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Editorial on the Research Topic
 Follicular Helper T Cells in Immunity and Autoimmunity



In the last two decades, a new population of CD4+ helper T cells, named T follicular helper cells (Tfh), was shown to be specialized in “helping” the germinal center (GC) response and reported to play important roles in type I, II, and III immune responses. High expression of CXCR5 and low expression of CCR7 enable Tfh cells to enter and stay in GCs. In the light zone of GCs, Tfh cells provide crucial signals to antigen-specific B cells, promoting somatic hypermutation, class switch recombination (CSR), and affinity maturation through cellular interactions and cytokine secretion. In addition, Tfh cells also facilitate the differentiation of memory B cells and long-lived plasma cells. Tfh cells can be found in circulation and recent studies have identified multiple Tfh subsets based on the expression of chemokine receptors and activation molecules. The distribution of circulating Tfh subsets, their number and activation phenotype have been associated with the clinical outcome of numerous diseases spanning from autoimmunity to immunodeficiency and were shown to correlate with responses to infections and vaccines (1). Furthermore, a population of FOXP3+ regulatory T cells that expresses CXCR5 and controls GC responses, named follicular regulatory T cells (Tfr)s, was recently described and shown to suppress Tfh cell-mediated antibody responses. However, the factors that control their generation and the mechanisms of suppression are poorly understood (2).

Tfh and Tfr cells are currently being used as biomarkers and therapeutic targets in various clinical settings, including cancer and transplantation (3–13). A clear understanding of the mechanisms that control the development of Tfh and Tfr cells and the factors that contribute to GC responses is vital to the success of Tfh-based immune-monitoring and therapy development. This Special Research Topic aimed to address several questions with the final objective to understand better the biology of Tfh cells and how they could be targeted to harness undesired immune responses or boost immunity. Our Special Research Topic “Follicular Helper T Cells in Immunity and Autoimmunity” brought together several outstanding experts in the field. Here, we discuss the main messages from eight original research articles, one perspective and twenty state-of-the-art review articles these experts contributed divided into eight themes, as reported below.


MOLECULAR AND CELLULAR REGULATION OF Tfh CELL DEVELOPMENT AND DIFFERENTIATION

The development and differentiation of Tfh cells have been shown to be regulated by transcription factors such as the B-cell lymphoma 6 protein (Bcl-6), the signal transducer and activator of transcription 3 (STAT3), and the B lymphocyte-induced maturation protein-1 (Blimp-1). Also, cytokines, including IL-6 and IL-21, are essential for Tfh cell development. In the last step of Tfh cell commitment, B cells become the primary antigen-presenting cell and provide signals including ICOSL/ICOS, CD40/CD40L, and CD84/CD84-SAP that complete Tfh cell differentiation program (1). In their review article, Wu et al. summarize the recent advances in the molecular regulation of Tfh cell development and differentiation at the protein and epigenetic levels. Identification of the factors that instruct Tfh cell differentiation could increase the pipeline of potential targets for future clinical interventions.

On the other hand, Tfh cell dysregulation may result in aberrant antibody responses that frequently coincide with autoimmune disease or allergy development (4). The fate and identity of Tfh cells are tightly controlled by gene regulation at the transcriptional and post-transcriptional level. Baumjohann et al. provide a nice overview on the complex and dynamic regulatory network of post-transcriptional mechanisms that regulate Tfh cell differentiation, function, and plasticity through the actions of RNA-binding proteins (RBPs, belonging to the Roquin family) and small endogenously expressed regulatory RNAs called microRNAs (miRNAs). RBPs have been shown to dampen spontaneous activation and differentiation of naïve CD4+ T cells into Tfh cells, as evidenced by the propensity of Roquin-mutant CD4+ T cells to differentiate into Tfh cells providing inappropriate B cell help signals promoting the production of autoantibodies. Interestingly, Regnase-1, an endoribonuclease that regulates many molecules that are also targets of Roquin, was crucial for the prevention of autoantibody production (Baumjohann et al.).

Significant progress has been made in defining the potential of different dendritic cell (DC) subsets in supporting Tfh priming (Wu et al.). Krishnaswamy et al. propose that the location of different DC subsets within the lymph node (LN) and their access to antigen determines their potency in Tfh cell priming. Indeed, migratory cDC1s, resident cDC1s, and Langerhans cells (LCs) are found within the T cell zones. Migratory cDC2s are located in the T-B border region (including the interfollicular zone) and resident cDC2s reside in the lymphatic sinuses. The authors propose an interesting three-step model for Tfh cell differentiation involving diverse subpopulations of DCs: step 1: Antigen transport and naïve T cell activation (antigen presented by migratory cDCs, LN-resident cDC2s or transported by migratory DCs to resident DC subsets in the LNs); step 2: Pre-Tfh differentiation by migratory cDC2s at the T-B border; step 3: Tfh commitment by B cells (Krishnaswamy et al.).

A very elegant summary of the GC niche and the complex immunological synapses between Tfh and GC B cells are provided by Papa and Vinuesa. According to the authors, Tfh:B cell cognate interactions need to be critically fast and short at the level of the GC for affinity-selection, where in B cells compete for T cell help so that rapid modulation of the signaling threshold determines the outcome of the interaction. Moreover, promiscuous or bystander delivery of positive selection signals could potentially lead to the appearance of long-lived self-reactive B cell clones. Cytokines, cytotoxic granules, and more recently neurotransmitters including dopamine were shown to be part of Tfh-B cell interaction and the involvement of a much larger array of neurotransmitter-like molecules is expected to be discovered in the following years (Papa and Vinuesa).



Tfh CELLS IN AUTOIMMUNE DISEASES

Dysregulation of Tfh cell responses has been implicated in various autoimmune and inflammatory disorders in humans and mouse models. Thus, Tfh cell differentiation and maintenance must be closely regulated to ensure appropriate help to B cells (1, 4). Gensous et al. nicely recapitulated the molecular factors involved in Tfh cell formation in the context of a normal immune response, as well as markers associated with their identification (transcription factor, surface marker expression, and cytokine production). In their review article, Petersone et al., emphasized how CTLA-4-mediated regulation of CD28 signaling controls the engagement of secondary costimulatory pathways such as ICOS and OX40, and profoundly influences the T cell/B cell collaboration. Qin et al. summarized the recent findings of Tfh cell frequency and phenotype alteration in autoantibody-mediated diseases, such as systemic lupus erythematosus, Sjögren's syndrome, juvenile dermatomyositis, autoimmune myasthenia gravis, rheumatoid arthritis and type 1 diabetes.

Kim et al. recapitulated the molecular mechanisms for Tfh cell generation, survival and function in both humans and mice, and discussed the relationship between Tfh cells and autoimmune disease in animal models and patients. In their original research article, Felix et al. demonstrated that the P2RX7 receptor, an ATP-gated cation channel whose activation results in the release of pro-inflammatory molecules negatively controlling Tfh cell development in Peyer's patches, is required to control the autoimmune disease by keeping the Tfh cell response at check. Thus, contrary to exerting an anti-inflammatory effect, P2RX7 deficiency enhances autoimmune arthritis (Felix et al.). The results of the interesting clinical study by Cunill et al. demonstrated a pathogenic pro-inflammatory profile of circulating Tfh cells in relapsing–remitting multiple sclerosis patients, defined by high Tfh17/1 and low Tfh2 sub-populations, and the reversion of this biological signature by Dimethyl Fumarate treatment.

Serr and Daniel, in their brief review, reported the state of the art regarding the role of Tfh cells in the development of type 1 diabetes (T1D) and discussed thoroughly advances in the field of Tfh cell differentiation and function during the emergence of human islet autoimmunity. They also presented novel findings on the regulation of Tfh cells by microRNAs (miRNAs), as well as the potential use of miRNAs as biomarkers to predict disease progression. An analysis of Tfh cell frequencies or miRNAs involved in Tfh cell development in longitudinal samples could help in predicting the progression time to clinically overt T1D (Serr and Daniel). Interestingly, Cosorich et al.. provided evidence that Tfh cells expressing gut homing chemokine receptor CCR9 from the gastrointestinal tract exhibit plasticity and, by downmodulating the expression of CXCR5 can migrate to distal accessory organs of the digestive system, like the pancreas, where they may participate in autoimmunity.

An interesting review article about the emerging notion that an IL-1 axis, the key cytokine of innate immune responses predominantly produced by monocytes and macrophages, might control humoral immune responses by Tfh and Tfr cells was provided by Ritvo et al.. The discovery of a peculiar distribution of IL-1 receptors and IL-1 antagonists on Tfh and Tfr cells has led to a new understanding of the role of IL-1 in the control of antibody production. Some in vitro evidence confirmed a direct role of IL-1 in the activation of Tfh cells and indicated that targeting the IL-1 pathway should be important, although so far ignored, therapeutic approach to many autoimmune diseases, acting not just by reducing inflammation, but also by directly reducing the autoantibody response (Ritvo et al.).



Tfh CELLS IN CHRONIC INFLAMMATION

Lymphocytes migrating into chronically inflamed tissues form ectopic lymphoid structures with functional GCs, also known as tertiary lymphoid structures (TLS). T cells that interact with B cells in these sites, named Tfh-like cells, produce factors associated with B cell help, including IL-21 and the B cell chemoattractant CXCL13, yet vary dramatically in their resemblance to Tfh cells found in secondary lymphoid organs, e.g., surface phenotype, migratory capacity, and transcriptional regulation (10). The review article by Rao discusses observations from multiple diseases and models in which tissue-infiltrating T cells play a significant role in TLS formation. Hutloff also summarize findings on this topic discovered by studies on experimental animal models as well as some autoimmune and malignant diseases. Both reviews provide an interesting insight into a deeper understanding of these mechanisms in chronically inflamed tissues and suggest approaches to target these cells (Hutloff).



Tfh CELLS IN CANCER

Interesting considerations also for cancer immunology have been generated from the comprehension of the mechanisms of Tfh cell development/maintenance. Accumulating evidence suggests that Tfh cells are involved in peripheral T cell and B cell-associated tumors, for example, in angioimmunoblastic T cell lymphoma (AITL), an aggressive tumor where neoplastic T cells express CXCL13, ICOS, CD154, CD40L, and NFATC1, making these T cells similar to Tfh cells. Follicular T cell lymphomas are another example, where infiltrating T cells resemble Tfh-like cells and express chemokines that play a role in the regulation of Treg and Th2 cell migration and modulate the activity of GC B cells (10–12). Moreover, the number of Tfr cells was found elevated during the various stages of the lymphoma development (Qin et al.).

On the other side, Tfh cells seem to have protective roles in some non-lymphoid tumors. Higher levels of Tfh cell infiltrates and an elevated presence of TLS within tumors have been associated with increased survival and reduced immunosuppression in patients with breast cancer. Evidence suggests that IL-21 and CXCL13 produced by tumor-infiltrating CD4 T cells may play a critical protective role. Infiltrating Tfh cells have also been reported in chronic lymphocytic leukemia, non-small cell lung cancer, osteosarcoma, and colorectal cancer, where, in some cases, they positively correlated with patient survival (Qin et al.). In their review article Poultsidi et al. raise the question of whether cancer neoantigens can drive Tfh differentiation. Another key question regards Tfh cell homing to lymph nodes and their role in tumor metastasis. Future research will help identify new molecular targets aiming at boosting Tfh cell responses against some types of tumors (Poultsidi et al.).



Tfh CELLS IN INFECTIONS AND VACCINE RESPONSES

CD4+ T cell differentiation is influenced by a plethora of intrinsic and extrinsic factors and different classes of pathogens may induce a distinct balance of CD4+ T cell differentiation programs (9). Huang et al. recapitulated the molecular basis of virus-specific Tfh cells as part of a process involving multiple factors and stages and exhibiting distinct features. The original research article by Wang et al. demonstrated that the transcription factor T-bet, specifically expressed in type I Tfh cells, was dispensable for the early fate Tfh commitment, but essential for Tfh cell maintenance, proliferation and apoptosis inhibition during acute viral infection. The original research article by Danelli et al. reports an uncommonly strong bias toward Tfh cell differentiation of CD4+ T cells reactive with a retroviral envelope glycoprotein model antigen during retroviral infection. The response to the same antigen in different immunization regimens elicited a response typically balanced between Tfh and Th1 cells. Influencing factors for Tfh differentiation were T cell receptor (TCR) signaling that controlled PD-1 expression (Danelli et al.).

Several studies have revealed the important role of Tfh cells in Human Immunodeficiency Virus (HIV) pathogenesis. In the exciting research conducted by McCarty et al. on a Kenyan cohort of 76 perinatally HIV-infected children, HIV treatment-naïve children had reduced levels of cTfh cells compared to healthy children. Memory cTfh cells with elevated PD-1 levels correlated with advancing HIV disease status. Antiretroviral treatment restored cTfh cell frequency but did not decrease PD-1 levels on cTfh cells (Wang et al.). Greczmiel and Oxenius focused their review article on the mechanisms by which Tfh cells induce neutralizing protective antibody responses toward non- or poorly cytopathic viruses (i.e., HIV-1, HBV, HCV in humans, and LCMV in mice). These humoral responses are fundamental to afford control of the persistent infection—despite the risk of viral escape due to the high mutation rate during virus replication—in the absence of overt immunopathology (Greczmiel and Oxenius).



Tfh CELLS IN PRIMARY IMMUNODEFICIENCIES (PIDs)

Several immunodeficiencies directly affect the development and functions of Tfh cells by impairing GC formation and altering B cell-dependent responses, e.g., mutations in SH2D1A, CD40L, ICOS, and STAT3 (6–8). In their perspective article, Preite et al. describe how PI3K-mediated pathways are likely to integrate multiple signals to promote Tfh cell differentiation, whose dysregulation is mirrored in human PID “Activated PI3K-delta Syndrome” (APDS). An original research article by Klocperk et al. described the number and phenotype of Tfh cells in a cohort of 17 patients with DiGeorge Syndrome, an immunodeficiency characterized by thymic dysplasia with increased susceptibility to infections and autoimmunity. While the population of cTfh cells was significantly expanded in patients with DiGeorge syndrome compared with age-matched healthy controls, their frequency did not significantly differ between DiGeorge patients with or without autoimmune manifestations, allergy, or dysgammaglobulinaemia. The authors concluded that the relative expansion of cTfh cells may be the result of impaired T cell development in patients with thymic dysplasia (Klocperk et al.).



Tfh CELLS IN TRANSPLANTATION TOLERANCE

The role of Tfh cells in transplantation is also a matter of great interest (3). In their original research article, Kwun et al. elucidated the post-transplant B cell immune response after T cell depletion. In a CD52 transgenic mouse model of heterotopic heart transplantation, the use of alemtuzumab, a monoclonal depleting antibody that binds to CD52 expressed on mature lymphocytes, promoted the production of serum donor-specific antibodies, allo-B cells and coronary allograft vasculopathy, a hallmark of chronic rejection. Moreover, hyperplastic GCs with elevated serum IL-21 were detected. The authors observed that the concomitant use of Anti-LFA-1 monoclonal antibody suppressed the humoral response in animals treated with alemtuzumab, providing a novel mechanism and paving the way to possibly new IL-21-directed therapeutic approaches for chronic antibody-mediated rejection (Kwun et al.).



FOLLICULAR REGULATORY T CELLS (Tfr) IN HEALTH AND DISEASE

Tfr cells are a recently identified subset of CD4+ FOXP3+ T cells that controls humoral immune responses in ectopic follicles and GCs of secondary lymphoid organs. Recent works have identified the functional and developmental characteristics of Tfr cells and have highlighted their characteristics of differentiation, GC recruitment and retention, and regulatory abilities. Moreover, Tfr cells finely regulate the balance of pathogen-specific to autoantibody production by constantly interacting with Tfh and B cell populations and altering their environment through cytokine production and sequestration, thereby influencing the quantity and quality of the GC response (1, 2).

In their review article, Fazilleau et al. focused on the role of Tfr cells as “negative regulators” dedicated to control the magnitude of the immune response in the GC, and thoroughly described the Tfr cell proprieties in the context of vaccination. On the same line, in their review, Miles and Connick summarize the current knowledge about Tfr cells in response to infection and their potential role in vaccine development. In the review article by Wing et al. the role of Tfr cells and the contribution activated extra-follicular Tregs (eTreg) in the control of humoral immunity, as well as the role of Tfr cells in autoimmune diseases and tumors, is summarized.

In the review article by Stebegg et al., an insightful overview of the complex and multilevel regulation of the GC is provided, including the biology of stromal cell subsets and chemokines network in both secondary lymphoid tissues and Peyer's patches. Xie et al. review article is focused on Tfr cell functions and discuss the evidence that Tfr cells can also play a major “helper” role in the GC-dependent antibody response by producing IL-10 that promotes GC B cell growth and high-affinity antibody production. Thus, in the context of the GC response, Tfr cells appear to maintain a key balance between help (GC maintenance, antibody response, and affinity) and suppression by controlling Tfh cell numbers, GC B cell numbers, Tfh cell cytokines, and autoantibodies (Xie et al.).



CONCLUSIONS

Despite all the progress made in the last three decades, we are still at an early stage in our understanding of the sophisticated and multi-level role of Tfh and Tfr cells in health and disease. The complex niche of the GC is governed by delicate cognate interactions between Tfh, Tfr, B cells and stromal cells, the role and potential of the latter still need to be fully clarified. Evidence indicates that most patients affected by autoimmune diseases have increased numbers of Tfh cells that are also hyperactive, and possess altered numbers of Tfr cells with reduced function. Great interest is emerging on the role of Tfh and Tfr cells in PID and transplantation, where further studies may lead to the discovery of new therapeutic strategies and biological paradigms. Novel insights are also emerging on the role of Tfh and Tfr cells in tumors, allergy, infections, and vaccine responses that, together with the comprehension of the molecular mechanisms underlying the development and function of Tfh and Tfr cells in these clinical settings, may lead to the discovery of novel therapeutic targets. Increased knowledge of Tfh cells and Tfr cells has inspired, and hopefully it will continue to inspire more studies to reinstate the balance of these cells for the prevention and treatment of diverse human diseases.
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Chronic infections with non-cytopathic viruses constitutively expose virus-specific adaptive immune cells to cognate antigen, requiring their numeric and functional adaptation. Virus-specific CD8 T cells are compromised by various means in their effector functions, collectively termed T cell exhaustion. Alike CD8 T cells, virus-specific CD4 Th1 cell responses are gradually downregulated but instead, follicular T helper (TFH) cell differentiation and maintenance is strongly promoted during chronic infection. Thereby, the immune system promotes antibody responses, which bear less immune-pathological risk compared to cytotoxic and pro-inflammatory T cell responses. This emphasis on TFH cells contributes to tolerance of the chronic infection and is pivotal for the continued maturation and adaptation of the antibody response, leading eventually to the emergence of virus-neutralizing antibodies, which possess the potential to control the established chronic infection. However, sustained high levels of TFH cells can also result in a less stringent B cell selection process in active germinal center reactions, leading to the activation of virus-unspecific B cells, including self-reactive B cells, and to hypergammaglobulinemia. This dispersal of B cell help comes at the expense of a stringently selected virus-specific antibody response, thereby contributing to its delayed maturation. Here, we discuss these opposing facets of TFH cells in chronic viral infections.
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INTRODUCTION

Non-or poorly cytopathic viruses like human immunodeficiency virus 1 (HIV-1), hepatitis B virus (HBV), and hepatitis C virus (HCV) in humans or lymphocytic choriomeningitis virus (LCMV) in mice can induce persistent infections employing several mechanisms to evade control by the immune system. Continuous high-level viral replication and therefore high viral burden in the host is a major factor leading to numeric reduction and functional impairment of virus-specific cytotoxic CD8 T cells and Th1 CD4 T cells, collectively termed T cell exhaustion [reviewed in Ref. (1–3)]. In this setting, immune effector functions being less prone to induce immunopathology, like the humoral arm of immunity, are beneficial to contain viral spread (4–10). Especially, virus-neutralizing antibodies can inhibit new infection of host cells and thereby effectively limit viral spread. However, isotype-switched neutralizing antibodies often appear very late after the onset of persistent viral infections, being frequently delayed for several weeks to months (5, 11, 12). B cell dysregulation, including hypergammaglobulinemia and polyclonal B cell activation, contributes to the late emergence of virus-neutralizing antibodies (13, 14). Furthermore, mutational viral evolution results in selection of variants that escape the neutralizing antibody response, promoting persistence of the infection (12, 15–22).

Isotype-switched antibody responses are elicited in a T-help-dependent manner, being regulated by the interaction between follicular T helper (TFH) cells and cognate B cells (23). Activity of TFH cells is regulated by the transcriptional repressor B cell lymphoma (Bcl)-6 (24–26) which sustains, among other functions, upregulation of the chemokine receptor CX-chemokine receptor (CXCR) 5 that in turn mediates localization of TFH cells to the B cell follicle (27–29). There, TFH cells initiate B cell differentiation into either short-lived plasmablasts or germinal center (GC) B cells (30–33). Conversely, contact between TFH cells and cognate B cells is necessary to induce differentiation of TFH cells into GC TFH cells and to sustain their TFH phenotype (34–37), albeit this is disputed to also hold in case of persistent viral infections (38). TFH cells mediate affinity selection of B cells that have undergone proliferation and somatic hypermutation (SHM) by delivering survival signals via ICOS, CD40 ligand (CD40L), and the cytokine IL-21, depending on the affinity of the B cell for a given antigen (39–41). Therefore, TFH cells are essential for the induction and maintenance of the GC response.

Interestingly, TFH cells accumulate during the persistent phase of viral infections with non- or poorly cytopathic viruses (8, 38, 42, 43) while differentiation of naïve CD4 T cells into Th1 CD4 T cells is largely abrogated in this phase due to a sustained IFN-I environment (44). The expansion of the TFH population is most likely driven by follicular dendritic cell (FDC)-derived IL-6 signaling via signal transducer and activator of transcription (STAT)-3 (8, 43, 45), and the prolonged persistence of viral antigen in the host environment (46). It would be intriguing to conjecture an essential role of the sustained expansion of the TFH cell population for the eventual induction of the virus-neutralizing antibody response and also adaptation of the protective response to an evolving virus. However, accumulation of TFH cells might also contribute to the observed B cell dysregulation and thereby delay of the neutralizing antibody response (Figure 1). Here, we discuss evidence for both, promotion of late emergence of virus-neutralizing antibodies and dysregulated B cell responses in the context of chronic viral infections, focusing on experimental LCMV infection in mice and HIV-1, HCV, and HBV infection in humans (Table 1).
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FIGURE 1 | Follicular T helper (TFH) cells at the cross-road of helping versus inhibiting. TFH numbers are numerically increased in many chronic viral infections. Extrinsic factors contributing to promote TFH differentiation during chronic viral infections include continuous high antigen load, sustained type 1 IFN environment, and IL-6 availability. Intrinsically, Bcl-6, ICOS, signal transducer and activator of transcription (STAT)-3, GITR, and miR17–92 expression in CD4 T cells is required for (efficient) TFH differentiation. In the germinal center (GC), TFH cells preferentially localize to the light zone (LZ) where they interact via their TCR with B cells presenting antigenic peptides on MHC class II. B cells acquire antigen from follicular dendritic cells (FDCs) in the LZ which serve as antigen depot. FDCs retain antigen in form of antibody–antigen complexes or opsonized antigen via Fc and complement receptors. Cognate interaction between B cells and TFH provides survival, proliferation, and differentiation signals to the B cell in form of CD40 engagement and IL-21 supply. B cells will then either differentiate into antibody-secreting plasmablasts and long-lived plasma cells, into memory B cells, or enter the GC dark zone where the proliferate and undergo somatic hypermutation of their antibody variable regions before re-entering the LZ for selection of high-affinity B cells clones. Sustained activity of TFH cells is required throughout chronic viral infection to promote broadly reactive, affinity matured, and neutralizing antibodies and to adapt antibody specificity to emerging viral variants. Conversely, the high numbers of TFH cells present during many chronic viral infections render the GC LZ B cell activation and selection process less stringent, leading to aberrant B cell activation, induction of non virus-specific antibodies (including autoantibodies), hypergammaglobulinemia, and delayed generation of neutralizing antibody responses. Further contributing to a dysregulated TFH/B cell interaction in GCs is a dysbalanced ratio of TFH:TFR cells, often with reduced numbers of follicular regulatory T (TFR) cells in chronic viral infections.



TABLE 1 | Regulation and role of TFH cells in chronic viral infections.
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TFH CELLS

Follicular T helper cells are the main regulators of T-help-dependent antibody responses (23). Instruction of TFH cell differentiation is mediated in two steps. Priming of CD4 T cells that commit to the TFH cell lineage takes place in the T cell zone and is mediated by conventional DCs or monocyte-derived DCs (47, 48). In a second step, differentiation to TFH cells is further instructed and the TFH phenotype stably established by interactions between primed TFH cells and B cells at the border between T cell and B cell zone.

Which factors/cytokines instruct TFH differentiation is not entirely resolved, but both IL-6 and IL-21 can induce TFH differentiation via signaling through the transcription factor STAT-3 (49, 50). In the context of a persistent LCMV infection, it has furthermore been shown that late FDC-derived IL-6 is essential for TFH cell maintenance and eventual control of the infection (8).

CD4 T cells differentiating to TFH cells upregulate the hallmark transcriptional repressor Bcl-6 (24–26). Bcl-6 promotes commitment to the TFH cell lineage by repression of Blimp-1, which mediates expression of genes that are involved in the differentiation into other CD4 T cell lineages (24). Furthermore, Bcl-6 promotes localization of TFH cells toward the B cell follicle where T-help-dependent antibody responses take place. This is achieved in two different ways. For one, Bcl-6 represses the expression of molecules promoting localization in the T cell zone or egress from secondary lymphoid organs, i.e., CC chemokine receptor-7, Epstein–Barr virus-induced G-protein-coupled receptor (EBI)-2, or P-selectin glycoprotein-1 (51–53). Furthermore, Bcl-6 stabilizes the expression of CXCR5 on TFH cells, which is upregulated by the transcription factor achaete-scute homolog-2 (ASCL-2) upon priming (54). CXCR5 is essential for the localization of TFH cells toward the CXCL13-rich B cell follicles (27–29). TFH cells can further be distinguished by expression of other typical markers, which have important functions in mediating cognate interactions with B cells and thus sustaining antibody responses. Among these markers are the costimulatory molecules inducible T-cell costimulator (ICOS) and CD40L, the immunoregulatory molecule PD-1, their hallmark cytokine IL-21, and the T cell adaptor protein SAP (23, 55–58). Expression of these markers is moderate after priming and needs to be sustained and increased by interaction of TFH cells with cognate B cells and by ICOS signals delivered by ICOS ligand expressing bystander B cells in the interfollicular zone (34–37). These first interactions between TFH cells and B cells also determine the differentiation of TFH cells into GC TFH cells that induce and maintain the GC response and play an important role in the positive selection of affinity matured B cell clones. Expression of TFH markers is highest in GC TFH cells (37, 59, 60). After an immune response, some TFH cells have been shown to differentiate into long-lived memory cells, which downregulate some of their typical TFH markers like CXCR5, Bcl-6, and PD-1 (61, 62).

In humans, there have been further reports about circulating TFH-like cells that express CXCR5 and display a memory phenotype. Their expression of ICOS, PD-1, and Bcl-6 is reduced as well. However, these cells are efficient producers of IL-21 and IL-10 in in vitro coculture and effective inducers of B cell differentiation (23).

Closely related to TFH cells and equally important for the regulation of the GC responses are the so-called follicular regulatory T (TFR) cells. These are derived from thymus-derived T regulatory (Treg) cells, which adopt some TFH cell characteristics, like CXCR5 and Bcl-6 expression, to be able to migrate into B cell follicles. However, TFR cells lack expression of CD40L, IL-4, or IL-21 and have a higher expression of PD-1 and negatively regulate the GC response (63–65).



GC RESPONSE

The first encounter between TFH cells and activated B cells occurs in the interfollicular zone which lies at the border between T cell zone and B cell follicle (66–68). Here, interaction between TFH cells and cognate B cells induces a first round of B cell proliferation and instructs them to undergo one of three possible differentiation pathways. Either B cells undergo differentiation into short-lived extra-follicular plasmablasts, which produce a first wave of low affinity antibodies, or into GC-independent memory B cells or into GC B cells (30–33, 69). B cells destined to induce the GC response migrate with a subset of TFH cells, GC TFH cells, further into the B cell follicle. This migration is mediated by downregulation of EBI2 and upregulation of Sphingosine-1-phosphate receptor 2 on both B and TFH cells (66, 69–71).

The GC is partitioned into two distinct zones, the dark zone (DZ) and the light zone (LZ). In the DZ the cytokine CXCL12 is predominantly produced while the cytokine CXCL13 is predominantly produced in the LZ. Thereby, localization of B cells in DZ and LZ is controlled by differential expression of the chemokine receptors CXCR4 (migration into DZ) and CXCR5 (migration into LZ) (72). In the DZ, B cells undergo sequential rounds of proliferation (73–76). During this process, B cells upregulate the activation-induced cytidine deaminase (AID) which introduces point mutations into the variable regions of the B cell expressed BCRs/antibodies, a process termed SHM (77–79). Thereby, clonal B cell variants with different affinities toward one given antigen are generated. The activity of AID is also essential for class-switch reactions, which change the isotype of the antibodies (77, 79).

As SHM is a random process, it is necessary for B cells to undergo a selection process to ensure affinity maturation of the antibody repertoire and to exclude B cells that lost affinity for one antigen, decreased their affinity or even developed into autoreactive B cells. This selection process takes place in the LZ of the GC where also most of the GC TFH cells and FDCs are located (73, 75, 76). Upon entry into the LZ, B cells take up antigen which is stored on/presented by FDCs via their mutated BCR according to their affinity toward the antigen. Afterward, B cells present processed antigen to cognate GC TFH cells via their surface MHC II molecules. Higher affinity B cells are believed to have a competitive advantage in taking up FDC-stored antigen and thus are able to present more antigen on their surface MHC II molecules (80). The amount of presented antigen determines the amount of survival signals via ICOS, CD40L, and IL-21 a B cell clone receives from cognate GC TFH cells (39, 40, 76).

B cell clones that do not receive sufficient survival signals and therefore are negatively selected undergo apoptosis mediated by binding of Fas, expressed by the B cell, to FasL, expressed by the GC TFH cell (41, 81). Positively selected B cell clones either undergo another round of proliferation and SHM in the DZ or leave the GC reaction as long-lived plasma cells or memory B cells (74, 75, 82). B cells with the highest affinity may preferentially differentiate into plasma cells (69, 83, 84). B cell clones with a lower affinity, however, rather differentiate into memory B cells (82).



TFH CELLS ARE ESSENTIAL FOR THE EMERGENCE OF VIRUS-NEUTRALIZING ANTIBODIES AND CONTROL OF PERSISTENT VIRAL INFECTION

The role of TFH cells for viral control during persistent viral infections, which is assumed to be dependent on development of neutralizing antibodies during the GC response (13, 16, 85), has been widely studied in the setting of persistent LCMV infection. For example, mice harboring a constitutive CXCR5 deficiency, and therefore being unable to develop TFH cells (and B cell follicles), exhibit an abrogated antibody response and prolonged viral persistence (38). Likewise, IL-6−/− (8), IL-6 signaling-deficient (10), STAT3−/− (86), glucocorticoid-induced tumor necrosis factor receptor related protein (GITR)-deficient mice (87), and mice with a T cell-specific deletion of the miR17–92 family of microRNAs (88) fail to elicit or maintain a TFH cell response upon (persistent) LCMV infection and are unable to eventually control the infection. Conversely, increasing the number of TFH cells by NK cell depletion accelerated viral clearance by improving the virus-specific antibody response (89).

Similar correlations between TFH cells and the appearance of protective antibody responses were observed in other persistent viral infections, e.g., with simian immunodeficiency virus (SIV), where the frequency of TFH cells positively correlated with the appearance of high-affinity SIV-specific antibodies in infected rhesus macaques (RM) (43). These TFH cells adopted a Th1-like profile regarding their chemokine receptor and cytokine expression (90). Furthermore, the quantity of TFH cells was higher in slow/non-progressor SIV-infected RMs, in which the virus was better contained, as compared with progressor SIV-infected RMs. The increase in TFH cell numbers in slow progressor correlated with higher titers of SIV-specific IgG antibodies in serum of infected RMs (43). Also, in chronically infected HIV-1, HCV and HBV patients, increased frequencies of a circulating population of cells with TFH characteristics (cTFH) (CXCR5+CXCR3−PD-1+) were observed (42, 91–98), which seemed closely related to GC TFH cells, based on their gene expression and cytokine profile. These were able to induce B cell differentiation in vitro and correlated with the appearance of broadly HIV-neutralizing antibodies (91, 92). In HIV controllers, an expanded population of functional gp120-specific TFH cells in blood correlated with gp120-specific B cell frequencies (93). However, other studies reported a reduced capacity of cTFH cells to provide help to B cells in (advanced) HIV-1 infected individuals (95, 99) or even loss of TFH cells in SIV-infected RMs (100).

Another indication implicating TFH cells in the eventual emergence of virus-neutralizing antibodies during persistent viral infection is the high frequency of somatic mutations in the variable regions of these antibodies (11, 19, 101, 102). SHM predominantly takes place in the GC and selection of high-affinity clones is supported by GC TFH cells (76). It is therefore tempting to speculate that continued activity of TFH cells during chronic viral infections is required for a continuous selection process of virus-specific B cell clones. This results not only in a continuous increase of their affinity toward viral antigens but also allows them to evolve to bind (and neutralize) to viral quasi species that emerge in vivo under selection pressures.

Indeed, we recently presented experimental evidence that sustained presence of CXCR5+/+ or Bcl6+/+ TFH cells is strictly required for the (late) emergence of LCMV-neutralizing antibodies. Using a novel in vivo experimental system allowed conditional depletion of specifically TFH cells or all LCMV-specific CD4 T cells during established persistent LCMV infection, after the initial establishment of the virus-specific IgG antibody response (7). This permitted, in contrast to previous studies (8, 10, 38, 86), to examine the function of TFH cells and LCMV-specific CD4 T cells during persistent viral infection beyond the mere induction of the virus-specific antibody response. This study revealed that LCMV-specific TFH cells (i.e., CXCR5+/+ or Bcl6+/+ CD4 T cells) were dispensable for maintaining overall LCMV-specific IgG titers and LCMV-specific IgG secreting plasma cells in spleen and bone marrow. By contrast, continued presence of LCMV-specific CD4 T cells was required to maintain overall LCMV-specific IgG titers as well as LCMV-specific IgG secreting plasma cells in bone marrow, suggesting that non-TFH LCMV-specific CD4 T cells are able to support an extra-follicular response to maintain the pool of LCMV-specific antibody-secreting cells and hence LCMV-specific IgG titers. However, sustained activity of TFH cells was strictly required for the development of LCMV-neutralizing antibodies by GC B cells (7), as conditional depletion of TFH cells reduced GC B cell numbers and abrogated emergence of antibodies with neutralizing capacity. Moreover, TFH cells seemed to be essential in driving the adaptation of the IgG response toward the contemporaneous circulating LCMV species, lending support to the notion that sustained TFH activity is important for continued selection of B cells. Importantly, the appearance of neutralizing antibodies was required for eventual control of an established persistent LCMV infection, demonstrating the importance of these antibodies and sustained presence and activity of TFH cells for control of a persistent infection in absence of overt immunopathology (7).

Nevertheless, the belated appearance of neutralizing antibodies in the setting of such persistent infections indicates possible restrictions of TFH cell function and/or their interactions with cognate B cells, which are discussed in the following sections.



FACTORS CURTAILING TFH CELL FUNCTION UPON PERSISTENT VIRAL INFECTION

Optimal delivery of TFH cell help to cognate B cells as well as optimal TFH cell differentiation includes a chain of distinct steps at specific localizations in lymphoid tissue as well as a series of cell–cell interactions (23). With respect to localization-dependent processes, the structural integrity of secondary lymphoid organs is crucial allowing for initial encounter of activated CD4 and B cells as well as the establishment of GCs in the B cell follicle, including dark and LZ as designated compartments for proliferation, SHM and B cell selection. Cell–cell interactions that support B cell activation and production of (affinity-matured) antibodies comprise direct contact between activated CD4 T cell and cognate B cells initially at the T/B border, and later between TFH cells and cognate B cells in the GC LZ. Interference with any of these steps might lead to suboptimal antibody responses, which negatively affects control of persistent viral infections.


Destruction of Lymphoid Architecture

One possible influence on the establishment and the quality of TFH and GC B cell responses upon persistent viral infection is (immune-mediated) destruction of the lymphoid tissue architecture (11, 103–110). In chronic LCMV infection, this destruction is largely due to CD8 T cell-mediated cytotoxic activity directed against infected stromal cells as well as sustained type 1 IFN signaling and has been shown to hamper cognate interactions between T and B cells (11, 103–105, 111, 112). In SIV or HIV infection, immune activation-induced fibrosis of lymphoid tissues seems to play a major role in functional deterioration of secondary lymphoid organ structure and function, mediated by Treg-dependent transforming growth factor-beta 1 signaling and ensuing collagen deposition (109, 110).

Simian immunodeficiency virus-infected RMs with an expanded TFH cell population and increased SIV-specific antibody responses displayed a more intact lymph node (LN) structure as compared with fast progressing SIV-infected RMs with a less expanded TFH cell compartment (43, 107). This indicates that an intact lymphoid architecture is beneficial for virus-specific antibody responses and containment of the persistent infection.

Although destruction of lymphoid organ architecture is often attributed to cytotoxic CD8 T cells (104), an additional involvement of cytotoxic CD4 T cells during persistent LCMV infection has been shown (113). Cytotoxic CD4 T cells specifically targeted marginal zone (MZ) B cells, MZ macrophages, and metallophilic macrophages (113), subsets which have been implicated in the optimal induction of antibody responses (114–116). Analogous, depletion of MZ B cells was also reported in the context of persistent HIV infection (117) and a strong T helper response, possibly comprising cytotoxic CD4 T cells, is associated with low neutralizing antibody titers in persistent HCV infection (118).

During persistent LCMV infection, restoration of the lymphoid tissue architecture is closely associated with the onset of the neutralizing antibody response occurring between d40 and d80 post-infection (pi) (5, 103). During acute LCMV infection, lymphoid architecture is disrupted by day 8 pi and full reorganization, initiated by viral clearance and contraction of the CD8 T cell response, is only completed by d25 pi (103). During persistent LCMV infection, due to persistence of viral antigen and prolonged activity of CD8 and CD4 T cells before undergoing T cell exhaustion (1, 119–121), disruption of the lymphoid organ architecture is likely protracted as compared with acute LCMV infection. This underscores the relevance of lymphoid tissue reorganization and the onset of the LCMV-neutralizing antibody response, further emphasizing the beneficial effect of an intact lymphoid architecture and thereby optimal T and B cell interactions for the development of virus-neutralizing antibodies.



B Cell Dysfunction

In the context of HIV and SIV infection, B cell dysfunction was reported by a number of studies, characterized by loss of naïve and resting memory B cells, increases of activated B cells and tissue-like memory B cells, expansion of regulatory B cells, and altered functionality [reviewed in Ref. (122)].

In SIV or HIV infection, B cells were reported to actively render TFH cells ineffective in delivering help to B cells. GC B cells isolated from HIV or SIV-infected individuals/animals displayed a higher expression of PD ligand 1 (PD-L1) as compared with B cells isolated from healthy donors. Therefore, TFH cells received more signals via PD-1 during HIV/SIV infections, which mediated downregulation of IL-21 and IL-4 expression, and at the same time had a negative impact on TFH cell survival and proliferation (123). This impaired their B helper capacity, as observed in in vitro coculture experiments. Blocking of PD-L1 on B cells derived from HIV or SIV-infected donors, however, increased the ability of TFH cells to provide help to B cells as well as their cytokine expression (123). This also proved that TFH cells are in principle capable of providing sufficient help to B cells.

Furthermore, cTFH cells exhibiting reduced IL-21 expression as compared with healthy donors were identified in blood of persistently HCV infected patients (124). Surprisingly, however, in contrast to HIV and SIV infection, these cells proved to be capable of providing help to B cells in in vitro coculture experiments (124). These differences might be due to the different usage of B cell subsets in the coculture settings. Cocultures in the context of HIV/SIV infection were set up with GC-enriched B cells (123) while cocultures in the context of HCV infection used memory B cells (124). It is also conceivable that different non-or poorly cytopathic viruses use different mechanisms to render the antibody response ineffective upon persistent infection.



Altered Ratios of Regulatory Cells

In the setting of a recent HIV vaccination trial, it was established that the ratio of TFH cells to GC B cells is more important for the quality of the antibody response and eventual emergence of neutralizing antibodies than the total cell numbers. In this context, interaction of few GC B cells with one TFH cell was positively correlated with the occurrence of broadly neutralizing antibodies (bnab) (125). Furthermore, GC responses are subject to regulation by regulatory cells, in particular by TFR cells, which control the GC response to prevent aberrant production of antibodies (64). It has been shown in some studies that the frequency of TFR cells is reduced upon persistent infection with HIV and SIV (96, 126), albeit other studies have reported an increase of this population in HIV and SIV infection (127). Decreased levels of TFR cells favor the observed expansion of TFH cells and could indicate a less regulated GC response, hampering the induction of protective antibody responses for instance by a less stringent selection process and promoting unspecific B cell activation leading to hypergammaglobulinemia. Conversely, an expanded TFR population might contribute to inefficient GC responses [reviewed in Ref. (128)].

Also, in the context of persistent LCMV infection of lymphopenic mice lacking regulatory T cells, the induction of protective antibody responses was shown to be impaired (46, 129). Adoptive transfer of Treg improved the LCMV-specific antibody response and viral clearance drastically (129), proving the importance of balanced ratios between regulatory cells and TFH and GC B cells during the GC reaction.

Interestingly, in contrast to SIV, HIV and LCMV infection in lymphopenic mice, persistently HCV- or HBV-infected patients displayed an increase of regulatory B cells and Tregs as compared with healthy donors. This was associated with increases in IL-10 expression and increased PD-L1 expression on Treg cells (108, 130–132), which together might impair HCV- and HBV-specific antibody responses being associated with poor virus elimination and damage to lymphoid tissue (108).



Accumulation of TFH Cells Which Are Not Specific for Antigens Carrying Neutralizing Epitopes

Upon HIV infection, a predominant expansion of TFH cells that are specific for group-specific antigen is reported (42). However, induction of bnab seems to be associated with Env-specific TFH cells (91). Therefore, specific expansion of TFH cell populations, which are not recognizing the protein carrying neutralizing epitopes, could further contribute to the delayed emergence of neutralizing antibodies. TFH cells with other specificities would predominantly favor the survival of B cells expressing antibodies that are not specific for the neutralizing epitope. However, such intramolecular T cell help does not seem to be generally required and depends on the structure of the B cell activating viral antigen. While individual viral proteins engaging specific BCR would require intramolecular help, B cells interacting with intact or defective virions or virus-derived protein complexes could also be activated by TFH cells that are not necessarily specific for the protein containing the neutralizing epitopes (133, 134). Thus, it would be interesting to understand in more detail the structures of the selecting viral antigens/antigen complexes in the context of persistent viral infections to delineate more precisely the specificities of beneficial TFH responses.



Direct Infection of TFH and TFR Cells in HIV and SIV Infection

Upon HIV and SIV infection, TFH functionality is additionally compromised by their direct infection. CXCR5+ CD4 T cells are generally more permissive for HIV and SIV infection as compared with CXCR5− CD4 T cells, with GC TFH exhibiting the highest permissiveness (135–137). TFR cells are also highly permissive for HIV infection—even more so than TFH cells (138).

Surprisingly, infected TFH cells are not directly eliminated as compared with infected CXCR5− CD4 T cells. This might be due to the fact that only few CD8 T cells express CXCR5 and therefore cannot efficiently enter the B cell follicle where the infected TFH cells reside (136, 139, 140). In that way, TFH cells serve as viral reservoirs. However, during SIV and HIV infection, the CXCR5+ CD8 T cells that enter the GCs seem to contribute to control of infection (141), or alternatively negatively regulate T and B cells responses via IL-10 and Tim3-dependent processes (142). Infected GC TFH cells downregulate TFH markers during active viral replication (135) which might negatively affect their B cell helper functions, rendering the induction of antibody responses less effective.




VIRAL EVOLUTION CAN MEDIATE EVASION FROM THE NEUTRALIZING ANTIBODY RESPONSE—ARMS RACE BETWEEN VIRUS AND THE HUMORAL IMMUNE RESPONSE

Besides immunological and secondary lymphoid organ topographical factors that might curtail effective TFH responses and thereby induction of neutralizing antibody responses, viral mutation can contribute to the establishment of persistence by escape from imposed immune pressure such as the humoral immune response. RNA viruses are known to evolve upon infection due to a high mutation rate during viral replication with their non-proofreading RNA-dependent RNA polymerase (or reverse transcriptase) and exist as a so-called quasi species in the infected host (143, 144). These high mutation rates allow the rapid adaptation of RNA viruses to changing environments and selective immune pressures (145). Viruses like HIV, HCV and LCMV take advantage of this viral evolution for the establishment of persistence, e.g., by sequential evasion from the adaptive immune response.

In persistent LCMV infection, especially in settings of reduced or absent CD8 T cell responses, escape variants from the neutralizing antibody response emerge that promote persistence of LCMV (15, 16, 146). This escape was mediated by only few amino acid substitutions in the neutralizing epitope contained in GP1 (15). However, LCMV generally has a rather low mutation rate, with 2.6 × 10−4 to 5.5 × 10−5 mutations per round of replication (147), compared with other RNA viruses with 10−3 to 10−5 miss-incorporations per copied nucleotide (15, 147, 148). Generally, selection of mutations was reduced or lacking in absence of neutralizing antibodies, indicating positive selection of escape viral variants upon antibody-imposed immune pressure (15). As recently published, escape of LCMV from the neutralizing antibody response also occurs in presence of a normal CD8 T cell response, meaning that neutralization of contemporaneous virus isolates lagged behind neutralization of the inoculating virus (7). This raises the question of how viral diversity is affected in absence of TFH cells. As animals with a conditional depletion of CXCR5+/+ TFH cells did not develop effective neutralizing antibodies against neither the inoculum or contemporaneous virus isolates, circulating antibodies most likely exhibited reduced immune pressure on the neutralizing epitopes (7). One would speculate that viral diversity is more restricted in absence of TFH cells as compared with control situations. Whether this prediction holds will have to be investigated in future studies.

Escape from the neutralizing antibody response and subsequent adaptation of the humoral immune response to new viral variants is more extensively investigated in persistent viral infection with HIV or HCV as compared with persistent LCMV infection. HIV and HCV infection share the common feature that the neutralizing antibody response is at first only directed against the autologous virus, while neutralization of heterologous viral variants by bnab is rather rare and only occurs later during infection (22, 149–152). Moreover, in HIV and HCV infection, the neutralizing antibody response toward the autologous virus usually lags behind the concurrent evolution of the viral quasi species, meaning that antibodies isolated from a given time point generally fail to neutralize contemporaneous virus isolates but are able to neutralize isolates from prior time points (22, 149, 152–154). Thus, during persistent viral infections a molecular arms race is taking place between the virus and the humoral immune response.

Mutations conferring escape are mostly accumulating in variable regions of the viral envelope (env), against which neutralizing antibodies are directed, e.g., the variable loops of HIV gp120 (19, 155) or the hypervariable region (HVR) of HCV (156, 157). Either these variable regions cover more conserved neutralizing epitopes or these regions contain the first neutralizing epitopes as in case of the HVR of HCV (20, 155–157). In addition, shielding of neutralizing epitopes by establishment of a glycan shield via mutational introduction of glycosylation sites is used by persistently infecting viruses to hamper binding of neutralizing antibodies by steric hindrance (22, 154, 158–162). Generally, neutralizing antibodies detect deglycosylated forms of the virion better than the glycosylated form as shown for HIV or Arenavirus infections (161, 163–165). Glycans reduce the on-rate of the neutralizing antibody and thereby limit their neutralizing capacity (161). In case of HIV infection, some glycans also increase the flexibility of the variable loops of the envelope protein, thereby increasing the binding entropy for neutralizing antibodies, which is unfavorable (166). Interestingly, however, in some HIV-infected patients, neutralizing antibodies that are able to penetrate the glycan shield by binding one or multiple conserved glycans (e.g., glycans at position N332 or N301) and simultaneously to gp120 protein residues (167–171) were elicited. This clearly shows that the humoral immune response is in principle able to develop antibodies that are able to bypass mechanisms conferring escape from the neutralizing antibody response.

Yet, in persistent HIV or HCV infections such bnab that bind to more conserved epitopes like glycan patches occur rather seldom (149, 150, 172–175). Most bnab are characterized by a high amount of somatic mutations, long CDRH3 regions and preferential usage of specific heavy and light chains (175–180). A high rate of somatic mutations can be observed in neutralizing antibodies against Arenaviruses like LCMV as well (11). Precursors of bnabs can be identified already early during the virus-specific humoral immune response upon persistent HIV infection (171, 181–186). The slow development of such precursors toward a bnab, together with the high quantity of somatic mutations, indicates that neutralizing antibodies mature over a prolonged period of time in the GC, including selection by TFH cells to develop the necessary neutralization breadth. Factors curtailing the GC response as described earlier might well contribute to the impaired or delayed emergence of such bnab. Furthermore, to allow the continued development of bnab in the GC response, their evolution/selection has to occur against viral variants that do not undergo complete viral escape from these bnab precursors (187).

Interestingly, diversity of the viral variants and the viral load influence the development of bnabs in HIV infection. Prolonged viremia and a higher diversity of the env are positively correlated with their induction (172, 173, 188–192). However, it is still a matter of discussion whether early diversity of the env (189, 190, 192), as, for example, achieved by superinfections (192) or a high diversity of the contemporaneous env genes is correlated with the emergence of bnab (193). Nevertheless, diversification of the viral variants is often observed before the onset of bnab responses (183, 184). Analogous, protracted viremia in persistent infections with Arenaviruses like LCMV is favorable for the induction of the neutralizing antibody response (11).

So far, little is known about the overall evolution of the LCMV-specific antibody response over the course of a chronic infection. Sustained TFH activity is crucial for the eventual emergence of neutralizing antibodies (7). However, how this sustained TFH activity supports the emergence of neutralizing antibodies is unclear. It could either be via continuous rounds of SHM and selection of B cells which would eventually give rise to antibodies with neutralizing capacity. Alternatively, TFH cells might be required for continued recruitment of new B cell clones into the GC response, thereby contributing to an overall broadening of the antibody repertoire. Interestingly, a recent vaccination study in humans repetitively exposed to the malaria parasite Plasmodium falciparum revealed that selection of potent B cell precursors from the naïve or memory pool contributed more efficiently to a potent antibody response to a complex antigen than the process of affinity maturation (194).

In the context of a chronic viral infection, it would be interesting to elucidate how viral diversity is reflected/presented in the GC response, leading to selection of the precursors of B cells producing neutralizing antibodies. Generally, GC B cells are dependent on taking up antigen from FDCs for affinity selection (76). However, whether this holds true in a setting with abundant free viral antigen during persistent viral infection still has to be determined. Interestingly, however, FDCs have been shown to be archives of viral quasi species upon HIV infection (195, 196), which would indicate constant binding of viral variants and their presentation. This would suggest that FDCs could also present the newest contemporaneous viral variants to B cells, which are then selected according to their affinity toward these variants. Yet, it remains unclear how fast the turnover rate of antigen presented by FDCs is in the setting of a chronic viral infection, which, in case of slow turnover, might lead to delays in the selection of B cells against the newest contemporaneous viral variants.

Moreover, emergence of bnab upon persistent HIV infection is also determined by the rate at which somatic mutations are acquired by B cell clones. For some bnab families it has been determined that the mutation rate was faster than that of the virus (181, 197), which enabled the host to “overtake” the viral evolution and develop an effective neutralizing antibody response. Concerning the role of TFH cells in the selection process of B cells producing such neutralizing antibodies, it has been established recently that the interaction intensity between TFH cells and GC B cells determines the quantity of proliferation rounds and therefore the quantity of somatic mutations a B cell can acquire (198). Therefore, it would be of interest to determine the influence of TFH cells on the mutation rate of such B cell clones. This could be achieved using the novel in vivo experimental model that allows conditional depletion of TFH cells upon persistent LCMV infection (7). Virus-specific plasma cells, developed in presence or absence of TFH cells, could be isolated at different time points pi, and the quantity of somatic mutations in the variable regions of heavy and light chains could be determined by NGS. Isolating contemporaneous virus isolates at the same time point and determining the sequences of their neutralizing epitopes by NGS could be used to relate the evolution kinetics of virus-specific B cells to the evolution of the virus. This approach could also be employed to determine whether the observed preferential usage of specific heavy and light chains by neutralizing antibodies is influenced by the absence of TFH cells. In absence of continuous TFH activity, one could conjecture that the overall diversity of B cell clones is increased, as the selection process is most likely much less stringent in absence of TFH cells, and the overall frequency of somatic mutations in B cells might be reduced due to insufficient selection and consecutive rounds of SHM.



DOES ACCUMULATION OF TFH CELLS CONTRIBUTE TO DYSREGULATED B CELL RESPONSES UPON PERSISTENT VIRAL INFECTION?

During persistent viral infections with LCMV, HIV, SIV, or HCV, dysregulated B cell responses are observed. This includes the induction of hypergammaglobulinemia and polyclonal B cell activation, resulting in the emergence of seemingly virus-unspecific antibodies and in some cases even autoimmune reactive antibodies (199–205). However, in a recent study examining antibody responses toward Salmonella Typhimurium infection, it was shown that the seemingly predominantly Salmonella-unspecific antibody response was in fact of very low affinity toward Salmonella that increased due to affinity maturation in extra-follicular patches (206). Therefore, it would be interesting to investigate whether unspecific antibody responses elicited upon persistent viral infections might also display very low (undetectable in commonly used read-outs) affinities for the virus, which might improve upon affinity maturation and then allows recruitment into the virus-specific antibody response.

The described B cell dysfunctions have been further linked to the delayed appearance of neutralizing antibodies and in the context of persistent LCMV infection have been shown to be dependent on CD4 T cell help to cognate B cells via CD40:CD40L signals (13, 202, 207). It is believed that the virus-unspecific B cells acquire viral antigen from the environment and present it via their surface MHC II molecules to cognate CD4 T cells. How exactly virus-unspecific B cells acquire viral antigen to present to CD4 T cells and whether they might require signals via their BCR to become activated is not fully elucidated. In the setting of persistent LCMV infection, uptake of antigen by LCMV-unspecific B cells is independent of complement receptors (CRs) and FcγR, as knockout mice still display hypergammaglobulinemia (202). A recent study showed in the setting of an acute disseminated encephalomyelitis model with influenza infection, that uptake of the self-antigen myelin oligodendrocyte glycoprotein (MOG) via the BCR could occur concurrent with influenza hemagglutinin (HA). This led to the simultaneous presentation of MOG and HA on the MHC II surface molecules of MOG-specific B cells and subsequently their activation via HA-specific CD4 T cells (208). This scenario could serve as explanation for the activation of self-reactive B cells in the setting of persistent viral infections and would also indicate participation of BCR signaling pathways. However, this model does not account for virus-unspecific antibody responses toward non-self-antigens, such as for instance against the hapten nitrophenol (202). Another possible pathway that has been proposed to contribute to the uptake of viral antigen by virus-unspecific B cells in the setting of persistent viral infections is pinocytosis (202). Assumingly, due to the high viral burden, the concentration of viral particles and therefore viral antigen would be sufficient to induce sufficient uptake via this mechanism from the environment.

Regarding the contribution of TFH cells to dysregulated B cell responses, it has been shown before in settings of autoimmunity that prolonged maintenance of TFH cells, and therefore prolonged maintenance of GC B cells, is one cause for the emergence of autoreactive antibodies (58, 209–213). The selection threshold is lowered in GCs when TFH numbers are increased; thereby permitting the survival of low affinity and self-reactive B cells (214)—a situation that is met during persistent viral infections.

Analogous, in HIV and SIV infection, the expansion of TFH cells observed in LNs of infected individuals correlated with hypergammaglobulinemia and polyclonal B cell activation as well as the deletion of circulating memory B cells (42, 43, 215). Treatment of HIV-infected individuals with antiretroviral therapy reduced TFH cell numbers and at the same time B cell dysfunctions (42, 200), which indicates a connection between expansion of the TFH cell population in persistent HIV and SIV infections and dysregulated B cell responses. Similarly, in persistent HBV infection, the frequency of cTFH cells correlated with the emergence of autoantibodies (205).



ARE THERE ORGAN-SPECIFIC DIFFERENCES IN TFH CELL EXPANSION AND FUNCTION?

It also should be considered when discussing TFH accumulation and its impact on the antibody response that organ-specific differences might exist in specific persistent viral infections. This has been recently addressed in the context of SIV infection (107). Most studies upon persistent SIV and HIV infection have been conducted in blood or LN samples of infected animals/patients. Yet, recently, TFH responses have been analyzed in spleens of SIV-infected RMs (107). In contrast to results obtained from LNs of SIV-infected RMs, the TFH cell frequency in spleen was drastically reduced already in the acute phase of SIV infection as compared with healthy animals. This phenomenon was maintained in the persistent phase of SIV infection. In addition, TFH cells in spleen of SIV-infected RMs expressed less of the TFH-associated transcription factors Bcl-6 and c-Maf and instead upregulated transcription factors that counter-regulate TFH cell fate, i.e., Krüppel-like factor-2. This decrease in TFH cell frequency was further associated with reduced titers of SIV-specific IgG antibodies (107). However, TFH frequencies were similar or elevated in LNs of these infected RM as compared with healthy animals and in accordance with previous reports (43, 107, 215). Interestingly, the depletion of TFH cells in the spleen of SIV-infected RMs occurred in the context of severe destruction of the splenic architecture (107). Therefore, it might be possible that differences concerning the preservation of the lymphoid tissue could account for the observed organ-specific differences. Probably, due to the severe destruction of splenic architecture, SIV-infected TFH cells might have enhanced contact with cytotoxic CD8 T cells in the acute phase of infection, which might cause deletion of TFH cells in the spleen. Possibly, also differences in the recruitment of effector cells or different cytokine milieus in the LN and the spleen might influence the maintenance of TFH cells upon SIV infection.

Therefore, organ-specific differences in TFH cell frequency and function have to be taken into consideration as together they might account for the outcome of the virus-specific antibody response.



CONCLUDING REMARKS

Follicular T helper cell function and optimal interactions between TFH cells and cognate B cells often are hampered during persistent viral infections due to several factors. These include sustained increase of TFH cells, leading to non-specific B cell activation and hypergammaglobulinemia at the expense of virus-specific antibodies, destruction of the lymphoid tissue architecture, B cell exhaustion, skewed ratios of regulatory cells to TFH/GC B cells or in case of HIV/SIV infection TFH cells being directly infected. Due to these dysregulations, protective virus-specific antibody responses are delayed. Moreover, viruses use different mechanisms to evade recognition by antibodies using, e.g., variable loops or glycan shields to protect neutralizing epitopes. Furthermore, constant viral evolution leads to continued selection of escape variants upon exerted pressure by neutralizing antibodies, which fuels a molecular arms race between virus and the humoral immune response.

Nevertheless, it is clear that sustained activity of TFH cells is essential for the induction of neutralizing, protective antibody responses upon persistent viral infection and that the eventual emergence of these antibodies can afford control of the persistent infection in absence of overt immunopathology.

Therefore, targeting mechanisms that promote optimal TFH cell function and interactions with cognate B cells as well as understanding the underlying mechanisms of the arms race between virus and humoral immune response might serve to improve the induction of neutralizing antibody responses and reduce B cell dysfunctions, thereby improving control of persistent viral infections.
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Multiple sclerosis (MS) is considered a T cell-mediated autoimmune disease, although several evidences also demonstrate a B cell involvement in its etiology. Follicular T helper (Tfh) cells, a CXCR5-expressing CD4+ T cell subpopulation, are essential in the regulation of B cell differentiation and maintenance of humoral immunity. Alterations in circulating (c)Tfh distribution and/or function have been associated with autoimmune diseases including MS. Dimethyl fumarate (DMF) is a recently approved first-line treatment for relapsing–remitting MS (RRMS) patients whose mechanism of action is not completely understood. The aim of our study was to compare cTfh subpopulations between RRMS patients and healthy subjects and evaluate the impact of DMF treatment on these subpopulations, relating them to changes in B cells and humoral response. We analyzed, by flow cytometry, the distribution of cTfh1 (CXCR3+CCR6−), cTfh2 (CXCR3−CCR6−), cTfh17 (CXCR3−CCR6+), and the recently described cTfh17.1 (CXCR3+CCR6+) subpopulations of CD4+ Tfh (CD45RA−CXCR5+) cells in a cohort of 29 untreated RRMS compared to healthy subjects. CD4+ non-follicular T helper (Th) cells (CD45RA−CXCR5−) were also studied. We also evaluated the effect of DMF treatment on these subpopulations after 6 and 12 months treatment. Untreated RRMS patients presented higher percentages of cTfh17.1 cells and lower percentages of cTfh2 cells consistent with a pro-inflammatory bias compared to healthy subjects. DMF treatment induced a progressive increase in cTfh2 cells, accompanied by a decrease in cTfh1 and the pathogenic cTfh17.1 cells. A similar decrease of non-follicular Th1 and Th17.1 cells in addition to an increase in the anti-inflammatory Th2 subpopulation were also detected upon DMF treatment, accompanied by an increase in naïve B cells and a decrease in switched memory B cells and serum levels of IgA, IgG2, and IgG3. Interestingly, this effect was not observed in three patients in whom DMF had to be discontinued due to an absence of clinical response. Our results demonstrate a possibly pathogenic cTfh pro-inflammatory profile in RRMS patients, defined by high cTfh17.1 and low cTfh2 subpopulations that is reverted by DMF treatment. Monitoring cTfh subsets during treatment may become a biological marker of DMF effectiveness.
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INTRODUCTION

Multiple sclerosis (MS), one of the most common causes of neurological disability in young adults, is a chronic progressive neurodegenerative autoimmune disease of the central nervous system (CNS), which leads to inflammation, demyelination, and axonal damage in the brain and spinal cord (1). Based on symptoms onset and clinical course, two main types of MS can be described: relapsing–remitting MS (RRMS) and progressive MS. RRMS affects 85% MS patients and is characterized by young adulthood onset episodes of acute exacerbations followed by complete or partial recovery. Many of these patients develop a secondary progressive form of MS (PSMS) with gradual progression of disability. The annual conversion rate into PSMS is 2.5%, approximately. Primarily progressive MS, characterized by continuous worsening without relapses, accounts for only 15% of MS patients (2).

Multiple sclerosis etiology is still incompletely understood. Both CD4+ and CD8+ T cells and B cells have been described as important players in MS pathogenesis. Historically, autoreactive IFNγ-producing T helper (Th) 1 cells were considered the main mediators of inflammation causing MS lesions (3). This model was challenged with the discovery of interleukin (IL)-17-producing Th17 cells. Th17 cells secrete pro-inflammatory cytokines (IL-17 and IL-6) and express CCR6, the CCL20 ligand expressed on vascular endothelial cells that allows them to pass through the blood–brain barrier (4). However, although MS is thought to be a T cell-mediated disease, several lines of evidence demonstrate the involvement of B cells in disease course. The presence of oligoclonal bands in cerebrospinal fluid in as many as 95% diagnosed patients and the presence of B cells, plasma cells, and meningeal B-cell follicles in the CNS, point to the involvement of B cells and antibody production in MS (5). Moreover, clinical trials using B cell-depleting therapies suggests that a decrease in B cell antigen presenting ability and a change in B cells cytokine production contribute to reduce MS activity (6).

Significant advances in the development of disease-modifying drugs for RRMS have been achieved. Dimethyl fumarate (DMF) is an oral fumaric acid ester approved by the FDA and EMA in 2013 as a first-line treatment for RRMS. Clinical trials of DMF-treated RRMS patients showed significant reductions in clinical relapses and MRI evidence of inflammatory disease (7). The mechanism of action of DMF is not completely understood, but it is known that DMF reduces oxidative stress and modulates nuclear factor κappa B, which could have anti-inflammatory effects, mainly mediated through the activation of the Nrf2 pathway (8). Recent studies have shown a reduction of CD4+ T, CD8+ T, B, and NKT cells, and a shift in Th subpopulations in RRMS patients treated with DMF (9).

The follicular T helper (Tfh) cells are a CD4+T cell subpopulation essential in the regulation of humoral immunity, specialized in supporting B cell maturation and immunoglobulin production in secondary lymphoid organs. Tfh cells were first described as a CXCR5-expressing population localizing in “tonsillar” follicles (10, 11). The discovery of a circulating counterpart of this population has allowed investigating their relevance in health and disease (12). Morita et al. originally demonstrated that analogous to non-follicular Th cells, circulating Tfh (cTfh) cells can be classified, according to the expression of CXCR3 and CCR6, into cTfh1 (CXCR3+CCR6−), cTfh2 (CXCR3−CCR6−), and cTfh17 (CXCR3−CCR6+) whose differentiation relies on distinct transcription factors (12). These subpopulations produce a different set of cytokines and exert different B helper cell capabilities. Alterations in cTfh function and/or distribution have been associated with the pathogenesis of many autoimmune diseases, including MS (13, 14) and also with infectious diseases and monogenic immunodeficiencies (15). A CXCR3+CCR6+ Th subpopulation that rivals with Th1 in IFNγ production, but also produces IL-17, has been described as Th17.1 and identified in sarcoidosis and Crohn’s disease (16–18). A follicular CXCR5-expressing counterpart (cTfh17.1) has also been recently identified in common variable immunodeficiency (19).

