells (33), suggesting PARP14 to be an essential factor in IL-4-dependent metabolic regulation of B cells (Figure 2B). PARP14 and STAT6 were also shown to be important for IgE production by IL-4-stimulated B cells, as both STAT6−/− and PARP14−/− mice showed decreased anti-ovalbumin IgE production from ovalbumin-sensitized mice compared to WT controls (C57BL/6 for PARP14- and B6/129-intercrossed for STAT6-deficient mice) (Figure 2B) (35).

Interestingly, B cell differentiation depended on mitochondrial metabolism, as inhibition of OxPhos resulted in decreased size and reduced MHCII- and CD86 expression in vitro (32). Moreover, the restriction of glutamine and OxPhos-inhibition also led to a lack of class switch recombination and plasma blast differentiation (Figure 2B) (32). In this experimental setting, glucose restriction only impaired isotype switching to IgG1 but had little to no effect on either B cell size, B cell activation (MHCII and CD86), or B cell differentiation (CD138 and frequency of B220+Fas+GL7+) (Figure 2B) (32). These results underline the importance of both glutamine metabolism and mitochondrial respiration for B cell development and function.

Germinal centers (GC) are specialized microenvironments within secondary lymphoid tissues in which antigen-activated B cells undergo clonal expansion, immunoglobulin class switching, and affinity maturation (36). Within GC, B cells that express high-affinity BCRs are positively selected by follicular T helper cells (TFH cells, see below).

Upon activation, GC B cells are among the fastest dividing cells in our body. Consequently, GC B cells are under a considerable proliferative stress when undergoing clonal expansion, somatic hypermutation, and antibody production. Zhu et al. recently showed the importance of the Akt pathway in regulating the metabolism of GC B cells. Here, the Akt isoforms Akt1 and Akt2 were shown to be essential for GC formation and maintenance, affinity maturation, and antibody production (36). These defects in GC B cells were due to reduced survival and proliferation as well as impaired mitochondrial and metabolic fitness (36). Here, restoration of proliferation and energy production via CD40-dependent T cell help was shown to rescue GC responses in AKT1/2-deficient animals (Figure 2D) (36).

The local micromilieu of GC was shown to by hypoxic (37). Consequently, GC B cells were thought to rely on oxygen-independent glycolysis for energy generation.

This assumption was recently challenged by Weisel and colleagues. Using untouched bead-based purification, Weisel investigated ex vivo bona fide GC B cells and appropriate in vivo–generated proliferating B cell controls to evaluate GC B cell metabolism (38). In their experiments, Weisel et al. could show that GC B cells displayed very low levels of extracellular acidification as well as little glycolytic reserve, indicating the absence of active glycolysis (38). Furthermore, GC B cells had higher levels of oxygen consumption than either resting naïve B cells or activated T cells, which could be inhibited by the carnitine palmitoyltransferase 1 (CPT1) inhibitor Etomoxir (38).

In line with these results, GC B cells were shown to oxidize endogenous and exogenous fatty acids while uptake of exogenous glucose was shown to be minimal (Figure 2D) (38). Uptake of fatty acids was paralleled by higher expression levels of the fatty acid transporter CD36, and carbon tracing experiments showed the GC B cells to predominantly generate acetyl-CoA from exogenous palmitate instead of glucose (38). Interestingly, fatty acid oxidation of GC B cells was shown to occur in both mitochondria and peroxisomes (Figure 2D) (38).

Notably, even upon inhibition of fatty acid oxidation, GC B cells did not switch to glycolytic metabolism, suggesting that GC B cells inherently repress glycolysis (38). In line with this, transcriptomic analyses showed a significant downregulation of several key glycolytic enzymes and hypoxia-associated genes (including HIF-1a) in GC B cells compared to activated non-GC B cells, suggesting that GC B cell gene expression does not reflect functional hypoxia (Figure 2D) (38).

Finally, genetic knock down of the mitochondrial fatty acid transporter CPT2 significantly reduced the numbers of GC B cells in vivo, showing the functional importance of FAO for GC B cells (38).