The aim of the present study was to compare cTfh subpopulations between RRMS patients and healthy controls, to evaluate the impact of DMF treatment on these subpopulations and its relationship with changes in B cell distribution and clinical evolution.



MATERIALS AND METHODS


Patients

29 patients, 19 females, and 10 males, diagnosed with RRMS defined by 2010 McDonald criteria (20) were included in the study. All RRMS patients were treated with 240 mg DMF twice a day and followed 6 and 12 months after starting treatment. 35 age- and sex-matched healthy subjects were included as controls.

Patients mean age was 41.2 years (range 26–60). Mean time since first MS appearing symptoms was 6.1 ± 5.1 years. Clinical relapses were evaluated in our cohort before DMF treatment. The number of clinical relapses 1 and 2 years previous to DMF treatment was (0.58 ± 0.5) and (0.79 ± 0.6), respectively. 15 patients had ≥1 gadolinium-enhancing (Gd+) lesions, 22 had >10 supratentorial T2*-weighted lesions, and 18 > 1 infratentorial T2*-weighted lesions in baseline MRI findings.

The mean Expanded Disability Status Scale (EDSS) was 1.8 ± 1.3 prior to DMF treatment, 1.8 ± 1.2 after 6 months treatment, and 2.1 ± 1.3 after 12 months treatment, the change not proving significant (paired test; p = 0.82). 10 patients diagnosed with RRMS had not received any previous treatment and 20 had received first line drugs (14 interferon-β and 5 glatiramer-acetate) before starting DMF treatment.

The 14 patients included in the longitudinal cohort displayed similar demographic and clinical characteristics.

The study was conducted according to the ethical guidelines of the 1975 Declaration of Helsinki and approved by CEIC (Balearic Islands Clinical Research Ethics Committee). Written informed consent was obtained from all subjects.



Flow Cytometry

Cell surface markers expression was analyzed by flow cytometry using a Navios cytometer and data evaluated using Kaluza software (Beckman Coulter, USA).

A surface staining protocol was performed to analyze membrane antigen expression in lymphocytes subpopulations. Briefly, 100 μL of peripheral fresh whole blood were incubated 20 min at room temperature (25°C) with different fluorochrome-conjugated monoclonal antibodies combinations. Red blood cells were lysed, white cells fixed using TQ-Prep System (Beckman Coulter), and 100 μl of fluorospheres Flow-Count™ (Fluorospheres, Beckman Coulter) were added to calculate cell concentration, previous to flow cytometric analysis.

Combinations of the following antibodies were used: anti-CD45-FITC, anti-CD4-PE, anti-CD8-ECD, anti-CD3-PCy5, anti-CD56-PCy5, anti-CD3-PCy7, and anti-CD45RA-ECD (all from Coulter Immunotech, France) to evaluate T and NK cells; anti-CD19-ECD, anti-CD27-PCy7, anti-CD21-FITC, anti-CD24-PCy5, anti-CD38-PCy7 (all from Coulter Immunotech, France) and anti-IgD-FITC (Dako, Spain) to study B cells; anti-CD4-PCy5, anti-CD45RA-ECD (from Coulter Immunotech, France), anti-CXCR5-PE (R&D Systems, Spain), anti-CXCR3-FITC and anti-CCR6-PCy7 (Biolegend, USA) to evaluate Th and cTfh subpopulations.



Nephelometry

Serum total IgG, IgA, IgM levels quantification and IgG subclass profile (IgG1, IgG2, IgG3, IgG4) were assayed by nephelometry in a BN II nephelometer (Siemens, Germany). Commercially available kits (Siemens, Germany) were used according to manufacturer’s instructions protocol. The intra and inter-assay coefficients of variations were less than 5%.



Statistical Analysis

Statistical analysis was performed using GraphPad Prism version 4.0 software. Data are expressed as mean values. The Mann–Whitney U-test was used to compare differences between controls and untreated RRMS patients or controls and RRMS 12 months DMF-treated patients. The Kruskal–Wallis test was used to compare differences between subgroups of RRMS patients.

For longitudinal samples, Wilcoxon and Friedman test were used to compare paired data. We used Wilcoxon test to compare differences between untreated and 12 months DMF-treated RRMS patients. Friedman test along with a Dunn multiple comparison test were applied to assess differences between untreated RRMS patients and 6 and 12 months DMF-treated RRMS patients. A p-value ≤ 0.05 was considered statistically significant.




RESULTS


Peripheral Blood Lymphocyte Populations in Untreated RRMS Patients

Percentages and absolute counts of CD4+ and CD8+ T cells, B, and NK cells in untreated RRMS patients were within reported ranges for Caucasians (21, 22) (Table 1).


TABLE 1 | Lymphocytes subpopulations of untreated multiple sclerosis (MS) patients.
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However, B cells subsets distribution was altered (Figures 1A,B). When we compared B cells subsets from untreated RRMS patients with those of our healthy subjects’ cohort, we observed a trend toward decreased percentages of naïve B cells (CD19+CD27−IgD+) in untreated RRMS patients (52 vs. 60.7%; p = 0.09) (Figure 1C). The percentages of transitional (CD19+CD38highCD24high), plasmablasts (CD19+CD38highCD24−) and non-switched memory (CD19+CD27+IgD+) B cells were similar between untreated RRMS patients and controls (Figures 1C–F). However, we found a significantly higher percentage of switched-memory (CD19+CD27+IgD−CD27+) B cells in untreated RRMS patients (25.9 vs. 16.5%; p < 0.01) compared to healthy subjects (Figure 1G).
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FIGURE 1 | Subpopulations of B cells from untreated multiple sclerosis (MS) patients. (A) Dot plots of the percentages of peripheral naïve CD19+CD27−IgD+ (lower right quadrant), non-switched memory CD19+CD27+IgD+ (upper right quadrant), and switched memory CD19+CD27+IgD− (upper left quadrant) B cells on total CD19+ gated B cells from a representative untreated MS patient (lower row) and control (upper row). (B) Dot plots of the percentages of peripheral transitional CD19+CD38highCD24high B cells on total CD19+ gated B cells from a representative untreated MS patient (lower row) and control (upper row). (C–G) Percentages of naïve CD19+CD27−IgD+, transitional CD19+CD38highCD24high, plasmablasts CD19+CD38highCD24−, non-switched memory CD19+CD27+IgD+, and switched memory CD19+CD27+IgD− B cells from controls (dark gray circles) and untreated MS patients (light gray circles). Mann–Whitney U-test p-values: **p < 0.01.




Selectively Increased cTfh17.1 and Decreased cTfh2 Effector Cells in Untreated RRMS Patients

No differences were found in the percentage of total CD4+CXCR5+ cTfh cells between untreated RRMS patients and controls (10.8 vs. 10.8%) (Figures 2A,B). Several studies have shown that cTfh cells are contained within the memory CD45RA−CD4+ T cells. No differences were found in the percentage of circulating cTfh cells, analyzed as memory CD4+CD45RA−CXCR5+, in untreated RRMS patients compared to controls (9.1 vs. 9.3%) (Figure 2C).
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FIGURE 2 | Total cTfh cells and subpopulations of Th and cTfh cells from untreated multiple sclerosis (MS) patients. (A) Density plots of the percentage of total follicular CD4+CXCR5+ (upper plots) and memory follicular CD4+CD45RA−CXCR5+ (lower plots) cells from a representative untreated MS patient (right) and control (left). (B) Percentages of total follicular CD4+CXCR5+ cells from controls (dark gray circles) and untreated MS patients (light gray circles). (C) Percentages of total memory follicular CD4+ CD45RA−CXCR5+ cells from healthy controls (dark gray circles) and untreated MS patients (light gray circles). (D) Dot-plots of the percentage of Th1 CXCR3+CCR6− (lower right quadrant), Th17 CXCR3−CCR6+ (upper left quadrant), Th2 CXCR3−CCR6− (lower left quadrant), and Th17.1 CXCR3+CCR6+ (upper right quadrant) subpopulations on circulating naïve CD4+CD45RA+CXCR5− (left), non-follicular CD4+CD45RA−CXCR5− (middle), and follicular CD4+CD45RA−CXCR5+ (right) cells from a representative untreated MS patient (lower row) and control (upper row). (E–H) Percentages of Th1, Th17, Th2, and Th17.1 non-follicular T cells from controls (dark gray circles) and untreated MS patients (light gray circles). (I–L) Percentages of cTfh1, cTfh17, cTfh2, and cTfh17.1 follicular T cells from controls (dark gray circles) and untreated MS patients (light gray circles). Mann–Whitney U-test p-values: ***p < 0.001.


We further studied the distribution of different subsets of circulating effector T helper non-follicular (Th) CD4+CD45RA−CXCR5− and follicular (cTfh) CD4+CD45RA−CXCR5+ cells, identified according to the expression of CXCR3 and CCR6 markers in untreated RRMS patients and controls: Th1/cTfh1 (CXCR3+CCR6−), Th2/cTfh2 (CXCR3−CCR6−), Th17/cTfh17 (CXCR3−CCR6+), and Th17.1/cTfh17.1 (CXCR3+CCR6+) (Figure 2D).

No differences were found when Th1, Th17, and Th2 non-follicular subpopulations were compared (Figures 2E–G). There was a trend toward higher percentage of Th17.1 cells in untreated RRMS patients, although it was not statistically significant (Figure 2H). Interestingly, when cTfh1, cTfh17, and cTfh2 CD4+CD45RA−CXCR5+ subpopulations were evaluated, we found a lower percentage of cTfh2 cells in untreated RRMS patients compared to controls (37.4 vs. 49.9%; p < 0.001) (Figure 2K), whereas the percentage of cTfh17.1 was significantly increased (10.0 vs. 4.2%; p < 0.001) (Figure 2L). No differences were found in cTfh1 and cTfh17 subpopulations (Figures 2I,J).

To rule out the possibility that differences found in switched-memory B cells or cTfh17.1 and cTfh2 subpopulations were caused by previous treatments, these subpopulations were compared between RRMS patients who had or not received previous disease-modifying treatments. Interestingly, no differences were found in the percentages of switched-memory B, cTh2 and cTh17.1 cells (data not shown).

These results demonstrate a clear selective pro-inflammatory shift in cTfh subpopulations and B cells in RRMS patients, not present in the non-follicular Th subpopulations, which is not caused by previous treatments.



DMF Treatment Reduces CD4+ and CD8+ T, NK, and B Cells Counts

We next studied the effect of DMF treatment on the different lymphocyte subpopulations. In order to do so, we compared lymphocyte subpopulations in “short term” 6 months and “long term” 12 months treated RRMS patients with the ones of untreated RRMS patients. We found lower absolute numbers of CD4+ T cells both after 6 and 12 months treatment compared to untreated patients (588.4 vs. 877.2 cells/μL; p < 0.01) and (555.8 vs. 877.2 cells/μL; p < 0.01), respectively (Figure 3A). CD8+ T cells counts were lower in 6 months (230.0 vs. 374.0 cells/μL; p < 0.001) and 12 months treated (223.3 vs. 374.0 cells/μL; p < 0.001) (Figure 3B) compared to untreated patients. NK and B cells counts were also lower in 6 months treated compared to untreated patients (111.6 vs.177.0 cells/μL and 137.7 vs. 219.0 cells/μL; p < 0.05 and p < 0.01, respectively) (Figures 3C,D). This is consistent with the reported lymphopenia described in DMF-treated RRMS patients (9). In agreement with previous studies (9), we did not find differences in the percentage of any lymphocyte subset between 6 and 12 months treated compared to untreated patients (Figures 3E–H).
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FIGURE 3 | Effect of dimethyl fumarate on CD4, CD8, NK, and B cells from multiple sclerosis (MS) patients. (A–D) Cell counts and (E–H) percentages of peripheral CD3+CD4+, CD3+CD8+, CD56+CD3− (NK), and CD19+ (B) lymphocytes from untreated (UT: white circles), 6 months treated (6 months: light gray circles), and 12 months treated (12 months: dark gray circles) MS patients. Kruskal–Wallis test p-values: *p < 0.05, **p < 0.01, and ***p < 0.001.




DMF Treatment Alters B Cells Distribution and Immunoglobulins Levels

The distribution of B cells subpopulations was significantly altered by DMF treatment (Figures 4A,B). When DMF-treated RRMS patients were compared with untreated patients, we found significantly increased percentages of naïve B cells after 12 months treatment (69.5 vs. 52.9%; p < 0.01), transitional B cells after 6 and 12 months treatment (11.4 vs. 4.8% and 12.3 vs. 4.8%; p < 0.01, respectively) and plasmablasts after 6 and 12 months treatment (0.8 vs. 0.3% and 1.2 vs. 0.3%; p < 0.05 and p < 0.001, respectively) (Figures 4C–E). On the contrary, a significant decrease in switched memory B cells was found in 12 months treated compared to untreated RRMS patients (14.3 vs. 25.9%; p < 0.01) (Figure 4G). No differences were found in non-switched memory B cells (Figure 4F).
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FIGURE 4 | Effect of dimethyl fumarate on B cells subpopulations and serum levels of immunoglobulins in multiple sclerosis (MS) patients. (A) Dot-plots of the percentages of peripheral naïve CD19+CD27−IgD+ (lower right quadrant), non-switched memory CD19+CD27+IgD+ (upper right quadrant), and switched memory CD19+CD27+IgD− (upper left quadrant) B cells on total CD19+ gated B cells from a representative untreated (upper row), 6 months treated (6 M: middle row), and 12 months treated (12 M: lower row) MS patient. (B) Dot plots of the percentages of peripheral transitional CD19+CD38highCD24high B cells on total CD19+ gated B cells from a representative untreated (upper row), 6 months treated (6 M: middle row), and 12 months treated (12 M: lower row) MS patient. (C–G) Percentages of peripheral naïve CD19+CD27−IgD+, transitional CD19+CD38highCD24high, plasmablasts CD19+CD38highCD24−, non-switched memory CD19+CD27+IgD+, and switched memory CD19+CD27+IgD− B cells from untreated (UT: white circles), 6 months treated (6 M: light gray circles), and 12 months treated (12 M: dark gray circles) MS patients. Kruskal–Wallis test p-values: *p < 0.05, **p < 0.01, and ***p < 0.001. (H–J) Serum IgG, IgG1, IgG2, IgG3, IgG4, IgA, and IgM levels (mg/dL) from MS patients before treatment (UT: white squares) and 12 months (12 M: dark gray circles) after treatment. Successive repeated measures on the same individual are represented by connecting lines. Wilcoxon paired test: p-values: *p < 0.05, **p < 0.01.


To evaluate if these B cell subpopulation changes had any observable humoral consequence, we quantified immunoglobulin levels in serum samples from 23 longitudinally followed patients before and after 12 months DMF treatment. We found significantly lower levels of IgA in 12 months treated patients compared to untreated patients (Wilcoxon paired test; p < 0.01) (Figure 4I). No differences were found when the effect of DMF on IgG and IgM serum levels was evaluated (Figures 4H,J).

We also studied if DMF induced changes in the serum IgG subclass profile (IgG1, IgG2, IgG3 and IgG4). Interestingly, although IgG levels were similar before and after 12 months DMF treatment, the IgG subclass profile was altered. We found significantly lower levels of IgG3 and IgG2 in the serum of 12 months DMF-treated RRMS patients compared to untreated patients (Wilcoxon paired test; p < 0.05 and p < 0.01, respectively) (Figure 4H).



DMF Treatment Reduces Both Absolute Numbers and Percentage of cTfh Cells in RRMS Patients

The percentage of CD4+CXCR5+ cTfh cells was lower in 12 months DMF-treated compared to untreated RRMS patients (7.7 vs. 11.4%; p < 0.01) (Figure 5A, upper panel). We also found lower cTfh absolute counts in 6 months treated (54.8 vs. 97.0 cells/μL; p < 0.01) and 12 months (41.8 vs. 97.0 cells/μL; p < 0.001) compared to untreated RRMS patients (Figure 5A, lower panel).
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FIGURE 5 | Effect of dimethyl fumarate on total cTfh cells and subpopulations of Th and cTfh cells from multiple sclerosis (MS) patients. (A–C) Total follicular CD4+CXCR5+, memory follicular CD4+CD45RA−CXCR5+, and memory non-follicular CD4+CD45RA−CXCR5− percentages (upper panels) and cell counts (lower panels) from untreated (white circles), 6 months treated (6 M: light gray circles), and 12 months treated (12 M: dark gray circles) MS patients. (D) Dot-plots of the percentage of Th1 CXCR3+CCR6− (lower right quadrant), Th17 CXCR3−CCR6+ (upper left quadrant), Th2 CXCR3−CCR6− (lower left quadrant), and Th17.1 CXCR3+CCR6+ (upper right quadrant) subpopulations on circulating naïve CD4+CD45RA+CXCR5− (left), non-follicular CD4+CD45RA−CXCR5− (middle), and follicular CD4+CD45RA−CXCR5+ (right) cells from a representative untreated (upper row), 6 months treated (6 M: middle row), and 12 months treated (12 M: lower row) MS patient. (E–H) Percentages of Th1, Th17, Th2, and Th17.1 non-follicular T cells and (I–L) cTfh1, cTfh17, cTfh2, and cTfh17.1 follicular T cells from untreated (white circles), 6 months treated (6 M: light gray circles), and 12 months treated (12 M: dark gray circles) MS patients. Kruskal–Wallis test p-values: *p < 0.05, **p < 0.01, and ***p < 0.001.


Lower memory CD4+CD45RA−CXCR5+ cTfh cells percentages and absolute counts were also found in 6 months (7.5 vs. 9.9%; p < 0.05 and 43.0 vs. 84.7 cells/μL, p < 0.001, respectively) and 12 months treated RRMS patients (6.9 vs. 9.9%; p < 0.01 and 37.2 vs. 84.7 cells/μL p < 0.001, respectively) once compared to untreated patients (Figure 5B).

The percentage of non-follicular CD4+CD45RA−CXCR5− Th cells only differed after 6 months DMF treatment (34.1 vs. 47.0%; p < 0.05) (Figure 5C, upper panel), although the absolute counts significantly decreased after 6 and 12 months DMF treatment (170.2 vs. 361.8 cells/μL and 196.0 vs. 361.8 cells/μL; p < 0.01 and p < 0.05, respectively) (Figure 5C, lower panel). No differences were found when naïve CD4+CD45RA+CXCR5− Th cells subpopulations were compared (data not shown).



Increase of cTfh2 and Decrease of cTfh1 and cTfh17.1 Effector Cells in DMF-Treated RRMS Patients

We next compared the effect of DMF on the distribution of non-follicular Th and follicular Tfh effector subpopulations between untreated and 6 and 12 months treated RRMS patients identified according to their expression of CXCR3 and CCR6 (Figure 5D).

When we compared non-follicular Th subpopulations, decrease in the percentage of Th1 cells in 12 months treated RRMS patients was observed once compared to the untreated group (15.3 vs. 25.3%; p < 0.01) (Figure 5E). Moreover, we found an increase in the percentages of Th2 cells in 6 months treated patients (49.8 vs. 35.8%; p < 0.01) and an even higher increase in 12 months treated patients (56.4 vs. 35.8%; p < 0.001) compared to the untreated group (Figure 5G). We also detected a decreased percentage of non-follicular Th17.1 cells in 6 months treated patients (8.5 vs. 14.9%; p < 0.05) and an even higher decrease in 12 months treated patients (6.3 vs. 14.9%; p < 0.001) compared to untreated RRMS patients (Figure 5H). No differences were found when the effect of DMF on effector Th17 cells subpopulation was evaluated (Figure 5F).

When the effect of DMF on follicular cTfh effector subsets was separately evaluated, a lower percentage of cTfh1 cells in 12 months treated patients compared to untreated patients was found (17.4 vs. 25.5%; p < 0.05) (Figure 5I). The percentage of cTfh2 cells progressively increased significantly upon DMF treatment, being at 6 months (51.6 vs. 37.3%; p < 0.01 and) and at 12 months (55.1 vs. 37.3%; p < 0.001) (Figure 5K). Since we had observed an increase in the CXCR3+CCR6+ follicular cTfh17.1 population in RRMS untreated patients compared to controls (Figure 2L), we tested whether DMF treatment could modulate this subpopulation. Interestingly, we found a decrease in the percentage of cTfh17.1 in 6 months treated patients compared to untreated patients (5.1 vs. 9.9%; p < 0.01) that was even higher after 12 months treatment (4.2 vs. 9.9%; p < 0.001) (Figure 5L). Again, no differences were found when cTfh17 subpopulations were compared (Figure 5J).

Remarkably, we identified three non-responders patients in our cohort in whom DMF treatment had to be discontinued (patients 6, 8, and 18). When lymphocyte subpopulations of these particular patients were separately revised, we observed that DMF treatment had modified non-follicular Th subsets, but had not normalized the basal deviation of cTfh subpopulations: patient 6 had 37% cTfh2 and 9% cTfh17.1, patient 8 had 41% cTfh2 and 9% cTfh17.1 (both evaluated at 6 months), and patient 18 had 32% cTfh2 and 11% cTh17.1 (evaluated at 12 months). In all cases, cTfh2 remained below percentile 25 (45%) and cTfh17.1 remained over percentile 75 (5%) of healthy subjects.

Moreover, patients 6 and 8 also maintained altered their B cells subpopulations upon 6 months DMF treatment. Patients 6 and 8 had 51 and 42% naïve B cells, respectively, both below percentile 25 of healthy subjects (52%). In addition, their switched memory B cells remained over percentile 75 of healthy subjects (19%), being 31 and 33%, respectively. Furthermore, these two patients (6 and 8) were the most affected at clinical evaluation on admission: EDSS > 3, more than 20 supratentorial lesions, ≥5 infratentorial lesions, and ≥2 spinal cord lesions in the MRI. Our data suggest that DMF may not be indicated for patients that are severely affected at disease onset.



Longitudinal Study Confirms Cross-Sectional Data

Longitudinal data derived from 14 RRMS patients, who could be followed both before and after 6 and 12 months DMF treatment, were analyzed to validate our cross-sectional findings. Overall, both Th cells and cTfh cells percentages decreased with time upon DMF treatment, confirming cross-sectional results (data not shown).

Specifically, percentages of Th1, Th17.1, cTfh1, and cTfh17.1 cells subpopulations progressively decreased whereas Th2 and cTfh2 progressively increased along DMF treatment (Figures 6A–H). Percentages of Th17 and cTfh17 cells were not significantly altered during the longitudinal study (Figures 6B,F), confirming the data obtained in the cross-sectional study (Figures 5E–L).
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FIGURE 6 | Longitudinal study of the effect of dimethyl fumarate on Th and cTfh subpopulations from multiple sclerosis (MS) patients. (A–D) Percentages of Th1, Th17, Th2, and Th17.1 non-follicular T cells and (E–H) cTfh1, cTfh17, cTfh2, and cTfh17.1 follicular T cells from MS patients, before treatment (white squares) and 6 months (6 M: light gray triangles) and 12 months (12 M: dark gray circles) after treatment. Successive repeated measures on the same individual are represented by connecting lines. Friedman paired test p-values: *p < 0.05, **p < 0.01, and ***p < 0.001.




DMF Reverts the Pro-Inflammatory Shift of cTfh and B Cells to Healthy Subject’s Values

To evaluate the final effect of DMF treatment, we compared the percentages of non-follicular Th, follicular cTfh effector, and B cells subpopulations on the RRMS group of patients at the end of the 12 month treatment period with those of normal healthy subjects.

Remarkably, at this point of treatment, initially altered percentages of switched memory (CD19+CD27+IgD−) B cells returned to values of healthy subjects (Figure 7E). This was accompanied by a decrease of non-switched memory (CD19+CD27+IgD+) B cells to values significantly lower than those of healthy subjects (7.6 vs. 11.6%; p < 0. 01) (Figure 7D). On the contrary, we found a significant increase in naïve (69.5 vs. 60.7%; p < 0.01), transitional (12.3 vs. 5.3%; p < 0.01), and plasmablasts (0.8 vs. 1.2%; p < 0.001) B cells at the end of the studied treatment period (Figures 7A–C).
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FIGURE 7 | Final effect of dimethyl fumarate on B cell, non-follicular Th cells, and follicular cTfh cells subpopulations compared to healthy controls. (A–E) Percentages of naïve CD19+CD27−IgD+, transitional CD19+CD38highCD24high, plasmablasts CD19+CD38highCD24−, non-switched memory CD19+CD27+IgD+, and switched memory CD19+CD27+IgD− B cells from healthy controls (dark gray circles) and 12 months treated multiple sclerosis (MS) patients (12M: light gray circles). (F–I) Percentages of Th1, Th17, Th2, and Th17.1 non-follicular T cells and (J–M) percentages of cTfh1, cTfh17, cTfh2, and cTfh17.1 follicular T cells from healthy controls (dark gray circles) and 12 months treated MS patients (12M: light gray circles). Mann–Whitney U-test p-values: *p < 0.05, **p < 0.01, and ***p < 0.001.


After 12 month DMF treatment, percentages of both Th1 and Th17.1 non-follicular cells in 12 month treated RRMS group were even lower than those of healthy controls (15.3 vs. 26.4%; p < 0.001 and 6.3 vs. 11.1%; p < 0.01, respectively). Conversely, percentages of Th2 subpopulation were increased in the 12 month treated RRMS group compared to controls (56.4 vs. 40.3%; p < 0.05). This is consistent with an anti-inflammatory switch in non-follicular Th subpopulations induced by DMF treatment (Figures 7F–I).

When we evaluated effector follicular cTfh cells, cTfh1 were lower in the 12 month treated RRMS group compared to healthy controls (17.4 vs. 24.1%; p < 0.01); meanwhile, the percentages of cTfh2, cTfh17.1 did not differ between 12 month treated RRMS group and healthy controls (Figures 7J–M).

Thus, DMF reduces the absolute numbers of all major lymphocyte subpopulations, reverts the pro-inflammatory shift of the relevant cTfh and switched-memory B cells detected in untreated RRMS patients, and exerts a modifying effect in naïve, transitional, plasmablasts, and non-switched memory B cells subpopulations percentages.




DISCUSSION

Several immunological components have been implicated in the pathogenesis of MS with special relevance for CD4+ T cells (1), although an important role for B lymphocytes has also been demonstrated (6). We investigated the frequency and distribution of different lymphocyte subpopulations, with special focus on cTfh cells, in RRMS patients compared to healthy subjects. Moreover, we evaluated whether these subpopulations could be modified in response to DMF treatment, and whether this potential shift could associate to treatment response in RRMS patients.

Although percentages and absolute counts of peripheral CD4+ and CD8+ T, NK, and B cells in our cohort of untreated RRMS patients were within reported ranges, distribution of B cells subsets was altered: the percentage of switched-memory B cells was increased.

cTfh cells have been previously found increased in MS patients (23) and ectopic lymphoid structures containing Tfh cells and B cells have been described in the meninges of MS patients, which could contribute to disease pathogenesis (5). Although we studied the subpopulations of non-follicular and Tfh cells, in our cohort of untreated RRMS patients, we only found important differences in the distribution of cTfh cells subpopulations. RRMS patients presented higher percentage of cTfh17.1 cells and lower percentage of cTfh2 cells, consistent with a pro-inflammatory bias only in cTfh subpopulations. cTfh17.1 cells express both CXCR3+CCR6+ and are analogous to the recently described Th17.1 helper effector subpopulation that produces high levels of IFNγ and IL-17 (16). Remarkably, Th17.1 subpopulation is resistant to glucocorticoids (16) and is increased in Crohn’s disease (17) and in the lungs of sarcoidosis patients (16, 18).

Controversy exists about the implication of Th subpopulations and the role of IL-17 and IFNγ in the pathogenesis of MS. In RRMS patients, IL-17 levels were higher in serum and CSF (24) and IL-17-expressing CD4+ T cells were increased during relapses, while IFNγ-expressing CD4+ T cells remained stable (25). Moreover, myelin oligodendrocyte glycoprotein-specific CD4+ T cells in blood of RRMS patients were mostly CCR6 memory cells (5) producing higher levels of IFNγ, IL-17, and GM-CSF (26). Experiments in the experimental autoimmune encephalomyelitis MS mouse model have shown that Th17 cells induce ectopic lymphoid structures in the subarachnoid space, where they acquire a Tfh phenotype (27) and also that Th cells producing both IFNγ and IL-17 were more pathogenic than Th cells producing IFNγ or IL-17 alone (5). The fact that we found an increase in cTfh17.1 but not in cTfh17 may help to explain these controversies, as cTfh17.1 cells are able to produce both IFNγ and IL-17 cytokines. We suggest that the increase in cTfh17.1 and decrease in cTfh2 cells observed in our patients cohort may have a role in the pathogenesis of RRMS disease and could be a potential treatment target. Previous studies on other autoimmune diseases have also suggested that a skewed distribution of cTfh cell subsets contributes to their pathogenesis: higher levels of Tfh17 in primary Sjögren’s syndrome (28) and also increased levels of both Tfh2 and Tfh17 in juvenile dermatomyositis (12) and Guillain–Barré syndrome (29).

Dimethyl fumarate is an approved oral treatment for RRMS. Recently, several articles addressing the effect of DMF in peripheral lymphocytes subpopulations have been published with the aim to underscore its mechanism of action and/or to find biological markers predicting treatment response. A reduction in lymphocyte counts and selective reductions in CD8+ T cells (30) or memory T cells (31) have been described after DMF treatment. An anti-inflammatory shift in B cells subsets has also been described; with decrease of the memory B cells pool and reduction in GM-CSF, IL-6, and TNFα expressing B cells (32).

Our 29 patients cross-sectional study confirmed a decrease in the absolute numbers but not in the percentages of CD4+ and CD8+ T cells, B, and NK cells, consistent with the lymphopenia described in DMF-treated patients (9). However, an important shift was detected in B cells subpopulations distribution: while switched memory B cells significantly decreased, a significant increase of naïve, transitional, and plasmablasts B cells was observed, whereas non-switched memory B cells remained unaltered.

We observed that DMF induced a progressive decrease of non-follicular Th1 and an increase in the anti-inflammatory Th2 subpopulation, whereas Th17 subpopulation remained unchanged, suggesting an anti-inflammatory shift in previously unaltered Th subpopulations. Our results are consistent with previous reports in which a decrease in Th1, increase in Th2, and no alteration of Th17 memory T cells was reported in 15 RRMS patients treated only 6 months with DMF (33) A reduction in Th1 (analyzed as CXCR3+) and increase in Th2 (analyzed as CCR3+) frequencies were also reported in a nine patients longitudinal cohort (9). However, in contrast to our study, these authors also found a reduction in Th17 cells. Discrepancy in the results may be due to the experimental protocol used to analyze Th17 subpopulation: their analysis was based on “CCR6+ only,” which presumably includes CCR6+CXCR3− non altered Th17 cells, but also our separately analyzed CCR6+CXCR3+ Th17.1 cells, the subpopulation which we have identified to be reduced by DMF treatment.

Our most relevant finding comes from the study of cTfh subpopulations, which are responsible for driving B cell differentiation. Important differences were found between untreated and DMF-treated patients: a significant increase of cTfh2 cells was observed in 12 month treated patients, accompanied by a significant decrease in cTfh1 and cTfh17.1 cells. No differences were found in cTfh17 percentages. These results imply that DMF reverts the pro-inflammatory switch of cTfh cells detected in untreated RRMS patients. B cells modifications found after treatment could be an indirect consequence of the observed cTfh subpopulations modulation, but we cannot rule out a direct effect of DMF on B cells.

In any case, DMF-induced changes in these subpopulations had a humoral consequence. Although serum levels of IgG and IgM were not importantly modified, IgA significantly decreased over time in response to DMF treatment. This is an important observation as a recent report has demonstrated a relationship between CSF IgA levels and IgA CSF/serum quotient, and cerebral atrophy and EDS in MS patients (34). Moreover, given the importance of several cytokines, particularly IFNγ, in the IgG subclass switch process (35, 36), changes in IgG subclass profile (decrease in IgG3 and IgG2) in the serum of our DMF-treated patients favor a role of the Tfh subpopulations shift and their secreted cytokines in the DMF treatment effect.

When we compared untreated RRMS patients with healthy subjects, we only found differences in the cTfh subpopulations (higher percentage of Tfh17.1 and lower percentage of Tfh2 cells) and B cells subpopulations (increase in switched memory B). Over the course of our study, DMF progressively reverted this proinflammatory shift in cTfh and B cells subpopulations by the end of the 12-month treatment if compared to healthy controls values. Interestingly, three DMF non-responder patients did not revert the deviation of cTfh subpopulations. Although these findings should be validated with wider cohorts of DMF non-responders, our data suggest that normalization of cTfh subpopulations upon DMF treatment may be related to clinical response. Moreover, the fact that two of these patients were the most severely affected at baseline evaluation may suggest that DMF is not effective in those cases and treatment should be started earlier.

In summary, we have demonstrated a pro-inflammatory shift of cTfh and B cells in RRMS patients. DMF treatment induces a progressive decrease in cTfh1 and the pathogenic cTfh17.1 subpopulations, together with an increase in cTfh2 subpopulations, resulting in a reversion of this situation. This effect is accompanied by a corresponding decrease in switched-memory B cells and an increase in naïve, transitional, and plasmablasts B cells. We postulate that the decrease in pro-inflammatory IFNγ and IL-17 producing cells and antigen experienced B cells may explain the protective activity of DMF in RRMS-treated patients. The measurement of cTfh subpopulations could be a biological marker to evaluate DMF response.
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CD4+ T cell differentiation is influenced by a plethora of intrinsic and extrinsic factors, providing the immune system with the ability to tailor its response according to specific stimuli. Indeed, different classes of pathogens may induce a distinct balance of CD4+ T cell differentiation programmes. Here, we report an uncommonly strong bias toward follicular helper (Tfh) differentiation of CD4+ T cells reactive with a retroviral envelope glycoprotein model antigen, presented in its natural context during retroviral infection. Conversely, the response to the same antigen, presented in different immunization regimens, elicited a response typically balanced between Tfh and T helper 1 cells. Comprehensive quantitation of variables known to influence Tfh differentiation revealed the closest correlation with the strength of T cell receptor (TCR) signaling, leading to PD-1 expression, but not with surface TCR downregulation, irrespective of TCR clonotypic avidity. In contrast, strong TCR signaling leading to TCR downregulation and induction of LAG3 expression in high TCR avidity clonotypes restrained CD4+ T cell commitment and further differentiation. Finally, stunted Th1 differentiation, correlating with limited IL-2 availability in retroviral infection, provided permissive conditions for Tfh development, suggesting that Tfh differentiation is the default program of envelope-reactive CD4+ T cells.
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INTRODUCTION

Several divergent and often competing programmes of CD4+ T cell differentiation are now well recognized, leading to the development of distinct functional subsets, including T helper (Th) 1, 2, or 17 cells, follicular helper (Tfh) cells, and regulatory T (Treg) cells (1–5). The relative balance of CD4+ T cell differentiation to one or more of these functional subsets largely depends on a multitude of T cell-extrinsic factors, with the cytokine milieu naïve T cells encounter during the priming phase playing a major role (1–5). However, CD4+ T cell differentiation can also be shaped by T cell-intrinsic properties, such as the relative affinity of the T cell receptor (TCR), favoring development of particular subsets (6–8). The combined effect of such T cell-extrinsic and T cell-intrinsic factors can result in considerable diversity of functional responses, allowing adaptive immunity to modify its response according to the nature of the antigenic stimulus.

Acute viral infections typically induce a CD4+ T cell response that is almost exclusively composed of Tfh and Th1 cells, in approximately equal proportion. Indeed, the ratio of Tfh to Th1 cells in the CD4+ T cell response to acute lymphocytic choriomeningitis virus (LCMV) has been amply reported close to 1 and 2 for LCMV Armstrong (9–14) and clone 13 (Cl13) (15–19), respectively, and similar results were also reported for influenza A virus infection (20–23).

Several well-defined factors have been demonstrated to influence the balance of Th1 and Tfh cells in response to viruses, as well as other challenges. One of these is the availability of IL-2, determined both by the rate of production by effector CD4+ T cells and the rate of consumption by Treg cells or dendritic cells (20, 24–26). IL-2 has been reported to negatively affect Tfh differentiation, in favor of Th1 differentiation (20, 24–26). The balance of Th1 and Tfh differentiations in response to infection with viruses, as well as other classes of pathogens, is also strongly influenced by the nature of the dominant antigen-presenting cell (APC) type (2, 3, 5, 6). For example, antigen presentation by B cells is considered critical for consolidating Tfh differentiation, whereas presentation by macrophages is thought to promote Th1 differentiation (2, 3, 5, 6).

How T cells integrate the multitude of intrinsic and extrinsic factors regulating the balance of their differentiation is not currently completely understood. It is possible that these factors do not operate independently, but are linked at the level of APC-T cell interaction. Indeed, the type of dominant APC determines the cytokine milieu (e.g., IL-12 production or IL-2 consumption) (20, 24–26), the provision of costimulatory signals (e.g., ICOS-L) (5, 27), and the TCR signal strength, given that APC types differ in the potency of stimulation.

We studied the CD4+ T cell response to model retroviral antigen from the gp70 envelope glycoprotein of the Friend murine leukemia virus (F-MLV) (28, 29), to assess the relative contribution of individual intrinsic and extrinsic factors, previously linked to the balance of Th1 and Tfh differentiations. Here, we report an atypically strong bias toward Tfh differentiation in response to this retroviral antigen, when presented during natural infection, and describe the variables of the immune response that determine the balance of Th1 and Tfh differentiations in this setting.



MATERIALS AND METHODS


Mice

Inbred C57BL/6 (B6) and CD45.1+ congenic B6 (B6.SJL-Ptprca Pep3b/BoyJ) mice were originally obtained from The Jackson Laboratory (Bar Harbor, ME, USA). TCRβ-transgenic EF4.1 mice (30), Nur77-GFP transgenic mice (31), B cell receptor-deficient (Ighm−/−) (32), Tcra-deficient (Tcra−/−) (33), Rag1-deficient (Rag1−/−) mice (34), and Rag2-deficient (Rag2−/−) mice (35) were on the B6 genetic background and were maintained at the Francis Crick Institute’s animal facilities. All animal experiments were approved by the ethical committee of the Francis Crick Institute and conducted according to local guidelines and UK Home Office regulations under the Animals Scientific Procedures Act 1986 (ASPA).



CD4+ T Cell Adoptive Transfer

Single-cell suspensions were prepared from the spleens of donor CD45.1+ or CD45.2+ TCRβ-transgenic EF4.1 mice or CD45.2+ Nur77-GFP EF4.1 doubly transgenic mice, and CD4+ T cells were enriched using an immunomagnetic positive selection kit (StemCell Technologies, Vancouver, BC, Canada), at >90% purity. Donor transgenic CD4+ T cells (1 × 106 per recipient) were injected into recipient mice intravenously.



Retroviral Infection and Immunization

The Friend virus (FV) used in this study was a retroviral complex of a replication-competent B-tropic F-MLV (F-MLV-B) and a replication-defective spleen focus-forming virus (SFFV). Stocks were prepared as previously described (36). Mice were injected intravenously with 0.1 mL PBS containing ~50 (low dose), 1,000 (intermediate dose), or 5,000 (high dose) spleen focus-forming units of FV. The F-MLV-NB envL128I variant was generated by mutagenesis of the respective codon (CTC → ATT) in plasmid pLRB302, containing the complete NB-tropic F-MLV clone FB29. The resulting plasmid was then transfected into Mus dunni fibroblast cells (M. dunni cells; CRL-2017). Stocks of F-MLV-B, F-MLV-NB envL128I, or F-MLV-N helper virus were grown in M. dunni cells. Mice received an inoculum of ~104 infectious units of helper virus by intravenous injection. Ad5.pIX-gp70 stocks were prepared at a titer of 9 × 109 viral genomes per milliliter by infection of 293A cells as previously described (37). Approximately 5 × 108 Ad5.pIX-gp70 viral genomes per mouse were administered intravenously. Immunization with FBL-3 tumor cells was carried out by intravenous injection of 1.5 × 106 FBL-3 cells (38). For peptide immunization, mice received an intraperitoneal injection of a total of 12.5 nmol of synthetic env122-141 peptide mixed in Sigma Adjuvant System (Sigma-Aldrich, St. Louis, MO, USA). Where indicated, recipient mice also received blocking antibodies against PD-1 (10 mg/kg, clone RMP1-14) and LAG3 (10 mg/kg, clone C9B7W) (both from BioXCell, West Lebanon, NH, USA), injected intraperitoneally on days 0, 1, 3, and 5 post FV infection.



Antibodies and Flow Cytometry

Spleen single-cell suspensions were stained for 20 min at room temperature or at 4°C with directly conjugated antibodies to surface markers. For detection of intracellular antigens, subsequent to surface staining, cells were fixed and permeabilized using the Foxp3/Transcription Factor Staining Buffer Set (Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s instructions. They were then incubated for 45 min at room temperature with directly conjugated antibodies to intracellular antigens. Zombie UV Fixable Viability Kit (BioLegend, San Diego, CA, USA) was used to label and exclude dead cells from analysis. The following anti-mouse antibodies were used: BV785- or BV711-anti-CD4 (clone GK1.5), PE/Cy7-anti-CD45.1 (clone A20), PE/Cy7-anti-CD279 (PD-1, clone 29F.1A12), BV785-anti-CD150 (SLAM, clone TC15-12F12.2) (from BioLegend); V500-anti-CD44 (clone IM7), BV421- or PerCPCy5.5-anti-CD162 (PSGL1, clone 2PH1), BV421-anti-Ly6C (clone AL-21), PE-anti-Bcl6 (clone K112-91), FITC-anti-Vα2 (clone B20.1) (from BD Biosciences, San Jose, CA, USA); PE-anti-CD25 (clone PC61.5), PE-Cyanine7-anti-CD45R (B220, clone RA3-6B2), APC-eFluor-780-anti-CD45.2 (clone 104), eFluor450-anti-CD45.1 (clone A20), PE-anti-CD223 (LAG3, clone eBioC9B7W), APC-anti-Ter119 (clone TER-119), APC-anti-Vα2 (clone B20.1), FITC- or APC-anti-TCRβ (clone H57-597) (from Thermo Fisher Scientific, Waltham, MA, USA); Alexa(R)488- or Alexa(R)647-anti-TCF1 (clone C63D9) (from Cell Signaling Technology, Danvers, MA, USA). For CXCR5 staining, splenocytes were incubated with biotin rat anti-mouse CXCR5 antibody (clone 2G8, BD Biosciences) at 37°C for 25 min, followed by incubation with APC- or PE-streptavidin (BioLegend) for 20 min at room temperature. FV-infected cells were detected by using surface staining for the glycosylated product of the viral gag gene (Glyco-Gag), using the matrix (MA)-specific monoclonal antibody 34 (mouse IgG2b), followed by an FITC-anti-mouse IgG2b secondary reagent (clone 12-3 from BD). Multi-color cytometry was performed on LSRFortessa flow cytometers (from BD Biosciences) and analyzed with FlowJo v10.1 (Tree Star Inc., Ashland, OR, USA).



Fluorescence Microscopy

Frozen OCT (Dako)-embedded spleen sections were fixed in cold acetone, stained with fluorescein labeled peanut agglutinin (PNA, Vector Laboratories), and with directly conjugated antibodies against anti-mouse/human B220 (clone RA3-6B2, AlexaFluor 594, BioLegend) and anti-mouse CD45.1 (clone A20, Alexa Fluor 647, BioLegend). Stained sections were mounted in fluorescent mounting medium (Dako) and viewed with an Olympus IX83 inverted microscope system (Olympus Corporation, Shinjuku, Tokyo, Japan).



Analysis of Single-Cell RNA-Sequencing Data

Gene transcription in env-reactive CD4+ T cells was assessed using publicly available single-cell RNA-sequencing data (European Nucleotide Archive accession number PRJEB14043) as previously described (39). These included the transcriptional profiles of single env-reactive donor CD4+ T cells isolated from the spleens of wild-type (WT) recipients infected with FV or immunized with Ad5.pIX-gp70, 7 days previously. They also included the transcriptional profiles of single env-reactive donor EF4.1 CD4+ T cells that carried a WT Bcl6 allele (Bcl6wt) or a conditional Bcl6 allele (Bcl6fl), purified from the spleens of WT recipient mice, 7 days after FV infection. Expression values were analyzed using the Qlucore Omics Explorer 3.3 (Qlucore, Lund, Sweden), and pathway analyses were performed using The Database for Annotation, Visualization and Integrated Discovery v6.8 (https://david.ncifcrf.gov/home.jsp).



Cytokine Gene Transcription and Protein Production

Serum levels of IL-2 were measured on a Luminex system (Bio-Plex 100) using the mouse cytokine kits (Bioplex Mouse cytokine group II and Bioplex Mouse Cytokine Standard; Bio-Rad Laboratories, Hercules, CA, USA) following the manufacturer’s instructions, as previously described (30, 40). Transcription of the indicted cytokine genes in env-reactive CD4+ T cells was assessed using publicly available single-cell RNA-sequencing data, as described above.



Statistical Analyses

Statistical comparisons were made using SigmaPlot 13.0 (Systat Software Inc., Germany) or GraphPad Prism 7 (GraphPad Software, La Jolla, CA, USA). Parametric comparisons of normally distributed values that satisfied the variance criteria were made by unpaired Student’s t-tests or One Way Analysis of variance (ANOVA) tests. Data that did not pass the variance test were compared with non-parametric two-tailed Mann–Whitney Rank Sum tests or ANOVA on Ranks tests. p Values are indicated by asterisks as follows: *p < 0.05; **p < 0.005; ***p < 0.0005. Hierarchical clustering, principal component analysis, and heatmap production were performed with Qlucore Omics Explorer 3.3 (Qlucore).




RESULTS


The CD4+ T Cell Response to F-MLV Env Is Heavily Dominated by Tfh Cells

To study CD4+ effector T cell development, we employed a well-described adoptive transfer system, where EF4.1 TCRβ-transgenic CD4+ T cells, reactive with the dominant H2-Ab-restricted env122-141 epitope within the F-MLV gp70 glycoprotein, were transferred into WT B6 recipients (37, 41). Transferred T cells were primed in recipient mice by infection with FV, a retroviral complex of F-MLV and SFFV that causes chronic infection in B6 mice (28, 29).

As previously reported (41, 42), a considerable proportion (~50%) of env-reactive EF4.1 CD4+ T cells developed a PD-1high CXCR5+ phenotype consistent with Tfh cells (Figure 1A). Further detailed phenotypic characterization confirmed the Tfh profile of these cells as CXCR5+ PD-1high Bcl6+ PSGL1− Ly6C− SLAMlow (Figure 1B). Consistent with their phenotype, a large proportion of donor CD4+ T cells localized within B cell follicles or germinal centers in the spleens of recipient mice (Figure 1C), further supporting strong Tfh differentiation of env-reactive EF4.1 CD4+ T cells.
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FIGURE 1 | Follicular helper (Tfh) cells heavily dominate the CD4+ T cell response to F-MLV env. (A,B) CD4+ TCRβ-transgenic EF4.1 T cells were adoptively transferred into CD45.1+ CD45.2+ WT recipients infected with an intermediate dose of Friend virus (FV) (1,000 spleen focus-forming units) and analyzed by flow cytometry in the spleen 7 days later. (A) Gating strategy for the identification of env-reactive (CD4+ CD44+) and Tfh-phenotype (PD-1+ CXCR5+) donor cells in these recipients. (B) Flow cytometric characterization of Th1 (in blue), Th0 (in gray), and Tfh (in red) subsets in env-reactive donor CD4+ CD44+ T cells. (C) CD45.1+ CD4+ EF4.1 T cells were adoptively transferred into FV-infected CD45.2+ WT recipients and detected by immunofluorescence microscopy in spleen sections 7 days later (RP, red pulp; B, B cell zone; T, T cell zone; GC, germinal center). Donor CD4+ were identified as CD45.1+ cells and germinal centers were visualized by staining with peanut agglutinin (PNA). (D) Flow cytometric example of FV-infected Glygo-Gag+ Ter119+ cells (left) and frequency of Glygo-Gag+ cells in the Ter119+ population (right) in the spleens of WT B6 mice infected with different doses of FV. Mean frequency (±SEM, n = 3 mice per group) of one representative of two experiments is shown. (E) Profile of PSGL1 and CXCR5 expression (left), absolute number (middle), and mean frequency (±SEM) (right) of Th1, Th0, and Tfh cells in env-reactive donor CD4+ T cells from the spleen of recipient mice infected with the indicated doses of FV (data are from 4–6 experiments for each FV dose with at least three mice per experiment). (F) Tfh/Th1 ratio in env-reactive donor CD4+ T cells after FV infection (individual symbols denote the mean Tfh/Th1 ratio in independent experiments with at least 3 mice per experiment), compared the Tfh/Th1 ratio reported in the literature for virus-specific CD4+ T cells responding to infection with lymphocytic choriomeningitis virus (LCMV) Armstrong (Arm), LCMV clone 13 (Cl13) or influenza virus PR38 (IAV).


Notable, however, were the relative paucity (~10%) of env-reactive EF4.1 CD4+ T cells with a Th1 phenotype (PSGL1+ PD-1+ SLAM+ CXCR5− Bcl6− Ly6C−) (43) and the presence of a sizable population (~35%) of cells that lacked markers of Tfh or Th1 commitment (PSGL1− SLAM− CXCR5−) (Figures 1A,B). The latter population, referred here as Th0 to denote their uncommitted state (44), retained TCF-1 expression and expressed low levels of Bcl6 (Figure 1B).

As antigen availability can greatly influence CD4+ T cell differentiation, we compared the efficiency of Tfh development in response to different FV loads (Figure 1D). Surprisingly, the proportion of seemingly uncommitted Th0 cells correlated inversely with levels of FV infection, both in terms of absolute numbers and proportion within env-reactive donor CD4+ T cells (Figures 1B,E). Indeed, whereas the highest dose of FV primed increased absolute numbers of all three EF4.1 CD4+ T cell subsets, Th0 cells exhibited the highest increase (Figure 1E). In contrast, the lowest dose of FV elicited considerable reduced numbers of Th0 and Th1 cells, while favoring development of Tfh cells, which now comprised the overwhelming majority (Figure 1E).

Thus, FV infection induces primarily a Tfh phenotype in env-reactive EF4.1 CD4+ T cells and, to a much lesser extent, a Th1 phenotype (Figure 1E), whereas Th2, Th17, Treg, or CTL differentiation is not typically observed (37, 39, 42). This skewing in favor of Tfh differentiation was much more pronounced in FV infection, where there are on average 5.2 times more Tfh than Th1 cells, than in other acute viral infections, where this ratio is consistently reported to be closer to 1 (9–23) (Figure 1F).



Distinguishable Transcriptional Activity of Uncommitted Th0 Cells

The strong bias in Tfh development following FV infection suggested that the seemingly uncommitted Th0 cells were primed env-reactive CD4+ T cell that had not successfully completed the program of Tfh differentiation. To better place them in the spectrum of Th differentiation, we compared the transcriptional profiles of Th0 cells using single-cell RNA-sequencing data obtained with env-specific EF4.1 CD4+ T cells primed by FV or a replication-defective human adenovirus serotype 5 vector expressing the F-MLV gp70 glycoprotein (Ad5.pIX-gp70) (39). Th1, Tfh, and Th0 cells were defined here according to their expression of Cxcr5 and Selplg (the gene encoding PSGL1). We first selected the top 204 genes, whose expression best differentiated Th1 and Tfh cells (≥2-fold change, p ≤ 0.05) (Figure 2A). Transcription of these genes in Th0 cells showed a profile that was intermediate between the Th1 and Tfh extremes (Figure 2A), consistent with their unpolarized phenotype. Direct comparison between Th0 cells and the other two subsets revealed an extensive set of genes that were differentially expressed (≥2-fold change, p ≤ 0.05), the majority of which were absent from Th0 cells (Figure 2B; Table S1 in Supplementary Material). Specific to Th0 cells was expression of 88 genes (Table S1 in Supplementary Material), involved in active metabolic pathways (Figure 2C), indicating a highly activated phenotype of Th0 cells, despite incomplete differentiation.
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FIGURE 2 | Distinct transcriptional profile of uncommitted Th0 cells. Gene expression previously assessed by single-cell RNA-sequencing of env-reactive donor CD4+ T cells isolated from the spleens of WT recipients infected with Friend virus (FV) or immunized with Ad5.pIX-gp70. (A) Heatmap of expression values of the 204 most differentially expressed genes (≥2-fold change, p ≤ 0.05) between Th1 and follicular helper (Tfh) cells. (B) Heatmap of expression values of the 374 most differentially expressed genes (≥2-fold change, p ≤ 0.05) between Th0 cells and the other two subsets. Each row and column is an individual gene and cell, respectively, plotted according to their order in principal component analysis. (C) Functional pathways revealed by enrichment analysis on genes differentially upregulated (≥2-fold, p ≤ 0.05, q = 0.05) between Th0 cells and the other two subsets. (D) Cxcr5 and Selplg expression in Bcl6wt and Bcl6fl env-reactive donor EF4.1 CD4+ T cells purified from the spleens of recipient mice, 7 days after FV infection. Each red symbol represents an individual cell, whereas single black symbols are plotted for all the cells where Cxcr5 and Selplg expression was undetectable.


To further probe any subset commitment of Th0 cells, albeit incomplete, we examined their dependency on Bcl6 expression. This was achieved by using single-cell RNA-sequencing data obtained with env-specific EF4.1 CD4+ T cells that carried a WT Bcl6 allele (Bcl6wt) or a conditional Bcl6 allele (Bcl6fl) that was deleted by Cre-mediated recombination upon T cell activation (39). When primed by FV in WT hosts, 41% (25/61) of Bcl6wt EF4.1 CD4+ T cells displayed a Th0 phenotype (Cxcr5− Selplg−), whereas this proportion was reduced to 21% (9/42) in Bcl6fl EF4.1 CD4+ T cells (Figure 2D), despite comparable numerical priming of both types of T cell under these conditions (39). Together, these data suggested that at least a proportion of Th0 cells may have initiated but not completed Tfh differentiation, particularly in conditions of high viral loads.



Inhibitory Receptors Restrain Full Tfh Maturation in Response to FV Infection

To further probe how FV loads might influence Tfh differentiation of env-reactive EF4.1 CD4+ T cells, we examined the potential effect of inhibitory receptors. At the peak of their response to FV infection, env-reactive EF4.1 CD4+ T cells have been previously shown to express high levels of multiple inhibitory receptors, including PD-1 and LAG3 (39). Analysis of the earliest time-points at which donor CD4+ T cell expansion can be reliably demonstrated (Figure 3A) revealed that PD-1 and LAG3 expression reached near maximum levels already by day 4 post FV infection (Figure 3B).
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FIGURE 3 | Follicular helper (Tfh) cells maturation control by inhibitory receptor induction. CD4+ EF4.1 T cells were adoptively transferred into WT recipients infected with intermediate dose of Friend virus (FV) and analyzed by flow cytometry in the spleens on days 4 (n = 9) and 7 (n = 13) post-transfer and infection. (A) Absolute number of env-reactive CD4+ T cells were recovered. (B) Flow cytometry profile (left) and mean frequency (±SEM) (right) of PD-1+ LAG3+ cells within env-reactive donor CD4+ T cells. Each symbol is an individual mouse. (C) Mean frequency (±SEM) of T helper (Th) subsets, defined by PSGL1 and CXCR5 expression, in env-reactive donor CD4+ T cells. (D) Representative flow cytometric profile of PD-1 and LAG3 expression (left), mean frequency (±SEM) of PD-1+ LAG3+ cells, and (E) mean fluorescence intensity (MFI) of PD-1 staining in env-reactive CD4+ T cells isolated from the spleens of recipient mice on day 7 post transfer and infection with the indicated dose of FV. Each symbol is an individual mouse (n = 11, n = 14, and n = 9 for low, intermediate and high FV dose, respectively). (F) Correlation between the frequency of Th0 cells and the MFI of PD-1 expression in env-reactive donor CD4+ T cells from the same mice described in (D). (G) Flow cytometric analysis (left), absolute number (middle), and mean frequency (±SEM) (right) of Th subsets, defined by PSGL1 and CXCR5 expression, in env-reactive donor CD4+ T cells, 7 days after transfer into FV-infected recipients with or without additional treatment with PD-1 and LAG3 blocking antibodies (n = 4 from one of two representative experiments).


Also comparable between days 4 and 7, post infection was the relative ratio of Tfh and Th1 cells in env-reactive EF4.1 CD4+ T cells (Figure 3C), in agreement with commitment to Tfh or Th1 differentiation at this early time-point (45). Given that proliferation of donor CD4+ T cells is atypically slowing down between days 4 and 7 post FV infection (37), we reasoned that the early induction of inhibitory receptors during FV infection might restrict further differentiation. Consistent with this notion, frequencies of env-reactive EF4.1 CD4+ T cells coexpressing PD-1 and LAG3, as well as the intensity of PD-1 expression, directly correlated with both FV loads and the proportion of the uncommitted Th0 subset of env-reactive EF4.1 CD4+ T cells (Figures 3D–F).

To test whether the early expression of PD-1 and LAG3 during FV infection was impeding Th differentiation of env-reactive EF4.1 CD4+ T cells, we treated recipient mice with PD-1 and LAG3 blocking antibodies. Such treatment during FV infection was previously demonstrated to promote CTL differentiation of donor CD4+ T cells, which is not typically observed in FV infection (39). However, the CD4+ CTL subset induced by PD-1 and LAG3 blockade during FV infection constituted only ~7% of env-reactive EF4.1 CD4+ T cells (39), and it was possible that Tfh differentiation was still favoured. Indeed, PD-1 and LAG3 blockade during FV infection drove efficient differentiation of uncommitted Th0 env-reactive EF4.1 CD4+ T cells into Tfh cells, which again formed the large majority, with a small numerical increase in Th1 cells and a small numerical loss of Th0 cells (Figure 3G).

Together, these results suggested that FV infection induces primarily Tfh differentiation of env-reactive EF4.1 CD4+ T cells, partly restrained by inhibitory receptor expression, in turn induced by strong TCR signaling.



Multifactorial Contribution to Tfh Cell Development During FV Infection

The ability of FV infection to promote Tfh differentiation, especially under conditions when PD-1 and LAG3 were not maximally expressed or were blocked, seemed rather exceptional. A host of well-established intrinsic and extrinsic factors may help or hinder Tfh development and, alone or in combination, could account for the dominance of Tfh cells in the response to FV infection. Included among these factors are the avidity of the TCR, the form of antigen and duration of its presentation, the strength of interaction with B cells, and the cytokine environment, particularly the availability of IL-2.

We next investigated how modulation of one or more variables known to affect Tfh cell development, might shape differentiation of CD4+ T cells in response to FV. High TCR avidity has long been suggested as a contributor to Tfh cell differentiation in other systems and could contribute to Tfh bias also in response to FV infection (6–8). EF4.1 CD4+ T cells comprise a semi-polyclonal repertoire of env-reactive TCRs, differing in their avidity for the cognate antigen, according to the pairing of the transgenic TCRβ chain with endogenous TCRα chains (30, 41). Indeed, clonotypes with higher or lower TCR avidity for H2-Ab-env122-141 can be identified by the use of TCR Vα2 or Vα3 (non-Vα2) endogenous chains, respectively, and used to examine the effect of TCR avidity on Th differentiation (30, 41). Nevertheless, Tfh development was broadly comparable between Vα2+ and Vα3+ env-reactive CD4+ T cell clonotypes, albeit development of Th1 cells appeared more efficient in lower avidity Vα3+ clonotypes in response to FV infection (Figure 4A). Thus, the bias in Tfh differentiation of EF4.1 CD4+ T cells was observed across clonotypes with a range of TCR avidities.
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FIGURE 4 | Effect of TCR avidity on the follicular helper cells (Tfh) response to F-MLV env. (A) Flow cytometry example of Vα2 expression (left) and mean frequency (±SEM) (right) of T helper (Th) subsets, defined by PSGL1 and CXCR5 expression, in Vα2+ or Vα3+ (Vα2−) env-reactive donor CD4+ T cells, 7 days after transfer into Friend virus (FV) infected recipients (n = 10). (B) Characterization of clonal expansion and expression of Vα2, PD-1, and LAG3 in env-reactive donor CD4+ T cells, 7 days post-transfer in WT recipient mice infected with ~104 infectious units of F-MLV-B, F-MLV-NB envL128I, or F-MLV-N. (C) Absolute number (left) and mean frequency (±SEM) (right) of Th subsets, defined by PSGL1 and CXCR5 expression, in env-reactive donor CD4+ T cells from the same donor cells as in (B). One representative of two experiments with n = 4, n = 3, and n = 3 mice for F-MLV-B, F-MLV-NB envL128I, and F-MLV-N infection, respectively, is shown.


As an independent way to assess the effect of TCR avidity, we introduced mutations that alter the potency of the F-MLV env122-141 epitope to stimulate particular clonotypes. Prior work highlighted the L residue at position 128 as an important contributor to recognition, particularly by higher avidity Vα2+ env-reactive CD4+ T cell clonotypes (46). Epitopes carrying an L128I mutation behave as strong agonists for all clonotypes (46). F-MLVs expressing variants of the env122-141 epitope were also compared with N-tropic F-MLV (F-MLV-N), whose replication in B6 mice is restricted by the product of the Fv1b allele, therefore reducing the amount of available antigen.

Friend murine leukemia virus carrying the envL128I epitope induced significantly higher numbers of env-reactive EF4.1 CD4+ T cells than WT F-MLV-B, whereas F-MLV-N was less immunogenic (Figure 4B). Consistent with its potency, F-MLV-NB envL128I infection primed Vα2+ as well as Vα3+ env-reactive CD4+ T cell clonotypes, in contrast to WT F-MLV infection, which favored Vα2+ clonotypes (Figure 4B). As a result, the frequency of Vα2+ clonotypes in env-reactive CD4+ T cells was higher following infection with WT F-MLV than with F-MLV-NB envL128I (Figure 4B). Moreover, expression of inhibitory receptors PD-1 and LAG3 was also regulated according to the potency of antigenic stimulation, reaching maximal levels in response to F-MLV envL128I infection (Figure 4B). However, despite notable differences in induced clonal expansion and potency of antigenic stimulation between the mutant F-MLV viruses, differentiation of primed EF4.1 CD4+ T cells was highly comparable and still heavily skewed toward the Tfh subset (Figure 4C).

Th differentiation in response to a given antigen is also influenced by the context in which it is presented and in particular by its vector. We, therefore, compared the degree of Tfh differentiation of EF4.1 CD4+ T cells induced by F-MLV env122-141 in different immunization regimens. These included vaccination with Ad5.pIX-gp70 (47), transient env124-138 peptide immunization in Sigma adjuvant and transplantation of the FV-induced FBL-3 tumor cell line (38).

Each immunization regimen induced a characteristic pattern of clonotypic composition and inhibitory receptor expression (Figure 5A). In comparison with FV infection, Ad5.pIX-gp70 immunization induced a sizeable Tfh, as well as Th1 population of env-reactive CD4+ T cells, as previously shown for CD4+ CTL development (39), without concomitant increases in the Th0 subset (Figures 5A,B). Peptide immunization induced lower numbers of env-reactive CD4+ T cells, but this reduction affected mostly Th0 and Tfh cells (Figures 5A,B). Finally, FBL-3 tumor cell immunization promoted expansion of Th1 cells, at the expense of Tfh cells, but also primed Th0 cells (Figures 5A,B). Thus, each immunization regimen elicited a somewhat distinct Th differentiation balance in env-reactive EF4.1 CD4+ T cells. Nevertheless, Tfh cells continued to be a prominent subset in response to all the regimens (Figure 5B).
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FIGURE 5 | Effect of immunization regimen on the follicular helper cells (Tfh) response to F-MLV env. (A) Flow cytometric analysis of Vα2, PD-1, LAG3, PSGL1, and CXCR5 expression in env-reactive CD4+ T cells isolated from the spleens of WT recipients on day 7 post transfer and priming with the indicated immunization regimens [intermediate Friend virus (FV) infection, n = 3; Ad5.pIX-gp70 vaccination, n = 7; env124-138 peptide in Sigma Adjuvant System immunization, n = 7; FBL-3 challenge, n = 6]. (B) Absolute number (top) and mean frequency (±SEM) (bottom) of T helper (Th) subsets, defined by PSGL1 and CXCR5 expression, in env-reactive donor CD4+ T cells from the same donor cells as in (A).


Finally, the Tfh differentiation was examined in the context of altered lymphocyte interaction. To this end, EF4.1 CD4+ T cells were transferred into FV-infected hosts deficient in B cells (Ighm−/−), T cells (Tcra−/−), or both B and T cells (Rag2−/−). Again, clonotypic composition or inhibitory receptor expression in the env-reactive donor CD4+ T cells was characteristic of each type of recipient (Figure 6A). Consistent with the established role for B cells in consolidating Tfh differentiation, env-reactive EF4.1 CD4+ T cells produced a larger fraction of Th1 cells in Ighm−/− hosts, than in WT hosts (Figures 6A,B). Expectedly, enhanced Th1 differentiation in B cell-deficient hosts was at the expense of Tfh differentiation (Figures 6A,B). Despite this shift, however, Th1-phenotype env-reactive EF4.1 CD4+ T cells in Ighm−/− hosts did not outnumber those with a Tfh phenotype or those with an uncommitted Th0 phenotype, with all three subsets represented in almost equal proportions (Figure 6B). Surprisingly, in comparison with WT or Ighm−/− hosts, Th1 differentiation of env-reactive EF4.1 CD4+ T cells was significantly more pronounced in Tcra−/− hosts, where Th1 cells now became the dominant subset (Figures 6A,B). Skewed differentiation was even more pronounced in Rag2−/− hosts, where env-reactive EF4.1 CD4+ T cells developed almost exclusively (~75%) into Th1 cells (Figures 6A,B). This shift in favor of Th1 differentiation in Tcra−/− and Rag2−/− hosts was driven by approximately 60-fold higher expansion of Th1 cells in such T cell-lymphopenic hosts, in comparison with T cell-replete hosts.
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FIGURE 6 | Effect of lymphocyte interaction on the follicular helper (Tfh) response to F-MLV env. (A) Flow cytometric analysis of Vα2, PD-1, LAG3, PSGL1, and CXCR5 expression in env-reactive CD4+ T cells isolated from the spleens of the indicated recipient mice on day 7 post transfer and intermediate Friend virus (FV) infection (WT host, n = 12; Ighm−/− host, n = 6; Tcra−/− host, n = 6; Rag2−/− host, n = 7). (B) Absolute number (top) and mean frequency (±SEM) (bottom) of T helper (Th) subsets, defined by PSGL1 and CXCR5 expression, in env-reactive donor CD4+ T cells from the same donor cells as in (A).


Together, these results highlighted the multitude of intrinsic and extrinsic factors that influence the balance of Tfh and Th1 differentiation in response to F-MLV env, but also indicated that each of these factors may contribute to a different degree, with T cell lymphopenia exerting the strongest influence.



Reduced IL-2 Availability During FV Infection Facilitates Tfh Development

In addition to increased availability of antigenic peptide-MHC complexes, a well-described effect of T cell lymphopenia is reduced T cell competition for other growth signals, such as cytokines. Consumption of effector CD4+ T cell-produced IL-2 by Treg cells or dendritic cells has been shown to promote Tfh differentiation, at the expense of Th1 differentiation in a variety of experimental systems (20, 24–26). It was, therefore, possible that the strong bias toward Tfh differentiation in FV infection was due to defective IL-2 signaling, either due to lack of production or to increased consumption by cells other than effector CD4+ T cells.

Consistent with this hypothesis, expression levels of CD25 were lower when env-specific EF4.1 CD4+ T cells were primed in WT than in or Rag2−/− hosts (Figure 7A), although most env-reactive donor CD4+ T cells did not exhibit detectable CD25 expression in either type of host. As expression of CD25 may also be induced by IL-2 signaling, it was possible that, as well as reduced responsiveness of EF4.1 CD4+ T cells to IL-2, production or availability of IL-2 was reduced in WT hosts. Indeed, serum IL-2 was minimally detected during FV infection of lymphocyte-replete hosts, even when B6 mice with increased genetic susceptibility, provided by the Fv2s allele (36), were used (Figure 7B). In contrast, transfer of EF4.1 CD4+ T cells into FV-infected lymphocyte-deficient Rag1−/− hosts led to readily detectable serum IL-2 (Figure 7C).
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FIGURE 7 | Defective IL-2–IL-2R axis in CD4+ T cell response to F-MLV env. (A) Flow cytometric example (left) and frequency of CD25 expressing cells (right) expression in env-reactive donor CD4+ T cells, 7 days after transfer into Friend virus (FV) infected WT or Rag2−/− recipients. (B) Mean (±SEM) levels of IL-2 in the serum of WT B6. Fv2s mice at different time-points after intermediate FV infection (n = 4–5 per time-point). (C) Mean (±SEM) levels of IL-2 in the serum of Rag1−/− mice 35 days after infection with an intermediate dose of FV (control, n = 4) and those additionally received CD4+ EF4.1 T cells at the time of infection (EF4.1, n = 5). (D) Heatmap and hierarchical clustering of cytokine gene expression, assessed by single-cell RNA sequencing, in env-reactive donor CD4+ T cells isolated from the spleens of WT recipients infected with FV or immunized with Ad5.pIX-gp70. Each column represents an individual cell.


IL-2 transcription was previously found to be reduced in env-specific EF4.1 CD4+ T cells responding to FV infection than to Ad5.pIX-gp70 immunization (37). However, relative reduction of IL-2 transcription in FV infection could simply reflect the strong skewing toward Tfh cells, which may not produce IL-2. To further investigate the nature of IL-2-producing CD4+ T cells, we searched for correlates of IL-2 production in single-cell RNA-sequencing data obtained with env-specific EF4.1 CD4+ T cells primed by FV or Ad5.pIX-gp70 (39). This analysis revealed that most EF4.1 CD4+ T cells transcribing Il2 in response to FV infection, also transcribed Il21, Il10 or Ifng (Figure 7D). In contrast, transcription of distinct cytokine genes was largely restricted to different EF4.1 CD4+ T cells responding to Ad5.pIX-gp70 immunization, with most Il2-positive cells lacking transcripts for other cytokines, with the exception of Gzmb (Figure 7D). These data suggest that env-specific EF4.1 CD4+ T cells producing IL-2 following FV infection or Ad5.pIX-gp70 immunization display disparate functional properties. Together, these results highlighted the important contribution of reduced IL-2 production and availability to the dominant Tfh skewing in the CD4+ T cell response to FV infection.



Distinct Correlates of Tfh and Th1 Differentiation in Response to FV Infection

To investigate possible correlates of Tfh bias in FV infection, we compared a number of variables relating to the strength of TCR signaling. This was assessed independently by the degree of clonal expansion and resulting clonotypic composition, the degree of surface TCR downregulation, the activity of a Nur77-GFP reporter (Figure 8A) (31), and the degree of PD-1 and LAG3 expression. Although all these parameters can be directly affected by the strength of TCR signaling, their precise relationship or indeed their effect on Tfh differentiation is not necessarily linear.
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FIGURE 8 | Correlates of follicular helper cells (Tfh) and Th1 CD4+ T cell response to F-MLV env. (A) Representative flow cytometric profile of GFP expression in Nur77-GFP EF4.1 doubly transgenic env-reactive donor CD4+ T cells, 7 days post transfer into Friend virus (FV)-infected WT recipients. (B) Mean fluorescence intensity (MFI) (±SEM) of Nur77-GFP expression (left) and levels of TCRβ expression (right) in env-reactive donor CD4+ T cells, 7 days post transfer into WT (n = 4), Tcra−/− (n = 3) or Rag2−/− (n = 4) recipients, infected with an intermediate dose of FV. One representative of three experiments is shown. (C) Flow cytometric profile (left) and MFI of Nur77-GFP expression (right) and (D) flow cytometric profile (left) and levels of TCRβ expression (right) in T helper (Th) subsets, defined by PSGL1 and CXCR5 expression, in env-reactive donor CD4+ T cells, 7 days after transfer into FV-infected WT recipients (n = 19). Lines connect values from individual recipients. (E) Matrix of correlation coefficients between the indicated variables and Th subset differentiation.


For example, EF4.1 CD4+ T cells primed in WT hosts exhibited the strongest Nur77-GFP signals and highest degree of TCR downregulation, whereas those primed in Rag2−/− hosts displayed the opposite phenotype (Figure 8B), indicating a direct correlation between Nur77-GFP intensity and TCR downregulation. However, EF4.1 CD4+ T cells primed in Tcra−/− hosts downregulated their TCRs to the same degree as in WT hosts, but without the accompanying increase in Nur77-GFP reporter activity (Figure 8B). Also, partly discordant were the degree of TCR downregulation and Nur77-GFP reporter activity in Th functional subsets primed in the same host (Figures 8C,D). Th1 EF4.1 CD4+ T cells retained significant amounts of surface TCR, compared with Tfh or Th0 cells primed in WT hosts (Figures 8C,D), likely due to infrequent interaction of the former subset with B cells. However, Th0 cells exhibited significantly higher Nur77-GFP reporter activity, than either Th1 or Tfh cells in these hosts, despite comparable TCR downregulation with Tfh cells (Figures 7C,D). These results suggested that, although modulation of TCR signal strength is evidently different in EF4.1 CD4+ T cells primed in T cell-replete or T cell-deficient hosts, the effect of T cell lymphopenia on Th differentiation operated through additional mechanisms.

Given the complex patterns of correlation between independently measured variables and the degree of Tfh and Th1 differentiation, we next calculated a correlation matrix (Figure 8E). To this end, we assessed the relative contribution and possible interaction of 13 variables controlling Tfh differentiation measured in the 11 separate combinations of host and immunization or infection regimen described here. This analysis indicated three distinguishable clusters across all conditions, corresponding to each of the three major Th subsets observed in FV infection. Development of Tfh cells correlated most strongly with the activity of the Nur77-GFP reporter, taken to indicate the strength of signaling EF4.1 CD4+ T cells received, and also with the intensity of PD-1 expression (Figure 8E). In contrast, Th1 development exhibited strong anti-correlation with Nur77-GFP reporter activity and PD-1 expression levels and instead correlated with T cell lymphopenia and the availability of IL-2, together likely driving T cell clonal expansion (Figure 8E). Finally, uncommitted Th0 cells, although sharing many attributes with Tfh cells, appear to cluster separately, correlating strongly with LAG-3 expression, the degree of TCR downregulation and, the use of high-affinity TCRs (Figure 8E). Thus, our data suggest that Tfh differentiation is promoted by an optimal degree of TCR signaling, as well as by T cell competition.




DISCUSSION

It is now well recognized that both T cell-intrinsic and T cell-extrinsic factors shape the balance of CD4+ T cell differentiation into distinguishable functional subsets (1–8). However, the relative contribution of each of these factors in isolation or their potential intersection with each other in the context of diverse immunological challenges is still not fully understood. Here, we provided evidence to suggest that the CD4+ T cell response to a model retroviral antigen, presented during natural infection, is heavily skewed toward Tfh differentiation. This allowed us to identify the variables that best correlate with the degree of Tfh differentiation in this model and to accurately quantify their contribution.

The variable that exhibited the closest positive correlation with Tfh differentiation of env-reactive CD4+ T cells in all the conditions studied was the strength of TCR signaling, translating to increased transcription of the Nur77-GFP reporter. Also, directly correlating with both the degree of Tfh differentiation and Nur77-GFP reporter activity was the intensity of PD-1 expression. These findings are consistent with an instructive model, whereby stronger TCR signaling in Th cell precursors favors Tfh development, likely through stronger induction of the Tfh-promoting cytokine IL-21 (42, 48, 49).

Although stronger TCR signaling in Tfh cells was indicated by the increase in Nur77-GFP reporter activity and the intensity of PD-1 expression, it should be noted that not all correlates of TCR signaling followed a similar pattern. For example, the degree of surface TCR downregulation, generally proportional to TCR signal strength (50), did not correlate with the degree of Tfh differentiation. Moreover, expression of LAG3, which is also transiently induced by strong TCR signals (51, 52), showed no positive correlation with Tfh differentiation. Instead, the env-reactive CD4+ T cells with the highest TCR signal, assessed by both the activity of the Nur77-GFP reporter and the degree of surface TCR downregulation, appeared inhibited in their commitment to either the Th1 or Tfh subsets. These cells, which we refer to as uncommitted Th0 cells (44), also strongly correlated with co-expression of the inhibitory receptors PD-1 and LAG3.

Seemingly uncommitted Th0 cells are not typically observed in acute viral infections (44), but a similar population lacking either Th1 or Tfh characteristics has been described in CD4+ T cells primed during the chronic phase of LCMV Cl13 infection (18). In that model, the emergence of Th0 cells was linked to an initial defect in effector differentiation, indirectly caused by chronic IFN type I production (18). Eventually, CD4+ T cells primed during chronic LCMV-specific developed almost exclusively into Tfh cells (18).

The env-reactive CD4+ T cells with Th0 characteristics observed during FV infection are also closely related to Tfh cells, highlighting parallels between acute FV infection and chronic LCMV infection. However, as IFN type I production is not a prominent feature of acute FV infection (40), defective effector differentiation must have alternative explanations. Our results with the FV model suggest that TCR signaling above an optimal strength restrains differentiation of env-reactive CD4+ T cells, which would otherwise be committed to the Tfh subset. Indeed, in addition to displaying the highest Nur77-GFP reporter activity and preferentially expressed genes involved in active metabolism, Th0 cells were most noticeable in conditions associated with the highest antigenic load or potency. Furthermore, the frequency of Th0 in env-reactive CD4+ T cells was positively correlated with the percentage of PD-1 and LAG3 coexpressing cells across the various conditions studied and was reduced by anti-PD-1 and anti-LAG3 treatment during FV infection, which promoted their differentiation into Tfh cells. Notably, Tfh differentiation was also reported to be enhanced by anti-PD-1 and anti-LAG3 treatment during Plasmodium yoelii infection of mice (53), indicating that this pathway is restricting Tfh differentiation in persistent parasitic, as well as viral infection. Thus, our results suggest that Tfh differentiation is most efficiently induced by an optimal range of TCR signal strength.

Although evidently influenced by TCR signal strength, Tfh differentiation of the CD4+ T cell response to F-MLV env was independent of TCR clonotypic affinity, as previously suggested (37, 41, 42). Env-reactive CD4+ T cells bearing identical high-affinity clonotypic TCRs (identified by the use of endogenous Vα2 chains) were found both in the Tfh and Th1 subsets at comparable frequencies. Notably, despite comparable clonotypic TCR usage and Nur77-GFP reporter activity, Th1 env-reactive CD4+ T cells retained nearly the full amount of surface TCR, when compared with their Tfh counterparts in the same host, which had nearly lost their surface TCR expression. Therefore, the differential strength of TCR signals received by Th1 and Tfh cells cannot be solely attributed to differences in clonotypic TCR affinity. Instead, at least part of the differential TCR signaling between Th1 and Tfh cells is secondary to their differentiation and likely the result of their anatomic localization and interaction with distinct APC types. Supporting this notion, downregulation of surface TCR expression in CD4+ T cells has been previously shown, in FV infection (42), as well as in other model systems (54, 55), to be dependent on interaction with antigen-presenting B cells. Retention of surface TCR preferentially in Th1 cells would, therefore, suggest reduced B cell interaction. A central role for the APC type in determining or consolidating Th1 or Tfh effector differentiation may also underlie the propensity of different vaccine vectors or immunization regimens to induce distinct ratios of Th1 and Tfh response to a given antigen.

In addition to interaction with distinct APC types, our findings also support the concept that interaction and/or competition between T cells are also critical in determining effector differentiation, particularly, of Th1 cells. Although expectedly B cell deficiency did promote Th1 responses at the expense of Tfh responses, the strongest positive effect on Th1 differentiation was T cell lymphopenia. Indeed, the proportion of Th1 cells was approximately threefold higher in T cell deficiency than in B cell deficiency. Conditions conducive for Th1 differentiation in T cell lymphopenia are likely to involve deficiency in Treg cells, which can reduce availability of IL-2, thus promoting Tfh differentiation (24). However, an additional role for primary IL-2 production by effector CD4+ T cells was also indicated by single-cell RNA-sequencing analysis. Although Th1-promoting Il2 transcription was still detected in single CD4+ T cells despite the heavy skewing toward a Tfh response following FV infection, this was always accompanied by transcription of Th1-suppressing cytokines, such as Il21 and Il10. In contrast, Il2 transcription in single CD4+ T cells primed by Ad5.pIX-gp70 vaccination partly overlapped only with Gzmb transcription.

Together, our results highlight the potent contribution of T cell-extrinsic variables to determine the relative balance of Th1 and Tfh responses. Manipulating these variables in vaccination regimens in order to achieve a balance of CD4+ T cell effector differentiation appropriate for the respective context (e.g., viral infection or cancer) will be the next important challenge.
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Follicular helper T (Tfh) cells are necessary for germinal center (GC) formation and within the GC, provide key signals to B cells for their differentiation into plasmablasts and plasma cells that secrete high-affinity and isotype-switched antibody (Ab). A specialized subset of Foxp3+ T cells termed T follicular regulatory (Tfr) cells, also regulate the differentiation of Ab-secreting cells from the GC. Tfr-cell function in the GC is not well understood, however, the dominant paradigm currently is that Tfr cells repress excessive Tfh and GC B cell proliferation and help promote stringent selection of high-affinity B cells. A mouse model where the Bcl6 gene is specifically deleted in Foxp3+ T cells (Bcl6FC mice) allows the study of Tfr cell function with more precision than other approaches. Studies with this model have shown that Tfr cells play a key role in maintaining GC B cell proliferation and Ab levels. Part of the mechanism for this positive “helper” effect of Tfr cells on the GC is Tfr cell-derived IL-10, which can promote B cell growth and entry into the dark zone of the GC. Recent studies on Tfr cells support a new paradigm for Tfr cell function in the GC reaction. Here, we review studies on Tfr cell functions and discuss the evidence that Tfr cells can have a major helper role in the GC-dependent Ab response.
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INTRODUCTION

A major function of the adaptive immune response is to produce highly specific antibodies (Abs) that bind to antigen (Ag) with high affinity and help to eliminate pathogens and foreign substances. A specialized subset of differentiated CD4 T cells, follicular helper T (Tfh) cells, are required in the germinal center (GC) reaction to help B cells generate high-affinity Abs to Ag (1, 2). Tfh cells control the initiation as well as the outcome of the GC B cell response (3–6). Tfh cells are critical for the proper production of protective Abs during an infection, however, the over-production of Tfh cells can also lead to autoimmunity since Tfh cells can help B cells to produce self-reactive Abs (6–8). Thus, the proper regulation of Tfh cell differentiation is essential both for normal immune function and for preventing autoimmune disease.

Germinal center B cell responses are also regulated by T follicular regulatory (Tfr) cells, which develop from regulatory T cells (Tregs) and localize to the GC (9–16) (Figure 1). Tfr cells are generally thought to limit the function of Tfh cells in the GC (9–13, 16). Tfr cells, like Tfh cells, are dependent upon the transcriptional repressor protein Bcl6 for their development, but unlike Tfh cells express the canonical Treg master regulatory transcription factor Foxp3 (9–16). The prevailing model for Tfr cell function currently is that Tfr cells repress excessive Tfh and GC B cell proliferation and promote the selection of high-affinity B cells (9–13, 16), however, the complete range of Tfr cell functions are poorly understood. A Tfr-deficient mouse model where the Bcl6 gene is specifically deleted in Foxp3+ T cells (Bcl6 fl/fl Foxp3-Cre or Bcl6FC mice) has been used by us and others to study Tfr cell function in immune and autoimmune responses (14, 17–19). With this model, we and others have unexpectedly found that the major Tfr cell function may not be inhibiting the GC response but instead helping promote the Ab response and even the magnitude of the GC response. Here, we discuss the current understanding of the differentiation and physiological functions of Tfr cells. We also discuss how Tfr cells balance suppressive and helper functions, the potential mechanisms underlying Tfr cell functions, and directions for future investigations.
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FIGURE 1 | Follicular helper T (Tfh) and T follicular regulatory (Tfr) cells both act in the germinal center (GC) to regulate the generation of antigen (Ag)-specific antibody-secreting cells. Tfh cells differentiate from conventional CD4 T cells after activation with Ag and dendritic cell (DC) presentation. Tfr cells differentiate from conventional regulatory T cells (Tregs) and migrate into the GC.




DIFFERENTIATION AND REGULATION OF Tfr CELLS

Several studies have shown that Tfr cells primarily differentiate from Foxp3+ Treg precursor cells (10, 11, 20–22) (Figure 2), however, like Tfh cells, Tfr cells can also develop from naïve CD4 T cells (23). Tregs are generated either during T cell differentiation in the thymus (tTregs) or from mature CD4 T cells in the periphery (pTregs) (24, 25), but whether Tfr cells preferentially develop from tTregs or pTregs is not known. Tregs in the intestinal mucosa are predominantly pTregs that develop to Ags derived from microbiota and diet as a tolerance mechanism (24, 25). Tfr cells that develop in the gut lymphoid tissues such as Peyer’s patches may therefore differentiate from pTregs, and so ultimately may have a naïve CD4 T cell origin. Interestingly, Peyer’s patch Tfr cells have a markedly different transcriptome than peripheral lymph node Tfr cells, possibly suggesting a different origin (26).
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FIGURE 2 | Cell surface receptors and transcription factors involved in T follicular regulatory (Tfr) cell differentiation and function. Red receptors are downregulated and green receptors are upregulated during Tfr cell differentiation.


T follicular regulatory cells express Tfh cell surface markers such as PD-1, CXCR5, and ICOS, Treg surface markers such as CTLA-4 and GITR, and the master regulatory transcription factors for both Tregs (Foxp3) and Tfh cells (Bcl6) (9–11, 14, 27). Thus, Tfr cells display a hybrid or mixed Tfh/Treg phenotype. Most studies have analyzed Tfr cells in the mouse, but phenotypically similar Tfr cells have also been described for humans (28, 29) and macaques (30). Tfr cells also express significant levels of Blimp1, a transcriptional repressor protein that suppresses Bcl6 expression (10, 31). Notably, Tfr cells express lower CD25 compared with non-Tfr Tregs (14, 29). Together with Bcl6, Nfat2 upregulates CXCR5 expression on Tregs and enables them to migrate to GC, take on the follicular phenotype and become Tfr cells (9–11, 14, 32). Recent work has revealed that the mTor pathway is a key regulator of Tfr cells. The mTorc1 complex is essential in regulating the conversion of Tregs to Tfr cells and this is potentially through a Stat3–Tcf-1–Bcl6 pathway (33, 34). Our lab has also specifically found that in contrast to Tfh cells which can develop in the absence of Stat3, Stat3 is essential for Tfr cell development (15). Deletion of Pten in Tregs leads to upregulated mTorc2 activity and heightened Tfr cell development (35). Thus, the Akt–mTor2 kinase pathway promotes Tfr cell development and the Pten phosphatase helps restrain excessive Tfr cell development (35).

Antigen exposure triggers the differentiation of Tfr cells and this process is dendritic cell (DC)-dependent (10, 11, 23, 27). Sage et al. used mice that express diphtheria toxin receptor specifically on DCs to test this (12). DC-depletion led to substantially decreased Tfr cells, however, it is unknown which specific DC subsets directly contribute to Tfr cell differentiation. At the same time, PD-1-ligand expressed on DCs has an inhibitory role on Tfr cell development (36). Tregs can repress the function of Ag presenting cells (APCs) including DCs (37), but whether Tfr cells can affect DCs or other APCs and how this might affect the GC response is unknown. Precisely what Ags and signals that Tregs respond to in order to become Tfr cells is not well understood. Tfr cells respond more strongly to self-Ags than foreign Ags, which fits with the self-reactive nature of tTregs (23, 38). While Tfr cells can be found that have specificity for the immunizing Ag (23), a recent study on the TCR specificity of Tfh and Tfr cells indicated that in contrast to Tfh cells, Tfr cells do not respond well to the cognate Ag after immunization (22). Furthermore, an analysis of TCR gene sequences in Tfh and Tfr cells indicated that Tfh cells are a sub-population of cells related to naïve CD4 T cells, whereas Tfr cells showed a TCR profile very similar to the total Treg population (22). These findings are consistent with the model that Tfh cells are Ag-specific T cells that proliferated after Ag stimulation, while Tfr cells develop in a polyclonal and Ag-independent manner from Tregs. Therefore, Tfr cells either develop from Tregs in a polyclonal TCR-dependent response involving recognition of self-Ag, or Tfr cells expand and differentiate by an Ag-independent and TCR independent pathway [e.g., Jagged1 plus Ox40 stimulation (39)]. Note that the Maceiras et al. study (22) of Tfr cell TCR sequences analyzed Tfr cells from peripheral LNs, and the TCR specificity of Peyer’s patch Tfr cells may be more similar to naïve CD4 T cells that are responsive to gut Ags.

T cell co-stimulation is required for Tfr cell differentiation as either CD28 or ICOS deficiency leads to reduction of Tfr cells (10, 27, 40). Mice with CD28 deficiency specifically in Tregs (using Foxp3-cre) had a large reduction in Tfr cells in the draining lymph node after NP-OVA immunization (40). This is largely due to the roles of CD28 in inducing Foxp3 expression as well as Tfr cell proliferation (10, 41–44). Similarly, Tfr cell development is abrogated in ICOS-deficient mice (27). ICOS signaling modulates the expression of Bcl6 and c-Maf in Tfh cells and might play a similar role in Tfr cells (45–47). Bcl6 is an essential transcription factor for Tfr cells, and recent studies suggest that c-Maf is also pivotal for Tfr cell differentiation (10, 11, 14, 48, 49). Bcl6 and Blimp1 reciprocally repress expression of the other factor in both Tfh and Tfr cells (31, 50). The regulation of Tfh cell differentiation by Blimp1 is Bcl6-dependent while Blimp1 controls Tfr cell differentiation independent of Bcl6 (31). One mechanism for Bcl6-independent Blimp1 activity may relate to regulation of Nfat2, which has been shown to be important for upregulation of CXCR5 on Tfr cells as well as for expression of PD-1 (32, 51). Blimp1 has been shown to repress Nfat2 expression (51), and thus Blimp1 could have a suppressive role for CXCR5 and PD-1, both of which are key genes increased in Tfr cells. Increased expression of Nfat2 in Blimp1-deficient Tregs could then lead to Bcl6-independent expression of CXCR5 and PD-1, and appearance of Tfr-like cells (31). Tfr cells were repressed by high IL-2 levels at the peak of influenza infection and this was through a Blimp1-dependent mechanism (19). IL-2 is also a negative signal for Bcl6 expression, and decreased IL-2 promotes induction of Tfr cells. After the peak anti-flu virus immune response, CD25 expression is downregulated in some Tregs while Bcl6 is increased, leading to Tfr programming (19). Thus, IL-2 is a key factor regulating Tfr differentiation, promoting Blimp1 expression while repressing Bcl6 in Tregs to preclude Tfr cell development.

PD-1, which is expressed by both Tfh and Tfr cells, inhibits Tfr differentiation and their suppressive function (10, 11, 16, 27). Sage et al. showed that Tfr cells in Pdcd1-deficient mice had greater suppressive function and resulted in decreased Ab production both in vitro and in vivo (27). The exact mechanism for the increased inhibitory function of Pdcd1-deficient Tfr cells remains unclear. At the same time, PD-1 ligand is required for Tfr cell generation, however, it is not clear if this is a direct or indirect effect on Tfr cells (23). Similarly, CTLA-4, the inhibitory receptor which binds to CD80 and CD86, limits the differentiation of Tfr cells (13, 52, 53). However, restricted CTLA-4 deficiency in Tregs contributes not only to enhanced Tfr cells but also enhanced Tfh, GCB cells, and Ab responses (53). One explanation is that in the absence of CTLA-4 function in Tregs, there is uncontrolled inflammation that drives higher Tfh cell and GCB responses. However, since it is not clear what drives the enhanced Tfh, GCB, and IgE responses, a “helper” role of Tfr cells cannot be completely excluded (53). Deletion of CTLA-4 results in increased IL-10 production by Tregs (54). Since IL-10 can promote GC responses (17, 55), it is possible that increased IL-10 production by Tfr cells contributes to the increased GC and Ab response in CTLA-4 KO mice.

The majority of research on Tfr cells has been conducted in the mouse system but a few recent studies have elucidated Tfr cell populations in human GCs that are basically similar to Tfr cells in mice (29, 56, 57). CXCR5+ Tfh-like cells in blood, also known as circulating Tfh (cTfh) cells, are typically used as a proxy marker for the GC Tfh cell response in humans. By assessing cTfh cell frequency in patients with monogenic mutations leading to immunodeficiency, a large number of genes controlling human Tfh cell development have been categorized (58). Circulating Tfr (cTfr) cells in blood are also used as a correlate of the Tfr cell response (28, 59–62), however, in contrast to Tfh cells (58), relatively few genes that control Tfr cell development and function in humans have been characterized to date (e.g., LRBA and CTLA4) (62–64). Thus, much work remains in fully understanding specific genes and pathways that regulate human Tfr cells.



SUPPRESSIVE FUNCTIONS OF Tfr CELLS

T follicular regulatory cells have been described in the literature mainly as suppressors of the GC reaction and the Ab response, repressing the proliferation of Tfh cells and GC B cells, and limiting the generation of Ab-secreting cells and overall Ab responses. However, the experimental approaches taken in many studies can give rise to alternative interpretations. In vitro, Tfr cells can suppress the proliferation and cytokine production of Tfh cells as well as the proliferation and Ig secretion of B cells, similar to the in vitro suppressive function seen with non-Tfr Tregs (13, 27–29, 38, 65). In vivo studies have demonstrated that Tfr cells, analyzed initially by depletion of total Tregs, can suppress the numbers of GC B cells and Tfh cells (9–11, 13, 27, 53). However, these studies may not represent specific effects of Tfr cell depletion or physiological Tfr cell function. Total Treg deletion (10, 11, 13, 66) provokes severe inflammation and causes a very broad effect on T cell responses, thus obscuring the specific functions of Tfr cells. Studies using adoptive transfer of Tfr cells along with other T cells into T cell-deficient mice or Tfh-cell-deficient mice might have non-physiological effects due to the abnormal immune environment of the recipient mice (10, 11, 27, 33). Studies where Tfr cell numbers are greatly enhanced due to deletion of Roquin (34), or where Tregs are forced to migrate to the B cell follicle by ectopic CXCR5 expression (32) might also lead to non-physiological suppression and/or non-specific suppression of GC responses. Mice with the Nfat2 gene deleted in Tregs with Foxp3-cre showed a partial loss of Tfr cells and augmented numbers of GC B cells, Tfh cells, and Ag-specific Abs after immunization (32). However, a more general loss of Treg function by loss of Nfat2 affecting Tfh cell expansion cannot be discriminated from the specific effects from loss of Tfr cells. In vitro studies of Tfr cells cannot mimic the complex in vivo environment of the GC reaction and cannot analyze affinity selection of GC B cells. Together, a re-interpretation of the Tfr cell literature helps to explain why the function of Tfr cells assessed using Bcl6FC mice (14, 17, 19), is strikingly different from many other studies on Tfr cell function.

Nonetheless, it is clear that under some conditions, Tfr cells can negatively regulate the GC reaction, and the precise mechanisms that Tfr cells use to negatively regulate the GC is one of the unsolved mysteries in the Tfr cell field. Tregs can suppress immune responses by multiple known mechanisms: IL-2 consumption, secretion of inhibitory factors (IL-10, TGF-β, IL-35, granzyme B, CD39, CD73, and TRAIL), and CTLA-4-mediated inhibition of Tfh cell co-stimulation (67–69). Of these known suppressor factors, we can narrow down mechanisms for Tfr cells based on previous data. Tfh cell differentiation is inhibited by IL-2 (70–72), and IL-2 consumption by Tfr cells could be predicted to help stabilize Tfh cell responses. However, Tfr cells have low levels of the high-affinity IL-2 receptor CD25 (14), which indicates a lessened capacity to compete for available IL-2. IL-10 is unlikely to be the key suppressor factor, since IL-10 is a stimulatory or growth factor for GC B cells (17), and furthermore, IL-10 expression by Tfh cells is increased in the absence of Tfr cells in Bcl6 mice (14). IL-35 is unlikely to be a Tfr suppressor factor as it primarily affects T cell proliferation (73), and data with Bcl6FC mice does not indicate an effect of Tfr cells on the number of Tfh cells (14). Granzyme B is unlikely as a major mechanism as it is decreased in Tfr cells compared to Tregs (10). Metabolic suppressor pathways such as CD39 and CD73 have not been extensively characterized and are possible effectors of suppression by Tfr cells as they could potentially affect cell proliferation in the GC. In mice, TGF-β is known to stabilize Tfh cell responses (74), and prevent excess Tfh cell responses (75). In humans, TGF-β is required for Tfh cell differentiation (76). A lack of TGF-β signaling from loss of Tfr cells does not clearly explain the normal Tfh cell numbers in the presence of increased Tfh cytokine expression in Bcl6FC mice (14). TRAIL is cytotoxic to follicular B cell lymphomas, which have a GC phenotype (77), but otherwise there is no data about TRAIL activity in GCs, particularly regarding Tfr cells. CTLA-4 expression by Tfr cells may inhibit the ability of Tfh cells to receive key co-stimulation signals from GC B cells, thus limiting Tfh cell and thus Tfh cell-driven GC B cell expansion. Unfortunately, studies on the role of CTLA-4 function in Tfr cells are difficult to interpret, as noted above (13, 52, 53).

A recently described mechanism for Tfr cells to inhibit Tfh cells and the GC is secretion of a decoy IL-1 receptor that inhibits Tfh cell differentiation (38). This pathway appears to be most critical during early Tfh cell activation and differentiation rather than during the GC reaction itself. Furthermore, data pointing to this decoy IL-1 receptor pathway being used specifically by Tfr cells to control Tfh cells in vivo is lacking. Another potential pathway used by Tfr cells to control Tfh cells and GC B cells is the inhibitory receptor TIGIT, that is important for Treg suppressive function (14, 78). Intriguingly, the two major suppressive pathways utilized by TIGIThigh Tregs are IL-10 and Fibrinogen-like protein 2 (Fgl2) (78). Fgl2 is a secreted protein that binds the inhibitory IgG receptor FcγRIIB (79). As noted above, it is unlikely that loss of IL-10 from Tfr cells contributes to the deregulated cytokine expression of Tfh cells. Thus, Fgl2 may be a key factor used by Tfr cells to regulate GC B cells. Interestingly, FcγRIIB KO mice are known to develop lupus (80), and Fgl2 KO mice develop glomerulonephritis, a pathologic manifestation of auto-Abs in severe lupus disease also seen in IgA nephropathy (81, 82). Fgl2 KO mice have Treg defects, but the GC response in these mice has not been characterized (81). TIGIThigh Tregs can also affect cell activation by inducing tolerogenic DCs via CD155 (83). But currently, data showing Tfr cells controlling the GC via TIGIT is lacking.

In analyzing mice with deletions of Bcl6 or Stat3 specifically in the Treg lineage (Bcl6FC and Stat3FC mice, respectively), we found noteworthy differences between how Tfr cells are regulated by Stat3 and Bcl6 (14, 15). While Tfr cells are strongly depleted in both Bcl6FC and Stat3FC mice (14, 15), there are significant differences in the phenotype. First, in Bcl6FC but not Stat3FC mice, Tfh cells produce higher levels of cytokines compared to control mice. Second, Ag-specific IgA is increased in Bcl6FC mice whereas Ag-specific IgG is increased in Stat3FC mice (14, 15). At the same time, Tfh cell and GC B cell numbers are not altered in either Bcl6FC or Stat3FC mice compared to control mice (14, 15). The function of Stat3 in Tfr cells is not understood. Analogous to Tfh cells (84, 85), Stat3 may be important for Tfr cell development by inducing Bcl6 expression in Tregs in response to cytokines such as IL-6 and IL-21. Stat3 expression is also activated in Tfr cells by the mTorc1 pathway (33). Bcl6 is required for the development of the CXCR5+PD-1+ follicular T cell phenotype, and the induction of Bcl6 by STAT factors may be essential for both Tfr cell as well as Tfh cell development. If this is the case though, why does deletion of Stat3 in Foxp3-expressing cells produce a different phenotype than deletion of Bcl6 in Foxp3-expressing cells? Why are cytokines upregulated from Tfh cells in Bcl6FC mice but not in Stat3FC mice? The answer to this question is currently unknown but is essential for fully understanding Tfr cell development and function. One possible explanation for the difference is that there is a larger population of residual Tfr cells in Stat3FC mice compared to Bcl6FC mice and these residual Tfr cells in Stat3FC mice are enough to negatively regulate Tfh cells. Thus, there is a greater deletion of Tfr cells in Bcl6FC mice, leading to a more complete loss of repression by Tfr cells, and thus increased Tfh cell activity. The increased Tfh cell cytokines in Bcl6FC mice might promote the elevated IgA response that is not seen in Stat3FC mice. In summary, in the Bcl6FC model, Tfr cells repress Tfh cell activity but not proliferation. Why Ag-specific IgG is increased in Stat3FC mice is unclear, but possibly the residual Tfr cells in Stat3FC mice have augmented GC helper activity.

T follicular regulatory cells have been studied extensively in immune responses induced by model protein Ags and adjuvants. Studies on Tfr cell function in regulating the gut microbiota (86) or in viral infection (17–19) have also been performed. More than the type of immune challenge, the model system used to assess Tfr cell function (e.g., Treg depletion in mice versus Bcl6FC mice) determines whether suppression by Tfr cells is observed.



ROLE OF Tfr CELLS IN AUTOIMMUNE DISEASE

An important area where Tfr cells have a clear suppressive effect on the GC and Ab response, even in Bcl6FC mice, is in suppression of auto-Abs that drive autoimmune disease (14, 18, 19, 32, 40). This role of Tfr cells in suppressing auto-Ab production was elucidated most thoroughly by Fu et al. who showed that Bcl6FC mice developed late-onset Sjogren’s-like autoimmune disease and autoimmunity could be induced in young mice by immunizing mice with salivary gland extracts (18). The precise mechanisms for how Tfr cells can suppress auto-Abs while at the same time promote the Ab response to foreign Ags remains unexplored. One possible explanation is that since Tfr cells, like Tregs, have a bias toward self-Ag recognition (22, 23, 38), they are able to inhibit self-reactive Tfh cells that might develop in the GC by competing with them for recognition of self-Ags on GC B cells and binding and blocking B7 co-stimulatory receptors via CTLA-4. Little is known about the role of Tfr cells in human autoimmune disease, but increased levels of cTfr cells are observed in patients with Sjogren’s disease (28, 59) and systemic lupus erythematosus (60). Interestingly, an increased ratio of cTfr to cTfh cells is strongly associated with more severe disease in the case of Sjogren’s syndrome (59). Whether high levels of cTfr cells simply represent the presence of active GC responses or whether cTfr cells are especially elevated in autoimmune disease is not clear. The data with Sjogren’s cTfr cells is particularly hard to interpret since the cells have an immature CD25+ Tfr phenotype and their relationship to GC-localized Tfr cells is unclear (59).



“HELPER” FUNCTIONS OF Tfr CELLS

Although Tregs themselves are overwhelmingly described as suppressor cells, there are several reports that Tregs can promote immune responses in certain circumstances. Under inflammatory conditions or in mice with mutations in genes that affect Foxp3 expression, a fraction of Tregs can become “ex-Tregs” and differentiate into proinflammatory cells (87, 88). Surprisingly, ex-Tregs can also convert into functional Tfh cells in Peyer’s patches (89) and in atherosclerosis (90).

The first published characterization of Tfr cells in 2009 by Linterman et al. showed that Tfr cells had a key “helper” role in terms of helping Tfh cells select high-affinity Ag-specific B cell clones (7). In their proposed model, Tfr cells restrict the outgrowth of non-Ag-specific B cell clones in the GC, presumably allowing for more efficient interaction of Tfh cells with selection of specific high-affinity Abs (7). At the same time, the Linterman et al. data can also be interpreted as showing evidence for a major helper function for Tfr cells in the GC. For instance, a significant decrease in Ag-specific GC B cells is observed after total Treg depletion at the same time that total GC B cells increased (7). This can be interpreted as two distinct processes: (1) loss of Tfr cells leads to a loss of Tfr cell helper activity and thus reduced Ag-specific GC B cells and (2) because total Tregs are depleted, there is a massive increase in GC responses to commensals and self-Ags—responses that are normally inhibited by Tregs. Even though these latter commensal-specific and self-Ag-specific GCs may be weakened by loss of Tfr cell helper activity, the large number of these responses leads to a total increase in GC B cells.

A different Treg–Tfh helper pathway was shown by Leon et al., who found that Tregs are required for the normal anti-influenza Tfh cell response (66). In this study, ex-Tregs were not converting into Tfh cells, and Leon et al. proposed a mechanism where CD25+ Tregs take up IL-2 and limit the overall availability of IL-2, thereby promoting Tfh cell differentiation (66). Importantly, however, Leon et al. did not investigate loss of Tfr cells (which would occur with Treg depletion) as a mechanism for the Treg helper effect, and their data does not eliminate a helper role for Tfr cells in the Tfh/GC response in the virus infection system.

Because of the problems associated with deleting total Tregs and the lack of specific and robust models to deplete Tfr cells in vivo, we developed Bcl6FC mice (14). In these mice, Tfr cell development is specifically blocked without a loss in total Tregs or Treg function (14). We determined that loss of Tfr cells led to a significantly decreased IgG response and that Tfr cells were required to produce the highest affinity Ag-specific Abs (14). These results are consistent with a critical helper role for Tfr cells in the GC. In our published results, we did not observe a loss of GC B cells or Tfh cells in Bcl6FC mice despite the decreased IgG response (14). This could be due to the time-point where we analyzed the GC or the type of Ag used to induce the GC.

In 2017, Laidlaw et al. presented the clearest evidence to date that Tfr cells can act as essential helper cells in the GC (17). In this study, mice were infected with lymphocytic choriomeninigitis virus (LCMV) and the GC and Ab response analyzed (17). Importantly, Laidlaw et al. used Bcl6FC mice and Treg-specific IL-10 cKO mice to demonstrate that Tfr cells are a critical source of IL-10 in the GC and that IL-10 drives the growth of GCs by promoting entry of GC B cells into the dark zone (17). In the absence of IL-10-producing Tfr cells, GC B cell numbers and the LCMV-specific Ab response were decreased (17). A recent study with malaria infection in mice also showed that IL-10 was critical for the maintenance of the GC and GC-derived Ab response (55). Overall, these recent findings strongly support the idea that IL-10-producing Tfr cells have a major role in maintaining the GC reaction and thus act as “helper cells.” In our lab, we have been using Bcl6FC mice and analyzing the role of Tfr cells in a food allergy model with peanut Ag. In this model, we find that Tfr cells help maintain the peanut-specific GC response and IgE response (Markus M. Xie and Alexander L. Dent, manuscript in preparation). Tfr cells thus appear to have a key role in allergic immune responses, and represent a novel target for allergy-specific immunotherapy.



OUTSTANDING QUESTIONS AND FUTURE DIRECTIONS

As of this writing, Tfr cells have only been analyzed in a very small fraction of infectious disease models and immunological diseases such as allergy and autoimmunity. Testing Tfr cell function in various disease states will be an important area for future research on Tfr cells. Also unknown is if Tfr cells affect diseases that are not driven by Ab-mediated pathology. Whether Tfr cells play a regulatory role in cancer, diabetes, heart disease, atherosclerosis, or other types of inflammatory diseases, is ripe for exploration. The mechanism of Tfr cell help in the GC is not completely understood and an important topic is why some types of GC responses seem to rely on Tfr cells for help whereas other GC responses are only mildly affected or not affected at all by loss of Tfr cells. A major issue for future studies is whether Tfr cells switch between help and suppression in the GC for foreign Ag, or primarily act as helpers for foreign Ag and suppressors of autoimmune responses. If Tfr cells act as suppressor cells of non-autoimmune responses in the GC, what mechanism of suppression do they use, and what controls whether Tfr cells act as suppressors versus helpers? Do human and mouse Tfr cells have similar helper and repressor functions? Tfr-like cells have been found circulating in both mouse and human; what is the relationship of these cells to Tfr cells in the GC? Also unclear is how Tfr cells regulate Ab affinity maturation and Tfh responses. A major question is whether Tfr cells regulate the generation or differentiation or survival of memory B cells. Finally, almost nothing is known about what signals drive Tfr cell responses to the GC and what Ags do they recognize? Thus, there are huge numbers of vital questions about Tfr cells that need to be answered through more research.



CONCLUSION

Even though Tregs act overwhelmingly as major suppressors of the immune response, Tfr cells provide a striking and clear example of Tregs acting as “helper” cells for the immune response. At least part of this Tfr cell helper function is producing IL-10 that promotes GC B cell growth and the GC-dependent high-affinity Ab response. Thus, in the context of the GC response, Tfr cells appear to maintain a key balance between help (GC maintenance, Ab response, and Ab affinity) and suppression (Tfh cell numbers, GC B cell numbers, Tfh cell cytokines, and auto-Abs) (Figure 3). One interesting idea is that the autoreactivity and suppressive capability of Tregs is used to help control autoimmunity in the GC but has been co-opted to also promote the overall GC response. Much work remains to fully understand the role of Tfr cells in the overall humoral immune response, and in the larger scope of the immune system.


[image: image1]
FIGURE 3 | T follicular regulatory (Tfr) cells play a dual role in the germinal center reaction. Tfr cells can suppress the activation of follicular helper T (Tfh) cells, in part by CTLA-4-mediated inhibition of co-stimulation. However, Tfr cells also play a major role in helping promote germinal center B cell proliferation, by producing IL-10.
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T follicular helper (Tfh) cells are a distinct subset of CD4+ T lymphocytes, specialized in B cell help and in regulation of antibody responses. They are required for the generation of germinal center reactions, where selection of high affinity antibody producing B cells and development of memory B cells occur. Owing to the fundamental role of Tfh cells in adaptive immunity, the stringent control of their production and function is critically important, both for the induction of an optimal humoral response against thymus-dependent antigens but also for the prevention of self-reactivity. Indeed, deregulation of Tfh activities can contribute to a pathogenic autoantibody production and can play an important role in the promotion of autoimmune diseases. In the present review, we briefly introduce the molecular factors involved in Tfh cell formation in the context of a normal immune response, as well as markers associated with their identification (transcription factor, surface marker expression, and cytokine production). We then consider in detail the role of Tfh cells in the pathogenesis of a broad range of autoimmune diseases, with a special focus on systemic lupus erythematosus and rheumatoid arthritis, as well as on the other autoimmune/inflammatory disorders. We summarize the observed alterations in Tfh numbers, activation state, and circulating subset distribution during autoimmune and some other inflammatory disorders. In addition, central role of interleukin-21, major cytokine produced by Tfh cells, is discussed, as well as the involvement of follicular regulatory T cells, which share characteristics with both Tfh and regulatory T cells.
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INTRODUCTION

T follicular helper (Tfh) cells represent a distinct CD4+ helper T cell subset, specialized for provision of help to B cells (1–4). They develop within secondary lymphoid organs (SLO) and can be identified based on their unique surface phenotype, cytokine secretion profile, and signature transcription factor. They support B cells to produce high-affinity antibodies toward antigens (Ag), in order to develop a robust humoral immune response and they are crucial for the generation of B cell memory. Whereas they are essential for infectious disease control and optimal antibody responses after vaccination, an excessive response can lead to a breakdown of tolerance. In this review, after introducing the biology of Tfh cells, we will consider in detail their role in the pathogenesis of autoimmune diseases and inflammatory disorders.



Tfh CELLS: OVERVIEW ON CHARACTERIZATION, GENERATION, AND FUNCTIONS

T follicular helper cells were initially described in 2000 and 2001 in humans (1–4). They have been identified as a distinct T helper cell subset, based on their unique combination of surface markers [abundant expression of chemokine (C-X-C motif) receptor 5 (CXCR5) (1, 4), downregulation of C-C chemokine receptor type 7 (CCR7), and expression of the co-stimulatory molecules inducible co-stimulator (ICOS) (1) and programmed cell death protein-1 (PD-1)], cytokine production [expression of high levels of interleukin 21 (IL-21)], and specific transcription factor [expression of the nuclear transcriptional repressor B cell lymphoma 6 (Bcl-6)]. All are necessary for the development, the maintenance, and the functions of these cells. Tfh cells are crucial for the generation of germinal centers (GC) (5, 6), unique structures formed in SLO where antigen-primed B cells undergo proliferation, immunoglobulin (Ig) class switching, somatic hypermutation, and differentiation (7). Strong expression of CXCR5 by Tfh cells is pivotal for their migration into B cell follicles, in which they are attracted in response to the gradient expression of chemokine ligand 13 (CXCL13) (8–10). Within GC, Tfh cells are important regulators of B cell maturation and help signals rely on both cell-to-cell interactions and on the production of cytokines. Inside GC, Tfh cells are equipped with a specific combination of surface molecules, such as ICOS, a co-stimulatory molecule that belongs to the CD28 superfamily, PD-1, a potent inhibitory receptor, or CD40 ligand (CD40L), a member of the tumor necrosis factor family. Engagement of these molecules on their receptors on B cells delivers signals of survival, differentiation, or isotype switching (11–22). Tfh cells are also characterized by the secretion of a diversity of cytokines (23–26). Production of high levels of IL-21 is one hallmark of Tfh cells (23). This cytokine promotes B cells differentiation into plasma cells, somatic hypermutation, and Ig isotype switching (23, 27–30). Moreover, IL-21 promotes Tfh cells differentiation in a positive autocrine feedback loop (31–35).

Differentiation and development of Tfh cells is an extremely complex process, occurring in a multi-stage way. The essential transcription factor of Tfh cells, Bcl-6, controls their differentiation, their full maturation, and the expression of Tfh cells signature molecules (36–38). Bcl-6 expression, associated with the downregulation of its antagonist Blimp-1, leads to the inhibition of the other transcription factors specific to other T helper cell lineages (T-bet, GATA3, and RORγt specially). In addition to Bcl-6, other transcription factors, such as c-MAF, achaete–scute complex homolog 2, basic leucine zipper transcription factor (39), or IFN regulatory factor 4 are also crucial for Tfh cells differentiation (39–41). While Bcl-6 expression is essential for Tfh cells, it should be noted that it is not perfectly Tfh cell-specific, as it can be transiently up-regulated in dividing CD4+ T cells after activation by dendritic cells (42, 43). Micro-environmental factors are necessary for T cells to acquire a Tfh profile. First, Ag stimulation and constant initial interaction with Ag-presenting cells (APCs) and activated B cells play a crucial role in their differentiation from naive CD4+ T cells (2, 44–46). Second, a specific cytokinic milieu is necessary as IL-12, and to a lesser extent TGFβ, seem to be of particular importance for Tfh cells differentiation in humans (47–50). In addition, although originally recognized as an essential T-cell growth factor, IL-2 is a potent inhibitor of Tfh cells differentiation as the ligation of its receptor leads to STAT5 activation, promoting the formation of non-Tfh effector cells (51–53).

One layer of complexity in the study of Tfh cell populations is their substantial heterogeneity. Tfh cells are not a monolithic population with fixed phenotype and functions. They undergo changes over time in the expression of surface molecules and in the secretion of cytokines, in order to shape more efficiently the help delivered to B cells (45, 54, 55).

The biology of Tfh cells has been extensively studied in SLO in mouse models, but due to the difficulties of sampling in humans, different research groups have focused on identifying the circulating counterparts of bona fide Tfh cells in peripheral blood. Description of a CXCR5+ subset of memory CD4+ T cells has emerged few years ago (56–58) and has been subsequently referred to as circulating Tfh (cTfh) cells (59). Although these cells do not express Bcl6, they share phenotypic and functional properties with tissue Tfh cells (15, 56, 58–60). However, several questions are still under investigation regarding this population: their exact biology is still poorly defined, and how they relate to bona fide lymphoid Tfh cells remains unclear. Literature data, arising specially from SAP-deficient mice, suggest that development of cTfh cells does not require GC formation. These cells are committed to the Tfh lineage and are primarily generated before participating in GC reaction (54, 58). There is actually no consensus regarding phenotypic markers that should be used for the identification of this population. It is clear that other activated CD4+ T cell subsets, with other effector fates, can express transiently CXCR5, ICOS, or PD-1, but we can consider that sustained and/or high levels of expression of these molecules are characteristic of Tfh cells (59). The heterogeneous population of cTfh cells contains three major subsets, defined by their expression of the chemokine receptors CXCR3 and CCR6. They present similar properties with Th1, Th2, and Th17 cells: CXCR3+CCR6− represent cTfh1 cells, CXCR3−CCR6− cTfh2 cells and CXCR3−CCR6+ cTfh17 cells. cTfh2 and cTfh17 are more efficient than cTfh1 cells in helping B cells to proliferate and differentiate into plasma cells (56). Finally, within each of these subsets (cTfh1, cTfh2, or cTfh17), it is possible to subdivide other distinct subpopulations, according to the differential expression of the markers ICOS and PD-1 which can be used as indicators of active state of Tfh cells (58, 61, 62).

Regulatory pathways need to be engaged to control the development and maturation of Tfh cells, as well as their interactions with B cells. Within the diverse regulating mechanisms that we will not develop here, it is of particular importance to mention the role of another specific subset of CD4+Foxp3+ regulatory T cells, called follicular regulatory T (Tfr) cells, that has been more recently described. These cells share phenotypic characteristics with Tfh cells, with the expression of Bcl-6, CXCR5, PD-1, and ICOS. They are found within the GC, where they act to limit the size of the response, regulating the frequencies of both Tfh and GC B cells (63–66). Lack of Tfr cells is associated with greater GC reactions in vivo.



Tfh CELLS AND AUTO-IMMUNITY: GENERALITIES

Autoimmune diseases are caused by a breakdown of immune tolerance. Proliferation of self-reactive B cells with generation of high-affinity autoantibodies participate to the pathophysiology of these disorders and, in this way, have led to consider Tfh cells as possible actors in their pathogenesis. Moreover, in autoimmune diseases, inflammatory sites develop frequently lymphoid cell aggregations which include B and T helper cells, leading to the formation of ectopic lymphoid structures (67). These tissue-localized T–B-cell interactions which can promote the maturation of B cells and can potentiate the production of pathogenic autoantibodies (68), even if the exact nature of helper T cells in inflamed tissues is not completely understood currently.

Studies of the contribution of Tfh cells in autoimmune disorders have been initially limited to animal models, essentially because of difficulties in investigating Tfh cells from human SLO. The ulterior identification of circulating Tfh-like cells, which are more accessible than Tfh cells in tissues, has provided an opportunity to analyze these cells in the context of human autoimmune disorders. Since then, alterations in Tfh cells have been described in a broad range of autoimmune diseases, including systemic diseases, or organ- and cell-specific disorders. Increased numbers of cTfh cells, often correlating with the frequency of circulating plasmablasts or plasma cells, have been observed in several auto-immune diseases and alterations have also been reported regarding their polarization, their function, and the quality of help they provide. All the data collected so far in auto-immunity and in inflammatory diseases should not mask our lack of knowledge regarding the exact biology of cTfh cells and that analysis could be confounded by our incomplete understanding. Moreover, it is to mention that combination of markers used to define cTfh cell populations in the studies that will be mentioned in the next sections often differ among the laboratories. Some studies have defined cTfh cells as total CXCR5+CD4+ T cells, while other have investigated a subset of CXCR5+CD4+ T cells (CXCR5+ICOS+, CXCR5+PD1+, CXCR5+ICOS+PD1+, or CXCR5+IL-21+).



SYSTEMIC LUPUS ERYTHEMATOSUS (SLE)

Systemic lupus erythematosus is characterized by the presence of high-affinity pathogenic autoantibodies directed against nuclear components (69). Autoreactive B cells in SLE are derived from GC reactions (70); therefore, investigations of Tfh cell roles have been intensive since many years, both in murine models and in human SLE. In different mouse models sharing immunopathologic features with human SLE, it has been demonstrated that Tfh cells contribute to the activation of the immune system and to the pathogenesis of the disease. Animals in these different models have an aberrant expansion of Tfh cells, associated with dysregulation of the GC responses. BXD2 mice, which develop spontaneously autoantibodies and glomerulonephritis, are characterized by an increased frequency of PD1+ Tfh cells as compared to wild-type animals, correlating positively with the frequency of GC B cells and with levels of anti-dsDNA antibodies (71). Sanroque mice have a particular single recessive mutation in roquin, a gene encoding for a RING-type ubiquitin ligase family member that disrupts a repressor of ICOS expression. Animals are characterized by a SLE-like phenotype with lymphadenopathy and splenomegaly, high levels of anti-nuclear antibodies (AAN), autoimmune cytopenia, and immune complex deposits (72). Even without antigenic stimulation, a spontaneous formation of GC is observed, with an increase in the number of Tfh cells and an increase in their activity, particularly marked regarding the excessive production of IL-21 (72–75). The other murine model that has provided evidence of the implication of Tfh cells in the development of systemic autoimmunity is represented by BXSB mice, in which the duplication of the Tlr7 gene promotes excessive signaling by self-autoantigens, leading to a severe inflammatory disease, with high levels of autoantibodies and proliferative glomerulonephritis (76). These animals have expanded numbers of B cells and Tfh cells, especially in the spleen (77). Besides, IL-21 is elevated in the serum and over-expressed in splenocytes (78). In this mouse model, IL-21R deficiency induces a decrease in the serum levels of AAN and prevents the apparition of renal disease (77). Moreover, therapeutic blockade of IL-21, by the administration of an IL-21R-Fc fusion protein, seems to have a biphasic response characterized by an aggravation of the disease when the treatment is given during early life and an anti-inflammatory effect (decrease in IgG1 serum levels, in proteinuria levels, and in histological glomerulonephritis) when it is administrated later in the disease course (79, 80). Implication of IL-21 in the pathogenesis of SLE is also supported by data obtained in two other murine models of the disease. In MRL-Fas(lpr) mice, accumulation of activated B cells, activated T cells, plasma cells, and spontaneous GC formation is dependent on IL-21R signaling. Administration of IL-21R-Fc fusion protein reduces disease severity (81, 82). Finally, in the NZB/NZW mouse model, blockade of IL-21R inhibits the progression of the pre-established disease (83). Murine models also point out the role of interactions between ICOS and its ligand in the development of systemic autoimmunity and suggest that this pathway could possibly be an interesting novel therapeutic target. In the NZB/NZW mice, blockade of ICOS pathway, by the use of a monoclonal antibody directed against ICOS-L, leads to the inhibition of the development of Tfh cells, to a decrease in anti-dsDNA antibody titers and to an improvement in kidney function (84, 85). Reduction in titers of anti-dsDNA antibodies is also observed in the mouse model MRL-Fas(lpr) when animals have an additional genetic deletion in ICOS (86). Finally, in B6.Sle1 mice, elevated expression of ICOS contributes to the expansion of Tfh cells and to the breakdown in peripheral tolerance (87).

Several lines of evidence also support a pathogenic role of Tfh cells and IL-21 in human SLE (Table 1). Data are available mostly for cTfh cells, which have been showed to be increased and have an active phenotype in SLE patients as compared to controls (88–98). This activated phenotype correlates with the number of circulating plasmablasts and with the levels of pathogenic autoantibodies (58, 88, 90, 91, 93–95, 98), but the correlation with disease activity observed in some studies (58, 90, 92, 97) has been considered inconsistent by other research teams (88, 94). Of particular interest are the observations made on alterations in the composition of cTfh cells subsets in SLE, associated with disease activity (99). Ratio of cTfh2 and cTfh17 (which are both considered as efficient B helpers) over cTfh1 are increased in SLE patients as compared to controls and disease activity correlates with the frequency of cTfh2 cells (99). Higher plasma levels of IL-21, as well as an increase in the frequency of IL-21-expressing CD4+ T cells, are found in SLE patients as compared to controls, correlating with the number of switched memory B cells and with several markers of disease severity (89, 91, 95, 100–104). Moreover, Tfh cells have been also investigated at tissue level in SLE: Tfh-like cells are present in inflamed kidney of patients with nephritis (105, 106), where they cluster with B cells building structures similar to ectopic GCs (106).


TABLE 1 | T follicular helper (Tfh) cells in human SLE.
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The role of Tfr in SLE remains unclear and literature data are inconsistent. Some authors observed a reduction in the frequency of circulating Tfr cells in SLE patients (107, 108) with an increase in the ratio Tfh/Tfr, associated with a negative correlation with disease activity and titers of anti-dsDNA antibodies (107). On the contrary, another study revealed a significant increase of Tfr cells in peripheral blood with an increase in the Tfr/Tfh ratio (109). Discrepancies could be related to the strategy used to define Tfr cells by flow cytometry (CD4+CD25+CD127low-intermediateCXCR5+ (107) or CD4+CXCR5+FoxP3+ (109)), as well as the different recruitment of subjects within each study.

T follicular helper cell expansion and aberrant GC responses play clearly a crucial role in the pathogenesis of lupus in mice and data obtained so far in human SLE seem to go in the same direction. Tfh cells could, therefore, represent an interesting therapeutic target. Conventional treatments used in SLE (steroids, immunosuppressive drugs) result in a decrease in the number of activated cTfh cells (90, 91), associated with a clinical improvement (90). A treatment with low-dose recombinant human IL-2 in SLE patients leads also to a decrease in the relative number of cTfh cells (110). However, the specific targeting of these cells requires a better understanding of the mechanisms involved in their aberrant activation during SLE. In this way, OX40 ligand (OX40-L)–OX40 axis has been identified as a key player in the increased Tfh responses (111): OX40-L, highly expressed by myeloid APCs in active SLE patients in response to TLR7 activation by RNP-anti-RNP immune complexes, promotes the differentiation of CD4+ T cells in functional Tfh cells (111). In this way, in human SLE, the OX40-L–OX40 axis provides an amplification loop in the generation of autoantibodies (112) and could represent an attractive pathway to target. However, although anti-OX40 and anti-OX40L antibodies exist, there is for instance no ongoing trial of these molecules in human SLE.



RHEUMATOID ARTHRITIS (RA)

Rheumatoid arthritis is a systemic auto-immune disease, associated with acute and chronic synovial inflammation, cartilage lesions, and bone erosion (113). Various autoantibodies associated with RA and which play important roles in the pathological progression of the disease have been identified, including rheumatoid factor and antibodies against cyclic citrullinated peptides (anti-CCP). Exact pathogenic processes of RA are not totally understood and involve many types of immunocompetent cells. Nevertheless, interactions between T and B cells are required for antibody production and, similarly to what are observed during SLE, many of the RA-related autoantibodies are high-affinity IgG antibodies, indicative of the involvement of GC reactions and, therefore, suggesting a critical role of Tfh cells in the disease pathogenesis.

Data from murine models of arthritis seem to indicate that some essential Tfh cells associated molecules are required for the disease development. For example, in the model of collagen-induced arthritis (CIA), CXCR5 was identified as an essential factor for the induction of the inflammatory autoimmune arthritis, as CXCR5-deficient mice and mice selectively lacking CXCR5 on T cells are resistant to CIA (114). In another model (transfer of self-reactive CD4+ cells from KRN-TCR transgenic mice into recipient animals), Chevalier et al. observed that deficiency in CD4+ cells of signaling of lymphocytic activation molecule-associated protein (SAP) (a protein known to promote Tfh cell differentiation during GC formation) protects mice from the induction of arthritis, indicating that long-lasting interactions between T and B cells and GC formation are required for the development of the disease (115).

In human RA, it is worth noting that literature data are conflicting regarding Tfh cells frequencies (Table 2). In five studies, it was observed increased frequencies of cTfh cells in patients as compared to controls (116–120), especially in those with new-onset disease. For some authors, this increase is constitutive and is not associated with the activity of arthritis, as both patients with active or inactive disease have higher frequencies of activated cTfh cells and of subsets with B cell helper phenotype (Tfh2 and Tfh17) (116). Still these findings contrast with other reports where percentages of cTfh cells have been associated with the disease activity [mostly assessed by 28-joint count disease activity score (DAS28)] (117–119, 121) and with the levels of autoantibodies (119–121). An enrichment of Tfh cells was observed in synovium tissues of patients with RA whereas they were absent in both osteoarthritis and normal synovium tissues (122, 123). By contrast of the five studies mentioned above, three other ones dismiss the presence of increased frequencies of Tfh cells during RA. No differences were found in the percentages of cTfh cells or within Tfh1, Tfh2, and Tfh17 subsets in RA patients, as compared to healthy controls or patients with undifferentiated arthritis, without correlation with DAS28 (124, 125) and Penatti et al. even observed lower frequencies of ICOS+ cTfh cells in patients with RA (122).


TABLE 2 | T follicular helper (Tfh) cells in human RA.
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Investigations on the implication of Tfh cells in the pathogenesis of the disease have also led to the evaluation of the impact of their signature cytokine, IL-21. RA patients have higher serum levels of IL-21 as compared to controls (117, 120, 121), correlating with DAS28 (117, 121), serum anti-CCP antibodies, and frequencies of cTfh cells (121). IL-21R is highly expressed in inflamed synovial tissues of RA patients (126, 127), by macrophages but also by fibroblasts with activated phenotype (126). IL-21 has an impact on local T-cell activation and proliferation, but also promotes the aggressive migration, invasion, and metalloproteinase secretion by fibroblast-like synoviocytes (128). In RA synovial cell cultures, neutralization of IL-21 and IL-15 inhibits their pro-inflammatory cytokine production (129). Finally, in the K/BxN mouse model of RA, IL-21R deficiency is sufficient to protect from arthritis (130).

Potential use of Tfh cells as biomarkers of RA has conducted to the evaluation of the impact of treatments on these populations. In 2013, Wang et al. observed a significant reduction in the percentages of ICOS+ Tfh cells following 1 month of disease-modifying antirheumatic drugs (DMARDs) and T. wilfordii (Chinese herb) in the drug-responding patients (119). On the contrary, no decrease in the frequency of Tfh cells in response to 24 weeks of DMARD therapy (mostly methotrexate monotherapy) was observed, whereas IL-21 concentrations were remarkably reduced (117). In patients with RA treated by abatacept, which modulates CD28-mediated T cells co-stimulation, the treatment is associated with a marked decrease in the proportion of activated cTfh (118). Data from murine model of RA associated with a breach of self-tolerance brought some mechanistic explanations on this observation made in RA patients: abatacept is associated with a failure of T cells to acquire a follicular helper cell phenotype (CXCR5+ICOS+), to proliferate, to enter B cell follicles, leading to a reduction in antibodies responses (131).

It is known that environmental factors are implicated in the development of arthritis and two recent studies suggest that generation of RA-related Tfh cells possibly relies on gut microbiota. Using the K/BxN autoimmune arthritis model, Teng et al. evaluated the role of a specific type of commensal gut bacteria, named segmented filamentous bacteria (SFB), in the regulation of Tfh cell responses (132). SFB are known to drive autoimmune arthritis in this mouse model (133) and it was shown that SFB induce an increase in the systemic Tfh cell populations by driving differentiation and egress of Tfh cells from intestinal Peyer’s patches into systemic lymphoid sites, leading to an increase in auto-antibody responses and to the development of arthritis (132). Using the same murine models, Block et al. confirmed the requirement of gut microbiota in the differentiation of Tfh cells, the formation of GCs, the auto-antibody production, and the development of the experimental arthritis. Depletion of gut microbiota in the animals, by the use of antibiotics, reduced the number of Tfh cells and the levels of antibodies (134).