Taken together, these results show that highly proliferative GC B cells, in contrast to other B cell types (which employ both aerobic glycolysis and FAO), critically rely on FAO but not glucose metabolism for their function. Weisel and colleagues speculated that this prominent reliance on FAO of GC B cells might be an adaptation to their special niche: here, GC B cells acquire their energy in the form of fat derived from both the cell membranes and fat energy stores of cells dying within the germinal center (38).

In summary, activated B cells undergo complex metabolic changes, including increased glucose consumption and high rates of OxPhos, glutamine metabolism, nucleotide biosynthesis, and fatty acid oxidation. Interestingly, while GC B cells primarily relied on fatty acid oxidation for their energy generation, the observed increase in nucleotide biosynthesis in non-GC B cells was fueled by glucose (Figure 2B). Finally, B cells treated with Th2 cytokine IL-4 (and CD40L) display a reduced reliance on lactate production, but increased levels of mitochondrial respiration (Figure 2A), showing that B cells change their metabolic profile during allergic responses.



Immune Metabolic Changes Associated With the Activation of Th2 and TFH Cells

The acute activation of T cells, their differentiation into CD8+ and CD4+ T effector cells, as well as the formation of memory T cells are all paralleled by distinct changes in cellular metabolism (Figure 2A).

Upon T cell receptor (TCR)-activation, the differentiation into effector CD4+ T helper cells (Th1, Th2, Th17, but not Tregs) is associated with an upregulation of Glut1 expression and a highly glycolytic phenotype in vitro (Figure 2C) (39). Furthermore, the mechanistic target of rapamycin (mTOR) was shown to be a major regulator of Th1-, Th2-, and Th17-differentiation, while mTOR-deficiency instead promoted the differentiation of Tregs both in vitro and in vivo (Figure 2C) (40). Moreover, a recent review by Pelgrom and Everts suggested the GTPase RhoA, a downstream target of mTOR complex 2 (mTORC2), promoted both higher glycolytic rates and mitochondrial oxygen consumption in Th2 cells compared to either Th1 or Th17 cells (Figure 2C) [reviewed in (10)]. Glycolysis was also shown to be important for Th2 cytokine production: Tibbitt et al. demonstrated that blocking glycolysis by administering 2-deoxyglucose (2-DG) in a house dust mite (HDM) mouse allergy model could reduce the expression of IL-13 and IL-5 (Figure 2C) (41). Moreover, Yagi and colleagues also found that inhibition of PDH could suppress the generation of IL-5- and IL-13-producing Th2 cells (Figure 2C) (42). Taken together, these studies indicate that glucose metabolism is critically involved in both the differentiation of Th2 cells and their effector function.

Besides glucose metabolism, the usage of fatty acids was also found to be different in Th2 cells from asthmatic individuals: research from Seumois and colleagues found higher expression of carnitine palmitoyltransferase I isoform a (CPT1a), a mitochondrial enzyme responsible for long-chain fatty acid oxidation, in asthmatic patients compared to healthy controls (43). Interestingly, CPT1a could further increase both the effector function and survival rate of Th2 cells (Figure 2C) (43). Mechanistically, Angela et al. demonstrated that mTORC1 and peroxisome proliferator-activated receptor gamma (PPAR-γ, a transcription factor) play essential roles in the lipid metabolism of Th2 cells (44), regulating fatty acid uptake by Th2 cells, and influencing the proliferation of Th2 cells (Figure 2C) (45). Also, compared to naïve T cells, memory Th2 cells took up more extracellular fatty acids after antigenic stimulation (45). Therefore, FAO may also contribute to the effector function of Th2 cells. Here, more work is needed to study the contribution of Th2 cell fatty acid metabolism in allergic inflammation.

IL-4 is an important Th2 cell effector cytokine in both mice and humans, and IL-4-stimulated Th2 cells were shown to activate STAT6 (Figure 2C) (46, 47). In accordance with the results for PARP14-dependent STAT6-induced gene transcription in IL-4-stimulated B cells (see above) (34), PARP14 was shown to regulate Th2 differentiation in vitro (48): In an OVA-based allergic airway disease model, PARP14-knock out mice showed reduced lung pathology, reduced production of Th2 cytokines, and lower IgE levels in serum compared to WT mice (48).