Finally, we would like to highlight the results published recently by Rao et al. in Nature, who identified a novel subset of T cells in the synovium of patients with RA (135). Using multidimensional cytometry, transcriptomics, and functional assays to analyze activated T cells in joint tissues, authors observed, in seropositive RA patients, abundant populations of a specific subset of T cells, defined as PD-1hiCXCR5−CD4+ and which they named “peripheral helper” cell population. This population, not expanded in patients with seronegative RA and of whom frequencies are highly correlated with disease activity in response to therapy, shares B-cell-helper functions with Tfh cells but seems to differ from them by a specific migratory program targeting inflamed tissues rather than lymphoid tissues (135). These results need to be confirmed and some questions need to be addressed, but this study raises the possibility of the existence in RA of a subset with high pathologic abilities that could be of great interest in a therapeutic perspective.

T follicular helper cells have also been investigated in patients with ankylosing spondylitis (AS), another rheumatologic disease, with contradictory results. Higher frequencies of cTfh cells have been observed in AS patients as compared to controls, associated with elevated concentrations of serum IL-21 (136, 137), whereas Bautista-Caro et al. reported decreased frequencies of cTfh cells, plasmablasts and underrepresentation of cTfh subsets with a B helper phenotype in patients with AS naïve from TNF blockers (138). Frequencies of Tfr cells were also reported to be significantly higher in AS patients than in healthy controls, with higher ratio of Tfr/Tfh cells (137).



SJOGREN SYNDROME

Primary Sjögren’s syndrome (pSS) is a systemic autoimmune disease, presented as a disabling sicca syndrome associated with asthenia and pain (139). It is characterized by lymphocytic infiltration and destruction of exocrine glands, primarily the lacrimal and salivary ones. Crucial role of B cells in pSS pathogenesis is illustrated by the emergence of circulating immune complexes, autoantibodies, ectopic GCs in the affected tissues, and enhanced risk of developing B cell lymphoma (140) underlying a possible important role played by Tfh cells in the pathogenesis of this disease. Increased percentages of cTfh cells (especially cTfh17 subset) have been observed in peripheral blood of patients with pSS (141, 142). This increase seems to be limited to pSS patients with severe manifestations of the disease. Indeed, in patients with pSS who present extraglandular manifestations (EGMs), Szabo et al. observed an increase in activated cTfh cells (ICOS+ or PD1+ cTfh) as compared to pSS patients without EGMs and to healthy controls, whereas there was no difference in cTfh percentages between patients without EGMs and controls (143). Elevated Tfh percentages were also observed in the anti-SSA/SSB positive patients (143). Similarly, a significant elevation in the proportion of IL-21-producing PD1+ cTfh cells was described in pSS patients with EGMs and in patients with autoantibodies against anti-SSA/Ro (95). More interestingly, correlation between cTfh cells percentages and importance of glandular involvement assessed by the focus scores of labial salivary gland biopsies has been estimated with a coefficient R equal to 0.6984 (143). Otherwise, increased serum levels of IL-21 are observed in pSS patients with a significant association with the systemic DAS28 (ESSDAI) (144, 145). Regarding salivary glands, Jin et al. reported increased numbers of Tfh cells in pSS patients as compared to controls (141). When analyzing the expression of cytokines and transcription factors associated with the different Th subsets (Tfh, but also Th1, Th2, and Th17) in labial salivary glands, Maehara et al. observed an increase in the expression of all Th subset-related molecules in pSS patients as compared to controls. However, expression of Tfh-related molecules was associated with a strong lymphocytic infiltration and especially in the presence of GCs (146). Differentiation of naïve CD4+ T cells seems to be particular during pSS and implies the interactions with salivary gland epithelial cells such as IL-6 and ICOS-L expressed by these cells contribute to the direct induction of Tfh cells differentiation (145).

Frequency of cTfh cells in pSS patients is almost reduced by 50% after B cell depletion therapy and reach levels comparable to controls, in association with a significant lowering of serum levels of IL-21, with a decrease in anti-SSA/Ro and antiSSB/La antibodies and with the improvement of the disease activity measured by ESSDAI (147). During B cell repopulation, frequencies of cTfh cells return to baseline levels. Like described in RA, specific effects of abatacept on Tfh cells are observed during pSS treatment (148). Abatacept results in the predominant reduction of percentages and numbers of cTfh cells (other effector subsets are not affected, except Treg cells), of serum levels of IL-21 and of autoantibodies. A decrease in ICOS expression on CD4+ T cells is observed in both peripheral blood and parotid gland tissue and this phenomenon correlates significantly with a lowering in the DAS28 (148).



NEUROLOGICAL DISEASES


Multiple Sclerosis (MS)

Multiple sclerosis is a chronic, inflammatory, and autoimmune disease affecting the central nervous system (CNS), leading to the destruction of myelin and axons (149). In pathological studies, important meningeal inflammation with ectopic lymphoid follicles, B and plasma cells is observed (150, 151). This suggests a possible implication of T helper cells and especially Tfh cells in the pathogenesis of the disease. In peripheral blood from patients with relapsing–remitting or secondary progressive forms of the disease, an increase in the frequencies of ICOS+ cTfh cells is observed, associated with an increased expression of Tfh and plasmablast markers by cerebrospinal fluid (CSF) cells (152). Activated memory cTfh cells (CCR7+ICOS+) were also found increased in another study in patients with relapsing MS. Moreover, they observed increased levels of plasma and CSF IL-21 correlating positively with the score of severity of the disease (EDSS score) and with levels of auto-antibodies directed against myelin basic protein or myelin oligodendrocyte glycoprotein (153). Treatment with systemic steroids (methylprednisolone) leads to a decrease in the numbers of activated cTfh cells and in the plasmatic levels of IL-21 (153).



Neuromyelitis Optica Spectrum Disorders (NMOSDs)

Neuromyelitis optica spectrum disorders are also inflammatory demyelinating diseases affecting CNS, characterized clinically by attacks of myelitis and optic neuritis and biologically by the presence of highly specific and pathogenic autoantibodies directed against the extracellular domain of the water channel protein aquaporin-4 expressed in astrocytes (NMO-IgG) (154). Activated Tfh cell frequencies are higher in NMOSD subjects, as compared to healthy controls and even as compared to MS patients and are associated with disease activity and with increased levels of plasma and CSF IL-21 (155, 156). Treatment with methylprednisolone is associated with a significant decrease in the proportion of cTfh cells in NMOSD patients (155).



Myasthenia Gravis (MG)

Myasthenia gravis is characterized by the production of anti-acetylcholine receptor (AchR) antibodies, leading to a dysfunction of the neuromuscular junction and in fine to muscle weakness (157). Ocular and generalized MG are the two major clinical forms of the disease. Expansion of cTfh cells, concomitant with expansion of circulating plasmablasts, is observed in patients with MG as compared to healthy control subjects, and is associated with the clinical severity and the form of the disease (158–161). Strong correlations between cTfh cells and titers of anti-AChR autoantibodies are frequently described (159–161). On the contrary, proportions of Tfr cells are decreased in MG patients as compared to controls, leading to an imbalance in the Tfr/Tfh ratio (159, 162). One important specificity of MG is the frequent association with thymoma and the use of thymectomy as a treatment, leading to the possible pathological analysis of thymus obtained from MG patients. Clinical severity of the disease (subjects with generalized MG versus subjects with ocular MG and controls) is correlated with higher mRNA expression of four markers by thymoma cells (CXCR5, Bcl-6, ICOS, and IL-21) (163). Higher percentages of thymic Tfh cells are present in MG patients, as compared to patients with thymoma without MG or patients with healthy thymus (control thymic biopsies from cardiac surgery cases) (164).




IgG4-RELATED DISEASE (IgG4-RD)

IgG4-related disease consists in lymphoplasmacytic infiltrates of CD4+ T cells and IgG4+ plasma cells associated with fibrosis. It affects mainly males over 50 years and may involve all tissues (pancreatitis, retroperitoneal fibrosis…) (165). IgG4-RD patients are characterized by higher proportions of cTfh cells, as well as increased proportions of plasmablasts as compared to controls (166). The two populations correlate positively within each other and cTfh cell rates are positively correlated with EGMs of IgG4-RD (166). Proportions of cTfh cells that express a high level of PD-1 positively correlate with serum levels of IgG4, IgG4/IgG ratio, and number of involved organs (167). When cTfh subsets are analyzed, a significant specific expansion of Tfh2 cells is observed, associated with serum levels of IgG4, IgG4/IgG ratio, number of plasmablasts, disease activity, and number of affected organs (168–170). Tfh2 cells appear to be responsible, in the pathogenesis of the disease, for the induction of the differentiation of naïve B cells into plasmablasts and of the increase in the production of IgG4 in patients with active disease (169). Contradictory results have been published regarding the population of Tfh1 cells: a Japanese team observed an increase in the number of activated Tfh1 cells in IgG4-RD, correlating with disease activity but not with serum IgG4 levels, whereas another team reported a decrease in the proportion of cTfh1 cells in patients as compared with controls (170).

One particularity of IgG4-RD is the existence of numerous data with histopathological examination. In fact, in IgG4-RD, it is necessary to get a biopsy-proven diagnosis, allowing the analysis of Tfh cells directly in the involved tissues. Histological data reveal marked Tfh cell infiltration or overexpression of Tfh-related molecules in the different affected organs studied (166, 171–173), colocalizing with B cells and plasma cells (171). Tfh cells infiltrating the submandibular glands (SMGs) of patients suffering from IgG4 dacryoadenitis and sialadenitis are characterized by high expression levels of Bcl6, PD-1, and ICOS, as compared with SMGs from control patients with head and neck cancers, and functional analysis reveal that they have a higher capacity than tonsillar Tfh cells to help B cells to produce IgG4 (167). Expression of IL-21 in labial salivary glands from patients with IgG4-RD correlates with the number of GCs and with the IgG4/IgG ratio (172). All teams working on Tfh cells and IgG4-RD showed a decrease in Tfh percentages in patients treated by steroids or rituximab, correlating to the improvement of symptoms (166, 167, 169, 170).



VASCULITIS


Large Vessels Vasculitis

To our knowledge, role of Tfh cells in the physiopathology of large vessels vasculitis has been rarely investigated. One team studied Tfh cells in granulomatosis with polyangiitis (GPA) (174), disease characterized, in the majority of patients, by the development of ANCA autoantibodies with specificity for PR3 (ANCA/anti-PR3). Because GPA has benefited recently from B-cell depletion therapy, it raises the question of the underlying mechanism of its effectiveness. Authors found, in GPA patients on conventional therapies, an increased frequency of cTfh cells. This increase is not observed in GPA patients treated with rituximab who are clinically improved and in whom cTfh cells frequencies are statistically not different from those seen in healthy controls (174).



Small Vessels Vasculitis

Ig A vasculitis, also called Henoch Schönlein Purpura (HSP), is the most common small vessel vasculitis which affects particularly children. Vascular deposits of IgA-related immune complexes characterize this systemic inflammatory disease. Circulating Tfh cells are increased in children with acute HSP as compared to healthy controls and are associated with higher levels of IL-21 (175, 176). Levels of cTfh and IL-21 lowered significantly following disease remission (175). Adult patients with HSP nephritis (HSPN) display same features, with increased levels of cTfh cells and IL-21 as compared to healthy controls and a significant reduction after treatment (177). When further investigating Tfh subpopulations, an increase in cTfh2 and cTfh17 is present in HSP patients compared to healthy controls and their levels positively correlated with serum IgA ones (178). The increases in cTfh2 and cTfh17 cells counts are abrogated by treatment.




IDIOPATHIC THROMBOCYTOPENIC PURPURA (ITP)

Idiopathic thrombocytopenic purpura is characterized by a low platelet count, which is the result of both insufficient platelet production and increased platelet destruction by auto-antibodies directed against platelet glycoproteins. Main antibody isotype in ITP is represented by IgG, which underlies a class-switch recombination, a mechanism supported by Tfh cell help to B cells. In adult ITP patients, there is an increase in the proportion of cTfh cells with high expression of ICOS or PD-1 (179). This is particularly marked in the sub-group of patients with positivity of anti-platelet antibodies as compared to platelet-antibody-negative patients. Plasma levels of IL-21 are also significantly increased in patients with active ITP as compared to controls (179, 180). In the pediatric population, which is frequently impacted by ITP, similar results are observed: frequencies of cTfh cells are markedly increased during ITP, with a strong negative correlation between the proportion of cTfh cells and platelet count, as well as with increased serum levels of IL-21 (181). It should be highlighted that the frequencies of cTfh cells return to normal levels after therapy (intravenous Ig, corticosteroids, or both) in patients with newly diagnosed ITP, whereas children who fall in chronic ITP (cITP) have a persistent increase in both cTfh cell frequencies and IL-21 levels. Moreover, in cITP subjects, overexpression of ICOS-L by CD19+ B cells remains after treatment, while it markedly decreases in the other group (181).

Spleen is the site of platelet destruction by splenic macrophages phagocytosis and as it is the primary site for the activation of B cells and for the autoimmune response and, therefore, an organ of interest in ITP. Splenectomy is one possible therapeutic option for resistant ITP and pathological analysis of the resected organs gives precious information. Audia et al. characterized Tfh cells in the spleen of 13 ITP patients compared to 8 controls (splenectomy because of spleen traumatism) (182). Splenic Tfh cells frequencies (CXCR5+ICOS+PD-1hi) are increased during ITP, concomitant with an expansion of GCs and with an increase in splenic CD38+ B cell subsets (pre-GC B cells, GC B cells, and plasma cells). Furthermore, IL-21 expression in splenic CD4+ T cells correlates with Tfh cell abundance. Finally, in vitro stimulation of B cells with IL-21, in the presence of CD40 engagement, induces the differentiation of B cells in antiplatelet antibodies secreting plasmablasts in ITP patients (182). The expansion of splenic Tfh cells is dramatically decreased after B cell depletion induced by rituximab, associated with a decrease in the absolute count of cTfh cells, even if the therapy is not clinically effective (183).



CHRONIC INFLAMMATORY SKIN DISEASES


Psoriasis

Skin lesions in psoriasis are thought to be due to a deregulated interplay between immune cells and keratinocytes, leading to proliferation of keratinocytes in the interfollicular epidermis, inflammation of the stratum corneum, dermal angiogenesis, and infiltration with mononuclear cells. Circulating Tfh cells are increased in blood from patients with psoriasis vulgaris as compared to controls, both from a numerical but also from an activation point of view, and frequencies of some activated counterparts of cTfh cells are correlated with disease severity [Psoriasis Area and Severity Index (PASI) score] and with the accumulation of activated B cells (184, 185). Regarding cTfh cells subpopulations, psoriatic patients are characterized by a significant increase in cTfh17 rates, with a trend of increasing frequency of cTfh2 cells and decreasing frequency of cTfh1 cells, leading to an increase in (Tfh17+Tfh2)/Tfh1 ratio (186). Frequency of cTfh17 correlates with the PASI score and decreases with the improvement of the skin disorder (186). Frequencies of cTfh cells are reduced after 1 month of acitretin treatment (184). In psoriatic skin lesions, Tfh are found in great amount contrary to healthy skin tissues or non-lesional skin tissues of psoriasis (184).

Serum levels of IL-21 are higher in patients with psoriasis than in controls and positively correlate with PASI score (185). Moreover, high levels of IL-21 protein and IL-21 mRNA are observed in lesional psoriasis skin compared to samples taken from non-lesional skin of the same patients and from healthy controls (187).



Atopic Dermatitis (AD)

Because of an increased level of serum IgE in AD, some authors have focused on Tfh cells in this disease. There is an increased level of ICOS+Tfh and ICOS+PD1+ Tfh cells in children with AD when compared to adults with AD and to controls. Despite no difference in serum levels of IL-21, absolute numbers of IL-21-producing Tfh cells are significantly expanded in children with AD, and correlate to disease activity (measured by the SCORAD index) (188).



Pemphigus and Bullous Pemphigoid

Pemphigus is an autoimmune disease with antibodies directed against the desmosomal cadherin Desmoglein (Dsg) 3 and Dsg1 that cause loss of keratinocyte adhesion in the human skin. There is an increase in percentage of total cTfh in peripheral blood of patients with pemphigus, along with elevated levels of serum IL-21, despite no difference in ICOS+ or PD1+ Tfh cells between patients and healthy controls (189). By stimulating PBMC from pemphigus patients and controls with Dsg3 protein ex vivo, authors identified autoreactive IL-21-secreting cells in 50% of the pemphigus patients.

Bullous pemphigoid is another autoimmune skin disease, with antibodies directed against hemodesmosomal proteins within the dermal–epidermal junction [non-collagenous 16A domain (NC16A) and transmembrane domain of the hemidesmosomal protein (BP180)]. Increased level of IL-21 and increased frequency of ICOS+ and PD1+ cTfh cells are positively correlated with high levels of serum anti-BP180-NC16A antibodies, which have been recognized as a serum marker of disease severity. Levels of serum IL-21 and Tfh rates are significantly reduced after efficient therapy with methylprednisolone (190).




ENDOCRINOPATHIES


Type 1 Diabetes (T1D)

Type 1 diabetes is due to the destruction of insulin-producing-ß-cells in the pancreas. Despite being considered as a T-cell-driven disease, a pathogenic role of B cells producing autoantibodies against ß-islets has been proven. Using a transgenic mouse model of diabetes, Kenefeck et al. identified a Tfh signature (that is a strong up-regulation of Tfh cell genes) in the islet-specific T cells responding to pancreatic antigen, as compared to T cells sorted from inguinal lymph nodes (191). This was confirmed at the protein level by flow cytometry. Interestingly, transfer of T cells with a Tfh cell phenotype (obtained from pooled pancreatic lymph nodes from diabetic mice and enriched according to CXCR5 expression) transferred diabetes to recipient animals more efficiently than CXCR5-depleted T cells (191).

At the transcriptomic level, memory CD4+ T-cells from T1D patients (with a mean duration of T1D of 19 years) overexpress Tfh cell genes (CXCR5, ICOS, PD-1, Bcl6, and IL-21) (191). Rates of cTfh cells are increased in patients with T1D, as compared to controls (192–194). This increase is associated with an enhanced IL-21 production by memory CD4+ cells in patients (192, 193). Interestingly, authors have shown an increase in activated cTfh (CXCR5+PD1+ICOS+) cells in newly diagnosed T1D children and in at-risk children with impaired glucose tolerance compared to aged-matched healthy children (194). A longitudinal analysis of at-risk children showed an increased rate of Tfh just before progression to clinical T1D, whereas children who did not progress had a stable Tfh frequency. Comparison between diabetic patients with ≤1 autoantibody and diabetic patients with ≥2 antibodies showed a strongly increased frequency of activated cTfh cells in the second group. It suggests that multiple autoantibody-positivity identifies a subgroup of patients with increased Tfh activation at disease presentation (194).

PD1+ Tfh cells positively correlate with blood glucose levels and negatively to the Glomerular Filtration Rate (eGFR) in patients with diabetic nephropathy (195). Besides, frequency of ICOS+ Tfh cells seems to inversely correlate with the concentrations of fasting serum C-peptide, while after 4 months of rituximab therapy, 50% of patients increase their levels of this marker, parallel to the decrease in Tfh percentages (192).



Autoimmune Thyroid Disease

Elevated percentages of ICOS+ and PD1+ Tfh cells are present in patients with autoimmune thyroid diseases [Grave disease (GD) or Hashimoto’s thyroiditis (HT)]. ICOS+ cTfh cells correlate positively with the serum concentrations of autoantibodies directed against anti-TSH receptor, thyroperoxidase, or thyroglobulin (196).

Analysis of thyroid tissues is sometimes possible in these diseases: both GD and HT are characterized by an increased lymphocytic infiltration (196–198), with frequent GCs formation. Tfh cells are detected in situ, in HT (196) and GD (197). Expression of Tfh-related molecules (IL-21/IL-21R, CXCR5/CXCL13) is detected in GD thyroid tissues (197), with a positive correlation between the expression of IL-21 mRNA in GD thyroid tissues and the serum levels of autoantibodies. mRNA expression of CXCR5 and CXCL13 is correlated with the number of lymphocytic infiltrates and ectopic GCs in thyroid tissue from patients affected by HT or GD (198).




HEPATOLOGICAL AND GASTROENTEROLOGICAL DISEASES


Autoimmune Hepatitis (AIH)

Autoimmune hepatitis displays varied manifestations from asymptomatic, mild chronic hepatitis to acute-onset fulminant liver failure. Studies with murine models of AIH have raised a possible crucial role of Tfh in the disease (199, 200), by showing that dysregulated Tfh cells in the spleen are responsible for the induction of fatal AIH. In humans, percentages of activated cTfh cells (PD-1+ or ICOS+ Tfh cells) are increased in patients with AIH compared to controls (201, 202). Frequency of activated cTfh cells is positively correlated with serum IgG levels (201, 202) and negatively with serum albumin and serum prothrombin time (201). This population decreases significantly consecutively to prednisolone treatment, with the decrease of serum alanine transferase (201). Serum levels of IL-21 are higher in patients with AIH than in patients with other liver diseases or healthy volunteers (202, 203), correlating with the numbers of cTfh cells. They are associated with the severity of the disease. Finally, they correlate positively with total serum bilirubin levels and negatively with serum albumin (203). Data obtained from immunohistochemistry studies and from flow cytometry on extracted cells from liver biopsies of patients with AIH have been also published: frequencies of activated Tfh cells are significantly increased in the liver from patients and positively correlate with their circulating counterparts in blood of patients (201). A positive correlation of serum IL-21 levels and the grading of necro-inflammatory activity is also described (203).



Primary Biliary Cholangitis (PBC)

Circulating Tfh (201), ICOS+ cTfh (204) and PD1+ cTfh cells (205, 206) are increased in patients with PBC as compared to controls, in association with a decrease in Tfr cells and in consequence in the Tfr/Tfh ratio (206). Levels of cTfh cells are even higher than in AIH patients (204) and functional capacities of cTfh cells from PBC patients are greater than those from controls (204). cTfh frequencies correlate with disease severity (204). They are higher in patients with cirrhosis (non-decompensated or decompensated) than in the non-cirrhotic group, and higher in the group of patients with anti-mitochondrial antibodies than in the group without (205). In patients responders to the classic treatment of PBC (ursodeoxycholic acid), there is a decrease in cTfh rates and a trend to a lower production of IL-21 by Tfh cells (204). As in AIH, histological analysis of liver samples reveals an accumulation of PD1+Bcl6+ Tfh cells around the damaged interlobular bile ducts in PBC with chronic non-suppurative destructive cholangitis; these infiltrating Tfh cells organize follicle-like structures and collocate with B cells around the bile ducts (204). Similar increases of Tfh cells are also present in spleen samples of patients with PBC, as compared to controls (traumatic splenectomy) (204). The aberrant Tfh cell activation in PBC patients can possibly rely on abnormal response toward bacterial antigens stimulation (207).



Inflammatory Bowel Diseases (IBD)

Circulating Tfh cells have also been studied in patients with IBD [Crohn’s disease (CD) or ulcerative colitis (UC)], showing an increase in their proportions in IBD patients as compared to healthy controls (208, 209), with a significant specific increase in Tfh1 and Tfh17 subsets (209) and a reduction in the frequency of cTfr cells (208). Levels of cTfh cells are associated with symptoms of severity of IBD: they are significantly elevated in the penetrating form of CD, as compared to the inflammatory or stricturing ones (209). In UC, the values of Mayo clinic score (measuring disease severity) and of C-reactive protein positively correlate with cTfh cells and serum IL-21 levels (208). Because Tfh cells may affect the progression of various cancers and because CD patients are at risk of colorectal cancer, the question has been raised to compare cTfh levels in CD patients with or without neoplasia. Patients who developed a colorectal cancer, compared to those who did not, have a significant increase of cTfh cells (209). In colonic tissue sections of patients with UC, proportion of Tfh cells among CD4+ T cells is increase (210).

Specific contribution of IL-21 to the pathogenesis of IBD has been studied. It has been observed enhanced serum levels of this cytokine in patients (208), an increase in its expression in UC colonic tissues (210) and interesting findings indicate an important role of CD4+ T intestinal lamina propria lymphocytes in the production of IL-21, especially after their activation by IL-12 (211).




COMMON VARIABLE IMMUNE DEFICIENCIES (CVID)

Common variable immune deficiencies is the most symptomatic primary immunodeficiency and manifests by recurrent respiratory and gastrointestinal tract infections. This disease is heterogeneous and diagnosis criteria, as defined by European society for immunodeficiencies, include onset after 2 years old, deficit in serum Ig (multiple classes) not explained by other known causes and impaired vaccination responses (212). Impaired B cell differentiation is a hallmark of the disease and, despite normal levels of total B cells in most cases, patients harbor lower levels or absence of smB cells (213). Based on these alterations, the European multicenter trials proposed a classification called EUROClass which hinged on levels of circulating B cells, of smB cells and on the presence of an expansion of transitional B cells or of CD21low cells (214). In more than half of the patients, CVID causes inflammatory disorders, such as lymphoproliferation, granulomatous disease, malignancy, and autoimmunity on the top of the immunodeficiency leading to infection susceptibility (215). These complications cause increased morbidity and mortality. More than 25% of CVID patients have autoimmune complications (215). ITP and autoimmune hemolytic anemia are the most frequent autoimmune disorders but numerous others, such as vitiligo, pernicious anemia, SLE, RA, antiphospholipid syndrome, anti-IgA Ab disease, juvenile idiopathic arthritis, Sjogren’s syndrome, psoriasis, thyroiditis, uveitis, and vasculitis can also be found in CVID patients (215). These observations highlight a paradigm in CVID pathogenesis: despite a defect in B cell differentiation and in serum Ig, patients develop autoantibodies and harbor autoimmune complications. Mechanisms responsible for this paradigm may highlight failures in specific checkpoints for autoreactive B cells and are yet to be clearly identified. Interestingly, Patuzzo et al. (216) have shown an increase in the CD21low population in CVID patients with ITP. CD21low cells may develop under chronic inflammatory conditions from memory B cells and are present in high levels in autoimmune patients including ones affected by ITP, pSS, and SLE. Therefore, one can hypothesize a role of these CD21low smB cells in the development of autoimmune complications observed CVID patients. Nevertheless, further experiments are needed to explore this possibility.

CD4+ T cells play a central role in B cell differentiation into memory and Ig-producing cells. It is, therefore, not surprising to observe abnormalities of the T cell compartment in CVID patients. Patients have usually lower levels of CD4+ T cells and normal number of CD8+ T cells. Genetic defects in the T cell compartment may be detected. One example is the discovery of ICOS mutations in some patients. ICOS has a key role in GC reactions and in smB cell generation and as mentioned earlier, most CVID patients have defects in this B cell population. Grimbacher et al. have identified homologous deletion of ICOS genes in CVID patients causing a failure in ICOS expression on T cells (217, 218). These patients have impaired GC formation and defects in class-switching leading to hypogammaglobulinemia and, therefore, defective T cell helping in late B cell differentiation. Combining clinical features of the nine ICOS-deficient patients allow manifestation of the full range of non-infectious related complications. Nevertheless, four of these patients do not have autoimmune diseases. Interestingly, these patients also present lower levels of circulating CXCR5+ Tfh cells despite normal numbers of CD4+ T cells (15). Among the CD4+ T cells, Tfh cells play a critical role in B cell differentiation especially for smB cell differentiation. It seems critical to assess the potential role of these cells in CVID pathogenesis. Our group (submitted manuscript) and others observed an increase of circulating Tfh cells in CVID patients (219–221). Interestingly, patients with non-infectious complications or classified as smB based on the EUROClass harbor increased cTfh (220) which is even more pronounced in the smB- CD21low subgroup (221). Tiller et al. demonstrated in 2007 (222) that the smB cell population (IgG+) contains some autoreactive B cells in normal adults. It is then possible that smB cells in CVID patients, despite their low levels, contribute to autoimmunity. Consequently, Tfh cells could be a part of the immune responses leading to autoimmune manifestations observed in CVID patients considering their central role in smB cell differentiation. Moreover, as mentioned earlier, CD21low memory B cells are increased in several autoimmune contexts (216). Still, when we compared patients with autoimmune complications with patients harboring other type of comorbidities, we could not detect any significant differences in levels of Tfh or Tfh subtypes (submitted manuscript). It will be then necessary to perform further experiments to assess the functions of Tfh cells in CVID patients and to evaluate their impact on autoreactive Ab secretion.

Regarding Tfh cell subpopulations, we (submitted manuscript) and others (220, 221) highlight specific increases of the cTfh1 in non-infectious only CVID patient blood. By contrast, cTfh17 cells were decreased. Moreover, Tfh cells from CVID patients expressed elevated levels of IFNγ (220, 221) and sera from patients contained higher concentrations of IFNγ compared to healthy donors (221). Finally, we and Unger et al. showed respectively higher levels of CXCR3 and T-bet, markers of Th1-oriented cells, in SLO from CVID patients. Altogether, these data demonstrated an imbalance in Tfh subpopulations in CVID patients harboring non-infectious complications in favor to cTfh1. These data suggest an IFNγ-enriched environment during B cell differentiation/maturation in CVID patients. Cols et al. have associated elevated IFNγ levels with manifestations of complications in CVID patients and expansion of type 3 innate-lymphoid cells (ILCs) (223). Friedmann et al. (224). confirmed an imbalance in circulating ILC2/ILC3 cells in CVID patients but argued that given the relative abundance of Th1CD4+ T cells ILC would not be the main source of IFNγ in CVID. Unger et al. showed that exogenous addition of IFNγ in B/T cocultures reduces IgG and IgA production (221). Still, the impact of IFNγ on CD21low cell generation and/or on autoreactive B cell activation was not directly addressed in CVID and, therefore, is yet to be determined. In conclusion, evidences from the literature strongly suggest a role for Tfh in pathogenesis of the more severe forms of CVID, but not limited to the autoimmune disorders observed in some of these patients. Experiments are still needed to determine Tfh implication in CVID and the possible role of IFNγ in autoimmune manifestations observed in this syndrome.



Tfh CELLS AND OTHER INFLAMMATORY AND AUTO-IMMUNE DISEASES


IgA Nephropathy (IgAN) in Adults

IgA nephropathy is the most common form of primary glomerulonephritis in adults, characterized by mesangial deposition of IgG and IgA in glomeruli. Percentages of CD4+CXCR5+, CD4+CXCR5+ICOS+, and CD4+CXCR5+PD1+ Tfh, as well as a serum level of IL-21, are increased in patients as compared to controls. Percentages of cTfh cells are negatively correlated with renal functioning (eGFR values) while levels of PD1+ Tfh cells are positively correlated with levels of galactose-deficient IgA1 (Gd-IgA1, known to be effector molecules in the pathogenesis of IgAN), as well as 24-h urinary proteins. Treatment with prednisone significantly reduces the frequency of cTfh and levels of serum IL-21 (225).



Adults Idiopathic Inflammatory Myopathies (IIM)

Idiopathic inflammatory myopathies are a group of heterogeneous chronic autoimmune diseases comprising dermatomyositis and polymyositis, in which muscles are infiltrated by lymphocytes, dendritic cells, and macrophages. Total cTfh cells are expanded in peripheral blood of patients with IIM compared to controls. This expansion is due to the increase of the Tfh2 and Tfh17 subsets. By contrast, levels of Tfh1 cells are decreased (226). The expansion of Tfh2 and Tfh17 is in line with the work published in 2011 by Morita et al., which was the first study describing cTfh cells and their subsets in humans (56). They described a skewing of cTfh cells subsets toward Tfh2 and Tfh17 phenotypes, in relation to disease activity (skin rash, muscular weakness) and frequency of blood plasmablasts in patients with juvenile dermatomyositis (56).



Systemic Sclerosis (SSc)

Few data are available in literature on the potential role of Tfh cells in SSc pathogenesis. One recent report provides evidence that ICOS+ Tfh cells contribute to skin fibrosis (227). T cells with a Tfh phenotype (CD4+, CXCR5+, and PD-1+) and expressing ICOS infiltrate the lesional skin of SSc patients and correlate with dermal fibrosis (assessed by modified Rodnan skin score). Taking advantage of the murine model of sclerodermatous graft-versus-host-disease, authors showed that ICOS+ Tfh-like cells contribute to fibrosis via IL-21 and matrix metalloproteinase 12. Removal of ICOS+ cells ameliorate fibrosis and inhibit dermal inflammation. Finally, by neutralizing specifically IL-21, skin fibrosis is ameliorated as well (227).




CONCLUSION

During past years, significant improvements obtained in Tfh cells biology have led to consider their role in various diseases, such as cancers, immunodeficiencies, allergic diseases, but also in autoimmune disorders. First observations published on mouse models, and specially in lupus-prone ones, have demonstrated the pathogenic role of excessive Tfh cell responses in autoimmunity and have paved the way for subsequent research in humans. Since then, the above-mentioned clinical and experimental findings consistently revealed that patients with autoimmune diseases display aberrant Tfh cells responses, with some common features shared across multiple disorders: increased numbers and proportions of total cTfh cells; alteration in the balance of the subsets, with an increase in activated cTfh2 and cTfh17 cell subsets and a decrease in cTfh1 cells; ectopic GC formation in inflamed tissues; association of Tfh cell numbers and activation state with disease activity, levels of autoantibodies and with the response to conventional treatment. However, unlike mouse studies where lymphoid organs can be easily obtained during disease course, many studies performed to date in human auto-immune diseases have largely investigated Tfh cells only in peripheral blood. Like previously mentioned, the exact origin and biology of these cells remain elusive in humans. Whether the information obtained from the analysis of cTfh cells directly reflects the Tfh responses in SLO and/or in inflamed tissues remains to be fully established. Data linking human cTfh cell compartment and Tfh cells in lymphoid organs and/or inflamed tissues are still scarce, functional analysis of cTfh cells (ability to deliver B-cell help) is frequently missing in the published studies and exact nature of Tfh cells present in affected organs requires further studies, like the one published recently by Rao et al. in RA (135).

It is also to be determined if the observed alterations in Tfh cells are causative and/or a consequence of the global immune dysregulation present in these diseases, and for instance regarding B cells. It is established that transmission of signals between Tfh cells and GC B cells is bidirectional. Cognate Tfh—B cell interactions are essential for Tfh cells differentiation and maintenance processes, as B cells serve as APCs and as a source of ICOS-L and cytokines (6, 17, 45, 228–232). This interdependent relationship could possibly be harmful in the context of auto-immunity and this feed-forward loop for Tfh cell help delivered by B cells should be considered with precaution. In fact, if expansion of Tfh cells can provide pathological signals of survival and escape to auto-reactive B cells, the reverse statement could also be true. Autoantigens are easily accessible to B cells during auto-immune reactions and this persistent antigenic availability was shown to favor the activation of Tfh cells in a murine model (45). Besides this, in humans, it was observed that after B cell depleting therapy, in lymph nodes, despite the absence of GC, a population of CD4+CXCR5+CD57+ Tfh cells was still present, suggesting that possibly some resident memory Tfh cells do not require B cells for their maintenance (233, 234).

As a whole, the studies mentioned in this review lend support to the existence of a global increase of the activity of the Tfh lineage in patients with auto-immune and inflammatory disorders and to the more likely association of exaggerated Tfh response with the pathogenesis of human autoimmune diseases. There are still a lot of unanswered and open questions in this field. A better understanding of the biology of these cells, of the events that initiate or sustain their activation is of particular importance, as interference with these processes and their selective inhibition could represent therapeutic options.
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T follicular helper (TFH) cells are an integral part of humoral immunity by providing help to B cells to produce high-affinity antibodies. The TFH precursor compartment circulates in the blood and TFH cell dysregulation is implied in various autoimmune diseases including type 1 diabetes (T1D). Symptomatic T1D is preceded by a preclinical phase (indicated by the presence of islet autoantibodies) with a highly variable progression time to the symptomatic disease. This heterogeneity points toward differences in immune activation in children with a fast versus slow progressor phenotype. In the context of T1D, previous studies on TFH cells have mainly focused on the clinically active state of the disease. In this review article, we aim to specifically discuss recent insights on TFH cells in human islet autoimmunity before the onset of symptomatic T1D. Furthermore, we will highlight advances in the field of TFH differentiation and function during human islet autoimmunity. Specifically, we will focus on the regulation of TFH cells by microRNAs (miRNAs), as well as on the potential use of miRNAs as biomarkers to predict disease progression time and as future drug targets to interfere with autoimmune activation.
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INTRODUCTION

T follicular helper (TFH) cells are a subset of CD4+ T cells characterized by the expression of the C-X-C chemokine receptor type 5 (CXCR5) (1–3) and their master transcription factor B-cell lymphoma 6 (BCL6) (4–6) as well as secretion of the cytokine interleukin-21 (IL-21) (7–9). The expression of CXCR5 together with a low expression of C-C chemokine receptor 7 (CCR7) allows these T cells to enter the B cell follicle in the secondary lymphoid organs (10, 11), where they take part in the germinal center reaction. Specifically, TFH cells interact with germinal center B cells to induce maturation, class switching, and the production of high-affinity antibodies and are therefore an integral part of humoral immunity (1–3).

Although their primary point of action is in the lymph nodes, studies have demonstrated that TFH cell precursors can be found in the blood circulation. These circulating TFH precursors are characterized by the expression of CXCR5, high expression of programmed cell death 1 and low expression of CCR7. Furthermore, circulating TFH precursors are clonally related and phenotypically similar to germinal center TFH cells and comprise a memory compartment that can be reactivated and expanded in response to immunization (12). Therefore, changes in the frequency and phenotype of circulating TFH precursors correlate with those of active TFH cells in the lymph nodes during infections (13). Since continuous stimulation of TFH cells with antigen, in the follicles provided by germinal center B cells, is important to maintain high levels of BCL6 (14), circulating TFH precursors display low or intermediate levels of BCL6 (13).

T follicular helper precursor cells can be subdivided into different subsets according to the effector cytokines they express in parallel to IL-21. Three TFH subsets can be distinguished based on their surface expression of CXCR3 and CCR6. Th1-like TFH cells are CXCR3+CCR6− and produce IFNγ, Th2-like TFH cells are CXCR3−CCR6− and produce IL-4, IL-5, and IL-13, and Th17-like TFH cells are CXCR3−CCR6+ and secrete IL-17A and IL-22 (15). Whereas Th2- and Th17-like TFH cells can induce naïve B cells to become plasma cells and produce antibodies, Th1-like TFH cells are suggested to lack this ability (15, 16). CXCR3+ TFH precursors were shown to correlate with effective vaccination responses by inducing antibody release from pre-existing memory B cells (16). However, also the memory B cell help by CXCR3+ TFH precursors is less efficient compared to that of their CXCR3− counterparts (13, 17). Th2- and Th17-like TFH cells do, however, impact differentially on the class switching of B cells, with Th2-like TFH cells promoting rather IgG and IgE responses and Th17-like TFH cells promoting IgG and IgA responses (15). A recent study on prostate cancer suggests that Th2- and Th17-like TFH cells also impact differentially on the subtype of IgG antibodies produced (18).

Because of their integral role in humoral immunity, TFH cells have been studied in depth in the context of vaccination. Their function of inducing high-affinity antibody responses additionally implies a role of TFH cells in the development and progression of autoimmune diseases that are characterized by the presence of autoantibodies.

One such autoimmune disease is type 1 diabetes (T1D). T1D is the most common metabolic disorder in children and its incidence is rising steadily, especially in young children (19). Impairments in immune tolerance mechanisms can lead to the destruction of the pancreatic insulin-producing β-cells and consequently a failure of blood glucose control, making life-long insulin replacement therapy necessary for patients with symptomatic T1D.

Symptomatic T1D is preceded by a presymptomatic phase (termed islet autoimmunity), characterized by the presence of autoantibodies against islet autoantigens (insulin, insulinoma antigen 2, glutamic acid decarboxylase, zinc transporter 8). The presence of multiple islet autoantibodies increases the life-long risk to develop the symptomatic disease to approximately 100% (20). The time taken for the progression from the development of the first autoantibodies (seroconversion) to the development of the symptomatic disease is, however, very heterogeneous and can range from months (fast progressors) to decades (slow progressors) (20). Accordingly, in our studies, we distinguish different stages of islet autoimmunity: recent onset of islet autoimmunity with islet autoantibodies for less than 5 years and long-term islet autoimmunity with islet autoantibodies for more than 10 years without progression to clinical overt T1D (21–23). However, the immunological mechanisms underlying these differences in disease progression remain poorly understood (24).



TFH CELLS IN PRESYMPTOMATIC T1D

Alterations in the frequency or function of TFH precursor populations in the peripheral blood have been implicated in various autoimmune disorders, including systemic lupus erythematosus and T1D (25–27). Regarding T1D, Kenefeck et al. have demonstrated in a transgenic TCR model that the transfer of TFH cells can induce diabetes. Specifically, they transferred ovalbumin-specific CXCR5+ or CXCR5−CD4+ T cells into recipient mice expressing ovalbumin under the insulin promoter in the β-cells and observed a significant increase in diabetes incidence in mice receiving CXCR5+CD4+ T cells (28). Furthermore, Ferreira et al. observed increased IL-21 production by CD4+ T cells in T1D patients (29). These previous studies on TFH cells in T1D have focused on symptomatic T1D, which excludes conclusions regarding the involvement of TFH cells in the presymptomatic phase or the progression to clinical T1D. The development of multiple islet autoantibodies characterizes the onset of presymptomatic T1D. The important contribution of TFH cells to humoral immunity therefore implicates an involvement of these cells also in disease onset and progression. Accordingly, we found insulin-specific and polyclonal TFH precursor frequencies to be increased during recent onset of islet autoimmunity. This increase was, however, transient and in children with long-term islet autoimmunity without progression to symptomatic T1D, the TFH precursor frequency was similar to that observed in children without islet autoantibodies (22) (Figure 1A). This is in accordance with the observation that children with long-term islet autoimmunity tend to lose their first islet autoantibodies, most commonly insulin autoantibodies (30). Data from birth cohort studies highlight that proinsulin-specific CD4+ T cells of children who developed islet autoantibodies show a gene expression signature resembling TFH/TH17 cell responses already very early on in infancy, well before the development of islet autoantibodies (31). In a recent Finnish study, no alterations in circulating TFH precursors were observed in normoglycemic children with multiple islet autoantibodies (32) (Figure 1A). However, study participants were not discriminated according to the duration of islet autoantibody positivity. These seemingly divergent results highlight the heterogeneity of T1D and underline the necessity to more precisely discriminate the stages of islet autoimmunity and age of study participants.
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FIGURE 1 | MicroRNA (miRNA)92a expression links alterations in T follicular helper (TFH) precursor frequencies with islet autoimmunity. (A) Overview of recent studies on the dynamics of circulating TFH precursor frequencies and miRNA92a abundance in islet autoimmunity. *Serr et al. (22), #Viisanen et al. (32), §Snowhite et al. (33). #§: islet autoantibody positive participants were not stratified based on the duration of islet autoantibody positivity. §: increase in miRNA92a was borderline significant and statistical significance was not reached after additional data processing. (B) Potential signaling mechanisms in CD4+ T cells targeted by miRNA92a. In states of no islet autoimmunity (left) miRNA92a is expressed at low levels, allowing for the expression of its targets. Targets of miRNA92a are among others negative regulators of T cell activation (e.g., FOXO1, PHLPP2, CTLA4, and PTEN) and negative regulators of TFH differentiation [e.g., krueppel-like factor 2 (KLF2)] which contributes to a reduced expression of the TFH transcription factor B-cell lymphoma 6 (BCL6) and reduced TFH differentiation. During recent onset of islet autoimmunity (right) the expression of miRNA92a is upregulated, leading to a decreased expression of its targets, increased expression of BCL6, and increased TFH differentiation.


Regarding the function of circulating TFH precursors, the analysis of Th1-, Th2-, and Th17-like TFH precursors is relevant, because of differences in their ability to provide B cell help and impact on antibody isotype production (15). Data regarding TFH precursor subsets in autoimmune diseases is limited; however, we reported an increase specifically in the Th2-like TFH subset in children with recent onset of islet autoimmunity and in children with newly diagnosed clinical T1D, whereas Th1- and Th17-like TFH cells were unaltered (22). Although Ig subtypes were not analyzed in our study, previous studies highlighted that Ig isotypes of islet autoantibodies and even IgG subtypes induced in the presymptomatic phase of the disease might influence the disease progression (34–36). Similarly, regarding autoimmune diseases other than T1D, a study by Le Coz et al. highlighted an increase of Th2-like TFH cells, accompanied by a decrease in Th1-like TFH cells in patients with systemic lupus erythematosus (37). In this study, Le Coz et al. demonstrate that IgE levels in the serum of lupus patients correlate with disease activity and are associated with high frequencies of Th2-like TFH cells (37).



MECHANISMS OF TFH INDUCTION IN ISLET AUTOIMMUNITY

The TFH differentiation process is highly complex, involving several steps and factors (25–27). In 2013, two research groups demonstrated an important role of the microRNA17~92 (miRNA17~92) cluster, which is essential for normal TFH development and function in mice (38, 39). miRNAs are small, ~22 nucleotide long, non-coding RNAs which can complementarily bind their target mRNAs in the RNA-induced silencing complex and induce their translational silencing or degradation (40–42). miRNAs usually have a multitude of targets and induce rather modest regulation (43, 44), enabling them to regulate complex cellular states, such as T cell activation (45, 46) and making them suitable targets for immune modulating therapies.

The miRNA17~92 cluster transcribes six mature miRNAs (miRNA17, miRNA18a, miRNA19a, miRNA19b, miRNA20a, and miRNA92a). The relevance of these miRNAs in autoimmune diseases is highlighted by the fact that overexpression of the cluster leads to autoimmunity and autoantibody production in mice (47). Regarding the role of the cluster in murine TFH cell differentiation, miRNA17~92 regulates differentiation and migration of TFH cells together with Bcl6 by repressing TFH subset inappropriate genes like retinoid-related orphan receptor α (Rora) and by regulating signaling molecules important for TFH differentiation and function, such as inducible T cell costimulator (Icos) and phosphatidylinositol-3-kinase (PI3K)/protein kinase B signaling (38, 39). Accordingly, two validated targets of miRNA92a are the phosphatase and tensin homolog (Pten) and PH domain and leucine rich repeat protein phosphatase 2 (Phlpp2), both negative regulators of PI3K signaling (47, 48). In line with its role in TFH cell differentiation and function, additional confirmed targets for miRNA92a are other negative regulators of T cell activation, such as forkhead box protein O1 (Foxo1) and cytotoxic T-lymphocyte associated protein 4 (Ctla4) (47, 48).

In an miRNA profiling approach to investigate miRNAs in T cells that could be involved in human autoimmune activation, we identified miRNA92a to be significantly increased in CD4+ T cells from children with ongoing islet autoimmunity compared to healthy controls (22). Confirmation via RT-qPCR highlighted an increase in miRNA92a specifically in T cells from children with recent onset of islet autoimmunity and not in children with long-term islet autoimmunity (Figure 1A). Our analysis demonstrated furthermore that this increase in miRNA92a expression correlates with TFH precursor frequencies in the peripheral blood. Accordingly, the lowest expression of miRNA92a was found in T cells from children with long-term islet autoimmunity.

For the investigation of the role of miRNA92a in human TFH differentiation, in vitro TFH induction assays, relying on the stimulation of human naïve CD4+ T cells with anti-CD3 and anti-CD28 antibodies in the presence of memory B cells, were established. In line with a role of miRNA92a in TFH induction, human TFH induction was decreased in in vitro assays, when miRNA92a activity was blocked, whereas an miRNA92a mimic promoted TFH induction (Figure 1B). In assays with an miRNA92a mimic, negative regulators of T cell activation such as PTEN, PHLPP2, FOXO1, and CTLA4 that are confirmed targets of miRNA92a, were reduced in their expression (22) (Figure 1B). These findings are in line with previous studies, highlighting that TFH cell differentiation is largely dependent on low levels of FOXO1, maintained either by ICOS-PI3K signaling or by degradation via the E3 ubiquitin ligase ITCH (49, 50). miRNA92a mediated TFH induction likewise depends on PI3K signaling, since in vitro TFH induction with an miRNA92a mimic is blunted in the presence of a PI3K inhibitor, whereas it is increased when PTEN is inhibited (22). PTEN, as a negative regulator of PI3K signaling, is critically involved in the de novo induction of regulatory T cells (Tregs). Accordingly, in vitro Treg induction from naïve CD4+ T cells was found to be impaired in the presence of an miRNA92a mimic. Moreover, insulin-specific Treg frequencies are reduced in children with recent onset of islet autoimmunity, a disease state where miRNA92a abundance was shown to be significantly enhanced in T cells (21, 22) (Figure 2A).
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FIGURE 2 | Modifying microRNA (miRNA)92a activity impacts T follicular helper (TFH) and regulatory T cell (Treg) induction in vitro and immune activation in vivo. (A) TFH induction in vitro is increased, while Treg induction in vitro is decreased in the presence of an miRNA92a mimic (upper row). By contrast, inhibition of miRNA92a, using an miRNA92a antagomir (lower row), results in decreased TFH induction and increased Treg induction in vitro. (B) Non-obese diabetic (NOD) mice with islet autoantibodies express increased amounts of miRNA92a and increased TFH precursor frequencies, accompanied by immune infiltration in the pancreas. Treatment of NOD mice with an miRNA92a antagomir reduces circulating TFH precursor frequencies and immune cell infiltration in the pancreas.


T follicular helper cell function is largely dependent on their ability to enter the B cell follicle in the lymph nodes. Therefore, molecules that regulate lymphocyte trafficking and homing are important mediators of TFH cell function. One example is krueppel-like factor 2 (KLF2). Lee et al. demonstrated that TFH differentiation is dependent on low levels of Klf2, since Klf2 induces the expression of sphingosine 1 phosphate receptor 1 (S1pr1), which opposes TFH induction (51). Furthermore, Klf2 was shown to inhibit Bcl6 expression by upregulating B-lymphocyte induced maturation protein 1 (51). Interestingly, our data suggest that KLF2 can be directly targeted by miRNA92a, since a target site blocker, that inhibits the binding of miRNA92a specifically to KLF2 abolishes in vitro TFH induction (22) (Figure 1B), thereby offering one additional mechanism of miRNA92a-mediated TFH differentiation.



miRNAs AS BIOMARKERS IN ISLET AUTOIMMUNITY

The heterogeneous disease progression from the development of islet autoantibodies to the symptomatic disease necessitates the discovery of biomarkers that will enable a better prediction of the progression time to the clinically active disease. To that end, it remains to be determined, whether changes in miRNA92a expression can also be observed in the serum of children with recent development of islet autoantibodies, or whether the detection of these alterations is limited to the CD4+ T cell population. One recent study by Snowhite et al. aimed at identifying differentially expressed miRNAs in the serum of children with and without autoantibodies. miRNA92a was one of the identified miRNAs that was increased in children with autoantibodies, however, this increase was only borderline significant and not significant after further data processing (33) (Figure 1A). The autoantibody positive children investigated in this study were not stratified based on the duration of autoantibody positivity, which might account for this outcome. The study of longitudinal samples from children at risk of developing T1D will help to assess the usefulness of miRNA92a, TFH cell frequencies, and their respective subsets as biomarkers to predict the progression to clinically overt T1D. More specifically, the analysis of possible correlations between these markers and autoantibody titers or subtypes might be of interest. In this context, a correlation of miRNA92a expression in T cells with TFH precursor frequencies in the blood as well as a modest correlation with insulin autoantibody titers was reported (22). A more detailed analysis of TFH precursor subsets might be especially relevant, because of their divergent functions with respect to providing B cell help and impacting Ig subtype production. Moreover, given the negative impact of high miRNA92a levels on Treg induction, the analysis of Treg frequencies and possible inverse correlations with miRNA92a abundance or TFH subset frequencies can be envisioned. Together, these analyses could be useful to define TFH signature profiles that might serve as biomarkers for assessing T1D disease progression.



TARGETING miRNAs TO INTERFERE WITH AUTOIMMUNE ACTIVATION

miRNAs can function as promising novel potential drug targets, since they can be targeted by small, highly specific oligonucleotides. In this regard, clinical trials for the treatment of hepatitis C virus infections with an miRNA inhibitor have been successfully conducted (52). Targeting specific cell types, especially immune cells, with miRNA inhibitors is, however, challenging, because of the negative charge of the oligonucleotides which inhibits penetration of the cell membrane (53). Research efforts focus mainly on encapsulation techniques, and various nanoparticles were shown to mediate an efficient uptake of small RNAs by lymphocyte populations (54). Other techniques, targeting T cells more specifically, are, e.g., the use of a single chain CD7 antibody (scFvCD7) fused to an oligonucleotide-nona-arginine peptide (55).

The possibility of altering immune activation and regulation by targeting miRNAs was demonstrated in insulin autoantibody positive non-obese diabetic mice, the most commonly used mouse model for T1D. I.p. Application of an miRNA92a antagomir, optimized for in vivo use, decreased TFH frequencies and immune activation in the pancreas, accompanied by decreased insulitis scores and autoantibody titers (22). Furthermore, this decreased immune activation went along with increased frequencies of Tregs in treated animals, suggesting that, apart from reducing immune activation, inhibition of miRNA92a positively impacts on mediators of T cell tolerance (Figure 2B).

The restoration of immune tolerance mechanisms in autoimmune diseases is a long envisioned goal. Since Tregs are important mediators of T cell tolerance in the periphery and can be induced in an antigen-specific fashion, Treg induction could contribute to interfering with the progression of autoimmune activation in autoimmune diseases. This notion is supported by identified associations indicating high frequencies of insulin-specific Tregs accompanied by reduced numbers of insulin-specific TFH precursors in the peripheral blood of children with long-term islet autoimmunity without progression to clinically active T1D. During recent onset of islet autoimmunity, a significant decrease in insulin-specific Treg frequencies was observed accompanied by impaired in vitro Treg induction (23). Specifically, during this critical time frame we found an increased sensitivity to antigenic stimulation in naïve CD4+ T cells and reduced expression of negative regulators of T cell activation which can interfere with efficient Treg induction (23). Using miRNAs to tame T cell activation during ongoing islet autoimmunity might therefore open a window of opportunity for improving Treg induction potential in a setting, where the autoimmune process is already in progress. However, the effectiveness of inhibiting miRNA92a to interfere with autoimmune activation and progression to T1D requires long-term in vivo studies in animal models of T1D, which are missing so far.



CONCLUSION

Accumulating evidence points toward a role of TFH cells in the development of autoimmune diseases including T1D. During recent onset of islet autoimmunity, children display increased frequencies of TFH precursor cells, specifically Th2-like TFH precursors, whereas this increase is absent in children with long-term islet autoimmunity without overt T1D (22). The analysis of TFH cell frequencies or miRNAs involved in TFH development in longitudinal samples could therefore help to identify biomarkers in order to improve our ability to predict the progression time to clinically overt T1D, as well as to improve the stratification of respective disease groups. In addition, progress is made regarding the cell type-specific delivery of miRNA inhibitors or mimics. Since miRNAs regulate cellular states, rather than single targets, they compose a new, promising group of future drug targets. In this regard, miRNAs such as miRNA92a that regulate TFH differentiation and function might be targeted to limit immune activation in settings of autoimmunity such as T1D.
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T and B cell cooperation normally takes place in secondary lymphoid organs (SLO). However, both cell types are also frequently found in inflamed non-lymphoid tissues. Under certain conditions, these infiltrates develop into ectopic lymphoid structures, also known as tertiary lymphoid tissues, which structurally and functionally fully resemble germinal centers (GCs) in SLO. However, tertiary lymphoid tissue is uncommon in most human autoimmune conditions; instead, relatively unstructured T and B cell infiltrates are found. Recent studies have demonstrated that active T and B cell cooperation can also take place in such unstructured aggregates. The infiltrating cells contain a population of T follicular helper (Tfh)-like cells (also designated “peripheral T helper cells”) lacking prototypic Tfh markers like CXCR5 and Bcl-6 but nevertheless expressing high levels of molecules important for B cell help like IL-21 and CD40L. Moreover, Tfh-like cells isolated from inflamed tissues can drive the differentiation of B cells into antibody-secreting cells in vitro. These findings are not restricted to experimental animal models but have been reproduced in rheumatoid arthritis and breast cancer patients. At this point, it is unclear whether T and B cell cooperation outside the ordered structure of the GC fully mirrors the reactions in SLO. However, Tfh-like cells in inflamed tissues are certainly important for the local differentiation of B cells into antibody-secreting cells, and should be considered as an important target for the treatment of autoimmune diseases.
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INTRODUCTION

The successful interaction of antigen-specific T and B cells is key to an effective humoral immune response resulting in the generation of high-affinity antibodies and long-term memory B cells. This interaction normally takes place in secondary lymphoid organs (SLO) where T and B cells interact in a temporally and spatially highly organized manner (1). The localization and movement of antigen-specific T and B cells is guided by their expression of chemokine receptors, which respond to defined chemokines locally produced by spatially restricted stromal cells. T follicular helper (Tfh) cells are the CD4+ T cell subset providing help for B cells (2). They are characterized by the transcription factor Bcl-6 and high expression of PD-1 and CXCR5, the latter chemokine receptor enabling their movement into the B cell zone. There, in the germinal center (GC) reaction, Tfh cells interact with antigen-specific B cells and drive their affinity maturation and further differentiation by means of the expression of CD40L and IL-21. As affinity maturation by somatic hypermutation always carries the risk of developing autoreactive B cell clones, the GC reaction has several safeguard mechanisms. First, GC B cells by far outnumber Tfh cells. Thereby, Tfh cell help is limited, which fosters selection of B cells with the highest affinity for specific antigen, since only these can efficiently present antigen to Tfh cells (3). This prevents expansion of poly-reactive B cells which also recognize self-antigens with low affinity. Second, the GC itself is further compartmentalized into a light zone, where antigen presentation and selection by Tfh cells occurs, and a dark zone, where B cells proliferate and hypermutate their B cell receptor. Cycling of B cells between these two micro-compartments and a rapid degradation of peptide–MHC complexes ensure that B cells are selected according to their actual B cell receptor affinity, and not an “old version” of the BCR retained on the cell surface (4). Finally, high-density presentation of the specific antigen by follicular dendritic cells (FDC) in the light zone provides B cells with an additional signal via their antigen receptor. Together, this stringent selection for highest antigen-affinity minimizes the risk of expanding B cells cross-reactive to auto-antigens.

Several recent reports have demonstrated that T and B cell interaction can not only take place outside of SLO but also even in structures completely lacking the highly organized microenvironment of the GC. Inflamed tissues may contain a unique population of non-classical Tfh cells, which can provide help for antigen-specific B cells. Here, I will review these findings and especially discuss their relevance for human autoimmune diseases.



T AND B CELLS IN INFLAMED TISSUES

Under chronic inflammatory conditions like autoimmune or allergic reactions, T and B cells are frequently found as infiltrates in non-lymphoid tissues. There, both cell types substantially contribute to tissue destruction by production of inflammatory cytokines. Since clonally expanded B cell populations in the inflamed tissue outnumber dendritic cells (5) and can efficiently take up low concentrations of antigen due to their high-affinity receptor, they play an important role as antigen-presenting cells and locally promote Th subset differentiation (6, 7). The other half of the interaction, the ability of T cells to provide B cell help, and signals for local B cell differentiation is frequently neglected, although it too contributes to pathology.



ECTOPIC LYMPHOID STRUCTURES (ELS)

Under certain conditions, T and B cell infiltrates in inflamed tissues develop into ELS, also known as tertiary lymphoid tissue (8, 9). These structures anatomically and functionally fully resemble SLO; they are characterized by separated T and B cell zones, the presence of FDC, and high endothelial venules, which enable T and B cells to enter these structures. Within ELS classical GC reactions take place with the presence of CXCR5+ Bcl-6+ Tfh cells and GC B cells highly proliferating and expressing the cytidine deaminase AID, which is the key enzyme for somatic hypermutation and immunoglobulin class switching. In a mouse model lacking all SLO it was shown that ELS can fully replace their function (10). In human autoimmune diseases, they are considered to play an important role in somatic hypermutation of autoreactive B cells and plasmablast generation directly in the affected tissues (8, 9).

While research on T and B cells in inflamed tissues primarily focused on these ELS, it also became clear that their development requires rather strong stimuli. This was nicely demonstrated in a mouse model where a lung infection with vaccinia virus was directly compared to a bacterial infection with Pseudomonas aeruginosa (11). In both cases, prominent lymphoid infiltrates developed in the lung. However, only in the viral infection model did fully developed, FDC-positive ELS evolve.

Moreover, in human autoimmune diseases, only a fraction of lymphoid infiltrates in inflamed tissues are characterized by fully developed ELS (Table 1). In rheumatoid arthritis patients, where ELS were first described in the synovial membrane of inflamed joints, early studies reported an incidence of fully developed, FDC-containing, and thereby GC-like infiltrates of approximately 25% (12–14). The remaining samples contained either mainly T cells diffusely distributed over the whole tissue or clusters of T and B cells lacking segregation into T and B cell zones and not containing any FDC. However, two more recent studies analyzing larger numbers of samples and more specific parameters came to the conclusion that fully developed, FDC-positive ELS are rather rare in synovial tissue from arthritis patients with a prevalence of only 6–8% (15, 16). This of course might also be related to substantially improved patient treatment regimens in the past years resulting in fewer cases with severely inflamed, end-stage joints. Importantly, patients with fully developed FDC+ ELS did not differ from patients with unstructured T and B cell infiltrates regarding several clinical parameters including positivity for rheumatoid factor and anti-citrullinated protein antibodies, suggesting that similar disease processes are occuring in patients with or without FDC+ ELS (15, 16).


TABLE 1 | Prevalence of fully developed ectopic lymphoid structures (ELS) in human autoimmune diseases.
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Also for other autoimmune conditions like systemic lupus erythematosus (SLE), more recent studies revised earlier reports of highly incident fully developed ELS and demonstrated the predominant presence of unstructured, FDC-negative T and B cell aggregates (19). In adult autoimmune myositis, fully developed ELS are completely absent. Nevertheless, B cell receptor sequence analysis from single muscle infiltrates revealed clonally related sequences and locally ongoing somatic hypermutation (24).



Tfh-LIKE CELLS IN INFLAMED TISSUES

In view of the fact that fully developed ELS are rather an exceptional than a common finding in human autoimmune diseases, several recent reports demonstrating that active T and B cell cooperation can also take place in inflamed tissues in unstructured, FDC-negative infiltrates are of high interest. The first indication that highly activated ICOS+ CD4+ T cells interact with B cells in FDC-negative, unstructured infiltrates and might drive their local differentiation into plasmablasts came from a study analyzing kidney infiltrates in SLE patients (25). In 2008, a Tfh-like but CXCR5- and Bcl-6-negative T cell population was described in the synovial joint of rheumatoid arthritis patients (26). These cells produced the human Tfh signature chemokine CXCL13 and even higher amounts of IL-21 than classical Tfh cells from human tonsil. They were mainly located outside of FDC+ GC-like structures and even found in diffuse infiltrates (26, 27). Similar cells could be induced in vitro under the influence of TGF-β (28). Only recently, Tfh-like cells from the synovium were characterized in more detail and found to be distinguished by very high expression of PD-1 and chemokine receptors directing migration to inflamed tissues like CCR2 and CCR5 (29). Moreover, it was demonstrated in an in vitro T and B cell cooperation assay that these Tfh-like cells can indeed provide B cell help to differentiate B cells into antibody-secreting plasmablasts. Also in the inflamed kidney of lupus nephritis patients, a Tfh-like population expressing high levels of PD-1, ICOS, and CXCR4 was recently described (30). Like in arthritis patients, these cells produced large amounts of IL-21 and were located outside of GC-like structures, but in close contact with B cells.

Similar Tfh-like cells were recently also found in human breast cancer, where their presence was associated with a positive prognosis for the patients (31, 32). These cells lacked the classical Tfh cell-defining markers CXCR5 and Bcl-6 but were positive for other typical markers like PD-1, ICOS, and TIGIT. Furthermore, they were characterized by high expression of IL-21 and CXCL13. Importantly, these cells were not only present in FDC+ areas but also in lymphocytic infiltrates near the tumor bed in close contact with tumor-infiltrating B cells.

A more detailed functional analysis of this novel subset of tissue-infiltrating Tfh-like cells became possible by the use of two different lung inflammation mouse models (33, 34). In a house dust mite-induced asthma model, a distinct population of IL-21-producing CD4+ T cells was identified in the inflamed lung, where these cells most likely contributed to airway eosinophilia and allergen-specific IgG1 production. These cells expressed high levels of PD-1 but lacked expression of CXCR5 and were also not of Th2 or Th17 lineage origin. In a second lung inflammation mouse model, a similar Tfh-like population was found in lung infiltrates in close contact with GC-like B cells, however, these infiltrates completely lacked any structured GC-like properties (34). High proliferation of lung-resident B cells and the ability of isolated lung T cells to drive differentiation of naive B cells into IgA+ plasmablasts in vitro demonstrated their B helper potential. These Tfh-like cells were CXCR5- and Bcl-6-negative but expressed even higher levels of PD-1, ICOS, CD40L, and IL-21 than classical Tfh cells in the lung-draining lymph node (34). Apart from the lack of CXCR5 and Bcl-6 expression, their unique characteristics as a cell lineage distinct from classical Tfh cells was demonstrated by the finding that their high expression of PD-1 was independent of ICOS costimulation (5).

Very recently, another Tfh-like cell population was described in a mouse model for systemic sclerosis (35). These PD-1high ICOShigh T cells in the skin contributed to fibrosis by their strong production of IL-21. Although these cells were negative for Bcl-6, they expressed significant levels of CXCR5, which clearly discriminates them from the Tfh-like cell populations described above.



GC-LIKE REACTIONS IN INFLAMED TISSUES

These novel findings that a population of Tfh-like cells can provide help to B cells in inflamed tissues in the absence of any ordered GC-like structures of course raise the question, how these T/B interactions can take place, and which consequences arise for the selection of antigen-specific plasma cells and memory B cells.

The presence of FDC has been always considered as a hallmark of the GC. However, as shown in the above-mentioned lung inflammation mouse model, B cells with a phenotype similar to classical GC B cells in SLO (PNA+ GL-7+ CD38low Bcl-6+ AID+) can also develop in unstructured, FDC-negative infiltrates in non-lymphoid tissues (34). In this regard, two earlier studies with lymphotoxin β-deficient mice, which lack FDC in all lymphoid organs, are of special interest. Nevertheless, upon immunization these mice developed phenotypically and functionally normal GC (36, 37). Only affinity maturation of the B cell receptor was reported to be delayed in one study (36), whereas the second study demonstrated a shortened persistence of the GC (37). Moreover, in an autoimmune mouse model, B cells undergoing active somatic hypermutation were found outside of FDC-positive B cell follicles (38). Together this shows that other cell types can take over the antigen-presenting function of FDC. In addition to other activated B cells, non-FDC stromal cell populations and macrophages, which are an integral part of leucocytic infiltrates in inflamed tissues, might be good candidates (11, 39).

A second key function of the FDC network in SLO is the spatial organization of the GC. By production of CXCL13, FDC attract both CXCR5+ Tfh cells and B cells into the same compartment. Whereas FDC are the main producers of CXCL13 in SLO, other cell types have been shown to take over this function in inflamed tissues (39). At least in the human, the Tfh-like cells in the infiltrates are also a source of CXCL13 (26, 27, 29, 31). However, as Tfh-like cells lack expression of the chemokine receptor CXCR5, recruitment via CXCL13 is not an option for the T cells but might be a possibility for B cells, which still express CXCR5 in inflamed tissues, albeit at a reduced level compared to SLO (40). Thereby, other chemokines must be responsible for the striking clusters of T and B cells observed in defined areas of the inflamed tissue. This could be CXCL12, which was shown to be produced by a podoplanin-positive stromal cell population in FDC-negative T and B cell clusters in the inflamed lung (11). Both B cells and Tfh cells express the corresponding chemokine receptor CXCR4. Another good candidate for T and B cell recruitment into inflamed tissues is CXCR3, which is expressed on T and B cells under inflammatory conditions (40, 41). Moreover, very high levels of the corresponding chemokine CXCL10 have been found in the inflamed synovium of rheumatoid arthritis patients (42).

Although recruitment of antigen-specific T and B cells into spatially defined areas of the inflamed tissue can clearly occur without FDC, a highly organized structural segregation into defined T and B cell zones as in SLO is absent (17, 34). On one hand, this facilitates optimal T cell/B cell contact, especially since T cells are not limited as in the classical GC but typically even outnumber B cells. On the other hand, this permanent availability of T cell help, by increasing the chances of T:B interaction, will decrease the relative competition among B cells for high-affinity antigen. Since the stringent selection for highest antigen affinity like in the classical GC is missing, low-affinity cross- or poly-reactive B cells—including autoreactive B cells—easily become selected.

Another hallmark of GC reactions in SLO is the generation of long-lived plasma cells and memory B cells (1). Whether the plasmablasts numerously found in inflamed tissues later migrate to the bone marrow to become long-lived plasma cells is not known and also difficult to determine experimentally, since the T/B interactions in inflamed tissue are always accompanied by a classical GC reaction in the tissue-draining lymph node. However, it has been clearly demonstrated that antigen-specific Tfh-like cells and B cells generated in the lung tissue could survive locally and in the absence of antigen as long-term tissue-resident memory cells (34). In the same model, memory T and B cells from the immune reaction in the lung were also found as circulating memory cells in spleen and blood. At the moment, it is not clear whether these were cells originally generated in the lung-draining lymph node or whether lung-resident T and B cells have the ability to migrate to other tissues. This is an important question, since it has been discussed for rheumatoid arthritis patients whether autoreactive T and B cells originally generated in the lung might later migrate to joints to induce synovial inflammation (43).



EXTRAFOLLICULAR Tfh CELLS

Another unconventional Tfh cell subset are so called extrafollicular Tfh cells. They were first identified in the spleens of a lupus mouse model as CD4+ PSGL-1low CXCR5low CXCR4+ T cells producing large amounts of IL-21 and CD40L (44). In contrast to the tissue-resident Tfh-like cells described above, they clearly belong to the Tfh cell lineage as they express Bcl-6 and require it for their development (45). Due to their very low expression of CXCR5, extrafollicular Tfh cells are not located in the GC but at the T/B border where they drive differentiation of extrafollicular plasmablasts (44). In lupus-prone mice, they are not only found in SLO but also the inflamed kidney where they substantially contribute to pathogenesis (46–48).



CONCLUSION

Recent studies have shown that the ability of B cell help is not exclusive to classical Bcl-6+ CXCR5+ Tfh cells. Instead, a phenotypically distinct but functionally similar Tfh-like subset can take over this function, especially in inflamed tissues. This is an important notion also in regard to therapeutic strategies to eliminate Tfh cells in chronic inflammatory conditions. Due to their distinct gene expression profile, Tfh-like cells might be refractory to therapies targeting classical Tfh cells like B cell depletion or ICOS costimulation blockade. At the same time, tissue-resident Tfh-like cells are probably the most pathogenic T cell subset, as they select autoreactive B cells in the uncontrolled environment of lymphocytic tissue infiltrates and drive the local differentiation of plasmablasts producing pathogenic antibodies directly in the affected tissues.
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DiGeorge syndrome is an immunodeficiency characterized by thymic dysplasia resulting in T cell lymphopenia. Most patients suffer from increased susceptibility to infections and heightened prevalence of autoimmune disorders, such as autoimmune thrombocytopenia. B cells in DiGeorge syndrome show impaired maturation, with low switched-memory B cells and a wide spectrum of antibody deficiencies or dysgammaglobulinemia, presumably due to impaired germinal center responses. We set out to evaluate circulating follicular helper T cells (cTFHs) in DiGeorge syndrome, as markers of T–B interaction in the germinal centers in a cohort of 17 patients with partial DiGeorge and 21 healthy controls of similar age. cTFHs were characterized as CXCR5+CD45RA− CD4+ T cells using flow cytometry. We verify previous findings that the population of memory CD4+ T cells is relatively increased in diGeorge patients, corresponding to low naïve T cells and impaired T cell production in the thymus. The population of CXCR5+ memory CD4+ T cells (cTFHs) was significantly expanded in patients with DiGeorge syndrome, but only healthy controls and not DiGeorge syndrome patients showed gradual increase of CXCR5 expression on cTFHs with age. We did not observe correlation between cTFHs and serum IgG levels or population of switched memory B cells. There was no difference in cTFH numbers between DiGeorge patients with/without thrombocytopenia and with/without allergy. Interestingly, we show strong decline of PD1 expression on cTFHs in the first 5 years of life in DiGeorge patients and healthy controls, and gradual increase of PD1 and ICOS expression on CD4− T cells in healthy controls later in life. Thus, here, we show that patients with DiGeorge syndrome have elevated numbers of cTFHs, which, however, do not correlate with autoimmunity, allergy, or production of immunoglobulins. This relative expansion of cTFH cells may be a result of impaired T cell development in patients with thymic dysplasia.
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INTRODUCTION

DiGeorge syndrome is a primary immunodeficiency characterized by thymic dysplasia and T-cell lymphopenia (1). Its most common cause is a 3 Mb deletion on the 22nd chromosome (del22q11.2), which among others encompasses also the TBX gene, responsible for the formation of thymic anlage, a basic structural foundation of the thymus, and its further fetal development (2). This failure to develop a proper niche for the generation of mature thymocytes results in T-cell lymphopenia and increased susceptibility to infection in patients with DiGeorge syndrome. Other clinical symptoms of this syndrome include congenital heart disease, hypoparathyroidism, developmental retardation, and an increased prevalence of autoimmune disease (3–7).

The immune system has been studied thoroughly in DiGeorge syndrome, with a specific focus on T cells and their development. While only 1.5% of patients present with complete DiGeorge syndrome and suffer from life-threatening severe T-cell lymphopenia (8), even patients with partial DiGeorge syndrome show T-cell lymphopenia and decrease of thymic output with low naïve T cells, recent thymic emigrant T cells reflected by low number of T-cell receptor excission circles (4, 9, 10). The impaired T-cell development is further shown to cause oligoclonality within the T-cell compartment (11). Taken together with information on the humoral immune compartment in DiGeorge syndrome patients, including impaired response to vaccination, hypogammaglobulinemia (12, 13), and dysfunctional maturation of B-cells (4, 14, 15), these findings reflect the dysregulation of T–B-cell interactions in DiGeorge syndrome.

The principal subset of T cells crucial for the proper development of germinal center response, B-cell class-switching, and establishment of humoral memory are the follicular helper T cells. These cells are characterized by expression of chemokine receptor CXCR5, which allows their homing along the CXCL13 chemokine gradient produced mainly by follicular dendritic cells in germinal centers (16), thus ensuring their temporospatial colocalization with naïve B cells during the germinal center response to antigen. TFH cells produce IL-21 and express B-cell costimulatory molecules such as ICOSL, CD40L, and others, which promote B-cell proliferation, affinity maturation, and class-switching (17). While TFHs are mostly present in the secondary lymphoid organs, the peripheral blood contains a small population of cells that are generally accepted to be the circulating counterparts of TFH cells [thus circulating follicular helper T cells (cTFHs)] (18, 19). Numerous phenotypic characteristics have been proposed and used, generally including memory marker CD45RO or the absence of CD45RA, the chemokine receptors CXCR5, CCR6, CXCR3, activation/costimulation molecules PD1 and ICOS or the transcription factor Bcl-6. Similarly to changing proportions of naïve vs memory and other T-cell subsets during an individual’s life (20), the amount and quality of cTFHs is likely to change over time and has already been shown to decrease in the elderly (21).

There have been several reports describing cTFHs in various primary immunodeficiencies (22–24), but limited information is available on cTFHs in patients with DiGeorge syndrome, even though the combination of dysregulated T-cell development, impsaired humoral immunity, and immune dysregulation makes this syndrome a prime candidate for evaluation of cTFH cells. An earlier report by Derfalvi et al. found increased percentage of CXCR5+ICOS+ CD4 T cells in DiGeorge syndrome patients both below 17 years of age and adults (25). However, no further age-specific resolution was provided or clinical correlation discussed. We, therefore, investigated the cTFH population in pediatric patients with partial DiGeorge syndrome.



MATERIALS AND METHODS


Patients

We present the results of 17 patients with partial DiGeorge syndrome (age 0.5–21 years, mean 7.6 years, 12 females, 5 males), compared to 21 healthy controls (age 0.1–22 years, mean 11.6 years, 9 females, 12 males). Basic patient data are summarized in Table 1. All of the patients harbor a del22q11.2 deletion verified through multicolor fluorescent in situ hybridization using the DiGeorge/VCFS TUPLE 1/22q Deletion Syndrome LPU004 probe (Cytocell, Cambridge, UK), and at the time of diagnosis, they fulfilled the ESID diagnostic criteria for DiGeorge syndrome. This study was carried out in accordance with the recommendations of the Ethical Committee of the second Faculty of Medicine, Charles University in Prague and University Hospital in Motol, Czech Republic. The protocol was approved by the Ethical Committee. All subjects gave written informed consent in accordance with the Declaration of Helsinki.


TABLE 1 | Cohort characteristics.

[image: image1]




Flow Cytometry

Peripheral blood was taken as part of other routine investigations into EDTA-coated tubes, peripheral blood mononuclear cells were isolated using Ficoll-Paque gradient and stained with anti-CD3 Alexa Fluor 700 (clone MEM-57), anti-CD4 Pacific Blue (clone MEM-241, both from Exbio, Czech Republic), anti-CD45RA PE-Cy7 (clone HI100), anti-CXCR5 Alexa Fluor 488 (clone J252D4), anti-PD1 APC (clone EH12.2H7, all from BioLegend, San Diego, CA, USA), and anti-ICOS PE (clone ISA-3, ThermoFisher, MA, USA). Data were acquired on BD FACSAria II cytometer (BD Biosciences, USA) and analyzed using FlowJo VX (FlowJo, LLC, USA) and GraphPad Prism 6 (GraphPad Software, USA). Gating strategy is shown in Figure 1A.


[image: image1]
FIGURE 1 | Memory CD4+ T cells. (A) Absolute T cell numbers and (B) absolute memory CD4+ T cell numbers in patients with DiGeorge syndrome, compared to published healthy reference values (20), shown as mean and 90% range. (C) Proportion of memory CD4+ T cells of all CD4+ T cells compared to age, shown with linear regression trendlines and (D) divided into several age groups.





RESULTS


Patients with DiGeorge Syndrome Have High Memory CD4+ T-Cells due to Comparative Decrease of Naive CD4+ T-Cells

Our cohort of DiGeorge syndrome patients has typically low absolute T cell lymphopenia, which becomes less pronounced with age (Figure 1A). Reflecting this finding and we also observe low absolute memory CD4+ T cells (Figure 1B); however, the low thymic output of naïve T celly compartment (Figures 1C,D). This increase starts already at birth, remains constant throughout childhood s as shown by other groups (4, 9) results in relative increase of the memorand adolescence, and is highly significant (linear regression intercept p = 0.0002, slope p = 0.54) (Figure 1C).



cTFHs Are Expanded in DiGeorge Syndrome

To correct for the relative increase of memory CD4+ T cells in DiGeorge, we compared the percentages of CXCR5+ memory CD4+ T cells (cTFHs) of all memory CD4+ T cells (gating strategy shown in Figure 2A). We found that patients with DiGeorge syndrome have significantly elevated proportion of cTFH within the memory compartment compared to healthy controls (Welch’s t-test, p = 0.02) (Figure 2B).
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FIGURE 2 | Gating strategy, circulating follicular helper T cells (cTFHs), and CXCR5 expression (A) Gating strategy of CD45RA− (memory) CD4+ T cells and CD45RA−CXCR5+ (cTFH) CD4+ T cells. (B) Proportion of cTFH in memory CD4+ T cells in DiGeorge syndrome patients and healthy controls shown in summary (lines denote mean ± SD) and (C) as development over time with linear regression trendlines. (D) Expression of CXCR5 on cTFHs over time (lines denote linear regression trendlines).


However, whereas this proportion increased with age in healthy controls (linear regression, p = 0.01, R2 = 0.29) (Figure 2C), there was no significant increase of cTFH/memory CD4+ T cell proportion over time in DiGeorge patients (linear regression, p = 0.69, R2 = 0.01) (Figure 2C). This trend is further corroborated by gradual increase of CXCR5 expression on cTFHs in healthy patients (linear regression, p = 0.0001, R2 = 0.54) but not DiGeorge patients (linear regression, p = 0.68, R2 = 0.01) (Figure 2D).



cTFH Are Not Markers of Humoral Immune Dysregulation in DiGeorge Syndrome

In order to evaluate whether cTFH population reflects the humoral immune dysregulation seen in patients with DiGeorge syndrome, we compared it to serum IgG levels, switched memory B cells, thrombocytopenia, and allergy.

2/17 patients (12%) in our cohort suffered from hypogammaglobulinaemia (Patients 1 and 4), but hypergammaglobulinemia is seen in 7/17 patients (41%) (Patients 5, 6, 8, 10, 12, 15, and 17). However, we observed no correlation between the elevated cTFHs seen in Figure 2B and serum IgG levels (linear regression, p = 0.19, R2 = 0.11) (Figure 3A).
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FIGURE 3 | Circulating follicular helper T cells (cTFH) in humoral immune dysregulation, autoimmunity, and allergy. (A) Proportion of cTFHs in memory CD4+ T cells compared to serum IgG levels and (B) switched memory B cells in DiGeorge syndrome patients, shown with linear regression trendlines. (C) cTFHs in DiGeorge syndrome patients without/with thrombocytopenia and (D) without/with allergy (lines denote mean).


Similarly, despite the observed elevated cTFHs, there is a block in B cell maturation with low class-switched memory B cells in DiGeorge syndrome (11, 14). We compared cTFH numbers with switched memory B cells measured as part of previous investigations (0–2 years prior to evaluation of cTFH counts) (14), but saw no correlation (Figure 3B) (linear regression, p = 0.44, R2 = 0.10).

To investigate the influence of cTFHs on clinical phenotype of patients, we compared cTFH numbers in patients with/without thrombocytopenia (Figure 3C)—the most commonly seen autoimmune complication in DiGeorge syndrome—and with/without allergy (Figure 3D). There was no difference in cTFHs between these cohorts, suggesting that cTFHs are not good markers of autoimmunity, allergy, or dysgammaglobulinemia in patients with DiGeorge syndrome.



Expression of PD1 and ICOS Is Preserved on cTFHs of DiGeorge Syndrome Patients

The phenotypic and functional identity of cTFHs has been previously characterized using the extended surface expression of important surface molecules, such as the inhibitory checkpoint-molecule PD1 (26) and the costimulatory receptor ICOS (27, 28). We, therefore, evaluated the surface expression of PD1 and ICOS on cTFHs in DiGeorge patients compared to healthy controls, but saw no significant difference (multiple t-tests with Benjamini FDR approach, PD1 p = 0.57, ICOS p = 0.22) (Figure 4A).
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FIGURE 4 | PD1 and ICOS expression on circulating follicular helper T cells (cTFH), CXCR5− memory CD4+ T cells, and CD4− T cells. (A) Summary graph showing PD1 and ICOS expression on cTFHs of DiGeorge patients and healthy controls. (B) Expression of PD1 on cTFHs, (C) CXCR5− memory CD4+ T cells, and (D) CD4− T cells with linear regression trendlines. * denotes significant correlation. (E) Change in PD1 expression over time on paired samples from two patients with DiGeorge syndrome on two consequent visits. (F) Expression of ICOS on cTFHs, (G) CXCR5− memory CD4+ T cells, and (H) CD4− T cells with linear regression trendlines. * denotes significant correlation.




PD1 and ICOS Expression

Two healthy and three DiGeorge outliers with very high PD1 and ICOS expression on cTFHs can be seen in the summary data (Figure 4A). These are very young (<2 years old) patients and controls. Observing this trend, we evaluated the development of PD1 and ICOS expression in DiGeorge patients and healthy controls with age.

We observed a significant decrease of PD1 expression on cTFHs (linear regression, p = 0.01, R2 = 0.78) (Figure 4B), but not CXCR5− memory CD4+ T cells (Figure 4C) or CD4− T cells (Figure 4D) in the first 5 years of life in patients with DiGeorge syndrome. This trend seems to be similar in healthy controls, but is not significant, possibly due to low number of samples (n = 3) and, therefore, low statistical power.

PD1 expression further decreases later in life on cTFHs (linear regression, p = 0.04, R2 = 0.37) (Figure 4B), but not CXCR5− memory CD4+ T cells (Figure 4C) and CD4− T cells (Figure 4D) in DiGeorge syndrome. In healthy controls, there is no subsequent decrease in cTFHs, but on the contrary, there is significant increase of PD1 expression later in life on both CXCR5− memory CD4+ T cells (linear regression, p = 0.01, R2 = 0.29) and CD4− T cells (linear regression, p = 0.0003, R2 = 0.56), which is not present in DiGeorge patients.

There are no significant changes in ICOS expression on any measured T cell population of DiGeorge syndrome patients (Figures 4F–H). In healthy controls, however, there is a highly significant gradual increase of ICOS expression on CD4− T cells in children older than 5 years. There seems to be a trend similar to the sharp PD1 decrease in first 5 years of life on cTFHs and CXCR5− memory CD4+ T cells in healthy controls, but it is not significant.

We verified the observed strong decline of PD1 expression on cTFHs cells during the first 5 years of life on paired samples obtained from two DiGeorge syndrome patients on two consequent visits (Figure 4E).




DISCUSSION

We explore in this manuscript the presence and phenotype of TFH cells in the context of thymic pathology in patients with DiGeorge syndrome. As our understanding of the immune system grows more detailed, valuable opportunities present themselves at times to elucidate facets of long-known diseases that were not fully understood when those diseases were first described. One such opportunity was the description of the circulating population of follicular helper-like T-cells, which express the chemokine receptor CXCR5 and show functionally and transcriptionally distinct properties.

The inability of immune system in DiGeorge syndrome to produce naïve T-cells in normal quantities has been recognized for a long time and is believed to result from thymic dysplasia. We corroborate these findings on our cohort of pediatric DiGeorge syndrome patients, showing that there is a relative, but not absolute expansion of mature T-cells.

Circulating follicular helper T cells have already been studied in several primary immunodeficiencies, especially with emphasis on T cell B cell cooperation. For example, patients with hyper-IgM syndrome due to CD40L deficiency had low cTFHs (23, 29). The importance of B cells for cTFH generation was also shown in patients with BTK deficiency, who also had low cTFHs (30). Finally, the influence of cTFH on immune system dysregulation was also shown in CVID patients, who suffer from impaired antibody production and low-switched memory B cells, and in whom, elevated Th1 subset of cTFHs was associated with complicated course of the disease (24).

However, we show here elevated cTFHs in patients with thymic pathology as part of the DiGeorge syndrome, a finding previously heralded by Derfalvi et al. who also observed elevated bulk and activated cTFHs in DiGeorge syndrome patients (25). Similar trend of elevated cTFH counts was also shown in CVID patients with low-switched memory B-cells (31), and in the context of autoimmune disease such as systemic lupus erythematosus (32), Sjögren’s syndrome (33), or rheumatoid arthritis (34). Patients with DiGeorge syndrome also exhibit low class-switched memory B cells as we have shown previously (14); however, in our cohort, we saw no correlation between switched memory B cells and cTFHs, which was also not observed by Derfalvi. While we have not observed any difference in cTFHs between patients with and without history of autoimmune thrombocytopenia, the size of our cohort and lack of patients with other autoimmune complications precludes far-reaching conclusions at this point.

While there have been reports of hypogammaglobulinemia in patients with DiGeorge syndrome (12, 13, 35), which would be expected due to the lack of switched memory B cells, we have shown previously and again in this manuscript that there is a trend toward humoral immune dysregulation and hypergammaglobulinemia in DiGeorge syndrome, especially in adolescents. Although the increased numbers of cTFHs present one possible explanation, we found no correlation between serum IgG levels and cTFH numbers. Such correlation has been shown in the literature for some specific diseases such as IgG4-related disease (36) or rheumatoid arthritis (37), but is otherwise not widely observed, which might reflect the more complex nature of antibody production regulation.

We thus propose that cTFHs are present in patients with DiGeorge syndrome but are dysfunctional in their control and regulation of germinal center response, a hypothesis supported by the observed hypergammaglobulinemia and increased prevalence of autoimmune complications in DiGeorge syndrome and also in our cohort. Thymic dysplasia with loss of central tolerance may lead to production of autoreactive cTFHs resulting in autoimmune complications. Homeostatic proliferation of naïve T cells early in life that has been shown in DiGeorge syndrome (38) may also contribute to the relative expansion of cTFHs, a hypothesis supported by our finding of gradual increase of CXCR5 expression in healthy, but not DiGeorge cTFHs over time, which would indicate early expansion, but impaired long-term maturation of the cTFH compartment.

Finally, we provide data on the changes of PD1 and ICOS expression on various T cell subsets, including cTFH, over time. PD1 is a molecule that has enjoyed a dramatic increase in popularity in recent years, with the advent of checkpoint-blockade treatments in various cancers and with central role in CD8 T-cell exhaustion investigated primarily in chronic viral infections. While much has been documented about the expression of PD1 on cells in adults, there is little to no information available on its expression pattern during childhood. We observed a strongly increased expression of PD1 on cTFHs, and to lesser extent also CXCR5− memory CD4+ T cells, in infants in both DiGeorge syndrome patients and healthy controls. We then show a much slower and gradual increase of PD1 expression in CXCR5− memory CD4+ T cells and CD4− T cells in healthy controls, but not DiGeorge syndrome patients, in older childhood and adolescence.

The trend of gradual PD1 expression increase has also been observed in murine CD4+ T cells (39) and CD8+ T cells (40). High levels of PD1 have also been reported in human neonatal Vdelta2 T cells (41), as well as cord blood Tregs (42). The exact impact of PD1 expression on the function of cTFHs is unclear, however, with both increased (21) and decreased (21) humoral immune response recorded in models with attenuated PD1/PD1L interaction. Interestingly, in their study Derfalvi et al. show increased percentage of CXCR5+CCR7loPD1hi activated cTFH CD4 T cells in both pediatric and adult DiGeorge syndrome patients. Considering the fact that we did not observe increased PD1 expression on DiGeorge cTFHs compared to controls, this finding by Derfalvi et al. may be attributed to higher proportion of bulk cTFHs in CD4 T cells.

In summary, we present here novel information on cTFHs in patients with thymic pathology and primary immunodeficiency underlying DiGeorge syndrome and provide first data on the change in PD1 and ICOS expression on cTFHs and other T cell subsets during childhood. Our work proposes new challenges for investigation in patients with primary immunodeficiency, which could lead to better understanding of the function of cTFHs, as well as temporal development of PD1 and ICOS expression.
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T follicular helper (Tfh) cells are critically involved in the establishment of potent antibody responses against infectious pathogens, such as viruses and bacteria, but their dysregulation may also result in aberrant antibody responses that frequently coincide with autoimmune diseases or allergies. The fate and identity of Tfh cells is tightly controlled by gene regulation on the transcriptional and posttranscriptional level. Here, we provide deeper insights into the posttranscriptional mechanisms that regulate Tfh cell differentiation, function, and plasticity through the actions of RNA-binding proteins (RBPs) and small endogenously expressed regulatory RNAs called microRNAs (miRNAs). The Roquin family of RBPs has been shown to dampen spontaneous activation and differentiation of naïve CD4+ T cells into Tfh cells, since CD4+ T cells with Roquin mutations accumulate as Tfh cells and provide inappropriate B cell help in the production of autoantibodies. Moreover, Regnase-1, an endoribonuclease that regulates a set of targets, which strongly overlaps with that of Roquin, is crucial for the prevention of autoantibody production. Interestingly, both Roquin and Regnase-1 proteins are cleaved and inactivated after TCR stimulation by the paracaspase MALT1. miRNAs are expressed in naïve CD4+ T cells and help preventing spontaneous differentiation into effector cells. While most miRNAs are downregulated upon T cell activation, several miRNAs have been shown to regulate the fate of these cells by either promoting (e.g., miR-17–92 and miR-155) or inhibiting (e.g., miR-146a) Tfh cell differentiation. Together, these different aspects highlight a complex and dynamic regulatory network of posttranscriptional gene regulation in Tfh cells that may also be active in other T helper cell populations, including Th1, Th2, Th17, and Treg.
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INTRODUCTION

T helper cells are important constituents of the adaptive immune system. They are critically involved in the elimination of various pathogens, including viruses, bacteria, and fungi. Due to their capabilities of forming immunological memory and providing help to B cells, vaccines aim at inducing strong T helper cell responses in concert with cytotoxic T cells and antibody-producing B cells. However, dysregulated T helper cell responses are also associated with several diseases. In allergies, the immune system reacts to normally innocuous compounds of the environment. In autoimmune diseases such as type I diabetes, multiple sclerosis, and rheumatoid arthritis, T helper cells are coordinating critical processes that contribute to tissue inflammation and destruction. In cancer, dysregulated T helper cells might on the one hand be impaired in their proper functioning, thus limiting the body’s immune response against neoplastic cells and tissues. On the other hand, hyper-responsiveness or malignant transformation of T helper cells can drive chronic inflammation or induce neoplasia, respectively.

T helper cells comprise many different subsets that are each tailored to the functional response that these cells elicit against various different pathogens. The major T helper cell subsets include Th1, Th2, Th17, T follicular helper (Tfh), and regulatory T (Treg) cells, which can be differentiated by their characteristic expression of signature transcription factors, chemokine receptors, and cytokines (1). While initially it was believed that Th2 cells provide help to B cells, it is now accepted that Tfh cells are the major subset of T helper cells that is specialized in providing help to B cells for the establishment and maintenance of germinal centers (GCs) and for the production of high-affinity antibodies (2–4). In line with this, Tfh cells express the chemokine receptor CXCR5, which facilitates the migration of activated CD4+ T cells to the T-B zone border and further into the B cell follicle. This aspect also reflects the step-wise differentiation process of Tfh cells, which are initially primed by dendritic cells, followed by sequential interactions with activated B cells and GC B cells (2–4). Tfh cells produce various cytokines, including IL-21 and IL-4, and they express several costimulatory molecules, including ICOS, CD40L, and PD-1, which allow for reciprocal interactions with B cells. Tfh cells are further characterized by the expression of the transcription factors Ascl2 and Bcl6, and the adaptor molecule SAP. Besides Tfh cells, T follicular regulatory (Tfr) cells have been identified as a hybrid cell population of Tfh and Treg cells that prevent excessive humoral immune responses (5). They express the signature transcription factors of Tfh and Treg cells, Bcl6 and Foxp3, respectively, and share additional characteristics of both T helper cell subsets.

The differentiation of naïve CD4+ T cells into effector and memory cells is tightly regulated on the molecular level (6–8). Several signature or “master” transcription factors have been identified that are specific for the respective T helper cell subset, e.g., T-bet for Th1, Gata-3 for Th2, RORγt for Th17, Bcl6 for Tfh, and Foxp3 for Treg. Often, these transcription factors also inhibit each other’s function, thus contributing to cell fate decisions of the differentiating cells. Upstream of these “lineage”-defining transcription factors, combinations of Jak (Janus kinase) and signal transducer and activator of transcription (STAT) molecules that transduce signaling events from cytokine receptors have also been associated with the different T helper cell populations (9). Given the variety of T helper cell qualities, gene expression needs to be thoroughly regulated in activated CD4+ T cells to ensure proper differentiation into the different T helper cell subsets (10). Beside the direct transcriptional regulation through STATs and other transcription factors, transcribed mRNAs are furthermore highly regulated on the posttranscriptional level. Several mechanisms contribute to this regulation, including RNA-binding proteins (RBPs) and microRNAs (miRNAs), which can act cooperatively on different as well as on similar molecular pathways. In this review, we discuss the role of different RBPs and miRNAs in shaping Tfh cell identity and function.



POSTTRANSCRIPTIONAL GENE REGULATION BY RBPs IN T CELLS

RNA-binding proteins are trans-acting factors that interact with specific cis-elements in RNAs by recognizing linear sequence motifs or dynamically forming secondary structures. The binding to cis-elements in the 5′ UTR typically controls translation initiation, while binding to sites in the 3′ UTRs of transcripts typically regulates mRNA decay or translation efficiency (11).

The Roquin family of RBPs includes the paralogs Roquin-1 and Roquin-2. These proteins are encoded by the Rc3h1 and Rc3h2 genes and serve redundant functions in T cells (12–14). The Regnase family comprises the paralogs Regnase-1, Regnase-2, Regnase-3, and Regnase-4 also known as Mcpip1, 2, 3, and 4, which are encoded by the Zc3h12a, Zc3h12b, Zc3h12c, and Zc3h12d genes (15). The redundancy of Regnase proteins has not been addressed experimentally; however, Regnase-1 and Regnase-4 proteins appear to be the T cell-expressed paralogs (15). Regnase-1 and Roquin proteins predominantly bind to 3′ UTRs of mRNAs (16, 17) and play important roles in the regulation of T cell fate decisions (14, 18–22). Roquin proteins recognize stem-loop structures of the tri- or hexa-loop containing CDE or ADE consensus motifs, respectively (17, 23–30). These interactions allow the recruitment of mRNA degrading enzymes (24, 31, 32) and induce decay of target mRNAs. Regnase-1 also appears to repress targets through similar stem-loop structures (16, 21, 33, 34) that are present in an overlapping set of target mRNAs with pro-inflammatory functions (16, 20). However, the endonuclease Regnase-1 may rather cleave target mRNAs itself or, dependent on the 3′ UTR, induce translational inhibition (16, 21, 33–35). Among the well-established targets of Roquin and Regnase proteins are ICOS, Ox40, Il6, cRel, Irf4, Nfkbiz, and Nfkbid (14, 16–24, 28, 33, 34). Interestingly, the mRNAs encoding for Roquin and Regnase proteins themselves contain cis-elements that enable the system to fine-tune expression levels through negative autoregulation (18, 20, 24, 27, 33). However, it is currently under debate whether these factors cooperate in posttranscriptional gene regulation or work independently in a spatially and temporally compartmentalized fashion (16, 20, 36, 37).

While Roquin-1 and the less abundant Roquin-2 proteins show rather constitutive expression in T cells (14) and are only moderately upregulated in response to TCR-dependent T cell stimulation (38), the most prominent member of the Regnase family of proteins in T cells, Regnase-1, is weakly expressed in naive T cells, but becomes induced during TCR-dependent activation of T cells (39) (Figure 1). However, during TCR signaling itself, Roquin-1 and Roquin-2 as well as Regnase-1 proteins are cleaved and functionally inactivated by the MALT1 paracaspase (20, 21, 40) (Figure 1).


[image: image1]
FIGURE 1 | Expression kinetics of major RNA-binding proteins and microRNAs (miRNAs) during T helper cell differentiation. Abbreviations: miRISC, miRNA-induced silencing complex; Ago, Argonaute.




RNA-BINDING PROTEIN-MEDIATED REGULATION OF Tfh AND Tfr CELLS

The Roquin and Regnase-1 RBPs have been shown to be involved in the regulation of the GC reaction and prevention of autoimmunity, since mutation or loss-of-function of the encoding genes lead to spontaneous activation of T cells and the development of antinuclear antibodies in mice (14, 18, 20–22). Their role in Tfh and Tfr cells will be described in more detail here (Figure 2).
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FIGURE 2 | Regulation of T follicular helper cell differentiation and function by major RNA-binding proteins and microRNAs. Abbreviations: TCR, T cell receptor.




ROQUIN

The gene encoding for Roquin-1 was identified in the lab of Christopher Goodnow by screening of mice for ethyl nitroso urea-induced mutations that caused the formation of antinuclear autoantibodies (22). Homozygous mutation exchanging one single amino acid of M199R in Roquin-1, as determined in the so-called sanroque mouse strain, was found to cause a dramatic activation of CD8+ and CD4+ T cells and led to the accumulation of Tfh cells. Spleens of these mice contained large numbers of GCs and the induced GC B cells produced high-affinity antibodies against a large variety of self-antigens (22, 41). Surprisingly, the knockout of the Roquin-1-encoding gene Rc3h1 showed postnatal lethality and mild immune dysregulation but did not recapitulate the flagrant autoimmune phenotype of sanroque mice (42). Nevertheless, combined deletion of Roquin-1 and Roquin-2 encoding genes in T cells resulted in the spontaneous activation of CD4+ and CD8+ T cells and the accumulation of Tfh cells and GC B cells. These findings demonstrated redundant functions of both proteins in T cells and suggested a compensatory function of the much lower expressed Roquin-2 protein in the absence of Roquin-1, but not when Roquin-1san protein is expressed (14). In mice lacking Roquin-1 and Roquin-2-encoding alleles in T cells, the splenic architecture was greatly disturbed and, as a probable consequence, less self-reactive antibodies were observed in the sera (14, 20).

The molecular mechanisms underlying spontaneous T cell activation and Tfh cell differentiation are likely to involve several Roquin-regulated targets that synergize in this differentiation program. Initially, the dysregulation of ICOS, the first and best-studied Roquin target (22, 28, 31, 38, 43, 44), was proposed to explain the observed autoimmune phenotype (45). However, sanroque mice that were additionally deficient in Icos were later shown to maintain many phenotypes including Tfh cell accumulation (46). Instead, accumulation of Tfh cells in sanroque mice was a consequence of the excessive production of IFN-γ that occurs in these mice, as was demonstrated in combination of sanroque and IFN-γ receptor (Ifngr) knockout genotypes (46). At this point, it is not clear how IFN-γ becomes induced in sanroque mice, since the Ifng mRNA is rather strongly regulated by AU-rich elements (AREs), which are recognized by ARE-binding proteins like TTP, AUF, or HUR proteins, and genetic deletion of these AREs has been demonstrated to also cause a lupus-like phenotype in mice (47, 48). As compared to sanroque mice, CD4+ T cells lacking Roquin proteins also did not show a similarly strong Th1 bias, but rather differentiated into Th17 cells in vitro, a phenotype that developed in addition to the shared spontaneous differentiation into Tfh cells (20). This differential bias may relate to a partial or complete derepression of the different Roquin-regulated targets including ICOS, Irf4, cRel, Nfkbiz, and Nfkbid that have been shown to affect Tfh as well as Th17 differentiation (49–58). One key signaling cascade influenced by Roquin has been identified in the PI3K-Akt-mTOR and Foxo1 pathway in which Roquin regulates the expression of ICOS, Pten, and Itch mRNAs (19, 31, 44) (Figure 2). The ICOS and Itch mRNAs are bound and negatively regulated, leading to increased ICOS and Itch levels in the absence of Roquin (19, 28, 31, 38). Increased ICOS expression and signaling stimulates PIP3 formation that activates the kinase Akt, which phosphorylates and thereby inactivates Foxo1, a transcription factor that strongly inhibits Tfh differentiation (57). In contrast, elevation of Itch, a Foxo1-specific E3 ubiquitin ligase, decreases cellular levels of Foxo1 (57, 59). Different from the other Roquin targets, Pten levels decreased in CD4+ T cells and Treg cells upon induced ablation of Roquin-encoding alleles (19). Interestingly, the Roquin-bound sequences in the 3′ UTR of Pten showed conservation of those nucleotides that were involved in forming a stem-loop (19), but at the same time overlapped with a miR-17 binding site, which was previously shown to effectively regulate Pten levels in T cells (60). Biochemical evidence showed that Ago2 more efficiently associated with Pten mRNA in the absence of Roquin (19), suggesting a structure switch mode within this cis-element and a competitive interaction and regulation of Pten mRNA by Roquin and miR-17–92 containing RNA-induced silencing complex (miRISC) transacting factors. The regulation of PI3K-Akt-mTOR and Foxo1 signaling through Roquin-mediated regulation of ICOS, Itch, and Pten targets not only contributes to the observed skewing of T cell differentiation into Tfh and Th17 and against induced Treg (iTreg) cell differentiation, but also correlates with a conversion of thymus-derived Treg cells into Tfr cells in vivo (19). Roquin-deficient Treg cells lost CD25 expression, upregulated a Tfh but downregulated their Treg gene signature and retained their ability to control antigen-dependent GC B cell responses and affinity maturation of antibodies. In contrast, Roquin-deficient Treg cells were less able to prevent spontaneous activation of CD4+ and CD8+ T cells and to protect from T cell transfer-induced colitis (19).



REGNASE-1

Regnase-1 was initially described as an LPS-induced gene and the knockout of Regnase-1 caused a severe auto-inflammatory phenotype in mice. The molecular basis for this phenotype was proposed to involve Regnase-1-dependent regulation of IL-6 and IL-12p40 regulation in myeloid cells (34). However, more recently, it was shown that the combined knockout of Regnase-1 with IL-6 or IL-12-encoding alleles did not fully rescue central phenotypes. Instead, conditional T cell-specific deletion of Regnase-1 phenocopied most of the phenotypes of the global Regnase-1 knockout (21). The consequences of Regnase-1 deficiency for Tfh differentiation have not been experimentally addressed so far, but the following observations could argue for a control of Tfh differentiation by Regnase-1: First, upon genetic inactivation of Regnase-1 globally or specifically in T cells, mice develop autoantibodies and show elevated plasma cell levels as well as an accumulation of all immunoglobulin isotypes in their sera (21, 34). Second, at least for the regulation of a CDE-containing element in the 3′ UTR of the Tnf mRNA, Regnase-1 has been demonstrated to functionally cooperate with Roquin in target regulation, and this mode of direct or indirect interaction may apply to several other shared target mRNAs that have an effect on Tfh cell differentiation (20, 37). Moreover, the systemic IFN-γ production that was found to drive Tfh cell differentiation in sanroque mice (46) was similarly observed upon deletion of Regnase-1-encoding alleles in T cells (18, 21). Finally, among the targets that have been reported to be regulated by Regnase-1 are several gene products that are known to promote Tfh differentiation, including ICOS, Ox40, and IL-6 (2, 61). Future experiments should demonstrate how Regnase-1 or other Regnase paralogs affect Tfh cell differentiation in a T cell-intrinsic or extrinsic manner.



POSTTRANSCRIPTIONAL GENE REGULATION BY miRNAs IN T CELLS

MicroRNAs are small endogenously expressed RNAs that regulate gene expression. Each miRNA can have several hundred target genes and a given mRNA might in turn be regulated by many different miRNAs simultaneously. These features of miRNAs result in redundancy that is believed to buffer gene expression and to confer biological robustness (62–64). In line with this, miRNAs and the miRNA-induced silencing complex (miRISC) are relatively highly expressed in naïve CD4+ T cells, thereby contributing to the prevention of spontaneous differentiation into effector cells (65, 66) (Figure 1). In activated T cells, most miRNAs are downregulated, while only a few so-called driver-miRNAs are differentially upregulated to act in concert with transcription factors for proper T helper cell differentiation and function (67–71) (Figure 1). Initial experiments that utilized genetically engineered mice in which T cells lacked mature miRNAs due to ablation of miRNA-processing proteins such as Dicer established functional roles for miRNAs in the generation of Th1, Th2, Th17, and Treg cells (72, 73). While all these T helper cell populations could still be generated to various degrees from miRNA-deficient naïve CD4+ precursor cells, global miRNA expression in CD4+ T cells was absolutely required for the differentiation of naïve CD4+ T cells into mature Tfh cells in vivo (74). To date, various T cell-expressed miRNAs and miRNA clusters have been shown to play critical roles in the differentiation and function of Tfh cells (69) and in the establishment and maintenance of GCs (75), and these findings indicate that Tfh cells may be particularly sensitive to the regulation by miRNAs.



miRNA-MEDIATED REGULATION OF Tfh AND Tfr CELLS

Among the individual miRNAs that have been studied in the context of Tfh cells, the function of the miR-17–92 cluster and the miR-155/miR-146a axis have been investigated in most detail and will be described here (Figure 2).



THE miR-17–92 CLUSTER

The miR-17–92 cluster consists of six individual miRNAs that can be grouped into four distinct miRNA families according to their seed sequences (76). Even though miR-17–92 is transcribed as a common transcript and highly induced in activated CD4+ T cells (65, 77–80) (Figure 1), the individual miRNA cluster members are differentially processed thereafter (81). miR-17–92 is not only critically involved in the regulation of Tfh cells (as discussed in more detail below), but it is also important for the differentiation and function of other T helper cell subsets [reviewed in Ref. (82)], including Th1 (80, 83), Treg (77, 83), Th2 (84), and Th17 cells (79, 85). Interestingly, miR-17–92 shares several features between Th2 cells and type 2 innate lymphoid cells (86), indicating that many of the miR-17–92 cluster’s functions may be conserved between the individual T helper cell subsets and their respective ILC counterparts. First evidence for a role of miR-17–92 in Tfh cells (Figure 1) came from an early study in which Bcl6 overexpression resulted in reduced miR-17–92 expression, with miR-17–92 itself repressing CXCR5 (87). However, more recent studies clarified the Tfh-promoting function of miR-17–92 (74, 78, 80). Deletion of the miR-17–92 cluster in T cells resulted in reduced Tfh cell differentiation, whereas transgenic overexpression of the cluster resulted in higher frequencies and numbers of Tfh cells. On the mechanistic level, miR-17–92 was found to target Pten and Phlpp2, a phosphatase in the ICOS signaling pathway (74, 78). Besides these Tfh-promoting effects, miR-17–92 also prevented the expression of genes that are normally not associated with Tfh cells during LCMV infection, but instead are usually associated with Th17 cells, including Ccr6, Rora, Il22, Il1r1, and Il1r2 (74). Importantly, it was further shown that each miRNA of the miR-17–92 cluster directly targeted the Rora 3′ UTR and that this axis contributed to repressing the Th17-associated gene expression program in wild-type Tfh cells (74). Since most of these experiments were performed with mice deficient in or overexpressing the entire miR-17–92 cluster in T cells in vivo, not much is known about the contribution of the individual miRNAs of this cluster to Tfh cell differentiation and function. This would be important though, because individual miRNAs of this cluster can have cooperative but also opposing effects on T cells, which is further amplified by the complexity of the downstream target gene networks. The continuing lack of reliable protocols for the in vitro differentiation of murine Tfh cells (2) currently impairs the ability to perform in vitro experiments that interrogate individual miRNA functions specifically in mouse Tfh cells. Nevertheless, recent technological advances such as CRISPR/Cas9 or mouse lines that lack individual cluster members (88) might substitute for this current limitation. Using human Tfh cell in vitro cultures, a recent report found that miR-92a targets KLF2 and PTEN, thereby promoting Tfh cell differentiation (89). Similar to Tfh cells, Tfr cells are also responsive to the dose of miR-17–92 regulation (74). As a first example of how RBPs can intersect with miRNA-dependent gene regulation of Tfh differentiation, it was recently shown that Roquin (see above) interferes with miR-17–92 binding to an overlapping cis-element in the Pten 3′ UTR, which leads to inhibition of the PI3K–Akt–mTOR signaling pathway, thereby inhibiting the conversion of Treg to Tfr cells (19).



THE miR-155/miR-146a AXIS

Similar to miR-17–92, miR-155 is induced and highly expressed in activated T helper cells (65, 90–93) (Figure 1). miR-155 has been shown to be important for proper differentiation of Th1 and Th17 cells and for EAE pathogenesis (94–96), as well as for Treg differentiation and function (97, 98). In contrast to miR-155, miR-146a is highly expressed in naïve CD4+ T cells and initially downregulated in activated T cells (65, 90) (Figure 1). miR-146a is subsequently upregulated in differentiating Tfh cells (55), reaching the highest expression levels among hematopoietic cells in mature Tfh and GC B cells (99). In comparison to the total numbers of Tfh cells elicited during an immune response, the kinetics of increased miR-146a expression slightly lagged behind (55). These data indicate that miR-146a acts as a negative regulator of Tfh cells that prevents excessive Tfh cell numbers and thereby limits GC responses (69). In T cells, an epistatic relationship between miR-146a and miR-155 has been described in which miR-155 promotes and miR-146 inhibits IFNγ responses (100). Further studies have also established a role for miR-146a in T cell activation (101, 102) as well as in differentiation and function of different T helper cell subsets, including Th1, Th17, and Treg cells (103–106). miR-146a-deficient mice develop a chronic inflammatory phenotype with progressive myeloproliferation and eventually myeloid and lymphoid malignancies (107). In these mice, Tfh cells accumulate due to the Tfh cell-promoting function of miR-155 (see below), thus further highlighting the reciprocal regulation of Tfh cell differentiation by these two miRNAs (108). Mechanistically, miR-146a was found to repress several Tfh-associated genes, including ICOS, which was highly upregulated in miR-146a-deficient CD4+ T cells (55). miR-146a itself is also regulated by Roquin (43). In a different study, it was shown that miR-155 promoted Tfh cell differentiation by repressing the expression of Peli1, a ubiquitin ligase that promotes the degradation of the NF-κB family transcription factor c-Rel, which itself controls cellular proliferation and CD40L expression (109). Another study found that miR-155 expression in hematopoietic cells was required for the differentiation of Tfh and GC B cells following murine gammaherpesvirus infection (110). Together, these data indicate a tightly controlled reciprocal function of miR-155 and miR-146a in the regulation of Tfh cell differentiation and function.



CONCLUSION

T follicular helper cells require continuous stimulation (111, 112) and the differentiation of these cells is more dependent on costimulatory signals than other T helper cell subsets (113). This might be the reason for why they are so responsive to the regulation by RBPs and miRNAs. Both classes of trans-acting factors cooperate to shape the expression levels not only of costimulatory molecules but also of intracellular transducers of signals in the PI3K-Akt-mTOR and Foxo1 pathway (Figure 2). PI3K activity is strongly stimulated by ICOS co-stimulation as well as TCR signaling and was shown to drive the Tfh differentiation program (114). Besides the well-established miRNA regulators of Tfh cells, the miR-17–92 cluster and the miR-155/miR-146a axis, other miRNAs may also play important roles in Tfh cell differentiation and T helper cell plasticity. For example, miR-10a is highly expressed in Treg cells (99, 115, 116). TGF-beta induced miR-10a represses the Tfh-associated transcriptional repressor Bcl6, thereby preventing the conversion of Treg cells into Tfh cells (116). In human Tfh cells, miR-31 was recently shown to be downregulated by BCL6, thereby resulting in the upregulation of the miR-31 target mRNAs encoding the Tfh-associated molecules CD40L, SAP, and BTLA (117). The finding that Tfh cell differentiation is completely blocked in miRNA-deficient CD4+ T cells (74) further indicates that additional miRNAs must play important roles in Tfh cell biology. Moreover, it remains largely unclear in how far miRNAs and their target gene networks contribute to the function and maintenance of Tfh cells. It is also likely that upon comprehensive identification of RBPs that are bound to mRNAs in T cells and upon individual testing of these factors, additional contributions of RBPs in T cell differentiation will be uncovered. Such future investigations will provide novel insights into how the loss of individual miRNAs or individual RBPs affects T cell differentiation programs. Additional contributions may result from other levels of posttranscriptional regulation such as alternative splicing, alternative polyadenylation, or RNA modifications, which have already been shown to regulate Tfh-relevant genes (118–120), albeit, it has not yet been tested how these processes may impact Tfh differentiation. Another big task will be to understand how simultaneous inputs from different posttranscriptional regulators generate a specific response. Here, it will be critical to comprehensively identify and dissect all cis-elements encoded in mRNAs with strong impact on T cell differentiation programs (Figure 2). These analyses should be combined with structural and biochemical information to integrate the emerging evidence of RNA-modifications, to describe dynamics of RNA/protein-complex formation, and to understand how the individual binding sites act redundantly, cooperatively, antagonistically, or synergistically in posttranscriptional gene regulation, thus enabling cell-fate decisions.
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CD4+ follicular helper T (Tfh) cells constitute a subset of effector T cells that participate in the generation of high-affinity humoral responses. They express the chemokine receptor CXCR5 and produce the cytokine IL-21, both of which are required for their contribution to germinal center formation. Uncontrolled expansion of Tfh cells is observed in various mouse models of systemic autoimmune diseases and in patients with these diseases. In particular, the frequency of circulating Tfh is correlated with disease activity and anti-DNA antibody titer in patients with systemic lupus erythematosus. Recent studies reveal functional diversity within the Tfh population in both humans and mice. We will summarize here the molecular mechanisms for Tfh cell generation, survival and function in both humans and mice, and the relationship between Tfh cells and autoimmune disease in animal models and in patients.
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INTRODUCTION

It has long been known that T cells are required for successful humoral immune responses (1). Upon stimulation, CD4+ naïve T cells differentiate into T helper (Th) 1, Th2, Th17, follicular helper T (Tfh), and regulatory T (Treg) cells. Each subset requires distinct activation signals and cytokine milieu during activation; each expresses a unique transcriptional profile with a unique master regulator and distinct effector cytokines; and each subset serves a different function in the immune response. Activation of naïve CD4+ T cells by antigen-presenting cells (APCs) together with IL-6 and IL-21 induces Tfh cells. Development of Tfh cells is required for an optimal antibody response, mainly through activation and maintenance of the germinal center (GC) response. Tfh cells express the master transcription factor, B cell lymphoma 6 (BCL6). This transcription factor distinguishes the Tfh compartment from other T helper cell subsets, and is required for the maintenance of their effector function in lymphoid organs (2–7). Activation of STAT3 is also important for Tfh differentiation as it upregulates BCL6 (8). STAT3-deficient mice have a diminished Tfh compartment and an increased Th1 response. The expression of BCL6 is antagonized by the transcriptional repressor, B lymphocyte-induced maturation protein 1 (BLIMP1) (4). Induction of BCL6 and the downregulation of BLIMP1 appear to be equally important in human Tfh differentiation (4, 8).

Follicular helper T cells express a unique set of effector molecules that are critical for their function. High expression of CXCR5 with downregulation of CCR7 has been shown to be important for migration of Tfh into the B cell follicle (9). Inducible co-stimulator (ICOS), programmed cell death protein 1 (PD-1), and CD40L are also expressed on Tfh cells and these molecules are required for activation of B cells (6, 10–14). Mice lacking CD40 or CD40L exhibit disrupted GC responses and impaired long-term memory (12). ICOS–ICOSL signaling is essential for a sustained T:B interaction; consequently, loss of either molecule impairs GC B cell survival and plasma cell differentiation (15). PD-1 deficiency does not affect the number of GC B cells and the early antibody response; however, engagement of PD-1 on Tfh cells and PD-L1/2 on GC B cells is critical for the development of long-lived plasma cells (13). Tfh cells produce high amounts of IL-21 and IL-4 which are required for proliferation of B cells and immunoglobulin class switching (6, 14). Blockade or deficiency of these effector molecules abrogates the generation of an effective humoral response.



INDUCTION PROGRAM OF Tfh CELLS

The immediate precursor of Tfh cells is not fully described. Initial studies identified the cytokines, IL-21 and IL-6, as key molecules in triggering Tfh cell differentiation. Engagement of TCR on naïve CD4+ T cells with peptide/MHC II on APCs together with IL-21 induces expression of CXCR5 and a low level of BCL6 expression in vivo (16, 17). Both IL-6 and IL-21 can induce Bcl6 mRNA in vitro (5); both activate cells through the STAT3 pathway (8, 16). IL-6 and IL-21 can trigger the early Tfh differentiation program in CD4+ T cells, but an absolute requirement for IL-6 and IL-21 has been challenged. IL-6−/−, IL-21−/−, or IL-21R−/− mice develop Tfh cells normally following immunization with protein antigen or viral infection (18, 19). Although the triggering signals for first induction of BCL6 and CXCR5 in Tfh cells are not fully understood, once T cells acquire a “CXCR5loBCL6lo Tfh signature (pre-Tfh),” some will migrate to the T cell–B cell border (9, 20). A second transcription factor, c-MAF, is induced concomitantly with BCL6 (21). C-MAF has also shown to induce CXCR5. BCL6 and c-MAF cooperatively induce ICOS, PD-1, and CXCR4, suggesting both molecules orchestrate a core transcriptional program in Tfh cells (22).

CXCR5loBCL6lo pre-Tfh cells interact with cognate B cells at the T–B zone to induce a high level of BCL6 and CXCR5. This allows stable localization of the cells in follicles and sustains mature Tfh cell differentiation (4, 23). Signaling from a homodimeric interaction of signaling lymphocytic activation molecule (SLAM)-associated protein (SAP) (SH2D1A) on B cells leads to induction of the SLAM family receptor, CD84, promoting stable T:B interactions (23, 24). In the absence of SAP, pre-Tfh cells develop normally, but fail to move into the GC and mature to GC-Tfh cells (24). This B cell-dependent Tfh differentiation can be bypassed by chronic immune activation. Mice lacking MHC II expression on B cells develop normal GC-Tfh cells following repeated immunization (25) or chronic viral infection (26). These observations suggest that while B cells maybe the major APC important in Tfh differentiation, B-independent Tfh maturation can occur when a high and sustained amount of antigen is present. An ICOS–ICOSL interaction between pre-Tfh and B cells is required for maintaining a high level of CXCR5 or BCL6 in Tfh cells. ICOS signaling activates the PI3K pathway and selective abrogation of ICOS–PI3K signaling dramatically reduces Tfh differentiation (27). ICOS–PI3K signaling keeps pre-Tfh cell motile at the T cell–B cell border to facilitate cognate T:B interactions (28). It also augments IL-4 and IL-21 transcription (27, 29). The importance of the PI3K pathway during Tfh differentiation is demonstrated in studies of mice with CD4-specific deletion of a microRNA miR 17-92. miR17-92 is induced at an early stage of Tfh cell differentiation and regulates PI3K signaling intensity through downregulation of phosphatase, PHLPP2. T cells with a deletion of miR17-92 show a severe reduction in Tfh differentiation (30).



NEGATIVE REGULATION OF Tfh BY FOLLICULAR REGULATORY T (Tfr) CELLS

The interaction between Tfh cells and B cells (GC B cells and plasma cells) needs to be precisely regulated to ensure proper immune activation and to limit excessive inflammation and autoimmunity. Tfr cells, a recently identified Treg subset, migrate to the GC and inhibit Tfh cells and GC B cells (31, 32). Differentiation of Tfr is mediated by recognition of antigens presented on DCs in lymphoid organs (31). Signals from the co-stimulatory molecules CD28 and ICOS are essential for Tfr differentiation as Cd28−/− and Icos−/− mice lack Tfr cells (32, 33). Engagement of CTLA-4 on Tfr cells with B7.1 and B7.2 on APCs is critical for their suppressive mechanism (34–36). In contrast, Tfr cells express high levels of PD-1 which mitigates the suppressive function of Tfr cells. Pdcd1−/− Tfr cells suppress antibody production more potently in vitro and in vivo (33). Tfr cells express CXCR5 which guides them to the GC (32). Tfr, like Tfh cells, also express the canonical transcription factor, BCL6, although the level of BCL6 is lower than in Tfh cells. In addition to BCL6, Tfr cells express FOXP3 and BLIMP1, which are not expressed in Tfh cells (37).

The Tfh:Tfr ratio controls antibody responses. In the basal-state, Tfr cells constitute approximately 50% of all CD4+CXCR5+ T cells, resulting in a 1:1 ratio of Tfh:Tfr cells. Under stimulatory conditions including immunization or infection, Tfh cells expand resulting in a lower proportion of Tfr cells. A proper differentiation of Tfr is critical for immune tolerance as mice with Tfr deficiency (Bcl6fl/fl Foxp3-CRE) develop spontaneous autoimmune disease (38). A critical role for Tfr but not other Treg cells in antibody production was confirmed in an adoptive transfer study. Transfer of Tregs from Tfr-deficient Bcl6−/− or wild-type mice together with CD4+ T cells into Tcrb−/− mice resulted in an expansion of Tfh cells and higher antibody responses (37).



Tfh IN B CELL ACTIVATION AND IN GC AND IN THE EXTRAFOLLICULAR SPACE

The primary function of Tfh cells is to help activation and differentiation of antigen-specific B cells in a protective immune response. This requires engagement of surface molecules (CD40L and ICOS) on Tfh cells with their ligands on B cells (CD40 and ICOSL, respectively) and secretion of cytokines (IL-21 and IL-4) from Tfh cells (6, 14). GCs are the primary site of B cell affinity maturation and class switching. Tfh cells regulate GC size, restrict low affinity B cell entry into the GC, and support and select high-affinity B cells during affinity maturation within the GC (4, 13, 29, 39). The quality and quantity of help provided by Tfh cells regulates B cell clonal expansion. As restriction of T cell help to high-affinity B cells is required for affinity maturation in GCs (40), proper regulation of Tfh determines the outcome of the GC response.

Signals from Tfh cell to B cells are required for both the generation and the maintenance of GCs. To initiate GC B cell differentiation, Tfh cells induce expression of BCL6 (master transcription factor for GC B cells) in activated B cells. The precise mechanism how the initial BCL6 expression occurs is complex and not clearly understood; however, signals from the IL-21R are an important factor for BCL6 expression in B cells (18, 41). Tfh cells also provide proliferation and survival signals to GC B cells via multiple pathways, including CD40L, PD-1, IL-21, and IL-4 (41–44). The CD40–CD40L interaction is important in survival of GC B cells partly because it also helps to induce BCL6 (45). Combinatorial signals by CD40L and IL-21 or CD40L and IL-4 maintain GC B cell proliferation. Although PD-1 is known to provide a potent inhibitory signal to T cells (46), deficiency in PD-1 or PD-L1/2 reduces B cell differentiation (13). Formation of GCs is normal in the absence of PD-1 or PD-L1/2, but maintenance of GCs is severely affected due to an increase in apoptosis of GC B cells. The interaction between ICOS on Tfh cells and ICOSL on B cells is important for both B cells and Tfh cells (10, 11). The ICOS–ICOSL signaling is essential for the sustained T:B interaction, consequently influencing affinity maturation of GC B cells, survival, and plasma cell differentiation (15). Cognate interaction between Tfh and GC B cells is a key mechanism for selection of high-affinity GC B cells and for memory B cells or plasma cells (47, 48). Tfh cells regulate plasmablast emergence out of GC during the early stages of GC reaction. IL-21 produced from Tfh cells and TNFSF13 (APRIL) produced form podoplanin+ CD157hi fibroblastic reticular cells are the two main factors for this process (49). IL-21 is highly expressed by Tfh cells and is the most potent cytokine for driving plasma cell differentiation (2, 50). Both IL-21 and IL-4 are class switch factors for IgG1 (51, 52).

Follicular helper T cells play a key role in B cell differentiation into antibody-producing cells outside GCs as well. Recent studies demonstrate that there are different subsets of Tfh cells in humans and mice. BCL6+ Tfh cells are required for B cell priming for extrafollicular antibody production in a T-dependent immune response (53). In contrast to the conventional Tfh cells, they express PD-1 but not CXCR5 and appear before GC formation at the T cell–B cell border. IL-21 produced from these PD-1+ Tfh cells support B cell activation and differentiation to antibody-producing cells.



REPERTOIRE OF Tfh

How the repertoire of Tfh cells is determined is not well understood, and an altered repertoire of Tfh cells can contribute to the development of autoimmune diseases. Our recent study demonstrated that the repertoire of Tfh is different in lupus-prone mice compared to healthy control mice, and the alteration of Tfh repertoire is closely associated with lupus development (54). This study suggests that not only the number of Tfh cells, but also the antigenic specificity of Tfh cells is likely essential to immune tolerance.

Sets of antigenic peptides presented by APCs, including thymic epithelial cells, dendritic cells (DCs), and B cells are likely to influence the repertoire of T cells emerging from the thymus. In the periphery, affinity and duration of interaction between TCR and peptide/MHC II influences DCs to induce the activation of T cells and modulate the repertoire of T cells (25, 55). Cathepsin S (CTSS) is a major endoprotease cleaving the invariant chain from MHC II molecules and also cleaving exogenous antigens (54). Increased activity of CTSS in DCs is involved in regulation of the Tfh repertoire (54). In one study, the antigenic specificity of Tfh cells was investigated during a polyclonal B cell response in mice (56). Polyreactive Tfh cells are generated and individual antigen-specific Tfh cells show distinct cytokine profiles. A study of human Tfh shows that CXCR5+ circulating memory-like Tfh cells reactive with influenza protein preferentially recognize peptide epitopes from hemagglutinin, while CXCR5− non-Tfh preferentially recognize nucleoprotein (57). This study suggests that different effector T cell subsets may activate distinct B cells. Together, these observations, while limited, support an important role for the TCR repertoire of Tfh cells in autoreactive B cell selection and/or activation.



HUMAN Tfh

Human Tfh cells are characterized in tonsil by high expression of CXCR5 and ICOS (58). These CXCR5hiICOShi cells reside in follicles and induce B cells to become antibody-secreting plasma cells, which is a hallmark of bona fide Tfh cells. In healthy individuals, tonsillar CD4+ T cells contain distinct populations according to the expression of CXCR5 and ICOS, including CXCR5hiICOShi (GC-Tfh), CXCR5loICOShi, CXCR5loICOSlo, and CXCR5−ICOS−. These subpopulations of Tfh cells display differential activation of B cells. CXCR5hiICOShi Tfh cells effectively activate and induce antibody production of GC-B cells (IgD−CD38+CD19+) and memory B cells (IgD−CD38−CD19+) but not naïve B cells (IgD+CD38−CD19+) (58, 59). CXCR5loICOSlo Tfh cells show robust proliferation and differentiation of naïve B cells and memory B cells but not GC B cells (60). Neither CXCR5−ICOS− Tfh nor CXCl5loICOShi Tfh cells show B cell activation activity. Each subpopulation of Tfh cells also produces a distinct pattern of cytokines. Upon co-culture with B cells or stimulated by anti-CD3/28, CXCR5hiICOShi GC-Tfh cells secrete high level of IL-21 and CXCL13 but low level of IL-10 and IL-4, CXCR5loICOSlo Tfh cells secrete high levels of IL-21 and IL-10 with low level of IL-4, and CXCR5loICOShi Tfh cells secrete high level of IL-17A instead of IL-21 and IL-10. These studies suggest each Tfh population possesses a unique B cell activation capacity.

B cell lymphoma 6-expressing extrafollicular Tfh cells have been identified in tissues and in blood (60, 61). Tfh cells identified in blood are different from tonsillar Tfh cells phenotypically and functionally. Circulating Tfh cells do not have same patterns of surface markers (CXCR5, ICOS, and PD-1) as tonsillar Tfh cells. Recent studies suggest that blood CXCR5+ CD4+ T cells represent a memory compartment of Tfh lineage cells. Extensive analysis of these cells revealed functionally and phenotypically distinct subsets, identified by expression of ICOS, PD-1, CCR7, CXCR3, and CCR6. While the expression of BCL6 and ICOS is high in tonsillar GC-Tfh cells, both ICOS and BCL6 protein expression is low in blood Tfh cells (61, 62). Less than 1% of blood CXCR5+ Tfh cells are ICOS+ and PD-1hi in healthy individuals (63, 64). The majority of CXCR5+ Tfh cells does not express ICOS and can be subsetted based on CXCR3, CCR6, and CCR7 expression, and, as mentioned above, each subgroup activates distinctive B cell subsets and expresses different gene expression profiles (Figure 1). The CXCR3+ CCR6− subset (Tfh1) expresses the transcription factor T-bet and produces IFNγ; the CXCR3− CCR6− subset (Tfh2)expresses GATA3 and produces IL-4, IL-5, and IL-13; and the CXCR3− CCR6+ subset (Tfh17) expresses RORγt and produces IL-17A and IL-22 (61). All subsets of Tfh cells produce IL-21 but not all induce B cells to secrete immunoglobulin; each subset has a distinct capacity for B cell activation. Naïve B cells can be stimulated by Tfh2 and Tfh17 but not CXCR3+ Tfh1 cells (61). Tfh2 cells promote IgG and IgE, while Tfh17 cells efficient inducers of IgG and IgA production. These studies suggest different Tfh subsets regulate Ig class switching these subsets appear to exist in humans but not in mice.