PPAR-γ is not only involved in fatty acid uptake by Th2 cells, but is also suggested to be induced in Th2 cells by IL-4R ligation and subsequent STAT6 activation (9), as has been reported for macrophages (49, 50) and dendritic cells (49). However, the effect of PPAR-γ on Th2 cell-related IL-4 production is controversial and seems to be assay-dependent (9): previous studies showed a striking reduction in the frequencies of IL-4 expressing cells in PPAR-γ-deficient mice sensitized with HDM extract (51), while others reported IL-4 producing cells to remain unchanged in PPAR-γ-deficient mice (52). By contrast, Park and colleagues showed that PPAR-γ-deficient T cells secreted higher levels of IL-4 upon anti-CD3/CD28 stimulation (53). Here, the impact of PPAR-γ on IL-5- and IL-13-production was more clear, as Th2 cells from PPAR-γ-/- mice failed to produce either IL-5- or IL-13 (Figure 2C) (51, 52).

TFH cells are specialized CD4+ T helper cells that regulate the formation of germinal centers and the production of class-switched high-affinity antibodies (54). TFH cells interact with GC B cells via the expression of co-stimulatory signals (CD154 on TFH cells interacting with CD40 on GC B cells) and cytokines such as IL-4 and IL-21 (55).

Using different metabolic inhibitors in an in vivo model of influenza infection, Dong et al. described both HIF-1a-dependent glycolysis and OxPhos to be important for TFH cell differentiation and GC responses (56). In line with this, Cho et al. described both HIF-1a and HIF-2a in CD4+ T cells to regulate (I) the expression of CD154 on TFH cells which is critical for CD40-mediated co-stimulation of GC B cells, (II) the production of cytokines necessary to induce isotype switching in activated B cells, and (III) metabolic reprogramming of activated T cells towards glycolysis (Figure 2D) (57). Accordingly, HIF-1a depletion in CD4+ T cells reduced the frequencies of antigen-specific GC B cells, TFH cells, and overall levels of antigen-specific antibodies after immunization with sheep red blood cells (57). Cho et al. proposed a model in which HIF-expression shifts the balance between follicular regulatory and helper T cells while also regulating their metabolic state, numbers of follicular helper cells, as well as the molecules they express to promote antibody production (57).

Moreover, Son et al. recently described a non-redundant role of lipid metabolism in regulating TFH maintenance and GC B cell responses. They found both human and mouse TFH cells to B-cell lymphoma 6 protein (BCL-6)-dependently express higher levels of stearoyl-CoA desaturase (SCD). Inhibition of SCD reduced both TFH and GC responses in vivo following immunization with the X31 influenza strain (58). Here, inhibition of SCD promoted the expression of ER stress genes and enhanced TFH cell apoptosis in vitro and in vivo (Figure 2D) (58). In contrast, SCD inhibition had no effects on either the total number of either CD4+ T cells or B cells or the production of IFN-γ, suggesting that SCD inhibition selectively impaired TFH but not Th1 cell formation (58).

Taken together, metabolically, Th2 cells seem to mainly depend on glycolysis and FAO (Figure 2A). Here, the discussed mTOR-, PARP14-, and PPAR-γ-pathways are reported to both regulate Th2 cell metabolism and shape their effector functions (Figure 2C). On the other hand, TFH cells rely on HIF-1a-dependent glycolysis and OxPhos with lipid metabolism being involved in the promoting of TFH cell survival.




Conclusions

Our review discusses evidence that, depending on the stimulus, the metabolic changes observed in B cells are complex and include increases in glucose consumption, OxPhos, glutamine metabolism, and nucleotide biosynthesis. On the other hand, Th2-biased effector T cells rely more on glycolysis and fatty acid metabolism, which are also closely linked to their effector functions.

Unraveling the metabolic changes in allergic contexts and their contribution to allergic inflammation will allow us to better understand both allergic pathology and develop new treatment options in the future.
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