[image: image1]
FIGURE 1 | Subsets of circulating memory follicular helper T (Tfh) cells and their B cell activation. (A) The circulating CXCR5+ memory Tfh subsets. The minor CXCR5+ CD4+ T cells (1–5% of CXCR5+CD4+CD4+ T cells) express high levels of inducible co-stimulator (ICOS) and programmed cell death protein 1 (PD-1) and consist of CXCR3-positive or CXCR3-negative populations. The majority of CXCR5+ CD4+ T cells are low to negative in expression of ICOS and PD-1. These cells are subgrouped into Tfh1, Tfh2, and Tfh17 based on their chemokine receptor expression. These five subsets of Tfh cells express B cell lymphoma 6 as a master transcriptional regulator, and also express subset-specific transcription factors, effector cytokines, and activate naïve B cells to antibody-secreting cells. (B) CXCR5− CD4+ T cells [peripheral helper T (Tph)] which express high level of PD-1 exhibit strong B cell activation. These Tph cells developed under inflamed conditions and are found in both inflamed tissue and blood. Solid color indicates high level of expression and patterned color indicates low level of expression.


The mechanism of human Tfh cell differentiation is actively being investigated. Human Tfh cells are differentiated from naïve CD4+ T cells, however, the critical signals and effector molecules are not fully understood. The plasticity among CD4+ helper T cell subsets is also poorly understood. Recent in vitro studies identified some molecules which influence human Tfh differentiation. Initial studies demonstrated that DCs can induce differentiation of Tfh cells from naïve CD4+ T cells from human peripheral blood mononuclear cell (PBMCs) or from cord blood. Among the cytokines which are produced from activated DCs, IL-12 is the most efficient cytokine to induce Tfh-related molecules (CXCR5, ICOS, and IL-21) and Tfh-related transcription factors (BCL6, BATF, and cMAF) (65). Another study found IL-12 most efficiently induced Tfh cells to produce IL-21 to activate B cells to become antibody-secreting cells (66). Surprisingly, these studies found that the Tfh-inducing cytokines in mouse, IL-6 or IL-21, are less efficient in the human system. IL-12 mediated human Tfh cells contain classical Th1 phenotypes, displaying a mixed population of IL-21+IFNγ− Tfh and IL-21+IFNγ+ Tfh cells. The importance of IL-12 in Tfh cell differentiation is also supported by the studies of patients with impaired IL-12 signaling. Patients with deficiency in IL-12Rβ1, TYK2, STAT3, but not STAT1 exhibit compromised IL-12-induced expression of IL-21 by CD4+ T cells (67). Although IL-12/STAT3 axis is critical for IL-21 and BCL6 expression, it is a dispensable for ICOS expression. Defects in generating Tfh cells from STAT3 mutant CD4+ T cells could contribute to the impaired T-dependent humoral immune responses observed in patients with STAT3 mutations (68).

Another cytokine, TGFβ, was shown to have a unique function in human Tfh cell differentiation (69). TGFβ and IL-12 together specifically down-regulate the level of BLIMP1 in Tfh cells. This regulatory mechanism is not shared by mouse Tfh cells. TGFβ also induces CXCL13 expression in human naïve CD4+ T cells (70), and, therefore, may contribute to the accumulation of T and B cell aggregates (ectopic GCs) in inflammatory tissues (71).

Activin A is an inducible molecule that is broadly expressed in immune cells. Signals via CD40 and toll-like receptors induce DCs to upregulate Activin A expression (72); Activin A induces human naïve CD4+ T cells to produce CXCL13 and differentiate into Tfh cells in vitro (73). Therefore, Activin A may be also involved in Tfh differentiation especially under inflammatory conditions. A recent study on systemic lupus erythematosus (SLE) suggests the involvement of OX40L+ monocytes and DCs in Tfh production. The frequency of OX40L+ monocytes correlated with disease activity and the frequency of ICOS+ PD-1+ Tfh cells in blood (74). TNFSF4, the gene encoding OX40L, has been determined by GWAS to have risk alleles in SLE, rheumatoid arthritis (RA), and multiple sclerosis (75), further suggesting an involvement of OX40 and OX40L interaction mediated Tfh pathway in disease conditions. The molecular mechanisms by which naïve human CD4+ T cells differentiate to Tfh cells or maintain Tfh characteristics remain largely unknown.



RELEVANCE TO AUTOIMMUNITY

Helper T cells are required for a protective immune response and for the development of autoantibodies (76). Development of autoantibodies is abrogated by genetic deletion of MHC II in CD4+ T cells in the B6. lpr lupus mouse model (77). Helper T cell activity, especially Tfh cell activity, directly correlates with GC formation (78–80). Abnormalities in Tfh cells (Tfh cell accumulation or functional alteration of Tfh cells) have been observed in various models of autoimmune diseases. In sanroque mice, the number of Tfh cells is increased with the hyperactive ICOS signaling and excessive production of IL-21, leading to the development of spontaneous GC formation and lupus-like autoimmune phenotypes (3, 81, 82). Roquin has been shown to post-transcriptionally regulate the expression of ICOS and OX40, which are highly expressed by Tfh cells (58, 81, 83). CD4+ T cells lacking Roquin overexpress ICOS and OX40, promoting Tfh cell differentiation. Blocking ICOS/ICOS-L or CD40/CD40L interactions ameliorates disease progression in autoimmune mouse models (84, 85). High serum levels of IL-21 were also detected in BXSB-Yaa mice (2), and blockade of the IL-21/IL-21R pathway slows the progression of lupus by decreasing lymphocyte activation and circulating IgG1 levels in BXSB-Yaa mice (86). These data demonstrate IL-21 as a key molecule for B cell differentiation to plasma cells. In this model, both follicular and extrafollicular T cells are important producers of IL-21. Another SLE model, MRL/lpr mice, has increased extrafollicular ICOShiPSGL1lo CD4+ T cells in secondary lymphoid organs. These cells are the primary source of CD40L and IL-21 supporting extrafollicular IgG plasmablasts (10). CD40L expressed by Tfh cells contributes to activation of B cells in autoimmune animal models. Antigen-specific extra Tfh cells which share phenotypic characteristics with Tfh also mediate IgG secretion through IL-21 in a CD40L-dependent manner (10). Autoreactive Tfh cells have been observed in K/BxN mice, too. In this mice, self-reactive CD4+ T cells escape clonal deletion in the thymus and appear in periphery. The primed self-reactive CD4+ T cells help B cells to produce pathologic antibodies (87). Tfh cells have been shown to contribute to the pathogenesis of lupus through ICOS–B7RP-1 pathway in NZB/NZW F1 mice (88). Abnormalities in Tfh cells are also observed in mice with genetic manipulations in non-T cells. Mice with BLIMP1-deficient DCs spontaneously develop lupus-like phenotypes in a gender-specific manner, and these mice have increased Tfh cells and GC B cells (89). This study also shows that an increased proinflammatory cytokine, IL-6 from the BLIMP1-deficient DCs facilitates Tfh differentiation as haplosufficiency for IL-6, prevents lupus-related phenotypes including Tfh cells.

There are multiple lines of evidences showing that aberrant Tfh-cell and GC responses are associated with human SLE. The majority of IgG+ autoantibodies in patients are somatically mutated, an observation consistent with an involvement of GCs, the site of action of Tfh (90, 91). In lupus nephritis lesions, Tfh-like cells expressing ICOS, PD-1, BCL-6, and IL-21 were observed, forming ectopic GCs (92). Furthermore, an increased population of circulating CXCR5+ICOS+PD-1+ Tfh cells was identified in a subset of SLE patients; this increase correlated with disease activity but not necessarily with the titer of anti-DNA antibodies (93, 94). ICOS+PD-1+ Tfh cells secrete high levels of IL-21, and a strong correlation between the expression of ICOS or PD-1 and plasmablast number has been observed. The differential expression of ICOS, PD-1, and CCR7 further defines subpopulations within the subsets (recently activated: ICOS+PD-1+CCR7lo and quiescent: ICOS−PD-1−CCR7hi) (62, 63). Other studies employing a combinatorial analysis of chemokine receptors (CXCR3 and CCR6) have defined three major subsets (Tfh1, Tfh2, and Tfh17) (61, 69). These analyses identified a relative dominance of Tfh2 and/or Tfh17 subsets over Tfh1 in systemic diseases, including SLE (93, 95), IgG4-related disease (96), and organ-specific diseases such as [Sjogren’s syndrome (97), RA (98, 99), and autoimmune thyroid disease (100)], and the neurological diseases [myasthenia gravis (101), multiple sclerosis (102), and neuromyelitis optica (103)]. The alterations in Tfh subsets often positively correlated with disease activity and/or serum autoantibody titer, and with the frequency of circulating plasmablasts. These observations support the association of an expanded Tfh response with the pathogenesis of human autoimmune diseases; however, how the increased Tfh response leads to activation of autoreactive B cells is not elucidated in humans yet.

A recent study identified a new PD-1hi helper T cell subset in peripheral tissue [peripheral helper T (Tph) cells] from patients with RA (104). Tph cells are expanded in inflamed joint and blood from RA patients and display unusual biological features. They are programmed to infiltrate part of the inflamed body (CCR2+), and stimulate B cells to produce antibodies (IL-21 and CXCL13) in situ. In contrast to CXCR5+ Tfh cells, Tph cells exhibit a unique profile of molecules; CXCR5− but BLIMP1hi (high ratio of BLIMP1:BCL6) and PD-1hi (104). This finding expands the spectrum of T cells that are associated with inflammatory diseases; it will be interesting to investigate whether PD-1hi Tph cells are expanded in other autoimmune and inflammatory diseases.



CONCLUSION

Compelling data now demonstrate the key role of the Tfh in B cell responses, both protective and pathogenic. Much still remains to be learned. For example, we do not know whether the subsets we have identified represent activation or differentiation states, and whether there is phenotypic and functional plasticity among any of these subsets. We do not know how Tph relate to Tfh and whether and how they contribute to tissue inflammation. We need to learn whether uncontrolled antibody responses relate to an expanded Tfh number or an altered Tfh repertoire and we need to learn if Tfh selectively respond to particular antigens. The field is rapidly growing and answers to these, and answers to these questions, and more, are likely to be forthcoming and to suggest strategies for treatment of both autoimmune diseases and immunodeficiency states.
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An efficient B cell immunity requires a dynamic equilibrium between positive and negative signals. In germinal centers (GCs), T follicular helper cells are supposed to be the positive regulator while T follicular regulatory (Tfr) cells were assigned to be the negative regulators. Indeed, Tfr cells are considered as a homogenous cell population dedicated to dampen the GC extent. Moreover, Tfr cells prevent autoimmunity since their dysregulation leads to production of self-reactive antibodies (Ab). However, a growing corpus of evidence has revealed additional and unexpected functions for Tfr cells in the regulation of B cell responses. This review provides an overview of the Tfr cell contribution and presents Tfr cell proprieties in the context of vaccination.
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INTRODUCTION

One of the key roles of humoral response is to clear pathogens and to prevent future pathogen assaults through the induction of immune memory. This long-term protection is largely mediated by the generation of high-affinity and neutralizing antibodies (Ab) bearing the suitable isotype for pathogen clearance. However, the increase of B cell receptors affinity in germinal centers (GCs) is mediated by somatic hypermutation, which is a random process mediated by the enzyme activation-induced cytidine deaminase. Therefore, affinity maturation requires tight regulation processes of mutagenesis and B cell selection that are essential in GCs to guarantee proper surveillance and to avoid sustained activation that could lead to autoimmunity or inflammatory diseases. GCs represent critical sites within secondary lymphoid organ (SLO) in which B cell responses are amplified and refined in specificity and isotype, leading to the generation of high-affinity memory B cells and long-lived plasma cells (PCs). The cellular mechanisms that control positive selection of GC B cells have been mostly elucidated. Entanglement of B cells with T follicular helper (Tfh) cells is at the center of this selection process (1). Indeed, Tfh cells seed primordial GCs and provide positive help to the selected GC B cells bearing high-affinity Ab. Several signals provided by Tfh cells lead to B cell maturation (2). Tfh cells bear T cell receptor (TCR) with high affinity for the immunizing antigen (Ag), which lead to stable interaction with GC B cells bearing abundant complexes of foreign peptide–MHC complexes (pMHCII) (3–5). T–B cell entanglement rarely lasts more than 10–15 min but triggers the activation of signaling cascades in B cells and cytokine secretion by Tfh cells that promote survival, proliferation, mutagenesis, and terminal differentiation of B cells into PCs and memory B cells (1, 2). This interaction also provides additional helper signals from Tfh cells through co-stimulatory molecules (2). Furthermore, the output of GCs varies depending on the nature of the Ag and the type of inflammation. Several immunoglobulin isotypes exist, which classes are directed by the type of pathogen and the inflammatory context. In addition, specialized subsets of Foxp3+ regulatory T cells (Treg), the T follicular regulatory (Tfr) T cells, were also recently found in GCs of mice (6–8) and human (9), where they play an immunosuppressive function. Tfr cells express cytotoxic T-lymphocyte antigen 4 (CTLA-4), glucocorticoid-induced tumor necrosis factor receptor (GITR), inducible T-cell co-stimulator (ICOS) and produce IL-10, a phenotype that is the characteristic of activated Treg. Until now, the regulation processes of B cell selection have only been assigned to Tfh cells. However, a recent study has shown the ability of Tfr cells to promote proliferation of GC B cells through IL-10 provision (10). In addition, conflicting results were obtained regarding the role of Tfr cells in controlling affinity maturation of B cells in response to a foreign Ag (see Table 1) (6, 7). All these observations highlight the multifaceted role of Tfr cells and the requirement for further studies to unravel their exact functional proprieties.


TABLE 1 | Impact of Tfr cell abnormalities on B cell maturation.
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Tfh CELLS, THE POSITIVE REGULATORS OF GCs

After initial priming with Ag-experienced dendritic cells (DC), Ag-specific Th cells are clonally selected, expand drastically and, depending on the cytokine milieu and co-stimulatory signals, develop into different lineages of effector T cells such as Th1, Th2, and Th17 or into a lineage of suppressor cells, the periphery Tregs (pTreg). While it has long been thought that Th2 cells were the specific helper of B cells, it is now clear that the guidance of B cell responses is under the control of specific cognate regulators, namely the Tfh cells (2, 11, 12). Early analyses revealed a specific transcription profile for Tfh cells, which was distinct from those of Th1-, Th2-, and Th17-polarized cells and identified a suite of key surface markers that discrimate Tfh cells from the other effector Th cell lineages (13). Several studies have shown that the repressor B-cell lymphoma 6 (Bcl-6) drives the genetic program imprinted in Tfh cells (14–17). Bcl-6 expression is dependent on different transcription factors that regulate the key targets of human and mouse Tfh cell formation such as achaete-scute homolog 2 (18), signal transducer and activator of transcription 3 (Stat3) (19), IFN regulatory factor 4 (20, 21), and c-Maf (22). Phenotypically mouse Tfh cells are CCR7lo CXCR5hi (23, 24) and CD45RA− CXCR5+ cells are also greatly enriched in human tonsils and located in the B follicle areas of these inflamed tissues (25). In addition to these surface molecules that define their strategic anatomical position, Tfh cells highly express molecules essential for their B cell helper function. These molecules include protein cell death 1 (PD-1), B and T lymphocyte attenuator, CD40L, ICOS, SAP, and the production of IL-21 and IL-4 (2). ICOS engagement is important for IL-21 production by Tfh cells (26). However, additional cytokines such as IFN-γ, IL-13, IL-5, and IL-17 can be produced by the polarized Tfh cells depending on the inflammatory context (27). These cytokines promote B cell isotype switch to different pathogen challenges (28). Interestingly, under conditions of intense polarization mouse GC Tfh cells can express Th1-, Th2-, or Th17-differentiation program such as T-bet (T-box expressed in T cells) and IFN-γ, IL-5 and IL-13 or Rorγt (retinoic acid receptor-related orphan nuclear receptor gamma t) and IL-17, respectively (29–32). In human, few GC Tfh cells display polarized phenotype according to the production of non-Tfh cell cytokines in SLO (33, 34). However, circulating Tfh cells express chemokine receptors corresponding to the polarized non-Tfh cell subsets Th1, Th2, and Th17 cells (26, 27). Indeed, circulating human Tfh cell compartment can be stratified into three distinct polarized subsets based on their expression of chemokine receptors: CXCR3+CCR6− Tfh1-, CXCR3−CCR6− Tfh2-, and CXCR3−CCR6+ Tfh17-like cells (26, 27). Overall, depending on the inflammatory context, different Tfh cell profiles are observed reflecting the heterogeneity of the Tfh cell compartment either in mice or human.



Tfr CELLS, OTHER GC REGULATORS


Tfr Cell Development and Antigen-Specificity

Regulatory T cells form the main population of immunosuppressive T cells that plays a pivotal role in maintaining immune self-tolerance and homeostasis by suppressing aberrant or excessive immune responses deleterious to the host (35). Treg use the appropriate homing receptors to control their migration to the site of inflammation and use relevant immunosuppressive mechanisms. In order to repress Th1-, Th2-, and Th17-mediated immune responses, Treg have been shown to co-opt selective aspects of the differentiation programs required for these Th cell lineages (36–38). In the context of B cell responses, Treg were also shown to have the capacity to express Bcl-6 and the chemokine receptor CXCR5, which allows migrating into CXCL13 rich areas to control the GC response (39, 40). These cells were coined as Tfr cells. Using Treg depletion and adoptive transfer, it was initially proposed that Tfr cells derive only from thymus-derived Treg (tTreg) (6–8). However, we recently demonstrated that Tfr cells can also derive from naïve Th cells, a process that required PD-1 ligand 1 (PD-L1) signaling (41). Such differentiation occurs if the adjuvant used is one that supports naive Th cell conversion to pTreg such as incomplete Freund’s adjuvant (IFA) (41). Tfh cells regulate GC B cells by interacting with these cells in a cognate fashion, demonstrating that Tfh cells are specific for the Ag against which the ongoing immune response is mounted. Regarding the Ag-specificity of Tfr cells, our studies also demonstrated that a fraction of these cells could be specific for the immunizing Ag, irrespective of whether it is a self or a foreign Ag (41). Our observations were recently challenged by the fact that it was found that the TCR repertoires of Tfh cells and Tfr cells were shown to be largely distant (42). Moreover, it was also shown the TCR repertoire of Tfr cells was the closest to the one of Treg (42). Finally, only few ovalbumin (OVA)-specific Tfr cells could be detected using pMHCII tetramers in the draining lymph nodes 11 days post-immunization with OVA/IFA (42). Overall, the authors concluded that Tfr cells and Tfh cells do not share the same Ag-specificity and that Tfr cells originate only from tTreg and bear auto-reactive TCRs to suppress autoimmunity (43). We suggest that the inflammatory environment and the nature of the Ag actually both dictate whether Tfr cells can arise from pTreg, which ultimately influence the Tfh and Tfr TCR repertoire overlap and the proportion of Tfr cells sharing the same Ag-specificity with Tfh cells. Indeed, tTreg are thought to be largely auto-reactive (44). Nonetheless, tTreg specific for foreign epitopes have also been described in the naïve population (45), as well as during infection (46, 47). More precisely, the thymic origin of Treg specific for a non-self Ag have been investigated in naïve mice by using tetramer-based enrichment method (45). This corroborates previous studies showing that the TCR repertoire of the Treg population is as diverse as the one of conventional Th cells (48–50), which explains the capacity of tTreg TCRs to possibly cross-react with pMHCII complexes presenting foreign Ag. In the context of Leishmania major or Influenza infection, Treg were shown to strongly proliferate suggesting that the TCRs of these cells recognized microbe derive Ag (46, 51, 52). Moreover, in the context of Mycobacterium tuberculosis (Mtb) infection (46), it was clearly demonstrated using pMHCII tetramers that Mtb-specific Treg expanded from the pre-existing pool of tTreg and displayed distinct TCR repertoire as compared to the one of the Th cells while they were sharing the same Ag-specificity to Mtb. Elegantly, the authors also showed that a recombinant strain of Listeria monocytogenes (Lm) expressing the Mtb immunodominant ESAT6 epitope induced the proliferation of ESAT6-specific conventional Th cells but not of ESAT6-specific Treg, suggesting that the inflammatory milieu of Mtb, but not of Lm, promotes the expansion of Ag-specific tTreg (46). Finally, in the context of self-reactivity, it was shown that myelin oligodendrocyte glycoprotein (46)-specific tTreg expressed TCR of higher avidity than conventional Th cells, suggesting that, despite the same Ag-specificity, their TCR repertoires were different (53). Overall, these data suggest that the control of humoral responses may be defined by distinct Tfr cell subsets, either specific or not for the immunizing Ag, and ultimately GC B cells could be regulated by Tfr cells through non-cognate and cognate interactions.



Tfr Cell Differentiation

The transcriptional program essential for Tfr cells formation was recently described. Most of the genes are common with the Tfh cell program such as Bcl-6, Stat3, and Tcf-1 (54), but specific genes to the Tfr cell lineage are also found such as Nfat2 that initiates CXCR5 expression on Treg (55). Mechanistically, mTOR kinase complexes 1 and 2 (mTOR1 and mTOR2) are involved in Tfh and Tfr cell differentiation. More precisely, both mTOR1 and mTOR2 are essential for Tfh cell formation by linking immune signals to anabolic metabolism and transcriptional activity (56, 57). In addition, mTOR1, but not mTOR2, mediates Tfr cell differentiation by activating the Stat3/Tcf-1/Bcl-6 axis (54). Similar to Tfh cells, initial Tfr cell formation requires engagement of several surface molecules such as CD28, receptors associated to SAP and ICOS that all lead to sustained interaction with Ag-presenting cells (APC) such as DC or B cells. T-cell priming through CD28 is the first signal required for Tfh and Tfr cell development (7, 58), while the adaptor protein SAP enables the formation of stable interaction with B cells essential for Tfh and Tfr cell differentiation (7, 59). ICOS leads to sustained Bcl-6 expression by Tfh and Tfr cells through activation of p85α regulatory subunit of the PI3-kinase and intracellular ostepontin (60).

In order to prevent full suppression of the GC reaction, a panel of negative regulators was also shown to counterbalance the positive signals that lead to Tfr cell differentiation. PD-1 limits both the differentiation and suppressive function of Tfr cells after their binding to PD-L1 but not to PD-L2 (61). Unlike Tfr cells, PD-1 deficiency has no effect on GC Tfh cell number, while frequency of circulating Tfr and Tfh cells are greater in the blood, suggesting that both Tfh and Tfr cells are repressed by PD-1 signaling (61). The helix-loop-helix proteins Id2 and Id3 are other suppressive mechanisms of Tfr cell development. Initial TCR engagement of Treg decreases the abundance of Id2 and Id3, which both contribute to the activation of the Tfr cell specific transcription program (62). Interestingly, in contrast to fully differentiated Tfh cells, Tfr cells co-express the antagonistic regulators B-lymphocyte-induced maturation protein 1 (Blimp1) and Bcl-6. Such co-expression could limit the number of Tfr cell as highlighted by Blimp1 deficiency that does not alter Tfh cell development but causes an increase of the Tfr cell proportion (7). This observation is in contrast with published data showing that Blimp1 directly limits global follicular T cell formation (14, 63), however, its impact on Tfh and Tfr cells separately has not been explored.

Recent studies have described the influence of cytokines on Tfr cell differentiation and maintenance. IL-21/IL21-receptor interaction limits the proliferation of Tfr cells (64). In this study, the authors demonstrated that IL-21 restricts Tfr proliferation by limiting CD25 expression and responsiveness to IL-2, through a Bcl-6-dependent mechanism (64). Furthermore, IL21R-deficiency in mice and human increases Treg and Tfr cell numbers (64). In another series of study, Botta et al. showed that IL-2 prevents Tfr cell development through Blimp1 mechanisms (65) and that Tfr cells express low level of CD25. However, Tfr cells are not completely irresponsiveness to IL-2. Tfr cells express high amount of intermediate affinity IL2-R, CD122 (65), which could promote the IL-2–STAT5 axis important for maintaining Foxp3 expression. Consequently, both Tfh and Tfr cell developments are restrained by IL-2 cytokine. In the context of Influenza infection, the presence of high amount of IL-2 in the early phase leads to complete abrogation of Tfr cell formation while Tfh cells are maintained (65). In this context, it was shown that Tfr cells appear lately once the immune response resolves, which may contribute to prevent the expansion of self-reactive B cells. By contrast, in the context of protein vaccination, the Tfr cells follow the same formation and resolution kinetics than Tfh cells (7, 41), which could result from a different IL-2 profile. Therefore, the dynamic of Tfr cell development does not carry a single form but is closely related to the inflammatory context.

T follicular regulatory cells, like Tfh cells, can exit the draining SLO and join the circulation in both mice (66) and human (67, 68). The circulating Tfr cells (cTfr) have been shown to expand after protein immunization or viral infection. cTfr development requires priming by DC in draining SLO, these cells leave the SLO before GC formation (66). In human, cTfr cells can also be generated before T–B interaction, as they are maintained in B-cell-deficient patients (43). cTfr cells share proprieties of memory cells and persist for long lasting period in vivo and present distinct proprieties as compared to GC-Tfr cells. Indeed, cTfr cells express less ICOS and present less suppressive functions (66). Upon second immunization, cTfr cells home to GC and suppress Tfh and B cell activation irrespective of their Ag specificity. Therefore, the limited suppressive capacity of cTfr cells may contribute to improve the performance of memory Tfh cell response thereby enabling productive recall Ab responses. Even if the cTfr cells exit the SLO before GC reaction (66, 67), many studies have used the ratio of circulating Tfr and Tfh cells as an indicator of the ongoing GC reaction during autoimmune diseases such as systemic lupus erythematosus (68, 69), multiple sclerosis (70), rheumatoid arthritis (71), and Sjögren’s syndrome (72). Other studies also explored the cTfr cell frequency in response to foreign Ag after vaccination or infection. During chronic hepatitis B and chronic hepatitis C, an increase number of cTfr cells in patients was associated with poor virus eradication and liver injury (73). By contrast, after flu vaccination, cTfr cell frequencies increased and correlated with enhanced anti-flu Ab responses (70). Due to the limited access to SLO organs from humans, the circulating follicular T cells represent an ideal indicator of B cell responses even if the ratio of cTfr/cTfh cells corresponds to a biased marker of GC events. Therefore, a better characterization of cTfr cell development and function during physiological and pathological contexts is required in order to perform an appropriate assumption of the GC reaction.




MULTIFACETED Tfr CELL FUNCTION DURING GC B CELL SELECTION


Tfr Cells Are Negative Regulators

T follicular regulatory cells have the surface profile of Tfh cells (CXCR5hi PD-1hi ICOS+) and localize in the GC, but they also express Foxp3 and exhibit a CTLA-4hi, GITRhi, ICOShi, and IL-10hi phenotype that is the characteristic of activated Treg. CTLA-4 and PD-1 are known to enhance the suppressive activity of Treg (74, 75). Tfr cells express these molecules uniformly, however, CTLA-4 and PD-1 display distinct Tfr cell functions. CTLA-4 deficiency leads to a decrease production of Ag-specific Ab (76) through mechanisms that either alter (77) or not (76) the co-stimulatory signals provided by GC-B cells. By contrast, PD-1 deficiency leads to an increase of the suppressive activity of Tfr cells (61). Importantly, many molecules involved in Tfr cell differentiation are also important in Tfr cell function. As an example, alteration of the mTOR1 signaling pathway in differentiated Tfr cells leads to decreased expression of CTLA-4, ICOS, and PD-1, which consequently leads to a decrease of Tfr cell suppressive activity (54). Tfr cells express many other Treg cell inhibitory molecules such as GITR, granzym A, and CD103, however, whether these molecules participate to the regulation of Ab production by Tfr cells still remain unknown.

The suppressive function of Tfr cell leads to durable and persistent inhibition of B cells through epigenetic modifications (78). B cells suppressed by Tfr cells decrease expression of genes involved in metabolic pathways and class switch recombination. Tfr cells also suppress genes involved in Tfh cell effector functions such as IL-4 and IL-21. Interestingly, IL-21 produced by Tfh cells overcomes the Tfr-suppressive function by stimulating B cell metabolism and function. IL-21 might alter Tfr cell metabolism and thereby reduces suppressive activity, as has been observed in Treg cells (79, 80). Therefore, IL-21 secretion might be a key factor in balancing the B cell and Tfr cell activity.

While Tfr cells arise from Treg and use many of the Treg attributes to regulate GCs, these cells have also their proper mechanisms. Unexpectedly, it was shown very recently that Tfr cells do not express CD25 (81). IL-2 promotes Treg proliferation (82). By contrast, it was demonstrated that IL-2 inhibits Tfr cell formation after Influenza infection (65). Moreover, while the Treg/Th cell balance is regulated by the IL-2 axis, the Tfr/Tfh cell balance is regulated by the IL-1 axis (81). Tfh cells express the agonist receptor IL-1R1 that promotes Tfh cell activation in response to IL-1. By contrast, Tfr cells express the IL-1 decoy receptor IL-1R2 and the IL-1 receptor antagonist IL-1Ra. Consequently, Tfr cells limit Tfh cell activation by limiting IL-1 availability within the GC (81). Thus, the dialog between effector and Treg use appropriate mechanisms depending on its location: IL-2 axis by Treg cells in the T cell zone vs IL-1 axis by Tfr cells in the B cell follicle.



Other Functions of Tfr Cells

Beside the regulatory phenotype of Tfr cells, suppressive machinery during GC B cell selection can provide unexpected positive functions to Tfr cells (see Table 1). Several studies have demonstrated a role for Tfr cells in the control of the affinity maturation of B cells in response to foreign Ag (6–8) or within the gut where IgA production allows microbiota diversification (83). However, conflicting results were obtained regarding how Tfr cells control B cell maturation. The most probable reason for this divergence is related to the different experimental systems used to deplete Tfr cell population. One of these strategies was the use of mixed bone marrow chimera of SAP-deficient mice and DEREG mouse model, in which diphtheria toxin (DT) receptor expression is under the control of the Foxp3 promoter. Treatment of these chimeras with DT leads to selective depletion of Tfr cells (7). As SAP is involved during APC/T and T/T cell interactions (84), its absence in Treg may contribute to the modulation of immune responses and expansion of Tfh cells. Other strategies consisted in the co-transfer of naive CD4+ T cells with either Bcl6- or CXCR5-deficient Treg into T cell-deficient mice (6, 8, 83). In this context, the lymphopenia of T cell-deficient mice can lead to T cell expansion and therefore may mask the function of Tfr cells in regulating the Tfh cells amplitude. A recent study used a novel mouse model by crossing the Foxp3cre mouse strain with Bcl6floxed mice, which rendered possible the complete depletion of the Tfr cell compartment and left intact the Treg pool (85). Unexpectedly, following immunization with non-self Ag in these animals, Tfr cell deficiency showed no impact on the Tfh and GC B cell magnitude. By contrast, Tfr cell deficiency led to a decreased avidity of Ag-specific Ab, a decrease of Ag-specific IgG and an increase of IgA titers. In the context of autoimmunity using the pristane-induced lupus model in these mice, Tfr cell deficiency led to an increase of anti-dsDNA IgA titers while similar titers of anti-dsDNA IgM and IgG were observed. Finally, absence of Tfr in gut-associated lymphoid tissues led to a decrease of the helper properties of Tfh cells, notably by reducing IL-21 production (83). Overall, these studies demonstrated that Tfr cells do not only control GC reaction magnitude but can also control the downstream events resulting in class switching and maturation and, ultimately, optimize GC responses by increasing Ab avidity, promoting IgG class switch, repressing abnormal IgA responses, and preventing the production of self-specific Ab. Efficient GC reaction relies on the fine regulation of the processes of somatic hypermutation and class switch recombination during B cell clone proliferation within the dark zone (DZ) and of GC B cell selection in the light zone. These sequential events depend on increasing the surface of entanglement between GC Tfh and GC B cells through co-stimulatory molecules and TCR engagement, limiting the number of GC Tfh cells in order to increase the threshold for GC B cell selection and controlling the cytokine production by GC Tfh cells to orientate the class switching. Therefore, the multifaceted function of Tfr cells may reflect the function of different subsets of Tfr cells (see Table 2). This heterogeneity in the Tfr cell compartment could also explain the divergence in the results obtained when studying the impact of Tfr cell deficiency.


TABLE 2 | List of the different T follicular regulatory (Tfr) cell subsets and their putative functions.
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One attribute of Tfr cell subdivision could depend on the Tfr cell ontogeny. The Tfr cells deriving from pTreg are mostly specific for the immunizing Ag while only a fraction of Tfr deriving from tTreg shares its Ag specificity with Tfh cells (41). Therefore, the Tfr cells can be stratified into two distinct populations according to their Ag-specificity. The non-Ag-specific Tfr cells could restrict the outgrowth of non-Ag-specific GC B cells while the Ag-specific Tfr cells could control, in a cognate fashion, the extent of the Ag-specific GC B cells. Moreover, the Ag-specific Tfr cells could play a crucial role in the selection mechanisms of high-affinity B cell clones. The competition for T cell help promotes affinity maturation of B cells. It is conceivable that Ag-specific Tfr, as they could compete with GC Tfh cells to interact with pMHCII at the surface of GC B cells, could limit Tfh/B cell interaction and consequently could lead to an increase affinity maturation of B cells. Interestingly, human Tfr cells also display phenotypic diversity, according to PD-1 expressing (86). Indeed, PD-1+ and PD-1low Tfr cells were characterized in human mesenteric lymph nodes with high abundance of PD-1low Tfr cells. Sage et al. showed that PD-1-deficient Tfr cells were more suppressive than PD-1-sufficient Tfr cells (61). However, human PD-1+ and PD-1low Tfr cells suppress Ab responses in vitro with the same efficacy (86). Therefore, PD-1 expression on Tfr cells could have distinct function in human and mouse. While PD-1 expression decreases the suppressive activity of mouse Tfr cell, PD-1 expression on human Tfr cells could modulate the Abs responses in vivo. Indeed, human PD-1+ Tfr cells express high levels of CD38, CTLA-4, and GARP, a protein critical for the surface expression of latent TGFβ in activated human Treg cells (87), as compared to PD-1low Tfr cells (86).

T follicular regulatory cell subdivision could also rely on the cytokines produced by these cells, such as IL-10 (10). Indeed, a recent study has shown the ability of Tfr cells not to suppress but to promote GC response through provision of IL-10, an anti-inflammatory cytokine (10). More precisely, specific ablation of IL-10 in Tfr cells only led to a decrease of the GC response. IL-10 was shown to act specifically on B cells and to promote DZ phenotype through the induction of the nuclear factor FOXO1 and to potentially enhance their affinity maturation (10). IL-10-secreting and non-secreting Tfr cells could represent two distinct populations. Even if the two populations express CTLA-4, they could dialog with distinct cell targets and could have different functional outcomes. Finally, as stated already, cTfr cells emerge before GC reaction and are able to home to GC during secondary response to suppress GC Tfh and B cell activation (66, 67). Therefore, GC reaction that contains cTfr-derived Tfr cells could restrain the generation of new-formed GC-Tfr cells and could display less suppressive activity, which could contribute to improve the performance of memory B cell response. Overall, the Tfr cell population that enters the GC reaction can rely on different features (origin, Ag specificity, cytokine produced, expression of surface molecules, etc.) that could impact the Tfr cell function and, consequently, the quality of the B cell response (see Figure 1).


[image: image1]
FIGURE 1 | Heterogeneity of T follicular regulatory (Tfr) cells. Schematic diagrams illustrating the different Tfr cell subsets found within germinal center (GC) in second lymphoid organs draining the site of infection or immunization. Tfr cell development relies on sequential events. First, differentiation of naive Th cells into pre-Tfh cells or periphery Tregs (pTreg) cells depends on the signals provided by dendritic cells (DC) during TCR/pMHCII cognate interaction. Then, thymus-derived Treg (tTreg) and pTreg differentiate into Tfr cells in response to the signals provided by DC and/or B cells. Consequently, Tfr cells can be subdivided into different cell subsets according to several features: (i) origin: thymic-derived Tfr (tTfr) cells, Tfr derived from pTreg (pTfr) and circulating Tfr (cTfr) cells; (ii) Ag specificity: Tfr cells sharing or not the same Ag-specificity with Tfh cells; (iii) produced cytokine: IL-10 secreting and IL-10 non-secreting Tfr cells; (iv) surface molecule: PD-lhi and PD-1low Tfr cells. Abbreviations: TCR, T cell receptor; pMHCII, peptide–MHC complexes; FDC, follicular dendritic cell; DZ, dark zone; LZ, light zone; PD-1, protein cell death 1; Tfh, T follicular helper.





CONCLUSION

Humoral responses have a pivotal role in the development of protective immune responses. Follicular T cells form the main T cell population controlling GC reaction. Over time, follicular T cells have been broadly characterized and stratified into different specialized subsets providing B cell helper function. More recently, Tfr cells have been identified among the follicular T cells. While, these Tfr cells have been initially described as negative regulators, many new evidence demonstrate that Tfr cells do not act as passive inhibitor but can integrate the environmental cues and achieve adapted program to regulate the corresponding type of immune response within the GC. These proprieties are mandatory to get a correct cell communication within the GC and to guaranty relevant B cell maturation. Therefore, better characterization of the properties of Tfr cell subsets in regulating GC reaction is mandatory and could allow defining new vaccination strategies through selective modulation of particular Tfr cell subsets.
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The germinal center (GC) is a complex, highly dynamic microanatomical niche that allows the generation of high-affinity antibody-producing plasma cells and memory B cells. These cells constitute the basis of long-lived highly protective antibody responses. For affinity maturation to occur, B cells undergo multiple rounds of proliferation and mutation of the genes that encode the immunoglobulin V region followed by selection by specialized T cells called follicular helper T (TFH) cells. In order to achieve this result, the GC requires spatially and temporally coordinated interactions between the different cell types, including B and T lymphocytes and follicular dendritic cells. Cognate interactions between TFH and GC B cells resemble cellular connections and synaptic communication within the nervous system, which allow signals to be transduced rapidly and effectively across the synaptic cleft. Such immunological synapses are particularly critical in the GC where the speed of T–B cell interactions is faster and their duration shorter than at other sites. In addition, the antigen-based specificity of cognate interactions in GCs is critical for affinity-based selection in which B cells compete for T cell help so that rapid modulation of the signaling threshold determines the outcome of the interaction. In the context of GCs, which contain large numbers of cells in a highly compacted structure, focused delivery of signals across the interacting cells becomes particularly important. Promiscuous or bystander delivery of positive selection signals could potentially lead to the appearance of long-lived self-reactive B cell clones. Cytokines, cytotoxic granules, and more recently neurotransmitters have been shown to be transferred from TFH to B cells upon cognate interactions. This review describes the current knowledge on immunological synapses occurring during GC responses including the type of granules, their content, and function in TFH-mediated help to B cells.
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IMMUNE SYNAPSE: PRINCIPLES, ORGANIZATION, AND STRUCTURE

The term synapse was first used to describe the typical neural connections in the nervous system, which allow transmission of an electrical or chemical signal from one neuron to a responding cell in close physical contact. Immunologists then co-opted the term and referred to “immunological synapse” to describe the interactions between an antigen-presenting cell (APC) and an antigen-receptor expressing immune cell that involve close contact and the release of molecules such as cytokines across the synaptic space (1, 2).

When naïve T cells recognize peptide-MHC on APCs via their TCRs, the TCRs become organized into structures of ~500 nm known as microclusters (MCs). These MCs are more efficient in the recruitment of kinases and adapters that can initiate an activation signaling cascade (3). During formation of the immunological synapse, the TCR-MCs localize at the center of the interface between the T cells and the APC giving rise to the central supramolecular activation cluster (cSMAC) (4–7). This cSMAC is also called the bull’s eye-type immunological synapse, due to its characteristic appearance, as first described by Kupfer (8). The immunological synapse between a T cell and an APC requires close juxtaposition of the membranes from the two different cell types. This is facilitated by a kinetic segregation of molecules that excludes negative regulatory phosphatases such as CD45 that relocates to the most external region or distal SMAC, and allows concentration of the key TCR signaling molecules at the center. This segregation process has been suggested to be an integral part of immune synapse function (9).

Besides TCR signaling, integrins play a key role in T cell activation facilitating the formation of conjugates between T cells and APCs. Lymphocyte function-associated antigen-1 (LFA-1) is one of the most important integrins during the process of T cell activation. LFA-1 and its high-affinity ligand intercellular adhesion molecule 1 (ICAM-1), localize outside of the cSMAC, at the peripheral SMAC (pSMAC). The inside-out signal from TCR or chemokine stimulation elicits conformational changes in LFA-1 that increase affinity for its ligands and therefore adhesion between the interacting cells (10). Binding of LFA-1 by ICAM-1, then leads to what is known as “outside-in” signaling, which contributes to many aspects of T cell activation.

Most membrane-proximal signaling molecules crucial for T cell activation such as ZAP70, LAT, SLP76, PLC-γ, etc., are recruited to TCR-MCs. Regulation of these large protein-complexes determines the outcome of T cell activation, not just in terms of TCR signaling strength but also with regards to the nature of the resulting effector cells (7, 11). It is still unclear how different activation, differentiation, and survival outcomes can derive from changes in the signal strength downstream of these signaling complexes.

Together with T-cell antigen receptors and integrins, two additional groups of receptors are located at the synapse: adhesion and costimulatory receptors. Adhesion is mediated by heterophilic interactions between the signaling lymphocyte activation molecules (SLAM) family members CD2 (expressed on T cells) and CD58 (expressed on APCs). These CD2–CD58 interactions can contribute to TCR signaling processes even when direct TCR stimulation is absent (12).

It has been known for over two decades that costimulatory receptors are poor in eliciting activation signals or inducing cell adhesion on their own, but when combined with signals from other receptors, most prominently the TCR, they can potently enhance T cell activation, adhesion, and differentiation (13–15). The typical T cell costimulator is CD28, a member of the Ig superfamily characterized by a homodimeric structure and a cytoplasmic domain. The cytoplasmic domain of CD28 recruits and activates Lck, which can then phosphorylate and activates protein kinase C (PKC)-θ. In T cells PKC-θ, a critical PKC isoform, contributes to the activation of NF-κB transcription factors and promotes IL-2 production (16). Ligation of B7-1 (CD80) and B7-2 (CD86) on APCs and interaction within an immunological synapse regulate CD28 activity (17). Upregulation of CD80 and CD86 on DCs is a downstream effect of toll-like receptors signals and inflammatory cytokines (18, 19). In addition, expression of the inducible T cell costimulator, ICOS on activated T cells helps recruitment of the p50α PI3K regulatory subunit to the immunological synapse, resulting in stronger activation of PI3K (20).



B CELL–FOLLICULAR DENDRITIC CELL (FDC) SYNAPSES

Synaptic interactions between B cells and FDCs are key for B cells to efficiently extract antigen held in the form of immune complexes on FDCs, and to promote B cell survival until TFH selection and survival signals are delivered. Only those germinal center (GC) B cells able of binding and taking up antigen from FDCs to then present processed peptide to TFH cells can survive and differentiate into memory B cells or plasma cells. Immune complexes in association with activated complement components are bound by immunoglobulin receptors, CD35 and CD21 expressed on FDCs. Interaction between the BCR and antigen held in these immune complexes induces BCR signaling, BCR–antigen MC formation followed by the formation of a mature immune synapse and antigen internalization for subsequent processing and presentation to T cells (21–23).

In vitro studies suggested that GC B cells form unique synaptic structures compared to other B cell subsets (24). GC B cells form synapses containing less antigen than naive B cells, and the antigen is confined preferentially to the pSMAC rather than being localized at the cSMAC. In addition, some GC B cells form small synapses using their characteristic and previously described lamellipodia-like protrusions (24–26).

The early observation that B cells can acquire antigen that is bound to a surface suggested that mechanical forces are required for this process (21). Subsequently, it has been demonstrated that B cells are able to pull and internalize antigens (24), this process is dependent on the nature of the antigen nature and on the physical characteristics of antigen presentation (27). Stiff substrates, such as the FDC membrane, allow higher affinity discrimination, whereas antigen extraction from flexible substrates is more efficient. These findings, together with the observation that GC B cells require stronger forces in order to pull and take up antigen from the synaptic interface compared to naive B cells (24), support the importance of synaptic interactions between FDCs and GC B cells in affinity maturation and antibody production.

The synaptic interactions between GC B cells and FDCs involve several molecules (Figure 1). The first group comprises adhesion proteins such as B cell expressed LFA-1 that interacts with ICAM-1 on FDCs, and very-late activation antigen 4 (VLA-4) that interacts with VCAM-1 (28). These molecules do not deliver directly anti-apoptotic signals, but promote the anti-apoptotic functions of FDCs by augmenting cell–cell contact. Of note, GC B cells undergo apoptosis when separated from FDCs.
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FIGURE 1 | Graphical representation of GC B cell–follicular dendritic cell (FDC) interaction in the germinal center (GC). The diagram shows key molecules involved in the interactions between GC B cells and FDCs happening during GC responses and discussed in Section “B Cell–Follicular Dendritic Cell (FDC) Synapses.”


Expression of VCAM-1 and ICAM-1 on FDCs relies on NF-kB signaling (29) downstream of FCγRIIB, as Fcgr2b−/− mice fail to upregulate Icam1 or Vcam1 mRNA and protein on FDCs after immunocomplex formation (30). In mice lacking NF-κB signaling in FDCs, GCs were smaller and contained more apoptotic cells. Also primary responses to sheep red blood cells were partially reduced and secondary immunizations did not induce strong responses (29), although this could be due to other processes rather then a direct effect of ICAM-1/VCAM-1 regulation.

In vitro studies have suggested that the integrins ICAM-1 and VCAM-1 may play a role in GC B cell survival. Indeed, Lindhout et al. showed that direct interaction between FDCs and human GC B cells facilitated GC B cell survival in culture (31). Subsequent studies revealed that equivalent survival could be achieved when replacing FDCs by coating VCAM-1 and ICAM-1 to the culture plates (28). Rapid death of GC B cells has been shown after diphtheria toxin-mediated ablation of FDCs in vivo, supporting a role of FDCs in promoting GC B cell viability (32). It has also been shown in vivo that mutation in DOCK8, member of a family of proteins critical for the activation of the Rho family of small GTPases, lead to disrupted concentration of ICAM-1 on B cells forming immune synapses, affecting their survival and affinity maturation (33). Nevertheless, a separate study showed minimal impact of ICAM1 and VCAM1 loss from FDCs on the magnitude of the GC response in vivo (34), which questions the importance of FDC-expressed VCAM1 and ICAM1 in GC B cell survival. It is possible that these interactions play a more significant role under some immunization conditions and may differentially impact the plasma cell or memory B cell response.

The second group of molecules influencing FDC–GC B cell interactions comprises pro-survival molecules and growth factors. The B cell survival factor BAFF—also known as BLys—is produced at high amounts by activated FDCs. Despite its well-described role in the survival of peripheral B cells, it is still unclear whether BAFF plays a role in GC B cell survival. In vivo studies describing GC formation with relatively preserved affinity maturation in BAFF-deficient mice suggest it is dispensable (35–37). BAFF/BAFF-R signaling does, however, appear to have a function in GC maintenance, as in the absence of this factor, GCs disappear a few days after their formation. Lack of BAFF also leads to failure of FDC maturation and as a consequence, stimulation of B cells through immune complexes cannot occur (35, 37). It is plausible this FDC phenotype may be an indirect effect of B cell lymphopenia in the absence of BAFF. In BAFF-R defective A/WySnJ mice, the FDC reticulum was normal and GCs could form, but proliferation of GC B cells was impaired (35). BAFF also signals through the receptors TACI and BCMA and mice deficient in these receptors displayed normal GC formation (38, 39) suggesting BAFF-R signaling is responsible for the observed effects of BAFF on GC B cells. However, some B cells in A/WySnI mice (lacking BAFF-R) are able to mature, enter the GC reaction and support FDC maturation, whereas B cells from BAFF-deficient mice cannot (40), suggesting that in the absence of BAFF-R, the other receptors for BAFF and/or APRIL (BCMA or TACI) may take over the B cell maturation function of BAFF-R, although they do not play an essential role in GC maintenance.

Besides the production of survival factors, FDCs are known for their expression of transmembrane molecules such as the transcobalamin receptor 8D6, and cytokines including IL-6 and IL-15 (41, 42). These surface-expressed or secreted products can also participate in the growth of GC B-cells. 8D6, also known as or CD320 can promote GC B cell growth. 8D6 also appears to support the proliferation of plasma cell precursors generated by IL-10, enhancing antibody secretion (42, 43). Human FDCs also produce IL-15, and in vitro its membrane-bound form has been shown to signal through IL-2/IL-15Rβ (44, 45) to enhance proliferation of GC B cells. This proliferative effect has not been observed for IL-6, although this cytokine is required for proper GC formation (46). It is possible, however, that the effect of IL-6 on GC B cells is indirect, through its well-demonstrated role in promoting TFH cell induction and maintenance (47, 48).

Besides their effects on GC B cells, FDCs also regulate TFH cells. FDC-derived IL-6 has also been suggested to be important for TFH cell maintenance (47). Interactions between TFH-expressed TIGIT (49, 50) and its receptor on FDCs—the high-affinity poliovirus receptor (CD155) (49, 50) may also contribute to TFH regulation by FDCs during thymus-dependent (TD) B cell responses. cTFH TIGIT+ cells have been shown to exhibit strong B cell helper functions, inducing plasma cell differentiation and immunoglobulin production (51). Engagement of TIGIT by CD155 promotes IL-10 while it restrains IL-12 production by DCs, leading to reduced T cell activation in vitro (52).



TFH–GC B SYNAPSES

Synaptic interactions between TFH and GC B cells are essential for GC formation and GC B cell selection as they facilitate the delivery of T cell-derived helper molecules. Formation of optimal TFH–GC B cell synapses depends on specific interactions between the receptor:ligand pairs described below and summarized in Figure 2.


[image: image1]
FIGURE 2 | TFH–germinal center (GC) B cell synaptic interaction. (A) Graphical representation of TFH and GC B cell interaction. Formation of optimal TFH–GC B cell synapses depends on specific interactions between receptor:ligand pairs and integrins, leading to a specific and focused transmission of cytokines, neurotransmitters, and cytotoxic granules. (B) Enlarged representation of the synaptic cleft forming upon TFH–GC B cell interaction.




ICAM-1:LFA-1

Intercellular adhesion molecule 1 also known as cluster of differentiation 54 is a ligand for the integrin LFA-1 and this pair forms the peripheral ring (pSMAC) of immune synapses. As mentioned above, during T cell-APC synapses, TCR activation upon binding peptide-MHC II molecules leads to a conformational change in LFA-1 and clustering of LFA-molecules. These structural and positional changes are critical to increase the affinity for ICAM molecules via the formation of multivalent associations (53). LFA-1 binding to ICAMs was also shown to be critical for adequate T cell activation and differentiation into effector cells (54, 55).

TFH cells express high levels of LFA-1 (56) and Ag-specific B cells express higher levels of ICAM-1 compared to non Ag-specific cells (57). In addition to cognate pMHCII:TCR interactions, adhesive mechanisms and costimulatory receptors are critical for facilitating T–B conjugate formation and optimal TCR activation (54, 55, 58). Recently Zaretsky and colleagues showed that expression of two LFA-1 ligands on B cells—ICAM-1 and ICAM-2—was required to form the stable and lasting antigen-driven TFH–GC B cell interactions that promote B cell selection. Thus, the B cell antibody response to protein antigens depends on B cell ICAMs for optimal selection by TFH cells. High levels of antigen can sustain short T–B interactions, however, optimal long-lasting contacts are strictly ICAM-dependent (57).



CELL SURFACE-POLARIZED STIMULATORY MOLECULES


CD40:CD40L

TFH–GC B cell contacts require interactions between several key molecules. Among those, CD40L:CD40 interactions play crucial roles within GCs. Consequences of defective CD40–CD40L signaling highlight their important role in initiation and maintenance of GC responses. Blocking CD40 signals in established GCs leads to complete and rapid GC dissolution in mice (59). Indeed CD40 is critical for GC maintenance and enables light zone (LZ) cells to recycle back to the dark zone and sustain the GC response. In humans, CD40 deficiency causes hyper-IgM syndrome characterized by lack of switched memory B cells and switched serum immunoglobulins. CD40L was also shown to provide survival signals to human GC B cells (60). In mice, CD40 signals also induce ICOSL expression on GC B cells (61).

CD40L is found preformed in GC T cells (62) and is rapidly and transiently relocated on the T cell surface upon TCR ligation. There is recent evidence in mice that ICOS signals can contribute to CD40L upregulation. Indeed, as described above ICOSL signals delivered by GC B cells support the transient but extensive “entanglement” with TFH cells, which in turn stimulates the increased expression of CD40L on the surface of TFH cells (61). CD40L-mediated upregulation of ICOSL expression by GC B cells, followed by ICOSL induction of further CD40L expression on TFH cells has been described as a feed-forward loop that enables high-affinity B cells to repeatedly acquire more T cell help than their lower affinity competitors (61).

Outside GCs it has been shown that both Th1 and Th2 cells transfer CD40L to B cells in an antigen-specific manner (63). Although cultured Th1 and Th2 cells have distinctive immunological synapse structures (64) with Th1 displaying a classical immune synapse and Th2 a multifocal synapse structure, both cell types are equally efficient in antigen-specific T–B interaction (63). Future analysis will be required to confirm the immunological synapse organization of primary Th1 and Th2 cells. In human primary TFH cells, CD40L accumulated in the cSMAC on supported lipid bilayers containing CD40 and ICOSL (65), suggesting that TFH–GC B cell synapses display the structure of a classical immunological synapse.



SLAM Family Members and SLAM-Associated Protein (SAP)

SLAM-associated protein expression in T cells has been shown to be important for adhesive cognate T–B cell interactions. In the absence of SAP, T–B interactions were less stable and were not long-lasting, impairing TFH differentiation. This stabilization was shown to be a consequence of T-cell intrinsic signaling of SAP, which serves as an adaptor for the SLAM family of immune receptors at the cell–cell interface. B cells express high levels of several SLAM family members including SLAM, CD84, Ly9, and Ly108 molecules. These same molecules are also found in substantial amounts on the surface of activated T cells and in TFH cells (66–70). Most SLAM family members bind in a homophilic fashion to the same molecule expressed on the interacting cell. SLAM molecules recruit SAP to their cytoplasmic tail leading to the downstream signaling cascade required to induce stable adhesive interactions (67, 71). In vitro experiments have proposed that CD84 and Ly108 act together during T–B cell synaptic interactions to promote the TFH cell phenotype (66). SAP act as a break to Ly108-mediated recruitment of the inhibitory phosphatase SHP-1 to the T cell synapse. SHP-1 dephosphorylates immunotyrosine switch motifs normally bound by SAP, to limit T–B cell adhesion and prevent formation of sustained T–B cell synaptic interactions. The need of stable T–B cell interactions for an efficient GC response and production of disease-inducing autoantibodies has been also described in the context of autoimmunity (72). It is important to note that the role of SAP/SLAM in stabilizing cognate interactions between T cells and APCs appears to be essential in achieving sustained cognate T–B interactions, but not for T:DC interactions, which are more dependent on integrins (66).

T cell costimulatory ligands expressed by B cells also play key roles in T–B interactions and the resulting proliferation and differentiation of both T and B cells. CD80 and CD86 are markers of B cell activation and function providing important costimulatory signals via CD28 that promote T cell proliferation and cytokine production. CD86 is expressed by LZ B cells and promotes the APC capability of B cells (73). Reducing the availability of CD86 molecule by the injection of a blocking antibody (GL-1) during primary responses to NP-CGG resulted in the reduction of serum Ab titers, either IgM or IgG (59) whereas IL-21-mediated sustained elevation of CD86 augmented the magnitude of CD4 T cell responses both in vitro and in vivo (74). CTLA-4, which is found at high amounts on regulatory cells and some follicular T cells, can also bind to and transendocytose CD86 (75) but its function in GC reactions is still not clear.



Plexin B2 (PlxnB2), Ephrin B1, and BASP1

Plexins constitute a family of transmembrane receptors for semaphorins and regulate multiple processes including synapse formation and axon guidance in the nervous system (76). PlxnB2 is expressed in the central nervous system upon binding semaphorins promotes axon guidance and migration (77). In the immune system, GC B cells formed in the context of TD but not thymus-independent responses express high amounts of PlxnB2 (25, 26). Recent studies have revealed that PlxnB2 expressed by GC B cells is sensed by Semaphorin 4C (Sema4C) expressed on TFH cells. This PlxnB2–Sema4C interaction promotes T–B adhesion in an antigen-independent manner and guides TFH cell recruitment to the GC (78). For this, PlxnB2 expressed on GC B cells promotes TFH migration from the T zone to the border of the GC. Once positioned at the GC edge, TFH cells have easier access into the GC. The evidence that this positioning is the critical first step comes from the observation that in mice lacking B cell expressed PlxnB2, TFH cells accumulate at the edge of the GC. In these mice, GC T–B interactions are diminished resulting in poor GC-derived antibody responses, including the production of high-affinity antibodies and long-lived plasma cells (78).

In the GC, members of the Ephrin receptors family and their ligands also regulate cell migration and cell-to-cell interaction. Ephrin type-B receptor 4 (EPHB4) and EPHB6 are expressed on TFH cells (79) and one of their ligands, Ephrin-B1 (EFNB1) has been found on GC B cells (79, 80). Ephrin ligands and their receptors are membrane-bound proteins that require direct cell–cell interaction to bind and activate downstream signaling pathways. EFNB1 suppresses GC B–TFH cell adhesion, and mice lacking its expression showed reduction in plasma cell production and accumulation of IL-21_deficient T follicular helper cells within the GC (79). Intriguingly, EPNB1 has been reported to be expressed in a subset of GC B cells that share phenotypic features with memory B cells and are preferentially located in the LZ and outer areas of GCs. It is therefore possible that Ephrin interactions also regulate TFH–B cell interactions leading to memory B cell formation from GC B cells (80).

BASP1 is a myristoylated protein highly expressed in the brain and localized at the inner surface of the plasma membrane in presynaptic neurons. In planar lipid bilayers BASP1 can exert ion channel activity (81). In neurons, BASP1 mediates neurite outgrowth and axonal repair (82). BASP1 expression is absent on resting murine splenic B cells, but can be induced by B-cell activation with anti-IgM and anti-CD40 and is again selectively and strongly upregulated in TD GC B cells. BASP1 is therefore likely to control synaptic processes in GC B cells.




TRANSMITTED MOLECULES


Delivery of Cytokines Across Immune Synapses

One of the major roles of both neurological and immunological synapses is the focused secretion of soluble components into the synaptic cleft where the secreted factors can achieve the desired concentration and selectively act on the precise post-synaptic neuron or antigen-specific lymphoid cell (83–85).

There is also increasing evidence of transfer of cellular contents from T cells to APCs in the form of microvesicles. This is a highly dynamic process by which microvesicles formed within the T cell are then released into the synaptic interface and taken up by APCs. Within APCs, the contents of microvesicles, which include proteins, RNAs, and microRNAs, can influence gene expression and activation of early signaling pathways (86, 87). Transfer in the opposite direction also occurs at the synaptic cleft: indeed, the process of trogocytosis, by which T cells can extract MHC:peptide complexes from APCs during endocytosis of engaged TCRs, has been shown to be important for sustained signaling at endosomes (88, 89). Together, these findings suggest that immune synapses are key facilitators of transcellular communication.

TFH-derived cytokines can be secreted and signal to B cells in a contact-independent manner. However, it seems that cell–cell contact can potently enhance the response. Indeed, secretion of cytokines across an immunological synapse can be highly effective due to the much higher concentrations that can be achieved within the synaptic space (90) are much more specific, because it is directed toward a B cell presenting cognate antigen. Variation in the amount of antigen presented can be detected in a highly sensitive manner, and the synapse can quickly change orientation to contact the cell presenting peptide:MHC complexes at the highest density. Together, these properties by which helper molecules get transmitted across an immune synapse are thought to enable TFH cells to select those B cells expressing BCRs with the highest affinity for the immunizing antigen.

The observation made by Reinhardt and colleagues offers an example of this effective cytokine delivery. The isolation of T–B cell conjugates from the draining lymph node of immunized mice demonstrated that IgG1-producing B cells made contact with IL-4-producing T cells whereas IgG2a-producing B cells made contact with IFN-γ-producing T cells (91). IL-4-producing T cells were found conjugated to GC B cells expressing high levels of AID, with evidence of somatic hypermutation (91) demonstrating that TFH-derived cytokines directly stimulate the production of different antibody isotypes in responding B cells sharing the same microenvironment. However, additional studies would be required to confirm these observations, perhaps using the LIPSTIC method, which allows direct measurement of dynamic cell–cell interactions both in vitro and in vivo (92).



Neurotransmitters in T–B Synapses

Neurotransmitters (NTs) are proteins used by the nervous system to communicate between neurons or other cells. This response typically occurs in response to changes in action potential when the neuron is activated. Substances acting as transmitters are stored in vesicles at synapses and are released by a process of exocytosis. Exocytosis in neurons occurs when depolarization of the neuron cell wall causes flux of calcium, binding of vesicles, and eventual externalization of vesicular content. Substances considered to be neurotransmitters are released into the synaptic cleft by exocytosis and/or directly from the cytoplasm. A neurotransmitter can be defined as a substance that is released by a neuron and that affects a specific target in a specific manner. A target can be either another neuron or an effector organ, such as muscle or gland. The concept of a transmitter is not precise, as neurotransmitters are protean, structurally resembling other released agents in many regards. NTs act on targets that are close to the site of transmitter release, in distinction to hormones that are released in the bloodstream to act on distant targets (93). The interaction of neurotransmitters with receptors is typically transient, lasting from milliseconds to minutes. Despite the short timeframe of interaction, neurotransmitter action can result in long-term changes within target cells lasting hours or days.

Dopamine (DA) is a catecholamine mainly synthetized in the central nervous system where it acts as a neurotransmitter. The rate-limiting step in catecholamine synthesis is the conversion of tyrosine into L-DOPA by the enzyme tyrosine hydroxylase. Dopamine is then synthetized from L-DOPA by the enzyme DOPA decarboxylase. In the presence of other enzymes, dopamine can be further converted into noradrenaline and adrenaline.

In neurons, dopamine is packaged into vesicles after synthesis and can be released into the synaptic cleft upon the occurrence of a presynaptic action potential. Neuronal cells can also secrete dopamine into peripheral tissues. Furthermore, dopamine can also be synthetized within specific parenchymal tissue and endothelial cells (94, 95). Nevertheless, despite evidence of endothelial and other sources of peripheral dopamine production, the main contributor to plasma dopamine levels is production by sympathetic nerves.

An emerging role for dopamine in the immune system has recently been recognized. Dopamine can be produced by immune cells such as T cells and dendritic cells, and its release has various autocrine and paracrine effects (96–107).

Only recently, a role for dopamine in the GC reaction has been described (65). High dopamine amounts are found in TFH cells compared to other T cell subsets analyzed. Dopamine is typically stored in dense core granules. Chromogranin B (CgB) is a marker of dense core secretory granules in the neuroendocrine system and is involved in the packaging of catecholamines, such as dopamine and noradrenaline. CgB+ granules are found in a small percentage of human TFH cells. TFH cells can synthetize dopamine upon cAMP induction and release it during T–B cell synapse formation. Once released, dopamine can bind to dopamine receptors expressed by human GC B cells and induce ICOSL translocation to the cell surface within minutes of stimulation. This effect appears to be mediated by dopamine receptor 1 (DRD1). Ligation of ICOS on human TFH cells leads to fast translocation of CD40L to the center of the synapse. Furthermore, ICOS ligation also augmented the area of the TFH–GC B cell synapse (65). This work adds to the growing evidence of the importance of ICOSL-mediated regulation of T cell help to GC B cells, required for productive GC reactions.



Cytotoxic Granules and Granzymes

Cytolytic granules are specialized secretory lysosomes containing a set of proteins, such as perforin and granzymes, involved in cell-mediated apoptosis (108, 109). Cytolytic granules can also be delivered through the immunological synapse. Specifically, this occurs through a secretory zone localized in the center of the synapse (110). Although cytotoxicity is a typical property of CD8+ T cells and natural killer cells, MHC class-II-restricted cytotoxicity mediated by CD4+ T cells has also been described in both humans and mice (111–116). CD4+ CTL have been identified mostly during viral infections, suggesting that one of the main roles of CD4+ CTLs is antiviral immunity. CD4+ CTLs have also been identified during antitumor responses (117, 118) and chronic inflammatory responses (119–121).

Recent findings in mice described that the infecting or immunizing virus influences CD4+ CTL differentiation and that this differentiation program, once initiated, directly antagonizes TFH differentiation. CD4 CTLs express high levels of Blimp1 and low levels of Bcl6, which is required for TFH cell differentiation. Unlike the dependency of TFH cells on BCL6 and TCF1, these transcription factors prevent CD4+ CTL induction, suggesting a dichotomous differentiation pathway between CD4+ TFH and CTLs (122).

In human GCs a subset of TFH cells expressing the surface marker CD57 (HNK-1/Leu-7) show cytotoxic activity (123). CD57 is generally upregulated in cells with cytotoxic activity (124). Further characterization of the nature and function of these granules will be required.




CONSEQUENCES OF T–B SYNAPTIC INTERACTIONS

In the nervous system, calcium fluxes are essential facilitators of synaptic neurotransmission. Action potentials open calcium channels in the presynaptic membrane causing the uptake of calcium ions (Ca2+). This calcium flux triggers the release of neurotransmitters from synaptic vesicles into the synaptic cleft. Calcium fluxes have been well studied in the context of T cell-APC synapse formation. It is only recently that calcium mobilization has been observed in the context of TFH–GC B cell engagement.

Selection of high-affinity antibody-producing B cells is mediated by large but transient interactions between TFH and GC B cells. It has been shown that in the presence of antigen, T cells reduce their speed and increase the duration and area of contact with high-affinity GC B cells. These interactions lead to an increase in TFH intracellular calcium, which in turn increases the amount of helper cytokines IL-4 and IL-21 (125). Subsequent studies showed that mouse GC T cells help B cells in GCs via formation of entangled contacts, require extensive T and B cell surface interactions and rapid CD40L translocation to the surface of TFH cells. This translocation of preformed CD40L requires ICOS costimulation and calcium signaling (61). When ICOSL knockout B cells were engaged in interactions with TFH cells, smaller calcium fluxes in the T cells were detected.

Ca2+ mobilization is also important in B cells after BCR engagement leading to different outcomes depending on the presence of additional signals. BCR engagement alone by antigen triggers a Ca2+ flux that causes downregulation of constitutive ICOSL surface expression on activated B cells (126, 127) and in vitro stimulated GC B cells (65). This downregulation is potentiated when BCRs are engaged together with IL4R activation, which acts through STAT6 to cause complete loss of ICOSL surface expression. By contrast, costimulation of B cells through CD40 signals (but not LPS or cytokines) after downregulation by antigen and/or IL-4 could restore expression of ICOSL. Restoration of ICOSL expression did not occur in B cells treated with anti-IgM. This was thought to be a consequence of high BCR crosslinking, since HEL stimulation, which does not crosslink BCRs, did not prevent ICOSL re-expression. Together these findings highlight that CD40–CD40L signaling and the nature of the antigen, control whether antigen-activated B cells are able to re-express ICOSL, which in turns leads to costimulation of the cognate T cell (126).



CONCLUDING REMARKS

The last decades of research in T–B cell interactions have revealed the importance of selective and focused delivery of important signals through the immunological synapse. Synaptic transmission of cytokines and neurotransmitters enables rapid regulation and translocation of molecules to the synaptic interface, required for effective TFH-mediated B cell selection. Several molecules are known to be involved in the initiation of T–B immune synaptic transmission in GCs. Less is known about the signals required for the termination of T–B cell interactions, or about signals that distinguish TFH–B vs TFR–B cell interactions. We expect the coming years will uncover a much larger array of neurotransmitter-like molecules involved in T–B interactions in GCs.
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T follicular helper (Tfh) cells play key role in providing help to B cells during germinal center (GC) reactions. Generation of protective antibodies against various infections is an important aspect of Tfh-mediated immune responses and the dysregulation of Tfh cell responses has been implicated in various autoimmune disorders, inflammation, and malignancy. Thus, their differentiation and maintenance must be closely regulated to ensure appropriate help to B cells. The generation and function of Tfh cells is regulated by multiple checkpoints including their early priming stage in T zones and throughout the effector stage of differentiation in GCs. Signaling pathways activated downstream of cytokine and costimulatory receptors as well as consequent activation of subset-specific transcriptional factors are essential steps for Tfh cell generation. Thus, understanding the mechanisms underlying Tfh cell-mediated immunity and pathology will bring into spotlight potential targets for novel therapies. In this review, we discuss the recent findings related to the molecular mechanisms of Tfh cell differentiation and their role in normal immune responses and antibody-mediated diseases.
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INTRODUCTION

Germinal centers (GCs) are secondary lymphoid structures within B cell follicles where B cells go through affinity maturation and class-switch recombination to generate high-affinity antibodies (1, 2). GC reactions play a critical role in the invasion of pathogens, while abnormal GC reactions are implicated in systemic autoimmune diseases, chronic inflammation, allergic responses, and B cell malignancies. The GC reaction is initiated and amplified by GC B cell and CD4+ T cell interactions followed by T follicular helper (Tfh) cell help to B cells which leads to the generation of long-lived serological memory (2, 3). Exaggerated expansion of Tfh cells results in excessive GC reactions, self-reactive B cell proliferation, and increased long-lived plasma cell differentiation, as well as an overproduction of high-affinity pathogenic autoantibodies (4). Understanding the development and function of Tfh cells is important for generating new vaccine strategies against pathogens as well as targeted approaches to abrogate the inappropriate activity of these cells in patients with various autoimmune diseases.

T follicular helper cell development occurs in a stepwise process (1, 2). Contact of naïve CD4+ T cells with antigen-presenting dendritic cells (DCs) within T cell follicles is the first step of commitment toward Tfh cell differentiation (Figure 1). This step of Th cell development, named as pre-Tfh is reflected by upregulation of CXC chemokine receptor 5 (CXCR5) expression as well as key genes in the Tfh pathway such as B-cell lymphoma 6 protein (Bcl6), Achaete-scute homolog 2 (Ascl2), ICOS, programmed cell death-1 (PD-1), and Batf, and the downregulation of CC chemokine receptor 7 (CCR7) expression. These changes guide the pre-Tfh cells to the T/B cell border where proper signals received from B cells trigger a further increase in the Tfh-associated gene expression pattern (Bcl6, PD-1, ICOS, and CXCR5), commitment to the functional GC Tfh cell program and subsequent GC formation. While in mice, IL-6, IL-21, and Bcl6 are essential for Tfh formation, in humans, Tfh generation relies on TGF-β, IL-12, IL-23, and Activin A signaling (5–9). In addition, Tfh cell differentiation is negatively controlled by cytokines (IL-2 and IL-7) costimulatory molecules [cytotoxic T lymphocyte antigen 4 (CTLA4) and PD-1], and transcriptional factors [signal transducers and activators of transcription (STAT)5, Blimp-1, FOXO1, Foxp1, and Krüppel-like factor 2 (Klf2)] (10–16).


[image: image1]
FIGURE 1 | Regulatory signaling for T follicular helper (Tfh) cell development: naïve CD4+ T cell priming by MHC/antigen interaction on DCs (step 1) leads to the generation of CXCR5+Bcl6lo pre-Tfh cells with increased activity of transcriptional factors such as Achaete-scute homolog 2 (Ascl2), signal transducers and activators of transcription (STAT)1, STAT3, IFN-regulatory factor 4 (IRF4), and Batf (step 2). Ascl2 expression in activated T cells orchestrates them to migrate toward B cell follicles by upregulation of CXC chemokine receptor 5 (CXCR5) expression and repressing IL-2R-Blimp1 pathway as well as Th1, Th2, and Th17 cell differentiation. Upon interaction with cognate B cells at T-B border (step 3), CXCR5+ T cells begin to upregulate B-cell lymphoma 6 protein (Bcl6) expression, which in cooperation with other transcription factors determines the final differentiation state of Tfh cells within germinal centers (step 4).


In this review, we have discussed positive and negative regulation mechanisms of mouse and human Tfh differentiation including costimulation and cytokine driven signaling pathways and subsequent activation of downstream transcriptional factors. We also elaborate on the cellular requirement of other follicular T cells within GCs for Tfh cell development and GC formation. Moreover, we will review the current advances in Tfh cell biology in various disease settings.



Tfh CELLS IN MICE AND HUMANS

Several seminal discoveries made in humans and mice in the early 2000s led to identification of B follicular helper T cells that are indispensable for GC formation and B cell function (17, 18). These cells express high levels of CXCR5 and low CCR7 in both humans and mice (17–20). CXCR5 expression is indispensable for T cell migration from T zones toward CXCL13-rich B-cell follicles, where they interact with B cells for further maturation and then provide help for the generation of high-affinity antibodies and long-lived plasma cells (21–24). Thus, based on their localization and function, CXCR5+ CD4+ T cells were designated as Tfh cells.

Profiling of cytokine and gene expression patterns provided the evidence that mouse and human Tfh cells are distinct from Th1 and Th2 subsets and help B cells by delivering activating signals with CD40L and the cytokine IL-21 (3, 6, 18, 25). Moreover, these mouse and human gene-profiling experiments helped to identify key molecules including Bcl6, Ascl2, IL-21, PD-1, and ICOS which play a substantial role in Tfh cell development, migration, homeostasis, and function in both species. In 2009, three independent groups identified the essential function of the transcription factor (TF) Bcl6 for Tfh cell development and function (7, 26, 27). Since then Tfh cells have been recognized as a distinct lineage of T helper cells.

Studies in mice and humans show that Tfh cells are localized in lymphoid organs and are composed of subsets that differ in their localization, phenotype, and function (28). In mice, after priming with DCs in the T zones of secondary lymphoid organs, a fraction of naive CD4+ T cells acquire CXCR5, PD-1, and Bcl6 expression, downregulate CCR7, and migrate toward B cell follicles (Figure 1) (21, 29–32). These CXCR5+Bcl6+CD4+ T cells, called Tfh precursors (pre-Tfh), interact with antigen-presenting B cells and further differentiate to fully programmed GC Tfh cells, which provide help to B cells within GCs. GC Tfh cells can be distinguished from Tfh precursors by high expression levels of CXCR5 and PD-1 (28). Sustained expression of Bcl-6 in GC Tfh cells is essential for GC formation (7, 26, 27). The origin of Tfh cells is not restricted to naive cells, and there is some evidence suggesting that other Th subsets including Th1, Th2, Th17, and regulatory T cells (Tregs) may become Tfh cells in GCs (3). This is consistent with the heterogeneity in cytokine expression patterns among GC Tfh cells developed under different immunization protocols and by different types of infectious agents (33). In human tonsils, CXCR5loICOSlo pre-Tfh cells (or extrafollicular helper T cells) express multiple Tfh molecules including CD40L, IL-21, and CXCL13 but not Bcl6 and are localized outside of GCs where they help naïve B cells to become immunoglobulin-producing cells (34). By contrast, CXCR5hiICOShiPD-1hi GC Tfh cells provide help to GC B cells and promote their survival, proliferation, and differentiation into immunoglobulin-producing cells (28). In human tonsils, GC Tfh cells contain subsets coexpressing Bcl-6 and RORγt, and Bcl-6 and T-bet (8). This suggests that other Th subsets may be able to differentiate into Tfh cells or that Tfh cells share the same developmental path with Th1 and Th17 cells as observed in mice (35, 36).

A CXCR5+ subset of CD4+ T cells can also be identified in the peripheral blood of mice and humans, subsequently referred to as circulating Tfh (cTfh) cells. Although these CCR7loPD-1+ cells express lower levels of ICOS and PD-1 and seldom express Bcl6 they are closely related to Tfh cells (37). Their differentiation depends on ICOS and Bcl6 but not SLAM-associated protein (SAP), suggesting that cTfh cells are primary Tfh precursors or early memory Tfh cells. The cTfh cell subset undergoes active Tfh differentiation into mature Tfh cells in secondary lymphoid organs upon antigen reencounter and their presence correlates with autoimmune diseases such as lupus and rheumatoid arthritis (RA) (37). In addition, based on the expression of CXCR3 and CCR6, human cTfh cells can also be subdivided into three main subsets, namely, CXCR3+CCR6− (Tfh1), CXCR3−CCR6− (Tfh2), and CXCR3−CCR6+ (Tfh17) cells (38, 39). Tfh2 and Tfh17 cells, but not Tfh1 cells, represent efficient B cell helper cells to regulate immunoglobulin isotype switching (38). A recent data showed that in addition to cTfh memory, Tfh cells could be local in the draining lymphoid organs and sustain B cell responses after reactivation (40). In contrast to cTfh cells, local memory Tfh cells promote plasma cell differentiation and could be released to the circulating memory compartment over time.



Tfh CELL DIFFERENTIATION

T follicular helper cell differentiation is a complex process, which is tightly regulated (41) (Figure 1). It begins during naïve CD4+ T cell priming by DCs in the T cell zone of secondary lymphoid tissues and continues through the first cognate T cell:B cell interaction at the T–B junction until Tfh cells differentiate into mature GC Tfh cells when they enter follicles (2, 3, 42, 43). At each of these stages, Tfh cell development is influenced by signaling pathways downstream of cell surface molecules including the T cell receptor (TCR), costimulatory molecules, and cytokine receptors leading to the activation of specific transcriptional machinery (2, 3, 42, 43).


Costimulatory Molecules

T follicular helper cell differentiation from naive CD4+ T cell precursors is a multistep process which requires costimulatory signals. Positive [CD28, ICOS, SAP, glucocorticoid-induced tumor necrosis factor receptor-related protein (GITR), etc.] and negative [CTLA4, PD1, and B and T lymphocyte attenuator (BTLA)] costimulation works together with TCR signaling during Tfh cell development to guide activation, proliferation, differentiation, migration, survival, and effector functions (1–3, 33, 44). Imbalance between positive and negative costimulation signals leads to increased Tfh cell number and consequently to Tfh-driven autoimmunity (45, 46).


Positive Costimulation


CD28 and ICOS

CD28 and ICOS are two structurally and functionally related costimulatory molecules that are critical for Tfh cell differentiation (2, 47, 48). CD28, which is constitutively expressed on both naïve and resting T cells, specifically binds to its ligands CD80 or CD86 and regulates T-dependent B cell responses (49, 50). While previous studies suggest the overlapping function of CD80 and CD86 in antibody responses, during virus infection CD86 expression on B cells but not CD80 is critical for Tfh cell generation and function (51). CD28 signaling regulates (i) early key events of Tfh differentiation, especially the expression of PD-1, ICOS, OX-40, Bcl6, and CXCR5 (47); (ii) the late stage of Tfh differentiation as B7 ligand blockade during ongoing infection impairs Tfh cell response (52, 53); and (iii) Tfh cell survival (53).

ICOS, another CD28 family member, is highly expressed on Tfh cells and is critical for Tfh cell generation and GC formation (2, 48). Unlike CD28, ICOS does not regulate any of the early differentiation steps of naïve T cells into Tfh cells, particularly Bcl6 expression (47); however, ICOS is important to maintain the phenotype of already differentiated Tfh cells (47). Mice in which the ICOS–ICOSL interaction is disrupted as well as ICOS-deficient patients have fewer Tfh cells and smaller GCs (6, 47). ICOS exerts its costimulatory function through phosphoinositide 3-kinase (PI3K) signaling which results in the activation of Akt (47). Akt phosphorylates the transcriptional factor FOXO1 which thereby stays in the cytoplasm and becomes functionally inactive (47). This is critical because FOXO1 suppresses Tfh cell differentiation through the negative regulation of Bcl6 and positive regulation of Klf2 expression (15). Klf2 plays a negative role in Tfh differentiation by binding to promoter regions of CXCR5, CCR7, CD62L, PSGL-1, and S1pr1, which leads to the suppression of CXCR5, relocation of Tfh cells from B cell follicles back to T cell zone and their phenotype reversion to non-Tfh cells (44). Besides the ICOS–Klf2 axis, ICOS promotes interaction of the p85a regulatory subunit of PI3K with osteoponin (OPN-i), followed by translocation of OPN-I into the nucleus, its interaction with Bcl6 and protection of Bcl6 from proteasome degradation; thus, sustain responses by Tfh cells (54).



SLAM-Associated Protein

SLAM-associated protein is an intracellular adaptor protein essential for the function of SLAM family receptors (SFRs) to regulate immune responses (55, 56). SFRs consist of nine members, four of which are highly expressed on Tfh and B cells: CD150/SLAM, CD229/Ly9/SLAMF3, CD84/SLAMF5, and NTB-A/Ly108/SLAMF6 (57–59). High intrinsic SAP expression in both human and mouse GC Tfh cells, but not in B cells, is important for the development of long-term humoral immunity: particularly formation of GCs, long-lived plasma cells, and memory B cells (57, 60, 61). Bcl6 is required for SAP expression in GC Tfh cells (62). SAP through SFRs regulates T:B cell adhesion, cytokine production, and TCR signaling strength (63). Patients with X-linked lymphoproliferative disease (XLP) caused by a SAP gene mutation as well as mice lacking SAP expression, display defects in GC Tfh cell generation and GC reactions (3, 55). While SAP-deficient CD4+ T cells express normal levels of CXCR5, ICOS, and Bcl6, they have an impaired ability to stably interact with cognate B cells and sustain GC reactions (58, 61, 64, 65). Thus, SAP is not required for early Tfh cell differentiation (Bcl6+CXCR5+), but is indispensable for sustained T:B cell interactions and the full polarization to GC Tfh cells (Bcl6hiPD1hi) mainly by the following mechanisms: (1) SAP binds phosphotyrosines of the SLAM immunotyrosine switch motifs (ITSM) and mediates positive signaling by recruiting Src family kinase Fyn and PKCθ (66); (2) SAP competes with the tyrosine phosphatase SHP-1 for Ly108 ITSM binding, signaling through which contributes to reductions of T:B contacts and to an impairment in GC Tfh cell generation and GC responses (58). In addition to regulating T:B adhesion, positive signaling through SAP and PKCθ regulates cytokine secretion by GC Tfh cells, particularly IL-4 (60, 67). Moreover, Sap/Ly108 engagement sustains the TCR signaling that is required for establishing the Tfh cell:B cell synapse and thus allowing Tfh cells to provide help to B cells (68).



Glucocorticoid-Induced Tumor Necrosis Factor Receptor-Related Protein

Glucocorticoid-induced tumor necrosis factor receptor-related protein (TNFRSF18, and CD357), a member of the tumor necrosis factor receptor superfamily, is expressed at high levels in Tregs and activated T cells (69). Activation of GITR by its natural ligand GITRL enhances proliferation and effector T cell responses and inhibits Treg mediated suppression (70, 71). GITR is highly expressed on Tfh cells compared with non-Tfh cells in the spleens of collagen-induced arthritis (CIA) mice (72). GITR signaling promotes Tfh cell expansion and survival. Administration of GITR-Fc protein greatly reduces CIA severity by suppressing Tfh development and thereby humoral immune responses. In addition, in the chronic lymphocytic choriomeningitis virus (LCMV) infection model, a Tfh cell intrinsic role for GITR in sustaining Tfh cell responses and LCMV-specific antibody production has been identified (73). Thus, GITR signaling is considered as a positive regulator of Tfh generation (44).




Negative Costimulation


Programmed Cell Death-1

Programmed cell death-1 (PDCD1 and CD279) is a member of the CD28 superfamily which is transiently expressed by activated conventional T cells and delivers an inhibitory signal by engaging its ligands PD-L1/CD274/B7-H1 and PD-L2/CD237/B7-DC that are expressed on activated B cells, DCs, and macrophages (74). PD1 shows high and sustained expression on exhausted T cells, Tregs, Tfh, and T follicular regulatory (Tfr) cells (75–78). In addition to conventional T cells, PD-1 is expressed by B cells, natural killer cells, and myeloid cells as well (79, 80). Early studies utilizing complete knockouts of PD1, PD-L1, or PD-L2, or their respective blocking antibodies tried to address the role of the PD-1 pathway in controlling humoral immunity. Interestingly, some studies have shown attenuated humoral immune responses upon PD-1 signaling blockade, whereas others have found enhanced responses (74, 81–85). Later work using cell-type specific deletion of PD1 and its ligand helped to delineate the function of PD1 signaling in GC responses and gain insight into the individual role of PD1 in Tfr and Tfh cells and PD1 ligands in DCs and B cells in the regulation of humoral immunity (77). The PD-1–PD-L1 pathway plays an immunoregulatory role in limiting the differentiation and suppressive function of Tfr cells (77). PD-1 expression can also modulate Tfh differentiation and function. Tfh cells from aged mice express higher levels of PD-1 compared with Tfh cells in young mice; PD-1 blockade in aged Tfh cells restores Tfh cell function, suggesting a cell-intrinsic role of PD1 in Tfh cells (12, 86). Interestingly, PD-L1 expression on DCs, but not B cells, inhibits Tfh and Tfr cell differentiation (87).



Cytotoxic T Lymphocyte Antigen 4

Cytotoxic T lymphocyte antigen 4 is a key checkpoint in immune tolerance (88–92). While CTLA4 and CD28 share the same ligands CD80 and CD86, CTLA4 interacts with them with higher affinity and avidity compared with CD28 (48). The central tenet of CTLA4 function is to regulate CD28 signaling, since fatal multiorgan inflammation as well as increased antibody levels in CTLA4 KO mice are prevented by the blockade of CD80 and CD86 (93–95). CTLA4 is constitutively expressed in Tregs and upregulated after activation in conventional T cells and plays a key role in mediating Treg function and in controlling conventional T cells (48). In fact, a Treg-specific deletion of CTLA4 recapitulates the phenotype of germline CTLA4 KO mice including increase in antibody production, indicating the role of CTLA4 in Tregs to control B cell responses (96). Recently, multiple groups assessed the role of CTLA4 in B cell responses and identified the function of CTLA4 on multiple T cell subsets including Tfh, Tfr, and Tregs in regulating humoral immune responses (13, 97). While it was suggested that CTLA4-dependent suppression is the primary mechanism used by Treg and Tfr cells to control Tfh cell development and humoral immunity via CTLA4-dependent downregulation of CD80 and CD86 on B cells, Foxp1-dependent CTLA4 expression on non-Treg CD4+ cells has cell-intrinsic and negative regulatory functions in Tfh cell differentiation, maintenance, and function (13). CTLA4 controls Tfh cell differentiation by regulating the degree of CD28 engagement (52).



B and T Lymphocyte Attenuator

B and T lymphocyte attenuator (CD272) is an inhibitory receptor expressed on T and B cells that binds TNFR family member herpesvirus entry mediator and attenuates T and B cell activation and effector functions (98–100). Mice lacking BTLA exhibit increased antigen-specific IgG responses and with age gradually develop autoimmune hepatitis-like disease and autoantibody production to nuclear antigens (101), suggesting that BTLA negatively regulates humoral immune responses. BTLA is highly expressed in CXCR5+ Tfh cells compared with conventional CXCR5− CD4+ T cells. While Tfh cell development is not affected in BTLA-deficient mice, BTLA expression in Tfh cells but not in B cells is critical to control GC B cell development and antigen-specific IgG2a and IgG2b production (102). Moreover, BTLA controls Tfh-mediated B cell responses by suppressing IL-21 production (102).





Cytokines

Along with antigen and costimulation signaling, specific cytokine-dependent cues play a central role in governing naive CD4+ T cell differentiation into specific effector T helper cell subsets. For example, IL-12 and IFNγ promote Th1 differentiation, whereas IL-4 drives Th2 differentiation (42). In addition, IL6 and IL-21 in combination with TGFβ induce Th17 differentiation (42). There are multiple cytokines that exercise either positive or negative roles at different stages of Tfh development (1, 2). However, cytokine-dependent Tfh cell formation varies between mice and humans (1, 42). Particularly, while TGFβ signaling opposes Tfh development in mice, it is required for human Tfh cell development (42).


Cytokines That Support Tfh Cell Formation in Mice and Humans


IL-6, IL-21, and IL-27

IL-6, IL-21, and IL-27 have all been implicated in Tfh cell development, although with differing roles (1, 2, 6, 7, 103, 104). IL-6 is mainly derived from activated B cells, DCs, and follicular DCs and is required in the initial stage of Tfh cell formation by inducing Bcl6 and IL-21 expression (5, 103, 105, 106). Mice deficient in IL-6 or IL-6R show reduced or delayed Tfh cell formation due to impaired signaling through STAT3 and STAT1 (5, 107). In addition, at the late stage of chronic viral infection, IL-6 derived from activated follicular DCs is crucial for maintenance of Tfh cell by upregulation of Bcl6 and viral control (3). Similar to mice, in humans, IL-6 derived from circulating plasmablasts is also a potent inducer of Tfh differentiation (108). IL-21 is primarily produced by select CD4+ T cells including Tfh, Th17 cells, and natural killer T (NKT) cells and plays a more prominent role in sustaining Tfh cell identity and function (6, 7, 18, 36, 109). IL-21- and IL-21R-deficient mice display reduced numbers of Tfh cells after antigen immunization suggesting an autocrine role for IL-21 in the maintenance and augmentation of Tfh cell programming (6, 110). However, in mice deficient either in IL-6 or IL-21 signaling, Tfh cell development is only partially compromised, indicating that these cytokines may play redundant roles in Tfh cell development (5, 103). In fact, loss of both cytokines significantly diminished Tfh cell numbers compared with an IL-6 or IL-21 deficiency alone (5, 103). However, an IL-6/IL-21 deficiency does not cause the complete absence of Tfh cells, suggesting an existence of IL-6 and IL-21-independent mechanisms for Tfh cell generation. In fact, it has been reported that the cytokine IL-27 contributes to Tfh cell maintenance by promoting IL-21 expression (104). Mice deficient in IL-27 signaling show reduced IL-21 expression, Tfh cell number, and GC activity (104). Similar to mice, DC-derived IL-27 is critical for the induction of Tfh cell polarization, IL-21 secretion by Tfh cells, and Tfh-dependent production of IgG by B cells (111). In addition to IL-21 induction, it has been suggested that IL-27 may play an important role in Tfh cell development by antagonizing IL-2 signaling, which negatively regulates Tfh cell development (10, 112).



TGF-β, IL-12, IL-23, and Activin A

Recent data suggest that different groups of cytokines support Tfh cell formation in humans, with prominent roles for TGF-β, IL-12, and IL-23. While IL-12 and IL-23 are capable of inducing IL-21 expression in naïve CD4+ T cells from human tonsils and peripheral blood, only IL-12 could augment expression of CXR5, ICOS, CD40L, and Bcl6, thus IL-12 is likely to act at an early stage of human Tfh cell development. B cells co-cultured with IL-12-primed CD4+ T cells produce antibodies which in part is dependent on the expression of CD40L (113). In support of the importance of IL-12 and IL-23 for Tfh development, individuals with mutations disrupting the function of IL-12Rβ1 (receptor for IL-12 and IL-23) have fewer circulating and GC Tfh cells and memory B cells. In mice, acting through STAT4, IL-12 induced a transitional stage in Tfh–Th1 cells, which express IL-21 and Bcl6. However, the IL-12–STAT4 pathway also promotes Tbet expression, which ultimately represses Bcl6 expression and Tfh cell programming. Since IL-12 is also linked to the generation of human Th1 cells, additional factors may also contribute to human Tfh cell generation. Surprisingly, TGF-β acts as an important cofactor for the early differentiation of human Tfh cells, but not in mice (7, 8, 114). TGF-β synergizes with IL-12 and IL-23, activating STAT4 and STAT3, and promoting Tfh cell development through induction of Tfh key molecules including CXCR5, ICOS, IL-21, Bcl6, Batf, c-Maf, and the downregulation of Blimp-1 expression (8). Recently, Activin A was identified as a novel inducer of Tfh cell programming in human and non-human primate cells, but not in mice by upregulating CXCR5, CXCL13, and PD-1 expression and repressing CCR7 and Blimp-1 expression (9). Activin A, in combination with IL-12, promotes the generation of Tfh like cells that have high expression levels of CXCR5, Bcl6, PD-1, LAMF1, CXCL13, IL-21, LIF, LTA, and TNF (9). Activin-A-induced Tfh programming is dependent on signaling via SMAD2 and SMAD3 (9).




Cytokines Which Inhibit Tfh Cell Formation


IL-2, IL-10, and IL-7

The IL-2/STAT5 axis is shown to be inhibitory for Tfh cell formation. In an in vivo mouse model of influenza infection, it was shown that exogenous administration of IL-2 suppresses Tfh cell differentiation, GC formation, and neutralizes antibody production (10). T cell-intrinsic expansion of Tfh cells is mediated by loss of IL-2Rα (115, 116). Mechanistically, activation of STAT5 by IL-2 enhances Blimp-1 expression and prevents binding of STAT3 to the Bcl6 locus (10). In addition, IL-2 inhibits the expression of IL-6 receptor α-chain (IL-6rα) and to a lesser extent, gp130 and thus negatively regulates Tfh differentiation (117). Moreover, a recent study depicts that IL-2 drives cells toward Th1 rather than Tfh differentiation through the activation of Akt and mTORC1 kinase (118). IL-7 negatively regulates Tfh differentiation by activating STAT5 and thereby repressing Bcl6 and CXCR5 (11). An additional study showed that IL-10, which has traditionally been viewed as a costimulator of antibody production, could also inhibit antibody responses indirectly by suppressing a subset of Tfh cells that produce IL-17 and IL-21 (119).





Transcriptional Regulation of Tfh Cells

The differentiation of naïve CD4+ T cells into Tfh cells is regulated by coordinated interplay between cell-extrinsic factors and cell-intrinsic transcriptional networks. Since the discovery of Bcl6 as a key factor for Tfh differentiation, several other transcriptional factors that either support [IFN-regulatory factor 4 (IRF4), c-Maf, Batf, STATs, Ascl2, TCF1, LEF1, etc.] or oppose [FOXO1, FOXP1, BLIMP-1, STAT5, KLF2, and peroxisome proliferator-activated receptor gamma (PPARγ)] Tfh cell development, migration, and function have been defined (1–3). A dynamic balance between these multiple transcriptional factors is the main determinant of normal Tfh development and immunity, since dysfunction of negative transcriptional machinery triggers autoimmunity (120, 121).


TFs Positively Influencing Tfh Cell Differentiation


B-Cell Lymphoma 6 Protein

The Bcl6 has been recognized as a key transcriptional factor for Tfh cell development and for efficient GC responses (7, 26, 27). Expression of Bcl6 is driven by CD28 and IL-6/IL-21–STAT1/STAT3 signaling (47). Bcl6 overexpression leads to the upregulation of PD-1, CXCR5, CXCR4, and SAP which are essential for Tfh cell function in T and B cell interactions (106, 115). As a transcriptional repressor, Bcl6 functions to suppress genes that controls Tfh cell development by the following mechanisms: (i) Blimp-1 expression; (ii) genes encoding proteins that controls migration including EBI2, CCR7, CCR6, S1PR1, and PSGL1; (iii) Klf2 expression; (iv) genes that support Th1 (IFNGR1, T-bet, and STAT4), Th2 (Gata3), and Th17 (IL-17 and RORγt) cell development (7, 26, 27, 122–126).



c-Maf

c-Maf is a bZIP transcriptional factor that plays an important role in the regulation of cytokine production and Th2, Th17, and Tfh cell differentiation (87). Both Th17 and Tfh cells have higher expression of c-Maf, and loss of c-Maf in T cells results in a defect in IL-21 production and fewer Th17 and Tfh cells (36). Recent data further indicate an important and non-redundant role for c-Maf in the initiation of Tfh cell development and T-cell-mediated humoral responses. Loss of c-Maf expression in T cells leads to the decreased expression of key Tfh molecules, such as BCL6, CXCR5, and PD1 (127).



Batf

Batf is basic leucine zipper protein in the AP-1 family which was originally implicated in Th17 differentiation through direct regulation of transcription of RORγ, IL-21, and IL-22 (128). While Batf expression is moderately increased in Tfh cells compared with other T helper subsets, Batf is an essential component for Tfh development through combined regulation of Bcl6 and c-Maf (129, 130). Batf-deficient mice fail to generate Tfh cells, and Bcl6 and c-Maf overexpression in Batf-deficient T cells improves Tfh cell development but not to the level of Batf reconstitution, suggesting that additional targets are required for complete Tfh cell induction (130). In addition, the Batf/IRF4 complex in cooperation with STAT3 and STAT6 is required for IL-4 expression in Tfh cells (120).



IFN-Regulatory Factor 4

Together with the well-known function of IRF4 in Th2, Th17, Th9, and Treg differentiation as well in plasma cell maturation (131–139), IRF4 also plays a critical role in Tfh cell development and GC formation (140). Mechanistically, IRF4 may cooperate with other transcriptional factors that determine T cell fate decision: (i) IRF4 interacts with Jun and Batf to form an IRF4–Jun–Batf complex that binds to AP-1–IRF4 composite elements (141); (ii) binds with STATs (142), and Bcl6 (143). Recently, it has been acknowledged that TCR signaling strength controls IRF-4 concentration and consequently cell fate choice between Bcl6-expressing Tfh and Blimp-1 expressing Teff cells (144). Increased TCR signaling leads to elevated IRF4 levels that function to coordinate Teff cell fate choice at the expense of Tfh cell fate (144).



Signal Transducers and Activators of Transcriptions

There are several members of the STAT family including STAT1, STAT3, and STAT4 that contribute to Tfh cell development (1, 6, 14, 106). It has been reported that STAT1 is required for early Tfh differentiation (107). Besides, IL-6 signaling during Tfh differentiation is mediated by both STAT1 and STAT3 TFs (107). It has also been noted that STAT1 directly regulates expression of key Tfh genes including Bcl6, CXCR5, and PD-1 by binding to their promoter loci (145). IL-6–STAT3 and IL-21–STAT3 signaling can promote Tfh cell differentiation by inducing Bcl6 expression (6, 7, 146, 147). STAT3 cooperates with the Ikaros zinc finger TFs, Aiolos, and Ikaros, to regulate Bcl6 expression (148). IL-6-mediated STAT3 activation restricts IL-2Rα expression to limit Th1 cell differentiation (107). In humans, functional STAT3 deficiency compromises Tfh cell generation (149). STAT4 can promote the expression of Bcl6 and the classical Tfh cell cytokine IL-21 in both mouse and human Tfh cells in vitro (35, 150). However, continued IL-12-driven Stat4 signaling can decrease the expression of Bcl6 and IL-21 and strengthen T-bet-derived Th1 differentiation at the expense of Tfh cells (35). Interestingly after acute viral infection, T-bet is co-expressed with Bcl6 in Tfh cells and is required alongside STAT4 to coordinate IL-21 and IFN-γ production in Tfh cells and for promotion of the GC response (151).



Notch1 and Notch2

Notch proteins belong to the family of evolutionary conserved transmembrane-bound receptors and play an important role in CD4+ T helper cell differentiation and/or function including Tfh cells (152). Mice with T-cell-specific deletions of Notch1 and Notch2 display impaired Tfh cell differentiation, IL-4 secretion by Tfh cells and GC reactions after immunization with T-dependent antigens or infection with parasites (153). Notch1- and Notch2-deficient Tfh cells express reduced levels of Tfh-associated molecules (CXCR5, PD-1, BTLA, and Bcl6), but normal levels of ICOS and increased Blimp-1 expression (153). Notch receptors 1 and 2 are required for Tfh cell generation and IL-4 expression by Tfh cells, but are dispensable for Th2 cell differentiation in response to parasitic helminth infection. Thus, Notch signaling is an important checkpoint in the bifurcation between Tfh and Th2 cell-driven hallmarks of type-2 immunity (154).



NFAT

Nuclear factor of activated T cells 2 (NFAT2) is highly expressed in Tfh cells, NFAT2 deficiency in T cells leads to enhanced GC reactions due to the impairment of Tfr cells to upregulate CXCR5 but not Tfh cells (155). A loss of both NFAT1 and NFAT2 in CD4+ T cells leads to impaired GC reactions due to reduced Tfh cell differentiation and decreased expression of proteins such as ICOS, PD-1, and SFRs which are important players in T/B interactions and B cell help (156).



Achaete-Scute Homolog 2

Achaete-scute homolog 2, a bHLH-domain-containing TF, is selectively upregulated in Tfh cells and initiates Tfh cell development (157). Overexpression of Ascl2 can lead to a substantial induction of CXCR5 expression, but not Bcl6 and downregulation CCR7 expression in vitro, as well as accelerated T cell migration to the follicles and Tfh cell development in vivo in mice (157). Ascl2 inhibits expression of Th1 and Th17 signature genes (157). Ascl2 deletion as well as inhibition of its function with E-protein inhibitor Id3 leads to a total impairment of Tfh cell development and GC response (157).



T Cell Factor 1 (TCF-1) and LEF-1

T cell factor 1 is highly expressed in Tfh cells (158–160). TCF-1 plays an important role in the initiation of Tfh cell differentiation and the effector function of differentiated Tfh cells, as TCF-1 deficiency results in reduced generation of Tfh cells and impairs their function to provide B cell help (159, 160). Similar to TCF-1, LEF-1 is also known for its essential role in early Tfh cell development (161, 162). LEF-1 and TCF-1 are upstream of Bcl6 induction and directly target Tfh signaling molecules (Bcl6, IL-6R, gp130, and ICOS) to promote Tfh cell differentiation (158). TCF-1 also suppresses Blimp-1 and IL-2Ra expression (159).



Early Growth Response Gene 2 (EGR2) and EGR3

Early growth response gene 2 and EGR3 can directly regulate the expression of Bcl6 and differentiation of Tfh cells (163).



Bob1

It has been reported that B-cell-specific octamer-binding protein 1, Bob1 in cooperation with TFs Oct1/Oct2 can directly bind to Bcl6 and BTLA promoters and promote their expression and Tfh cell development (164). However, at the same time, other groups have reported that the function of Bob1 is to mainly restrict the cellular frequency of Tfh cells (165, 166).



NF-kB1

It has been reported that NF-kB1 promotes Tfh cell responses by facilitating CXCR5 expression but no other Tfh-related molecules (Bcl6, IL-21, and PD-1), and the NF-kB1-deficient T cells partially lose their ability to provide help to B cells in vivo (167). In addition, the non-canonical NF-kB pathway may also play an essential role in Tfh development through regulation of ICOSL expression in B cells (168).




TFs Negatively Influencing Tfh Cell Differentiation


FOXO1 and FOXP1

Early studies suggest that a decreased expression of FOXO1 either because of increased expression of ICOS (15) or because of ITCH-mediated degradation (169) may increase Tfh cell differentiation. Analysis of mice with a specific deletion of Foxo1 in T cells revealed the requirement for Foxo1 in the suppression of Bcl6 expression and Tfh cell differentiation (15). In addition, enforced nuclear localization of Foxo1 prevents Tfh cell differentiation (15). However, Foxo1 is required during final differentiation to GC Tfh cells as Foxo1 deficient GC Tfh cells are substantially reduced (15). Foxp1 is an additional negative regulator of Tfh cell development. It mainly plays a role in dampening ICOS and IL-21 expression by regulating CCR7 and CTLA4 expression (170).



Krüppel-Like Factor 2

The TF, Klf2, regulates naïve T cell trafficking to secondary lymphoid tissues by promoting the expression of CD62L and S1PR1 (16). KLF2 expression impairs Tfh cell differentiation, whereas ablation of KLF2 expression enhances Tfh cell differentiation (171). This effect is related to the capacity of KLF2 to promote the expression of genes that oppose Tfh cell differentiation (Blimp-1, Gata3, and T-bet) and to repress the transcription of CXCR5 (171).



Blimp1 and STAT5

Blimp1, which is encoded by Prdm1, is a transcriptional repressor that has the ability to inhibit Bcl6 expression in B and T cells (122). Blimp-1, induced by IL-2/IL-7 and STAT5 signaling, suppresses expression of Bcl6 and other Tfh-associated genes including CXCR5, c-Maf, Bcl6, Batf, and IL-21, thus preventing Tfh cell differentiation (14, 172).



Peroxisome Proliferator-Activated Receptor Gamma

Peroxisome proliferator-activated receptor gamma is a TF that regulates lipid and glucose metabolism (173). One-year-old T-cell-specific PPARγ-deficient mice exhibited a moderate autoimmune phenotype with increased Tfh cells, GC B cells, glomerular inflammation, and enhanced autoantibody production. Mechanistically, PPARγ by stabilizing the activity of Ikbα, Foxo1, and Sirt1 negatively regulates Bcl6 and IL-21 to inhibit Tfh cell differentiation and GC formation (173).






OTHER FOLLICULAR T CELLS

Several types of follicular T cells that have been found in GCs and characterized such as Tfr cells, follicular regulatory CD8+ T cells (CD8 Tfr), natural killer T follicular helper (NKTfh) cells, and follicular CD8+ T cells (fCD8).


Tfr Cells

T follicular regulatory cells, a newly identified subset of Tregs, have been found in GCs where they control GC responses (75–77, 86, 174–176). Tfr cells originate from thymic-derived Foxp3+ T cells as well as from Foxp3− precursors rather than from Tfh cells (78, 177). They are different from Tfh cells and Tregs: on the one hand, Tfr cells express large amounts of Tfh-related factors including CXCR5, PD-1, Bcl6, CXCL13, and ICOS; on the other hand, they share numerous molecules that are expressed by Tregs, such as GITR, CTLA4, IL10, CD25, and Foxp3 (75, 76, 178).

T follicular regulatory cells similarly possess a multistage and multifactorial differentiation process (176) that requires CD28 and ICOS signaling (76, 77), Sap-dependent interaction with B cells (76), and expression of Bcl6 (178). TF NFAT2 contributes to the initial upregulation of CXCR5 in Tfr cells (155). In addition, recently it has been noted that the mTORC1–STAT3–TCF-1–Bcl6 axis and TRAF3 are essential for Tfr differentiation (179, 180). However, there are also some signals which inhibit Tfr-cell differentiation and function: PD-1, CTLA4, Blimp1, and helix-loop-helix proteins ID2 and ID3 (77, 78). In addition, the cytokine IL-21 can suppress Tfr cells through the upregulation of Bcl6 expression and downregulation of CD25 (103, 181, 182).

T follicular regulatory cells act to limit excessive GC responses by acting on both Tfh and GC B cells (13, 77, 86, 183). Moreover, Treg suppression is not limited to GC B cells and occurs at various steps during B cell differentiation, from B cell activation to class-switched B cells and plasma cells (78). The effect of Tfr cells to modulate GC reaction could be through several potential mechanisms. Tfr cells could suppress Tfh cells through CTLA-4, by dampening expression of CD28 ligands on GC B cells (13). Two immunosuppressive cytokines, IL-10 and TGF-β, may mediate the immune suppressive functions of Tfr within GCs (114, 119, 176, 184); however, a recent research showed that IL-10 is important for B cell survival and proliferation; thus, a detailed mechanism remains to be investigated (185). Interestingly, Tfr cells potentially have effects on antibody affinity, and their suppressive function could result in the selection of the highest affinity antigen-specific antibody and in the selection of higher affinity memory B cells (78).



Follicular Regulatory CD8 T Cells (CD8 Tfr)

In contrast to Foxp3+CD4+ Tregs, mouse CD8 Tregs do not constitutively express Foxp3 in the thymus and periphery (186), and the CD8+Foxp3+ T cells do not comprise CD8 Treg population due to lack of suppressive activity (187). Similarly, most of the human CD8 Tregs also lack Foxp3 (188). In mice, a specific subset of Qa-1-restricted CD8 Tregs with high expression levels of CXCR5 (named as CD8 Tfr) were found to possess the ability to limit GC size and prevent autoimmune disease in mice (189). Tfh cells are one of main targets of CD8 Tfr cells (189). In autoimmune-prone mice, CD8 Tfr cells can suppress the expansion of Tfh cells as well as autoantibody production (190). Recent data indicate on the importance of the TF STAT4 for CD8+ Tfr development, maintenance, and function toward Tfh and plasma B cells (191). Moreover, CD8 Tfr cells expressing IL-2Rβ are also shown to inhibit CD8 T cell function in an IL-10-dependent manner (192). Recently, cells with a CD8 Tfr phenotype (CD3+CD8+CXCR5hiCD44hi) have been identified in humans (193). In chronic CIV infection, CD8 Tfr cells localized in the follicles exhibit enhanced Tim-3 and IL-10 expression, but express less perforin compared with CD8 T cells. CD8 Tfr cells modestly limit HIV replication in Tfh cells by impairing IL-21 production via Tim-3 and inhibit B cell function (194). In addition, it has been reported that the KIR+CD8+ cells (KIR, killer cell immunoglobulin-like receptor, functional homolog of murine Ly49) exert inhibitory activity on CD4+CXCR5+ Tfh target cells in humans (193).



NKTfh Cells

Recently, a subset of invariant NKT cells, recognized as follicular helper NKT cells (NKTfh cells), was discovered (195). NKTfh cells express CXCR5, PD-1, and Bcl-6 and support B cell responses (196). Similar to the development of conventional Tfh cells, the formation of NKTfh cells is dependent on CD28-mediated cognate interactions with B cells and Bcl6 expression (196). Studies utilizing CD4+ T cell-specific loss of Bcl6 determined that both Tfh and iNKTfh cells contribute to B cell help (197). However, unlike Tfh-derived B cell responses, those driven by NKTfh cells have no potential to generate long-lived plasma cells and memory B cells (196). NKTfh cells also possess the ability to boost memory B cell responses to T-dependent antigens but not T-independent lipid antigens (198). In addition, the NKTfh cells can induce limited GC B cell responses in the absence of CD4+ cell help (199). Further studies are still needed for a deeper understanding of the mechanisms of NKTfh cells in immunity and their roles in disease.



Follicular CD8+ T Cells (fCD8)

In contrast to the previous opinion that CD8+ T cells are restricted to extrafollicular areas (200), recent studies have showed that the CD8+ T cells from human and non-human primates possess the ability to migrate to the lymphoid follicles and GCs to support B cells (201). CD8+ T cells localize in human tonsil follicles and possess follicular helper-like characteristics including high expression of Bcl6, CXCR5, ICOS, PD-1, CCR5, CD27, CD28, CD69, and CD95, but do not express CCR7, Blimp-1, Tim-3, and CD244 and are named as follicular CD8+ T cells (fCD8) (201–206). The current evidence suggests a crucial role of fCD8 in controlling intracellular pathogens and malignancies through the production of various cytokines (IFN-γ, TNF-α, and MIP1β) in LCMV-infected mice, HIV-infected individuals, and cancer patients (203–205, 207–211). These cytokines activate APCs, promote polarization of naïve CD4+ T cells to Th1 cells, sustain activation of CD8+ T cells; thus, contributing in the control of viral infection and tumor growth. In addition, similar to Tfh cells, IL-21-producing fCD8 cells promote Ag-specific antibody responses by stimulating B cells, as well as generating and maintaining follicles and GCs (201).




THE ROLE OF Tfh CELLS IN DISEASES

The main function of Tfh cells is to control clonal selection of GC B cells and support B cell immunoglobulin synthesis, isotype switching, and somatic hypermutations. Pathological B cell activation and the production of autoantibodies is a hallmark of the defective immune response that accompanies autoimmunity. In the sections below, we discuss the role of Tfh cells in various disease settings (Figure 2).


[image: image1]
FIGURE 2 | Role of T follicular helper (Tfh) cells in diseases. Tfh cells are involved in a variety of pathologies by diverse mechanisms as depicted in the schematic diagram. Elevated Tfh activity leads to an increase in germinal center (GC) formation, activity, and subsequent production of auto-Abs in autoimmune diseases. In primary immunodeficiencies, a decrease in Tfh cells has been detected with dysfunctional GC formation, whereas in acquired immunodeficiencies such as HIV and SIV an increase in Tfh cells serves as viral reservoirs. In atherosclerosis regulatory T cells (Tregs) transition to Tfh cells via GCs leading to the production of pathological Abs. In allergy, there is an increase in Tfh cell activation and GC formation causing the production of IgE. The role of Tfh cells in cancers is complex and dependent on the types of tumors.



Systemic Lupus Erythematosus (SLE)

Observations in animal models and in humans provide strong evidence that Tfh cells are important players in SLE pathology. Patients with SLE have an increased number of cTfh cells, which positively correlates with autoantibody titers (212). Furthermore, the proportion of peripheral blood T cells expressing ICOS is higher in patients with active SLE disease than in patients with inactive disease or in controls which probably leads to enhanced autoantibody production upon activation via ICOS–ICOSL interactions in these patients (45, 213). Production of high levels of IL-21 is a hallmark of Tfh cells and multiple studies have shown an increased frequency of CD4+IL-21+ T cells in SLE patients that was associated with disease severity (214). An increase in Tfh cells is also associated with a shift in the Th17/Treg populations with increases in Th17 cells and decreases in Tregs as well as an elevation of IgG+ class-switched memory B cells leading to a more inflammatory environment as observed in SLE (214–219). It is worthy to note that Tfh cells not only affect priming in secondary lymphoid tissues but can also impact local B cell activation and expansion. For example, within the tubulointerstitium of patients with lupus nephritis, Tfh-like cells are organized with B cells in structures resembling GCs (220, 221) suggesting that Tfh cells may also play a role in various complications that are associated with autoimmune pathologies.

Mice that have a single-amino-acid mutation in Roquin1 (a negative regulator of ICOS mRNA stability) demonstrate a spontaneous lupus-like phenotype that is accompanied by elevated numbers of Tfh cells expressing higher level of ICOS, IFN-γ OX40, and IL-21 and activated phenotypes of GCs (28, 222). Importantly, manipulation of Bcl6 expression and thus Tfh cell generation or adoptive transfer of lupus-associated Tfh cells from Roquinsan/san mice into healthy recipients induces the formation of GCs, highlighting a contributing role of Tfh cells in SLE (223). Another interesting model to study lupus-related pathophysiology is the BXSB mouse model, which displays lymphoid hyperplasia, monocytosis, immune complex-mediated glomerulonephritis, and an aberrant IL-21-dependent Tfh response (224). The MRL/lpr mouse model displays defective Fas signaling (225), which is characterized by high levels of autoantibodies and extrafollicular Tfh like cells that are dependent on ICOS, Bcl-6, and IL-21 signaling. The pathological functions of these T cells support extrafollicular B cell differentiation and plasmablast maturation (226). While increasing evidence suggests the importance of an extrafollicular Tfh-dependent response in the murine models of SLE (227–230), the importance of Tfh cells and extrafollicular sites in SLE patients is not well defined due to limitations in obtaining non-circulated follicular-resident Tfh cells.

There have been several relatively successful attempts to reduce the severity of SLE in humans via blockade of Tfh-cell differentiation and activity. Early results from SLE therapies targeting T cells showed that patients had reduced serum anti-dsDNA titers, but presented minimal reduction of protective antibodies, increased complement markers, and reduced nephritis scores (231). Studies using monoclonal antibodies against ICOS-L inhibited the development of Tfh and GC B cells resulting in decreases in anti-dsDNA Igs and improved kidney function. For years, the main therapy for SLE has been broad spectrum immunosuppressant’s; however, a growing body of work shows that Tfh cells may be a more precise and attractive target for treating SLE.



Sjögren’s Syndrome

Increased numbers of human peripheral blood CXCR5+ICOS+, CXCR5+PD-1+ Tfh cells and enhanced GC formation positively correlate with autoantibodies titers and severity of the primary Sjögren’s syndrome (pSS) (227–230). IL-6 levels are increased in the serum, tears, and salivary gland epithelial cells of patients with pSS. Interestingly, co-cultures of salivary gland epithelial cells with T cells induce Tfh cell differentiation (3, 232) suggesting a critical role for epithelial cell-derived IL-6 in Tfh cell differentiation in pSS. There are several treatment options for patients with pSS that target Tfh cell functions and therefore the humoral response. Abatacept is a fusion molecule combining CTLA-4 with IgG Fc that binds to CD80/86 and consequently impairs CD28-mediated T cell costimulation (233). It has been shown that abatacept inhibits T cell-dependent B cell activation either via DC-defective Th activation or via blockade of T/B cell interactions (234). Abatacept treatment in pSS patients reduces circulating numbers of ICOS+ cTfh cells resulting in an attenuated Tfh cell-dependent B cell hyperactivity (235) providing a promising therapy for pSS and some other autoimmune pathologies.



Juvenile Dermatomyositis (JDM) and Autoimmune Myasthenia Gravis (MG)

Serum autoantibodies can be found in up to 70% of patients with JDM. Furthermore, these patients display changes in cTfh cells subsets with a decrease in cTfh1 cells, and an increase in the cTfh2 and activated memory cTfh17 cell subpopulations; resulting in an overall increase in cTfh subsets with efficient helper functions. Significantly, these changes in the composition of cTfh cell subsets positively correlate with disease activity and the frequency of circulating plasmablasts (38).

Elevated levels of circulating CXCR5+CD57+, CXCR5+ICOShi, and CXCR5+PD1hi CD4+ T cells have also been reported in patients with MG (236). Functional studies demonstrate that cTfh cells from MG patients support autoantibody production, and thus, contribute to the development of disease. Interestingly, Tfh1 and Tfh17, but not Tfh2 cells, were found to be the major secretors of IL-21 (237). Thus, alterations in the composition of peripheral blood memory Tfh1, Tfh17, and Tfh2 subsets seems to be one of the distinct features of several autoimmune diseases including SLE (238), Sjogren’s syndrome, multiple sclerosis (239), and MG (237). While an increasing body of evidence reports a shift in the Tfh1/Tfh2/Tfh17 balance in the peripheral blood of patients with autoantibody-mediated pathologies, it is not clear whether the same shift in the Tfh subsets occurs within the inflamed tissues and GCs in the secondary lymphoid tissues. It would be important to identify molecular mechanisms and microenvironmental stimuli that direct a preferential repopulation of Tfh17 and Tfh2 cells in autoimmune settings.



Rheumatoid Arthritis

One of the other examples for the implication of Tfh cells in autoimmune disease setting is RA, which is characterized by high levels of autoantibodies and abnormal GC B cell responses, which contribute to inflammation in the joints. Tfh cells have been detected in the synovial tissue of patients with RA, and along with IL-21 are found in higher frequencies in the periphery (240–242). The increase in Tfh cells in RA patients is positively correlated with elevated serum level of anti-CCP antibodies and consequently with disease severity (240). In animal models, a T cell-specific CXCR5 deficiency results in a significant reduction in GC formation, decreased levels of collagen-specific IgG1 antibodies and a resistance to CIA induction (243). As Tfh cells play a significant role in the progression of RA, therapeutic targeting of Tfh cells could be a valuable option for treating patients with RA.



Type 1 Diabetes (T1D)

Type 1 diabetes is caused by the autoimmune destruction of insulin-producing β-cells in the pancreas. T1D patients have higher frequencies of circulating CD4+CXCR5+ICOS+Tfh cells and higher levels of IL-21 which positively correlates with an increase in plasmablasts, serum autoantibodies, and C-peptide levels (244–246). It is possible that Tfh cells may play a critical role in the initial stages of T1D with an increase of activated CXCR5+PD-1+ICOS+ cTfh cells being found in both children with newly diagnosed T1D and in children at late stages of preclinical T1D, characterized by impaired glucose tolerance (247, 248). Data from animal models also show that transfer of Tfh cells from a diabetic to a control animal induces elevated blood glucose levels and increased T cell infiltration into islets (244). Furthermore, Roquinsan/san mice that have overreactive Tfh cells display dramatically accelerated T1D induction. Collectively, there is direct evidence for a pathogenic role for Tfh cells in progression to T1D. Importantly, the increase in activated cTfh cells is strongly associated with positivity for multiple autoantibodies and could be used as a biomarker for the identification of a subgroup of patients with an active setting of T1D.



Type 2 Diabetes (T2D)

Evidence indicates a key contribution of the immune response in the manifestation of chronic low grade inflammation under the conditions of adipose tissue inflammation, islet β-cell dysfunction, and T2D. While the role of macrophages, CD4+, CD8+ cells, and follicular B cells is firmly established, there is limited knowledge about the Tfh cell role in obesity and T2D. Recently, Zhou and colleagues found that non-obese T2D patients vs BMI-matched healthy subjects have higher IgG levels and Tfh cells that are highly enriched in IFN-γ, but not IL-4 and IL-17 (249). Interestingly, overweight T2D patients (BMI ≥ 24.0) had higher levels of cTfh and the balance of cTfh cell subsets was shifter toward the Th17 subtype (52). Importantly, patients with abdominal obesity had additional increases in cTfh compared with patients without abdominal obesity (52), suggesting that cTfh may play a critical role in the modulation of adipose tissue inflammation in obesity-induced T2D.



Atherosclerosis

Recent reports revealed a critical role for Tfh cells and consequently GC B cells in the development and progression of human and mouse atherosclerosis. Tfh cells support atherogenesis via the production of pathological Abs and the generation of highly active GCs. The loss of Tfh cells via a conditional knockout of Bcl6 leads to a reduced atherosclerotic burden in atherosclerosis-prone mice (250, 251). Interestingly, a percentage of Tregs can switch the phenotype into pro-atherogenic Tfh cells but ApoAI can prevent Treg to Tfh cell conversion throughout atherosclerosis (250). It remains to be determined how atherosclerosis-prone conditions alter the memory pool of Tfh cells and how Tfh cells impact the processes of selection of high-affinity B cells and B cell memory development in atherosclerosis.



Allergy

Patients with allergic rhinitis (AR) and asthma preferentially have increased levels of cTfh cells that exhibit a Tfh2 cell phenotype (252). In patients with seasonal AR to ragweed pollen, activation of Tfh cells increases significantly during peak-season (253). It has been noted that the acute anaphylaxis response to peanut allergen is driven by IL-4+IL21+ Tfh cells and to a lesser extent by Th2 cells (254). Presence of Tfh cells but not Th2 cells is required for IgE production and for the development of an allergic response.

The increased levels of serum IgE is also a hallmark of atopic dermatitis (AD) (255–258). Peripheral Tfh cells in children with AD have significantly increased levels of ICOS, PD-1, and IL-21 suggesting a highly activated phenotype. Furthermore, a strong positive correlation has been detected between the numbers of IL-21+ Tfh-like cells, activated memory B cell pool, and disease severity (259, 260). Interestingly, patients with asthma also display elevated levels of PD-1+ICOS+ Tfh2 cells and the ratio of Tfh2:Tfh1 cells positively correlates with the total IgE levels in the blood (46). In correlation with the data on human samples, mRNA and protein expression levels of CXCR5, ICOS, ICOSL, and IL-21 were also elevated in mouse models of asthma. Our recent findings also identify an important role of the TF Batf toward the generation of IL-4-expressing Tfh cells rather that Th2 and to their pro-allergic function (120). We further demonstrated that the IL-4–STAT6 signaling contributes to the Batf induction in Tfh cells and the Batf/IRF4 complex along with Stat3 and Stat6 aids IL-4 production in Tfh cells. Recent studies have also shown that Tfh cells can sense specific microenvironmental conditions and differentiate into Th2 cells after repeat exposure with house dust mite (HDM) (261). At the initial stage of disease, Tfh cells are preferentially differentiated, but a second exposure leads to the Tfh switch into Th2 cells which migrate to the lung and produce an inflammatory response. These results suggest that targeting Tfh cells may be a good therapeutic strategy to prevent Th2-cell-mediated immunity to HDM (261).



Primary Immunodeficiency

There are several immunodeficiencies that directly affect the development and functions of Tfh cells and as a result alter B cell-dependent responses. XLP is a primary immunodeficiency caused by mutations in SH2D1A (encoding for SAP, signaling lymphocytic activation molecule-associated protein). A SAP deficiency does not impact CD4+ T cell development, but compromises Tfh cell differentiation (262). In line with this observation, XLP patients exhibited significant defects in GC formation, reductions in memory B cell responses, hypogammaglobulinemia, and impaired antigen-specific antibody responses (263). Mutations in CD40L, ICOS, and STAT3 also cause reduced number of CD4+CXCR5+ cells, defective GC formation, and impaired humoral immune responses. A recent study also highlighted the importance of the IL-12/IL-12R axis as patients with mutations in IL-12Rβ1 demonstrate fewer circulating memory Tfh, memory B cells, and defective GCs compared with control subject (264).



HIV and SIV Pathologies

Proper activation of Tfh cells and their interactions with GC B cells are essential for an effective humoral immune response and the extermination of pathogenic human and simian immunodeficiency viruses (HIV and SIV, respectively). Paradoxically, HIV-infected individuals (265) and monkeys infected with SIV (266) display a significantly higher frequency of ICOS+ Tfh, PD-1+ Tfh, and ICOS+PD-1+ Tfh cells among total CD4+ T cells compared with non-infected controls. Furthermore, Tfh cell frequency is significantly higher in non-treated HIV+ patients compared with HIV+ patients treated with combination anti-retroviral therapy, suggesting that an HIV viral persistence contributes to Tfh cell expansion (265–267). Interestingly, Tfh cells in humans and macaques show preferential infection with HIV and SIV, respectively (200, 267, 268), likely via the chemokine receptor CCR5 as CCR5 is expressed on a precursor subset of Tfh cells and may potentially serve as a co-receptor for HIV (269). GC Tfh cells have been implicated in HIV persistence by supporting viral replication during treated infection and serve as an important cellular reservoir of HIV-1 DNA (270, 271). One explanation is that cytotoxic CD8+ T cells are CXCR5 negative and thus unable to migrate to follicles and target HIV-infected GC Tfh cells (200, 272, 273). In line with an increased number of Tfh cells, hypergammaglobulinemia is detected in HIV+ patients (274), but these antibodies are ineffective (265, 273, 275–278). Studies have proposed that PD-1 triggering by PD-L1 on GC B cells is a mechanism for the abnormal Tfh functions and defective B cell help (277). In addition, due to the increased number of Tfh cells, the exacerbated interactions of Tfh and GC B cells may lower the threshold for B cell selection resulting in the selection of B cells with low affinities (223). Thus, the relationship between viral entrance into Tfh cells, number and functions of Tfh cells, and B cell activation/maturation is complex and requires further investigations.



Chronic Infections

Lymphocytic choriomeningitis virus persistence results in extended TCR engagement and an IL-6-driven shift from a Th1-induced response toward a Tfh response (279, 280). In addition to studies that identified a key role of Tfh cells in HIV and SIV infections, studies with the LCMV disease model further highlight the importance of timely expansion and sustained functions of Tfh cells in the orchestration of a proper humoral response for control of persistent viral infection (279, 280). Moreover, annual influenza virus studies determined an increase in the number and activation levels of cTfh cells. These studies not only show that an increased cTfh cell frequency contributes to circulating plasmablast responses and infection clearance but can also be used as a marker to monitor the efficacy of influenza vaccination (281, 282). In other infections such as chronic hepatitis B virus patients have an increase in circulating regulatory Tfh cells (283). Interestingly, long-term disruptions of proper T cell-dependent Ab production have been detected in the case of parasitic infections such as Leishmania (284), Litomosoides sigmodontis (285), and Plasmodium infection (286) suggesting the negative regulation of the number and functions of Tfh cells under these conditions. To date, the precise mechanisms that regulate differentiations and functions of Tfh and Tfr cells in different infection settings remain to be determined. Particularly, further studies are required to assess the mechanisms governing Tfh cell development, persistence, and function at the different stages of various infection diseases.



Cancer

Accumulating evidence suggests that Tfh cells are involved in peripheral T cell and B cell-associated tumors due to their high impact on growth and survival of different leukocyte subsets. Angioimmunoblastic T cell lymphoma (AITL) is an aggressive tumor and isolated neoplastic T cells express CXCL13, ICOS, CD154, CD40L, and NFATC1 (287, 288), making these T cells similar to Tfh cells (289). The expression of mutated RhoA G17V induces Tfh cell differentiation/activation; increased proliferation associated with ICOS upregulation, elevated PI3K, and mitogen-activated protein signaling (290). Loss-of-function mutations in epigenetic regulators such as TET2 and DNMT3A are frequent events in the pathogenesis of AITL. Interestingly, RhoA G17V expression accompanied with TET2 loss results in AITL development in mice. It is worth to note that altered RhoA GTPase activity has been linked with autoimmunity and studies in AITL further highlight a role of RhoA in shaping Tfh cell phenotype and response.

Like AITL, in follicular T cell lymphomas, infiltrating T cells resemble a phenotype of Tfh-like cells and express IL-4, TNF-α, IFN-γ, LT-α, CCL17, and CCL22 chemokines that play a role in the regulation of Treg and Th2 cell migration and modulate the activity of GC B cells within follicles as well. Not only Tfh-like cells but also Foxp3+ Tfr cells are found within neoplastic follicles and the number of Tfr cells is elevated during progression lymphomagenesis. Thus, there is a complex T cell response that is regulated by a delicate balance of CD4+, Tregs, and Tfh subsets. Probably one of the strongest predictors of survival would be the location pattern for T cell subsets, as accumulation within the follicles is linked with poor survival compared with a distribution pattern outside the follicle (291). To date, there is limited understanding in the functions of Tfh and Tfr subsets in lymphomagenesis and more detailed research in animal models and human samples will help to dissect the complex role of Tfh cells in cancer.

Unexpectedly, Tfh cells have protective roles in nonlymphoid tumors. Higher levels of Tfh cell infiltrates and their ability to organize tertiary lymphoid structures within tumors has been associated with increased survival and reduced immunosuppression which strongly correlate with an increased survival in breast cancer (292). Evidence suggest that IL-21 and CXCL13 may play a key role in the protective functions of Tfh cells via the modulation of local leukocyte recruitment. Infiltrating Tfh cells have also been reported in chronic lymphocytic leukemia, non-small cell lung cancer, osteosarcoma, and colorectal cancer (214, 293–297), where they positively correlated with patient survival (293). So far, very little is known about how Tfh cells impact the immune response involved in the suppression of tumor initiation and progression and further studies will be important for a better understanding of Tfh-related pathologies.




CONCLUSION

Since the identification of Tfh cells and the discovery of Bcl6 as a critical factor in their generation, there has been substantial progress made in understanding the molecular and cellular requirement for the development and function of mouse and human Tfh cells. To date, multiple cell-extrinsic and -intrinsic factors (costimulatory molecules, cytokines signaling, and transcriptional factors) have been determined to positively or negatively contribute to Tfh cell development. However, still many questions remain to be answered: (i) What is the exact composition and hierarchy of these factors and what are their stage-specific requirements? (ii) Is Bcl6 required complete Tfh cell commitment? (iii) How Tfh-specific transcriptional factors impact epigenetic mechanisms governing Tfh cell generation? (iv) Which factors contribute to Tfh cell maintenance and memory formation? (v) What are the appropriate Tfh-specific target(s) for therapy in Tfh mediated autoimmune disorders and cancer?

T follicular helper cells mainly localize in secondary lymphoid organs and circulate in the blood and are beginning to emerge as crucial players in maintaining a healthy balance between protective and pathogenic immunity (Figure 2). However, due to the localization of Tfh cells in secondary lymphoid tissues, the study of human Tfh cell heterogeneity and function in normal and disease settings has been difficult. Further analysis and comparison of human circulating counterparts to tissue-resident Tfh cells in various disease settings is critical, since it will help to reveal the level of Tfh cell heterogeneity at various stages of diseases as well as will determine whether the disease-associated alterations in Tfh cells are the main cause or result of disorders. Thus, in view of an emerging role of Tfh cells in various disease settings, we believe that current progress and further understanding of the heterogeneity and regulation of tissue-specific and cTfh cells in health and disease will lead to improved vaccine designs, better management of major autoimmune, inflammatory disorders, and cancer, and can be utilized as a novel prognostic biomarker for the identification of lymphoid and solid tumors.
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Chronically inflamed tissues commonly accrue lymphocyte aggregates that facilitate local T cell-B cell interactions. These aggregates can range from small, loosely arranged lymphocyte clusters to large, organized ectopic lymphoid structures. In some cases, ectopic lymphoid structures develop germinal centers that house prototypical T follicular helper (Tfh) cells with high expression of Bcl6, CXCR5, PD-1, and ICOS. However, in many chronically inflamed tissues, the T cells that interact with B cells show substantial differences from Tfh cells in their surface phenotypes, migratory capacity, and transcriptional regulation. This review discusses observations from multiple diseases and models in which tissue-infiltrating T cells produce factors associated with B cell help, including IL-21 and the B cell chemoattractant CXCL13, yet vary dramatically in their resemblance to Tfh cells. Particular attention is given to the PD-1hi CXCR5− Bcl6low T peripheral helper (Tph) cell population in rheumatoid arthritis, which infiltrates inflamed synovium through expression of chemokine receptors such as CCR2 and augments synovial B cell responses via CXCL13 and IL-21. The factors that regulate CD4+ T cell production of CXCL13 and IL-21 in these settings are also discussed. Understanding the range of T cell populations that can provide help to B cells within chronically inflamed tissues is essential to recognize these cells in diverse inflammatory conditions and to optimize either broad or selective therapeutic targeting of B cell-helper T cells.

Keywords: T follicular helper cells, T peripheral helper cells, IL-21, CXCL13, B cells, ectopic lymphoid structure, ectopic lymphoid follicle, tertiary lymphoid tissue


INTRODUCTION

CD4+ T cells play a critical role in stimulating effective B cell responses and production of high-affinity antibodies. T follicular helper (Tfh) cells are generally considered the dominant T cell population capable of providing help to B cells. The interactions between Tfh cells and B cells within follicles of secondary lymphoid organs (SLOs) occur with precise spatial and temporal coordination to yield productive antibody responses. Yet in both protective and pathologic immune responses, T cell-B cell interactions also occur outside of SLOs and within inflamed peripheral tissues. Interactions between T cells and B cells within peripheral tissues are much less well characterized, and the T cell populations that participate in these interactions can differ from Tfh cells in their surface features, migration patterns, and effector functions. This review examines the phenotypes of T cells within peripheral tissues that express factors associated with providing B cell help, in particular IL-21 and CXCL13. In many cases, the T cells that help B cells within peripheral tissues do not conform to the typical phenotype of active Tfh cells and often lack the signature features of Tfh cells such as high expression of CXCR5 and Bcl6. These observations underscore that a broader definition of B cell-helper T cells is required to fully capture the range of T cells capable of productive T cell-B cell interactions, in particular during pathologic chronic immune responses.



THE T FOLLICULAR HELPER PARADIGM

The discovery and characterization of Tfh cells has helped define the paradigm of productive T cell-B cell interactions and has established Tfh cells as the prototype of a B cell-helper T cell (1). Tfh cells are drawn into lymphoid follicles through expression of CXCR5, a chemokine receptor shared with B cells that detects the chemokine CXCL13 (2–4). Expression of CXCR5 is a defining feature of Tfh cells, a logical association given that this chemokine receptor helps direct these cells to the location after which they are named (5–8). The transcription factor Ascl2 enables early CXCR5 expression, which is then reinforced by the central Tfh transcription factor Bcl6 (9–13). Upregulation of CXCR5 and downregulation of CCR7 induces migration of CXCR5+ T cells into follicles, where interactions with B cells enhance Bcl6 expression and stabilize the Tfh cell phenotype, in part through ICOS-ICOSL interactions (10, 14–16).

Bcl6 is essential for the development and persistence of Tfh cells in vivo and promotes expression of many Tfh cell-associated factors, including CXCR5, ICOS, PD-1, and CXCL13, while suppressing alternative differentiation paths (10–13, 17). Human but not mouse Tfh cells produce large amounts of CXCL13, which helps to recruit CXCR5+ B cells to follicles (13, 18, 19). In addition, Tfh cells characteristically express IL-21, a cytokine that promotes B cell proliferation in germinal centers (GC) and differentiation into plasma cells (20–22). While there is heterogeneity in Tfh cell phenotypes and functions in SLOs, GC-Tfh display the most pronounced B cell-helper phenotype, with high expression of CXCR5, Bcl6, CXCL13, and IL-21 accompanied by high expression of the immunomodulatory receptors ICOS and PD-1 (1, 18, 20, 23). These 4 key features of GC-Tfh cells: (1) CXCR5 expression, (2) high Bcl6 expression, (3) surface expression of PD-1 and ICOS, and (4) secretion of IL-21 and CXCL13, are commonly assayed in studies looking for Tfh-like cells at sites outside of SLOs, including blood and peripheral tissues.



T CELL-B CELL INTERACTIONS IN INFLAMED TISSUES

During an adaptive immune response, activated T cells differentiate into distinct effector populations that acquire specialized functions coupled with appropriate migratory programs. For example, activated effector or effector memory cells home to peripheral tissues to direct inflammatory responses, while CXCR5+ Tfh cells migrate to lymphoid follicles to help B cells (24). Migratory capacity sometimes serves as a defining feature of T cell populations: CCR7+ CD62L+ T central memory cells recirculate through SLOs, CCR7− CD62L− T effector memory cells traffic through peripheral tissues, and CD103+ CD69+ T resident memory cells localize to tissue barriers (25). However, in pathologic conditions involving chronic inflammation, such as autoimmune diseases, cancer, and organ transplantation, the anatomic distinction between inflamed peripheral tissues and lymph node follicles begins to blur. Chronically inflamed sites frequently develop aggregates of T cells and B cells that promote B cell responses locally within the tissue (26). Often these aggregates appear as small, disorganized lymphocyte clusters. In some cases, the aggregates mature into organized ectopic lymphoid structures (ELS, also referred to as tertiary lymphoid organs/tissues/structures) that acquire many features of follicles in SLOs, including compartmentalization of T cell-rich and B cell-rich zones and accumulation of follicular dendritic cells (FDC) (26).

T cell-B cell interactions within chronically inflamed tissues can reproduce many of the key features of productive interactions within SLO follicles, including somatic hypermutation, class switching, and differentiation of plasma cells (26). For example, the inflamed synovium in rheumatoid arthritis (RA) develops lymphoid aggregates, which can range from small clusters to organized follicles with GCs (27). Plasma cells differentiate within these aggregates and are often seen extending out from the borders of the aggregates (28, 29). Similarly, somatic hypermutation and differentiation of plasmablasts occurs within tubulointerstitial aggregates in kidneys affected by lupus nephritis (30). Infiltrated tumors and rejecting kidney allografts also show evidence of lymphoid aggregates that support B cell somatic hypermutation despite the absence of typical GC (31–34). The accumulation of lymphocytes and plasma cells in chronically inflamed tissues occurs frequently enough to have merited its own term “lymphoplasmacytic infiltrate,” which appears not uncommonly in clinical histopathologic reports.

Defining the T cell populations most relevant for driving B cell aggregation and proliferation within peripheral tissues remains challenging. It has been generally assumed that Tfh cells infiltrate peripheral tissues to drive B cell responses within these tissues. However, this assumption requires some caution. For one, the migratory receptors required to infiltrate a peripheral tissue differ substantially from those required to access SLOs. CXCR5+ Tfh cells typically do not express chemokine receptors that recruit T cells to inflamed peripheral tissues, such as CCR2, CCR5, and CX3CR1 (1). Rather, a tightly controlled migratory program helps restrict Tfh cells to CXCL13-laden follicles. Thus it is not obvious how Tfh cells would be initially recruited to inflamed sites that lack well-established follicles. This raises the possibility that T cells with a distinct migratory capacity—directed by expression of a distinct cohort of migratory receptors—may interact with B cells in diffusely inflamed tissues.

Second, lymphocyte populations within inflamed tissues are dominated by memory cells that have undergone prior activation, with a smaller representation of naïve lymphocytes than in SLOs. Both memory T cells and B cells differ in their responsiveness to antigen-receptor activation, requirement for costimulation, and sensitivity to cytokines and other inputs as compared to their naïve counterparts (25, 35, 36); thus, the interactions between effector/memory T cells and B cells within inflamed tissues may differ from those that occur within follicles of SLOs. Even within the same tonsil, different B cell populations (naïve, memory, GC-B cells) yield markedly different responses when co-cultured with distinct tonsil CD4+ T cell populations: GC-Tfh strongly promote immunoglobulin production from GC-B cells, yet ICOSlow CXCR5low T cells fail to do so because the FasL that they produce kills co-cultured GC-B cells (23). In contrast, naïve and memory B cell populations respond well to CXCR5low ICOSlow T cells because these B cell populations do not express Fas and are insensitive to FasL (23). Thus the rules of engagement may differ depending on the specific cell types present and the organization of the interactions.

Finally, determining the phenotype of T cells that help B cells in inflamed tissues faces technical challenges. The tissues that can be obtained are often small, with many fewer lymphocytes available compared to SLOs. In addition, the highly overlapping expression programs between Tfh cells and B cells limit interpretation of total tissue sample analyses (e.g., mRNA from the whole tissue) because one cannot distinguish whether key factors such as CXCR5 and Bcl6 are derived from the T cells or B cells. The tightly entangled interaction between T cells and B cells in tissues provides challenges for standard immunofluorescence microscopy and even laser capture microscopy (37). Immunohistochemistry and immunofluorescence microscopy allow visualization of T cell-B cell aggregates and may provide the resolution to discriminate T cell vs. B cell phenotypes. However, relatively few parameters are measured simultaneously, and discriminating cell surface protein expression (e.g., CXCR5 expression) on the surface of T cells surrounded by a tight cluster of CXCR5-bright B cells can be difficult. In addition, the cellular source of soluble factors such as IL-21 and CXCL13 can be ambiguous, especially for factors that bind to extracellular matrix (38–40). Utilization of single cell resolution analyses are therefore particularly valuable to interrogate in detail the phenotypes of potential T cells that help B cells within tissue samples.



B CELL-HELPER T CELLS IN RHEUMATOID ARTHRITIS

RA synovium provides a valuable case study to interrogate T cell-B cell interactions in a chronically inflamed tissue. RA is an autoimmune disease that prominently features pathologic T cell-B cell interactions. Approximately 2/3 of RA patients develop autoantibodies—antibodies against citrullinated proteins and/or other immunoglobulins (rheumatoid factors). Seropositive RA patients commonly develop T cell-B cell aggregates within synovial tissue (41). These are often small or medium-sized aggregates, although ~10–15% of patients develop more organized aggregates with features of GC (27, 42, 43). Most B cells in RA synovium are CD27+ memory B cells with mutated B cell receptor sequences, although a minority of naïve B cells can also be found within lymphoid aggregates (28, 44, 45). Synovial B cells produce RA-associated autoantibodies, and B cell receptor repertoire analyses suggest that memory B cells activated in synovial aggregates can differentiate into plasma cells locally within the tissue, even in the absence of GCs (28, 29, 46). Plasma cells are often found extending out from around lymphoid aggregates (29). In some patients, plasma cells accumulate densely throughout the synovium, which is a defining feature of a highly inflamed RA synovium and can distinguish RA from other causes of early arthritis (47, 48).

Given the prominent lymphocyte aggregates and evidence of ongoing B cell activation, RA synovium appears a very likely place for accumulation of Tfh cells to help drive these responses. RA is somewhat unique among human autoimmune diseases in that relatively large samples of the target tissue can be obtained for research. Synovial tissue obtained either at the time of joint replacement surgery or through a research-protocol biopsy can provide sufficient material for multiple high-dimensional cellular analyses (41, 49). Surprisingly, a mass cytometry screen of T cells isolated from RA synovial tissue performed by our group revealed few CXCR5+ Tfh cells in RA synovium, despite frequent B cells and plasma cells (50). In addition, flow cytometry demonstrated an almost total absence of Tfh cells in RA synovial fluid. However, seropositive RA synovial tissue and fluid samples contained a large population of PD-1hi CXCR5− T cells, comprising ~25% of the CD4+ T cells, that expressed high levels of IL-21 and CXCL13 and induced memory B cell differentiation into plasma cells in vitro. CXCR5 expression was absent from PD-1hi CXCR5− cells at both the protein and mRNA level, in contrast to the well-detected CXCR5 expression in tonsil Tfh cells and circulating Tfh cells. PD-1hi CXCR5− T cells were observed adjacent to B cells both within lymphocyte aggregates and more diffusely throughout inflamed synovium. Like Tfh cells, synovial PD-1hi CXCR5− T cells also expressed high levels of ICOS and MAF, a transcription factor that promotes IL-21 production (discussed below). Cytometric and transcriptomic comparisons of PD-1hi CXCR5− and PD-1hi CXCR5+ cells from blood showed high expression of TIGIT, SAP, CD200, and SLAM and low expression of CD25 and CD127 in both populations (50).

However, PD-1hi CXCR5− T cells also showed key differences from Tfh cells. Unlike Tfh cells, PD-1hi CXCR5− cells from synovium did not express high levels of Bcl6, and instead they showed elevated levels of the counter-regulator Blimp1, which opposes the actions of Bcl6 (10). In addition, PD-1hi cells from synovium not only lacked CXCR5, but they frequently expressed a different cohort of chemokine receptors, including CCR2, CCR5, and CX3CR1, with approximately half of the PD-1hi cells expressing CCR2 (50). Notably, these receptors are abundant on leukocytes that infiltrate RA synovium, which contains high levels of the CCR2 ligand CCL2 (MCP-1) and the CCR5 ligand RANTES, among others (51–55). These chemokines are so prominent in inflamed synovium that attempts have been made to interfere with both CCR2- and CCR5-mediated trafficking therapeutically to blunt synovium inflammation, although such approaches have not yet succeeded perhaps due to migratory signal redundancy or incomplete signal blockade (56–58).



PERIPHERAL VS. FOLLICULAR B CELL-HELPER T CELLS

The presence of a B cell-helper T cell population in RA synovium with a CXCR5− Bcl6low but CCR2+ Blimp1+ phenotype illustrates that IL-21, CXCL13, and B cell help can be provided by T cell populations that differ substantially in phenotype from Tfh cells (Figure 1). Two key points arise from these observations:

1) T cells that help B cells do not necessarily express CXCR5. The RA synovium observations reveal a population of T cells that home to sites of inflammation, using chemokine receptors that target these sites, and help B cells within these sites. We have suggested that these CXCR5− PD-1hi T cells can be considered peripheral, rather than follicular, B cell-helper T cells, and we referred to these cells as T peripheral helper (Tph) cells for shorthand (50). Once activated within inflamed tissues, Tph cells may secrete CXCL13 to recruit B cells (and potentially Tfh cells) and produce IL-21 to help drive B cell survival and maturation.

2) T cells that help B cells do not necessarily express high levels of Bcl6. The Tph cells in RA synovium express modest levels of Bcl6, well below that seen in synovial CXCR5+ PD-1hi Tfh cells, indicating that B cell-helper function can be dissociated from high Bcl6 expression. As discussed below, Bcl6 does not directly control production of IL-21 (11, 13). Rather, one major role for high Bcl6 levels is directing the positioning of Tfh cells in follicles through upregulation of CXCR5 and downregulation of CCR7, PSGL1, and EBI2 (13, 17). High Bcl6 expression also helps CXCR5+ cytotoxic CD8+ T cells localize to follicles (59). This role of Bcl6 in directing T cells to follicles may be less important for B cell-helper T cells that are present in more diffusely infiltrated tissues without true GC. Bcl6 also importantly controls additional features of Tfh cells, including expression of molecules involved in interacting with B cells (ICOS, PD-1, CD40L); however, it is possible that the lower levels of Bcl6, such as seen in synovial Tph cells, may be sufficient for this function. Other transcriptions factors such as MAF may also co-regulate some of these molecules (13).
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FIGURE 1. Distinctions between Tph cells and Tfh cells. Tfh cells home to follicles following the chemokine CXCL13, which acts on CXCR5 on the Tfh cells. In contrast, Tph cells express a distinct set of chemokine receptors that direct migration to sites of inflammation, such as the RA joint. In both cases, Tph cells or Tfh cells interact with CXCR5+ B cells by producing CXCL13 to help recruit B cells, and IL-21 to help drive B cell activation and differentiation. For Tfh cells, this promotes generation of a GC reaction in follicles. For Tph cells, this may augment local antibody production within the tissue.



B cell-helper T cells have been reported within target tissues in range of autoimmune, inflammatory, and malignant conditions; it will be of substantial interest to now clarify the extent to which these cells resemble Tfh cells vs. Tph cells in each condition. There is no doubt that Tfh cells play a critical role in providing help to B cells in SLOs, and it is clear Tfh cells infiltrate well-formed ELS with GC in inflamed tissues as well. Yet the following sections highlight selected diseases and models in which evidence suggests the presence of potential B cell-helper T cells—identified by production of IL-21 or CXCL13—that differ from prototypical Tfh cells. For this discussion, Tfh cells are defined as CXCR5+ Bcl6+ CD4+ T cell that produce IL-21 (and CXC13 in humans), while cells that lack CXCR5 or Bcl6 are considered non-Tfh cells and may represent candidate Tph cells.



IL-21-PRODUCING T CELLS IN INFLAMED TISSUES

Tfh cells produce high levels of IL-21 to stimulate B cell survival and differentiation, thus production of IL-21 is often used as a surrogate marker for Tfh cells. It is important to note that IL-21 can also be produced by other CD4+ T cell populations and NKT cells, and that this cytokine acts on many different target cell populations to enhance or tailor responses, for example boosting cytotoxicity of CD8+ T cells and NK cells, or altering macrophage function (22). Nonetheless, it seems likely that T cells that produce IL-21 while in close proximity to B cells, for example within lymphocyte aggregates, can enhance B cell responses. The following examples suggest that IL-21-producing CD4+ T cells in inflamed tissues can show substantial variability in their expression of Tfh-associated factors.

Transplanted renal and cardiac allografts undergoing rejection can develop ELS with plasma cells that produce donor-specific antibodies (60, 61). Renal allografts that undergo rapid rejection contain high mRNA expression of IL-21 (62). IL-21 expression levels correlate strongly with expression of AID, a protein required for somatic hypermutation and class switch recombination in B cells, suggesting a potential connection between T cell-derived IL-21 and B cell activation with the grafts (62). However, IL-21 expression levels in rejected allografts showed no correlation with Bcl6 expression levels, and fewer than 5% of the CD4+ T cells in rejected allografts expressed CXCR5+ by flow cytometry (62). An independent series of analyses of kidney allografts undergoing acute T cell-mediated rejection found that the majority of CD4+ T cells within lymphocyte aggregates expressed IL-21 by immunofluorescence microscopy, yet few of these T cells co-expressed Bcl6 (63, 64). These observations suggest that CD4+ T cells within lymphocyte aggregates of rejecting allografts produce abundant IL-21, yet the majority of this IL-21 appears to come from non-CXCR5+/Bcl6+ CD4+ T cells.

In multiple sclerosis, an autoimmune disease that involves infiltration of T cells and B cells in parenchymal demyelinating lesions, as well as development of lymphoid aggregates in the meninges, a similarly high frequency of IL-21-producing T cells has been reported (65–67). Immunofluorescence microscopy analyses suggested that more than half of CD4+ T cells in both active and chronic parenchymal lesions produce IL-21, while the receptor for IL-21 is expressed broadly on infiltrating B cells and T cells and on neurons (67). The frequency of CXCR5+ T cells in these lesions is not yet clear; however, in cerebrospinal fluid from multiple sclerosis patients ~20% of memory CD4+ T cells express CXCR5, comparable to the frequency observed in blood. While the expression of CXCR5 may differ between cerebrospinal fluid and tissue, these observations raise the possibility that a large portion of the IL-21+ CD4+ T cells in multiple sclerosis may not express CXCR5.

Analyses of nasal polyps that develop due to chronic upper airway inflammation indicated that ~20–40% of CD4+ T cells produce IL-21, as observed by both flow cytometry and immunohistochemistry (68–70). CXCR5− effector memory T cells comprise the majority of the IL-21-producing cells in affected nasal tissues (69). These cells frequently express PD-1 and co-produce IFN-γ (69, 70). CXCR5+ Bcl6+ Tfh cells are enriched in the lymphoid aggregates that form in these polyps compared to healthy tissue; however, Bcl6 expression is relatively infrequent in nasal polyps overall (perhaps 2–5% of CD4+ T cells), with higher frequencies in T cells from polyps that contained GCs or eosinophils (68–70). Thus while it is clear that Tfh cells are enriched in nasal polyps, it is not yet clear that Tfh cells provide the majority of the B cell help in nasal polyps.

In contrast to RA and the conditions above, IgG4-related disease (IgG4-RD) provides an example in which bona fide GC-Tfh cells appear to dominate the T cell infiltrate. IgG4-RD involves formation of large, fibrotic lesions that are heavily infiltrated by IgG4+ plasma cells (71). The lesions can form in several tissues including the salivary glands (sialadenitis) and lacrimal glands (dacryoadenitis) and contain large ELS with GC (72). The majority of T cells purified from these lesions show a prototypical GC-Tfh phenotype, with expression of CXCR5, Bcl6, PD-1, ICOS, CXCL13, and IL-21 at high levels that equal or exceed that seen in human tonsils (72, 73). Interestingly, GCs appear more common in IgG4-RD than in Sjogren's syndrome, an autoimmune disease that also produces lymphoid aggregates in the salivary glands but involves at least in part a CCR9+ B cell-helper T cell population with features distinct from Tfh cells (discussed below) (72, 74).

Murine models also support the idea that non-Tfh cells can provide important help to B cells via IL-21. In lupus-prone MRL/lpr mice, a population of CXCR4+ PSGL-1low CD4+ T cells accumulates within extrafollicular foci in the spleen to support plasmablast responses (75). These extrafollicular helpers require Bcl6 and ICOS yet express little CXCR5 and do not transmigrate to CXCL13; rather, they express CXCR4, which may help position them in areas of higher CXCL12 concentration such as near the red pulp (75–77). These extrafollicular helper T cells provide a unique source of IL-21 to promote plasma cell generation and IgG production from B cells in extracellular follicles (75–77). A potentially comparable T cell population has also been observed in human tonsil, identified as CXCR5low ICOSlow CD4+ T cells, although it is difficult to fully distinguish whether these cells are extrafollicular helpers or ‘pre-Tfh’ cells (23). In vitro, this CXCR5low ICOSlow Bcl6low population efficiently helps naïve and memory B cells via production of IL-21, yet appears to kill, rather than help, GC-B cells via Fas-FasL interactions (23).

Productive interactions between B cells and non-Tfh cells also occur in inflamed peripheral tissues in murine models. In a chronic lung inflammation model induced by ovalbumin + LPS, large lymphoid aggregates develop in the lungs (78). While occasional aggregates show features of ELS, most appear loose and poorly organized. Interestingly, B cells with GC features, including staining with peanut agglutinin and the monoclonal antibody GL7, were found both in the ELS and in the loose aggregates, suggesting development of GC-like B cells within the lung aggregates; however, no Bcl6+ or CXCR5+ T cells were present in these tissues (78). Rather, high IL-21 production and B cell-helper activity existed within the CXCR5− Bcl6− T cell population resident in the lung. While no defined markers were identified to specifically isolate the B cell-helper T cells out of the total lung T cell pool, high average expression of PD-1 and ICOS suggest a likely overlap with the Tph cell described in RA synovium. A separate study of a house dust mite-induced murine asthma model also identified a PD-1hi CXCR5− IL-21-producing CD4+ T cell population that accumulates in the lungs (79). This T cell population derived from Tfh cells in lymph nodes and migrated to the lungs to enhance eosinophilic airway inflammation via IL-21.

Observations from the non-obese diabetic (NOD) mouse provide further evidence of B cell help from non-Tfh cells. NOD mice develop lymphoid aggregates in the pancreas, with development of more organized ELS with FDC networks over time (80). The pancreas in NOD mice is infiltrated with an IL-21-producing effector memory CD4+ T cell population with high ICOS+ expression. Strikingly, the majority of these cells expressed CCR9, a chemokine receptor that confers sensitivity to the chemokine CCL25 and helps mediate migration to mucosal sites such as the small bowel (81, 82). Pancreatic CCR9+ T cells expressed high levels of Bcl6 and MAF, yet little CXCR5 and SAP and variable PD-1. Consistent with IL-21 production, pancreatic CCR9+ T cells could enhance immunoglobulin production from co-cultured B cells in vitro (82). IL-21+ CCR9+ cells were also detected in the salivary glands of NOD mice (82). Consistent with these observations, CCR9+ ICOS+ cells are present in salivary glands of patients with Sjogren's syndrome, and the levels of the CCR9 ligand CCL25 in salivary tissue correlated positively with the levels of IL-21 and plasma cells in the tissue (83). In addition, human CCR9+ T cells from blood produced IL-21 at even higher levels than do CXCR5+ T cells and enhanced responses of co-cultured B cells in vitro (81, 83).

An independent study of NOD mice identified a potentially distinct population of B cell-helper T cells that is highly enriched in infiltrated salivary glands. This T cell population, identified as PD-1hi ICOShi CD73hi CD200hi, produced high levels of IL-21 and IFN-γ, suggesting possible B cell-helper function, yet lacked Bcl6 and CXCR5 and also showed low expression of CCR9 (84). Viewed together, these observations suggest the tissues of Sjogren's syndrome patients and NOD mice accumulate IL-21-producing B cell-helper T cell populations that can lack typical Tfh-associated features such as Bcl6 and CXCR5.

Direct interrogation of Bcl6-deficient T cells provides further support for effective B cell help from non-Tfh cells. In a murine influenza model, Th1 CD4+ T cells can promote generation of neutralizing antibodies when Tfh cells are rendered absent due to CD3-specific deletion of Bcl6 (85). In this model, CXCR5− Th1 cells secreted enough IL-21, co-produced with IFN-γ, to stimulate production of protective, albeit low-affinity, neutralizing antibodies to influenza virus. Bcl6-independent production of IL-21 by CD4+ T cells has also been observed in a murine Plasmodium chabaudi infection model, in which CD4-specific deletion of Bcl6 eliminated development of CXCR5hi GC-Tfh cells but did not alter production of IL-21 in the spleen, which derived primarily from IL-21/IFN-γ double producers that retained intermediate CXCR5 expression (86).



REGULATION OF IL-21 PRODUCTION IN T CELLS

The above examples demonstrate that populations of T cells with varying degrees of similarity to Tfh cells can produce IL-21 and provide B cell help in inflamed tissues. The factors that regulate the ability of CD4+ T cells to produce IL-21 differ somewhat between human T cells and mouse T cells. In mice, IL-6 and IL-21 potently induce IL-21 production from T cells stimulated in vitro, and IL-21 is frequently detected in cultured of T cells stimulated under Th17-polarizing conditions (22, 87–89). In contrast, IL-6 and IL-21 do not efficiently induce IL-21 production by human CD4+ T cells; IL-12 is far more potent in promoting IL-21 production by human T cells and often induces IFN-γ/IL-21 co-producers (90, 91). IL-12 can also enhance IL-21 production by murine CD4+ T cells, which transit through an early Tfh-like phenotype when stimulated under Th1-inducing conditions (92). In addition, IL-12 transiently enhances expression of Bcl6, CXCR5, and ICOS via STAT4; this effect is subsequently suppressed by Tbet (92). The overlap between Tfh and Th1 features in T cells early after activation appears to fit well with the theme that IL-21-producing T cells in inflamed tissues often also show Th1 features and co-produce IFN-γ.

Importantly, transcriptional control of IL-21 production occurs largely independently of Bcl6. Murine CD4+ T cells that lack Bcl6 produce IL-21 at normal levels, and overexpression of Bcl6 in murine T cells does not increase IL-21 production (11). Similarly, overexpression of Bcl6 in human tonsil CD4+ T cells does not alter IL-21 production (13). Instead, the transcription factor MAF, which is highly expressed in both Tfh cells and synovial Tph cells, appears most directly associated with IL-21 production. In vitro, MAF can activate an IL-21 promoter-luciferase reporter construct, unlike Tbet or GATA3, and overexpression of MAF in human tonsil CD4+ T cells or mouse naïve CD4+ T cells increases IL-21 production (13, 93, 94). In addition, genetic deletion of MAF reduces IL-21 production from murine Th17 cells (95). Interestingly, in human T cells, the combination of IL-12 plus TGF-β induces several features of Tfh cells, including increased expression of IL-21, MAF, Bcl6, and CXCR5 (91). This occurs as TGF-β directs the actions of STAT4 and STAT3, activated by IL-12, to enhance Tfh cell features (91). TGF-β also induces MAF in murine CD4+ T cells, yet it concurrently inhibits IL-21 production and does not promote a Tfh phenotype in murine T cells (91, 93). A more comprehensive delineation of the signals that control IL-21 production, along with other factors required for cell-surface interactions with B cells, will be valuable to better understand the regulation of T cell-B cell interactions in the periphery.



CXCL13-PRODUCING T CELLS IN INFLAMED TISSUES

While IL-21 can be produced broadly by different T cell populations and may act on diverse target cells, production of CXCL13 appears to be a much more specific marker of T cell-B cell interactions. CXCL13 acts specifically to recruit and position CXCR5+ cells within lymphoid follicles, primarily B cells and Tfh cells (2–4, 8, 96). Overexpression of CXCL13 in a peripheral tissue induces formation of B cell aggregates that eventually mature into ELS, while neutralization of CXCL13 in murine models reduces lymphoid aggregate formation and tissue inflammation severity in several chronic inflammation models (97–103). Consistent with these observations, the highest expression of CXCR5 in RA synovium is found on B cells, with bright CXCR5 expression seen on B cells within synovial aggregates (50).

Importantly, Tfh cells from humans and primates, but not rodents, produce large amounts of CXCL13 (1, 7, 18). In lymph nodes, GC-Tfh cells are an important, and perhaps primary, source of CXCL13. Immunohistochemistry of tonsils shows co-staining of CXCL13 primarily with PD-1+ T cells, rather than CD21+ FDCs, within follicles (104, 105). Intracellular flow cytometry of human inguinal lymph node cells also showed expression of CXCL13 primarily in PD-1hi CXCR5hi GC-Tfh cells, with few CXCL13+ cells among other T cell populations, B cells, or stromal cells (106). Further, the frequency of GC-Tfh cells in lymph nodes correlates positively with serum CXCL13 levels in both humans and non-human primates, such that the serum CXCL13 level has been suggested to represent a biomarker of total GC activity. If cells produce CXCL13 in order to recruit B cells (which express high levels of CXCR5, the only known receptor for CXCL13), then CXCL13-producing T cells (GC-Tfh cells and others) are prime candidates to interact with B cells in various settings.

While GC-Tfh cells are a major source of CXCL13 in lymph nodes, there are accumulating data that non-Tfh cells with varied surface phenotypes can produce CXCL13 at different sites. In Sjogren's syndrome patients, CCR9+ CXCR5− T cells from the blood produced CXCL13 (in addition to IL-21 as described above), albeit at lower levels than was produced by CXCR5+ cells (83). CXCL13 production from CD4+ T cells in RA synovium was first described by Manzo et al., who noted CXCL13+ CD4+ T cells both in areas of large lymphoid aggregates and also in areas with smaller aggregates or diffuse lymphocyte infiltration (107). Flow cytometry of synovial fluid T cells revealed that most CXCL13+ T cells are memory CD4+ T cells that lack CXCR5 and contain little Bcl6. These CXCL13+ T cells were often CD27 negative, suggesting a chronically activated or terminally differentiated phenotype (107). An independent study identified the same population of CXCL13+ CD4+ T cells with little CXCR5 or Bcl6 expression, but with high expression of PD-1 (108). Detailed assessments by mass cytometry, RNA-seq transcriptomics, and in vitro B cell-helper assays then defined this synovial T cell population as Tph cells (50).

Single cell RNA-seq analyses of synovial tissue have recently highlighted Tph cells as the predominant source of CXCL13 in rheumatoid synovium. The vast majority of CXCL13 signal in RA synovium detected by single cell RNA-seq is in the Tph cell population, with little CXCL13 detected in synovial fibroblasts, macrophages, vascular cells, or B cells (109). This powerful analysis provides a high-resolution view of the potential cellular sources of CXCL13 in the tissue, which can be difficult to discern from immunohistochemical analysis given that CXCL13 can deposit on matrix components once secreted (40). CXCL13 has emerged as a promising biomarker in RA, with its level in the synovium associated with the presence of synovial lymphoid aggregates, autoantibody positivity, and erosive disease (110, 111). In this context, it is remarkable that the majority of this CXCL13 appears to come from infiltrating Tph cells (109). Notably, CXCL13 production by human B cell-helper T cells stands in stark contrast to the murine Tfh cells, which do not make CXCL13. Rather, stromal and parenchymal cells appear to be the major producers of CXCL13 in murine tissues, stimulated by lymphotoxin α/β and TNF in SLOs or IL-17A in inflamed tissues (112, 113).

Single cell RNA-seq analyses appear to be particularly sensitive in identifying CXCL13+ T cell populations, perhaps because CXCL13 mRNA transcripts are expressed at very high levels in restricted subpopulations of cells (50, 109). RNA-seq of single cell T cells sorted from hepatocellular carcinoma samples identified an easily distinguished CXCL13+ CD4+ T cell population isolated from tumor tissue (114). The chemokine receptor expression on this T cell population (e.g., CXCR5) was not evaluated in this study; however, an independent study of T cell infiltrates in hepatocellular carcinoma identified a prominent IL-21-producing T cell population that accumulates within the peritumoral stroma (115). These cells, which are CXCR5− PD-1low, comprise ~10% of tumor CD4+ T cells, and their frequency correlates positively with plasma cell infiltrates and negatively with overall survival (115). Whether the CXCL13+ cells seen by RNA-seq and IL-21+ T cells detected by flow cytometry represent the same T cell population in hepatocellular carcinoma will be of interest to resolve.

Detailed studies of breast cancer tissue have also revealed a population of infiltrating CXCL13+ CD4+ T cells (105, 116). In breast cancer tissue, CXCL13+ CD4+ T cells accumulate either within small B cell aggregates, adjacent to B cell follicles, or occasionally within B cell follicles (105, 116). These CXCL13+ T cells display a PD-1hi ICOSmid CXCR5− surface phenotype and express high Tbet but relatively low Bcl6 levels compared to tonsil GC-Tfh cells (105). In addition to elevated CXCL13, these cells showed high expression of IL-21, IFN-γ, and IL-10. The presence of CXCL13+ T cells in breast cancer tissue was found to be a good prognostic sign, associated with a higher rate of disease-free survival (105). While most CXCL13+ T cells in breast cancer samples are CD4+ T cells, a subset of tumor-infiltrating CD8+ T cells was also noted to produce CXCL13 and reside near B cell follicles, albeit with lower CXCL13 expression than in CD4+ T cells (105). CXCL13 expression has also been observed in CD103+ CD8+ T cells in ovarian cancer tumors (117). It will be interest to evaluate further the relative contributions, and functional overlap, of CD4+ and CD8+ T cells that produce CXCL13. Notably, CD4+ T cells with B cell-helper features, including high expression of PD-1, ICOS, and CXCL13, are enriched in multiple solid tumors and in murine tumor model, and these cells are preferentially expanded by anti-CTLA4 but not anti-PD-1 therapy (118–120). Clarifying the beneficial vs. deleterious roles of these cells in anti-tumor immune responses will be important in order to utilize this population as a predictive biomarker.



REGULATION OF CXCL13 PRODUCTION IN T CELLS

Compared to other effector functions, relatively little is known about the regulation of CXCL13 production in human CD4+ T cells. Triggering of the T cell receptor plus the CD28 costimulatory receptor on synovial CD4+ T cells augments CXCL13 secretion (107). Secretion of CXCL13 by synovial T cells appears relatively long-lived and can be sustained for several days by the addition of TNF + IL-6 to in vitro cultures (108). CXCL13-producing synovial CD4+ T cells show a stable phenotype and are able to retain the ability to produce CXCL13 for several weeks in culture (108). Interestingly, overexpression of Bcl6 enhances production of CXCL13 production by human tonsil CD4+ T cells, suggesting that Bcl6 controls not only the localization of Tfh cells, but also their ability to direct co-localization of B cells (13). Recruitment of B cells through CXCL13 production may act in synergy with upregulation of molecules involved in the T cell-B cell interaction, such as CD40L, PD-1, and ICOS, by Bcl6 (13).

Signals that induce naïve CD4+ T cells to acquire the ability to produce CXCL13 are not well defined. TGF-β appears important, as treatment of naïve CD4+T cells with TGF-β during in vitro stimulation promotes CXCL13 production (105, 121). Activin A, which signals through the Activin A receptor to activate Smad2-Smad3 pathways in a manner similar to TGF-β, also promotes CXCL13 production (122). CXCL13 production has also been detected from in vitro differentiated Th17 clones, which may be a consequence of the TGF-β used in the Th17 differentiation culture conditions (123). In addition, as with differentiation of mouse Tfh cells, IL-2-induced activation of STAT5 inhibits the CXCL13-producing phenotype in human CD4+ T cells (105, 121).



TPH CELLS AS POTENTIAL INSTIGATORS OF ELS

Production of CXCL13 by T cells that infiltrate an inflamed peripheral tissue may be a key step in the initiation of ELS formation, providing an early stimulus to recruit CXCR5+ B cells (Figure 2). Proposed here is a model in which Tph cells infiltrate a site of peripheral inflammation, drawn in by chemokines such as a CCL2, CCL5, and CX3CL1. Upon encountering antigen plus inflammatory cytokines within the tissue, Tph cells produce large amounts of CXCL13, which help recruit CXCR5+ B cells into the tissue and draw them into close proximity with the Tph cells. This process may induce formation of the small lymphocyte aggregates frequently observed in inflamed tissues. Recognition of antigen presented on antigen presenting cells within the tissue, including perhaps on recruited B cells, also induces Tph cell production of IL-21, which helps drive maturation and survival of local B cells. If the reaction occurs vigorously enough, then continued production of CXCL13 and IL-21 will recruit and sustain additional B cells and Tfh cells, as well as eventually FDCs, to yield development of mature ELS. In this model, disrupting the function of Tph cells may abrogate formation of both small and large lymphocyte aggregates within inflamed tissues.
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FIGURE 2. A model for nucleation of ELS in inflamed tissues by Tph cells. (A) An inflammatory response in the peripheral tissue induces production of chemokines and additional signals to recruit peripheral-homing Tph cells. (B) After infiltrating the tissue, activated Tph cells produce CXCL13 to recruit B cells, and produce IL-21 to promote B cell activation and survival. (C) Continued activation of Tph cells and interaction with B cells leads to development of loose lymphoid aggregates, which support some plasma cell differentiation. Tfh cells begin to be recruited into these aggregates in part due to CXCL13 production. (D) Ongoing T cell-B cell interactions and CXCL13 production leads to further maturation of the lymphoid aggregate into organized follicles that acquires features of GC, including accumulation of FDC.





QUESTIONS RAISED

Many questions remain to understand the range of B cell-helper T cells that drive B cell responses in peripheral tissues. T cells with Tfh-like features have been identified in target tissues in several diseases and models beyond those discussed here, including lupus, autoimmune hepatitis, primary biliary sclerosis, systemic sclerosis, Hashimoto's thyroiditis and several others (37, 124–127). Detailed phenotypic analyses of these cells in different inflammatory conditions will be of tremendous interest in understanding the features of B cell-helper T cells across diseases. For conditions in which both Tfh cells and Tph cells accumulate in inflamed tissues, the more challenging question will be to determine the relative roles, and potentially distinct functions, of these two B cell-helper populations in the involved tissue.

The developmental relationship between Tfh cells and Tph cells is also a key topic to be clarified. It is possible that a subset of Tfh cells differentiate into Tph cells during the GC response. Alternatively, Tph cells may derive from peripheral effector cells that acquire B cell-helper function. Sorted human CXCR5+ Tfh cells and CCR2+ Tph cells remain relatively distinct after short-term in vitro stimulation (50); however, the developmental relationships between these cells may be most definitively addressed in murine models. In addition, it will be of interest to consider where Tph cells fall within the range of B cell-helper T cells observed in SLOs, which include GC-Tfh, pre-Tfh, and extrafollicular helpers. For example, do these populations comprise a spectrum of B cell-helper cells distinguished by migratory programs, with Tph cells on one far end and GC-Tfh at the other? Additional questions raised by these observations include: Do Tph cells have a role in protective immune responses, or do they primarily mediate chronic, pathologic T cell-B cell interactions? Can Tph cells or peripheral T cell-B cell interactions be specifically targeted to blunt pathologic inflammatory responses?



CONCLUSION

While much emphasis has been placed on the central role of Tfh cells in providing B cell help, the phenotypes of B cell-helper T cells in inflamed tissues can differ substantially from Tfh cells. A focus on CXCR5+ and Bcl6hi T cell populations may miss large populations of B cell-helper T cells in target tissues, such as the PD-1hi CXCR5− Tph cell population in RA synovium. A broad assessment of T cells that produce the relevant effector molecules and demonstrate B cell-helper function, aided by high-dimensional analyses such as mass cytometry and RNA-seq, will provide a more complete understanding of the T cell-B cell interactions that promote immune-mediated tissue inflammation and the development of ELS in chronically inflamed tissues.
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Background: T follicular helper (Tfh) cells are crucial for B cell differentiation and antigen-specific antibody production. Dysregulation of Tfh-mediated B cell help weakens B cell responses in HIV infection. Moreover, Tfh cells in the lymph node and peripheral blood comprise a significant portion of the latent HIV reservoir. There is limited data on the effects of perinatal HIV infection on Tfh cells in children. We examined peripheral Tfh (pTfh) cell frequencies and phenotype in HIV-infected children and their associations with disease progression, immune activation, and B cell differentiation.

Methods: In a Kenyan cohort of 76 perinatally HIV-infected children, comprised of 43 treatment-naïve (ART−) and 33 on antiretroviral therapy (ART+), and 42 healthy controls (HIV−), we identified memory pTfh cells, T cell activation markers, and B cell differentiation states using multi-parameter flow cytometry. Soluble CD163 and intestinal fatty acid-binding protein plasma levels were quantified by ELISA.

Results: ART− children had reduced levels of pTfh cells compared with HIV− children that increased with antiretroviral therapy. HIV+ children had higher programmed cell death protein 1 (PD-1) expression on pTfh cells, regardless of treatment status. Low memory pTfh cells with elevated PD-1 levels correlated with advancing HIV disease status, indicated by increasing HIV viral loads and T cell and monocyte activation, and decreasing %CD4 and CD4:CD8 ratios. Antiretroviral treatment, particularly when started at younger ages, restored pTfh cell frequency and eliminated correlations with disease progression, but failed to lower PD-1 levels on pTfh cells and their associations with CD4 T cell percentages and activation. Altered B cell subsets, with decreased naïve and resting memory B cells and increased activated and tissue-like memory B cells in HIV+ children, correlated with low memory pTfh cell frequencies. Last, HIV+ children had decreased proportions of CXCR5+ CD8 T cells that associated with low %CD4 and CD4:CD8 ratios.

Conclusion: Low memory pTfh cell frequencies with high PD-1 expression in HIV+ children correlate with worsening disease status and an activated and differentiated B cell profile. This perturbed memory pTfh cell population may contribute to weak vaccine and HIV-specific antibody responses in HIV+ children. Restoring Tfh cell capacity may be important for novel pediatric HIV cure and vaccine strategies.

Keywords: T follicular helper cells, HIV, children, immune activation, B cells, T follicular cytotoxic cells


INTRODUCTION

T follicular helper (Tfh) cells are a recently described CD4 T cell subset that links the adaptive and humoral immune systems. These cells are identified by expression of chemokine receptor CXCR5 that directs their migration to B cell follicles in response to CXCL13. Once localized in B cell follicles, Tfh cells form germinal centers (GCs) (1). Their differentiation and functions are regulated by B-cell lymphoma 6 (Bcl-6) (2). Tfh cells stimulate B cell differentiation to plasma and memory B cells (3) and are critical for antigen-specific antibody production, class switching, and B cell memory differentiation (4). During natural infections or after vaccinations, Tfh cell interactions with B cells mediate high affinity class-switched antibody production and B cell memory development (3). Tfh cells exert effector functions by secretion of IL-21 in addition to small levels of Th1 and Th2 cytokines IFNγ and IL-4 (4, 5). Dysfunctional Tfh cells can result in autoantibodies and have been associated with autoimmune diseases such as rheumatoid arthritis and systemic lupus erythematosus (6–10).

A small portion of CD4 T cells closely resembling tissue-resident Tfh cells are found in the peripheral blood (10–12). These peripheral Tfh (pTfh) cells also provide B cell help, but require secondary signals that include CD40L and inducible T-cell costimulator (ICOS) interactions and IL-21 secretion from B cells (11). Phenotypically, pTfh cells differ from lymphoid Tfh cells. Bcl-6 is downregulated in circulating CXCR5+ CD4 T cells, and thus fails to identify pTfh cells (10, 11). Second, while programmed cell death protein 1 (PD-1) is constitutively expressed on lymphoid Tfh cells, in the periphery, PD-1 is variably expressed, with low levels on resting pTfh cells and high levels on activated pTfh cells (12–14).

T follicular helper cells are critical for clearance of acute and chronic viral infections and effective virus-specific antibody production. In HIV vaccine trials, improved humoral responses occurred in subjects with expanded HIV-specific IL-21+ pTfh cells (14). Moreover, certain Tfh cell subsets correlate with the development of broadly neutralizing HIV antibodies (13, 15). Indeed, Tfh cells are being investigated for novel HIV vaccine strategies (11, 13, 15). Studies of HIV-infected adults demonstrate that circulating Tfh cells are decreased while lymphoid Tfh cells are paradoxically expanded, functionally impaired, and preferentially infected with replication-competent HIV (14, 16–20). Most importantly, Tfh cells in peripheral blood and lymph nodes (LNs) comprise a major compartment of the latent HIV reservoir (14, 21). Thus, Tfh cells may have both beneficial and pathologic roles during HIV infection—they are critical for HIV-specific humoral responses yet are also selective targets of HIV infection and enable HIV persistence in latent reservoirs.

Both lymphoid and circulating Tfh cells have impaired function in HIV+ adults, which may contribute to weakened responses to vaccines (16, 20, 22, 23). The potential consequences of muted antibody responses are magnified in children with perinatal HIV infection during routine childhood vaccinations. However, few studies have examined pTfh cells in children (18–20, 24). We evaluated pTfh cell frequencies and phenotype in children with perinatal HIV infection and their associations with HIV disease progression and B cell subsets. We found decreased pTfh cell levels in untreated HIV+ children compared with HIV negative children, which failed to normalize within 1 year of antiretroviral treatment. pTfh cells had elevated PD-1 expression in HIV+ children regardless of treatment status. Low pTfh cell frequencies with high PD-1 expression correlated with HIV disease progression and an activate/differentiated B cell distribution. Finally, CXCR5+ memory CD8 T cells were depleted in HIV+ children.



MATERIALS AND METHODS


Participants

Ethical approval for this study was obtained from New York University (10-02586) and Kenyatta National Hospital/University of Nairobi (P283/07/2011). Written informed consent and verbal assent when appropriate were obtained from all participants and/or parents. We enrolled a total of 76 perinatally infected HIV+ and 42 HIV negative-unexposed children (HIV−) aged 5–18 years old from Bomu Hospital in Mombasa, Kenya between 2011 and 2012. HIV+ children included 43 antiretroviral therapy naïve (ART−) and 33 HIV+ children on antiretroviral treatment for at least 6 months with viral load less than or equal to 5,000 copies/mL (ART+). Treatment timing and duration for ART+ subjects is shown in Table S1 in Supplementary Material. Individuals with a recent acute illness, active Mycobacterium tuberculosis or malaria infection, or pregnancy within one year were ineligible for study entry.

Plasma and peripheral blood mononuclear cells (PBMCs) were isolated from peripheral blood by centrifugation and Ficoll-Hypaque (GE Healthcare) density gradient centrifugation then cryopreserved in −80°C and liquid nitrogen, respectively. HIV RNA PCR was performed on diluted plasma samples with Roche, COBAS® AmpliPrep/COBAS® TaqMan®HIV-1 Test, version 2.0 (limit of detection 110 copies/mL).

HIV−, ART−, and ART+ were matched for age and sex (Table 1). Median CD4% in HIV− children was 38 (IQR 33–42). ART− had median CD4% of 24 (IQR 13–28) and HIV viral load of 4.8 (IQR 4.2–5.2) log copies/mL. ART+ had median CD4% and HIV viral load of 32 (IQR 27–41) and 2 (IQR 2–2) log copies/mL, respectively (Table 1).


TABLE 1 | Subject characteristics.
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Flow Cytometric Studies

Cryopreserved PBMCs were evaluated by flow cytometry with fluorescent-conjugated antibodies to CD3, CD4, CD8, CD45RO, CCR7, CXCR5, PD-1, CD38, HLA-DR, CD19, CD21, CD27, and β7. Cells were stained at 4°C for 30 min in PBS buffer containing 2% FCS and 0.1% sodium azide. Stained cells were analyzed using LSRII flow cytometer (BD Bioscience) and Flow Jo software (Tree Star). Singlet lymphocytes were gated based on forward and side scatter properties.



Plasma sCD163 and Intestinal Fatty Acid-Binding Protein (I-FABP)

Plasma levels of sCD163 and I-FABP were quantified by ELISA assay using Human sCD163 and I-FABP Duoset kits (R&D Systems) per the manufacturer’s instructions. Plasma samples were diluted 1:100 for sCD163 and 1:1,500 for I-FABP assays based on plasma titration studies to achieve levels within the range of the standard curve concentrations provided in the commercial ELISA kit according to the manufacturer’s recommendation. Each test was performed in duplicate with results reported as the average of duplicate results.



Statistics

All statistical analyses were performed using GraphPad Prism software. For comparison of multiple groups of subjects, the Kruskal–Wallis test was performed, followed by the two-stage linear step-up procedure of Benjamini, Krieger, and Yekutieli to correct for multiple comparisons by controlling the false discovery rate. Multiple time points were evaluated with Wilcoxon matched-pairs signed-rank test. Correlations were assessed with the Spearman rank test. Threshold of significance for all tests was less than 0.05.




RESULTS


Memory pTfh Cells Are Decreased in Untreated HIV+ Children and Correlate With Disease Progression

We identified pTfh cells by CXCR5 co-expressed with LN homing receptor CCR7 within memory CD4 T cells as described (25). Memory CD4 T cells (TM) were identified as the sum of central (TCM, CD45RO+CCR7+), effector (TEM, CD45RO+ CCR7−), and RA+ effector (TEMRA, CD45RO−CCR7−) subsets (Figure 1A). CXCR5+CCR7+ CD4 TM (memory pTfh) levels were lower in ART− children compared with HIV− and ART+ (p < 0.0001; Figure 1B), even when adjusted for age as a potential confounder (Table S2 in Supplementary Material).
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FIGURE 1 | Memory peripheral Tfh (pTfh) cells are decreased in untreated HIV+ children and correlate with disease progression. (A) FACS plots showing representative gating to identify memory pTfh cells in an HIV− and HIV+ subject. CD4 memory subsets were identified by CD45RO and CCR7 expression. Total memory CD4 T cells (CD4 TM) were Boolean-gated as the sum of TCM, TEM, and TEMRA populations. Memory pTfh cells are identified as CXCR5+ CCR7+ cells within CD4 TM. (B) The proportion of CXCR5+ CCR7+ cells in CD4 TM in HIV−, ART−, and ART+ children. (C) Memory pTfh cell frequencies in ART− subjects at before (T0) and ~12 months after treatment (T1) is shown. The second plot shows memory pTfh cell levels in ART− subjects at T0 and T1 compared with HIV− subjects. (D) Linear regression plot of memory pTfh cells vs. age at ART initiation in ART+ children. (E) Correlations between memory pTfh cell frequencies and HIV log copies/mL, %CD4+ T cells, and CD4:CD8 ratios in HIV+ children (ART− in orange and ART+ in blue). Significant p values are shown for statistical analysis of HIV+ (black), ART− (orange), and ART+ (blue) groups (****p < 0.0001, ***p < 0.001, **p < 0.01, and *p < 0.05).


In a subset of ART− children who began antiretroviral therapy memory pTfh cell frequencies increased after ~12 months of treatment (p = 0.003; Figure 1C). However, these levels remained lower than HIV− children (p = 0.02; Figure 1C). In ART+ children, treatment initiation at an earlier age predicted preserved CXCR5+CCR7+ CD4 TM (p = 0.01, R2 = 0.21; Figure 1D). To determine the clinical relevance of decreased pTfh cell frequencies, we examined correlations between memory pTfh cells and clinical markers of HIV disease progression. In HIV+ subjects, memory pTfh cell levels correlated inversely with HIV viral load (p < 0.0001, r = −0.59) and directly with %CD4 (p < 0.0001, r = 0.57) and CD4:CD8 ratios (p < 0.0001, r = 0.54; Figure 1E). In separate analyses of ART− and ART+ children, memory pTfh frequencies correlated with %CD4 (p = 0.006, r = 0.43) and CD4:CD8 ratios (p < 0.0001, r = 0.62) in ART− but not in ART+ children. These correlations were not present in HIV− subjects (Figure S1A in Supplementary Material).



Low Memory pTfh Cell Frequencies Correlate With Immune Activation and Gut Mucosal Disruption in HIV+ Children

We next determined whether memory pTfh cell levels correlated with immune activation markers CD38 and HLA-DR, which are strong predictors of HIV disease progression (26). Memory pTfh cell frequencies inversely correlated with CD38+HLA-DR+ CD4 (p < 0.0001, r = −0.62) in HIV+ children and in separate analysis of ART− (p = 0.003, r = −0.47) and ART+ subjects (p = 0.04, r = −0.37; Figure 2A). Memory pTfh cell frequencies also negatively correlated with CD38+HLA-DR+ CD8 T cells (p = 0.006, r = −0.32) and monocyte activation, measured by plasma sCD163 concentrations in HIV+ children (p < 0.0001, r = −0.48), but not when divided into ART− and ART+ groups (Figures 2A,B). There were no significant correlations between pTfh cell frequencies and T cell or monocyte activation in HIV− children (Figures S1B,C in Supplementary Material).
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FIGURE 2 | Low memory peripheral Tfh (pTfh) cell frequencies correlate with immune activation and gut mucosal disruption in HIV+ children. (A) Correlations between memory pTfh cell frequencies and CD38+ HLA-DR+ CD4 and CD8 T cells in HIV+ children (ART− in orange and ART+ in blue). (B) Correlation between memory pTfh cells and plasma soluble CD163 (sCD163) levels in HIV+ children. (C) Correlation between memory pTfh cell levels and (C) β7 integrin and (D) intestinal fatty acid-binding protein (I-FABP) in HIV− (gray circles) and HIV+ children. Significant p values are shown for statistical analysis of HIV+ (black), ART− (orange), and ART+ (blue) groups.


Chronic inflammation in HIV is driven largely by a compromise of the gut mucosa, where the majority of CD4 T cells reside (27). In mouse models, Tfh cells have been shown to play a unique role in maintaining healthy gut homeostasis (28). To study a potential relationship between memory pTfh cells and the gut mucosa in humans, we evaluated correlations with two key gut-related proteins: β7 integrin and I-FABP. β7 is a subunit of the gut-homing receptor and HIV co-receptor α4β7 (29). I-FABP is expressed in epithelial cells of the small intestine and is released into the circulation following intestinal mucosal damage (30). Memory pTfh cell levels directly correlated with β7+CD45RO+ CD4 T cell frequencies, in both HIV− (p < 0.0001, r = 0.65) and HIV+ children (p = 0.004, r = 0.34; Figure 2C). ART+ children had a stronger correlation between pTfh cell frequency and β7 expression in memory CD4 T cells (p < 0.0001, r = 0.78) compared with ART− children (p = 0.046, r = 0.32; Figure 2C). There was a direct correlation between memory pTfh cell frequencies and I-FABP levels (p = 0.04, r = 0.35) in HIV− children, and an indirect correlation in HIV+ children (p = 0.03, r = −0.26; Figure 2D) but not separately in ART− and ART+ groups.



Memory pTfh Cells in HIV+ Children Express High PD-1 Levels That Correlate With Disease Progression

We next evaluated PD-1 expression on memory pTfh cells (gating strategy shown in Figure S2A in Supplementary Material). Both ART− and ART+ subjects had higher PD-1 expression on memory pTfh cells compared with HIV− children (p < 0.0001 and p = 0.003, respectively; Figure 3A). PD-1 levels on memory pTfh cells negatively correlated with pTfh cell frequency in HIV+ (p = 0.004, r = −0.34) and ART+ children (p = 0.03, r = −0.38) but not in ART− children (Figure 3B). In ART+ children, earlier age at ART initiation predicted lower PD-1 expression on memory pTfh cells (p = 0.007, R2 = 0.22; Figure 3C). PD-1+ memory pTfh cell frequencies correlated directly with HIV viral load (p = 0.004, r = 0.34), and inversely with %CD4 (p < 0.0001, r = −0.46) and CD4:CD8 ratios in HIV+ children (p < 0.0001, r = −0.51; Figure 3D) but not in HIV− children (Figure S2B in Supplementary Material). PD-1+ expression on memory pTfh cell correlated directly with CD38+HLA-DR+ CD4 (p = 0.0002, r = 0.43) and CD8 T cells (p = 0.0009, r = 0.39; Figure 3E) but did not correlate with plasma sCD163 levels (Figure 3F) in HIV+ children. In ART− children, PD-1 expression on pTfh cells significantly correlated with HIV viral load (p = 0.03, r = 0.35, Figure 2D) and CD38+HLA-DR+ CD8 T cells (p = 0.002, r = 0.49; Figure 3E). In ART+ children, PD-1 expression correlated inversely with %CD4 (p = 0.0001, r = −0.62) and CD4:CD8 ratios (p < 0.0001, r = −0.76; Figure 3D). There were no significant correlations between PD-1 expression on pTfh cells and %CD4 or immune activation markers in HIV− children (Figures S2C,D in Supplementary Material).
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FIGURE 3 | Memory peripheral Tfh (pTfh) cells in HIV+ children express high programmed cell death protein 1 (PD-1) levels that correlate with disease progression. (A) Comparison between PD-1 expression memory pTfh cells of HIV−, ART−, and ART+ children. (B) Correlation between the frequency of total memory pTfh cells and their PD-1 expression. (C) Linear regression plot of PD-1 expression on memory pTfh cells vs. age at ART initiation in ART+ subjects. (D) Correlations between the frequency of PD-1+ memory pTfh cells and HIV log copies/mL, %CD4+ T cells, and CD4:CD8 ratios in HIV+ children (ART− in orange and ART+ in blue). Correlations between PD-1 expression on memory pTfh and (E) CD38+ HLA-DR+ CD4 and CD8 T cells and (F) plasma sCD163 levels. Significant p values are shown for statistical analysis of HIV+ (black), ART− (orange), and ART+ (blue) groups (****p < 0.0001, ***p < 0.001, **p < 0.01, and *p < 0.05).




Differentiated B Cell Populations Correlate With Low Memory pTfh Cells Expressing High PD-1 Levels

Because Tfh cells are intricately linked to B cell differentiation, we evaluated B cell populations and their associations with memory pTfh cell frequencies and PD-1 expression. Total B cell frequencies were decreased in both ART− and ART+ compared with HIV− children (p = 0.005 and p = 0.02, respectively; Figure 4A). IgD expression on B cells was increased in ART− and ART+ children compared with HIV− children (p = 0.002 and p = 0.0001, respectively; Figure 4B), indicating muted class switching. We further sub-classified B cells into differentiation states of naïve mature (BN, CD21+CD27−), resting memory (BRM, CD21+CD27+), activated memory (BAM, CD21−CD27+), and exhausted/tissue-like memory (BTLM, CD21−CD27−; Figure 4C) subsets. ART+ had increased BN frequencies compared with HIV− and ART− (p < 0.0001; Figure 4D). ART− and ART+ had decreased BRM levels compared with HIV− (p < 0.0001; Figure 4E). BRM levels were higher in ART+ compared with ART− children (p = 0.002; Figure 4E). ART− had elevated BAM and BTLM cell frequencies compared with HIV− (p = 0.003 and p < 0.0001) and ART+ (p < 0.0001; Figures 4F,G). ART+ had lower BAM frequencies compared with HIV− (p = 0.003; Figure 4F).
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FIGURE 4 | Differentiated B cell populations correlate with low memory peripheral Tfh (pTfh) cells expressing high programmed cell death protein 1 (PD-1) levels. Comparisons of (A) total B cell and (B) IgD+ B cell levels in HIV−, ART−, and ART+ children. (C) FACS plot showing representative gating to identify B cell differentiation subsets by CD21 and CD27. Plot shown is gated on CD19+ lymphocytes. Comparisons between (D) CD27−CD21+ naïve (BN), (E) CD27+ CD21+ resting memory (BRM), (F) CD27+ CD21− activated memory (BAM), and (G) CD27−CD21− tissue-like memory (BTLM) B cell subsets in HIV−, ART−, and ART+ and their correlations with total and PD-1+ memory pTfh cell frequencies in ART− (orange) and ART+ (blue) children. Significant p values are shown for statistical analysis of HIV+ (black), ART− (orange), and ART+ (blue) groups (****p < 0.0001, ***p < 0.001, **p < 0.01, and *p < 0.05).


We next examined associations between B cell differentiation states and memory pTfh cell frequencies. In HIV+ subjects, memory pTfh cell levels correlated directly with BN (p = 0.0001, r = 0.44; Figure 4D) and BRM frequencies (p = 0.0003, r = 0.41; Figure 4E), and inversely with BAM (p = 0.0002, r = −0.43; Figure 4F) and BTLM frequencies (p < 0.0001, r = −0.52; Figure 4G). Last, in HIV+ subjects, PD-1 expression on memory pTfh cells correlated inversely with BN (p = 0.03, r = −0.26; Figure 4D) and BRM (p = 0.002, r = −0.36; Figure 4E), and directly with BAM (p = 0.046, r = 0.24; Figure 4F) and BTLM levels (p = 0.0006, r = 0.40; Figure 4G). These correlations were insignificant when separated into ART− and ART+ subjects except PD-1 expression on pTfh cells in ART− children inversely correlated with BN frequency (p = 0.02, r = −0.38; Figure 4D) and directly with BTLM frequency (p = 0.003, r = 0.46; Figure 4G). Memory pTfh cells and their PD-1 expression did not correlate with any B cell subpopulations in HIV− subjects (Figures S3A–D in Supplementary Material).



HIV+ Children Have Low CXCR5+ Memory CD8 T Cells With Elevated PD-1 Expression

Recently, a CD8 T cell counterpart to Tfh cells, defined as follicular cytotoxic T (Tfc) cells, was found to home to B cell follicles via a similar CXCR5-dependent mechanism (31). In the B cell follicle, Tfc cells control viral infection by killing infected Tfh cells and B cells (32, 33). We identified pTfc cells by CXCR5 expression in memory CD8 T cells (Figure 5A). CXCR5+ CD8 TM (memory pTfc) cell frequencies were significantly lower in both ART− and ART+ children compared with HIV− (p < 0.0001 and p = 0.0002, respectively; Figure 5B) even in multivariate analysis adjusting for age (Table S2 in Supplementary Material). In ART− subjects, memory pTfc cell frequencies increased after ~12 months of antiretroviral treatment (p = 0.004), but remained significantly lower than HIV− children (p = 0.03; Figure 5C).
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FIGURE 5 | HIV+ children have low CXCR5+ memory CD8 T cells with elevated programmed cell death protein 1 (PD-1). (A) FACS plots showing representative gating to identify memory pTfc cells as the total CXCR5+ population in memory CD8 T cells and PD-1 expression in an HIV− and HIV+ subject. Plots shown were gated within total memory CD8 T cells. (B) Comparison of CXCR5+ cells within total CD8+ memory T cells in HIV−, ART−, and ART+ children. (C) Prospective analysis of memory pTfc in ART− subjects before (T0) and ~12 months after antiretroviral treatment (T1). The second plot compares memory pTfc cell frequencies between ART− subjects at T0 and T1 and HIV− subjects. (D) Correlations between memory pTfc cell percentages and HIV log copies/mL, %CD4+ T cells, and CD4:CD8 ratios in HIV+ children (ART− in orange and ART+ in blue). (E) PD-1 expression on memory pTfc cells in HIV−, ART−, and ART+ subjects. (F) Correlation between PD-1+ memory pTfc cell frequencies and HIV log copies/mL, %CD4+ T cells, and CD4:CD8 ratios in HIV+ children. Significant p values are shown for statistical analysis of HIV+ (black), ART− (orange), and ART+ (blue) groups (****p < 0.0001, ***p < 0.001, **p < 0.01, and *p < 0.05).


Next, we determined whether memory pTfc cell levels correlated with clinical markers of HIV disease progression and immune activation. In HIV+ subjects, there was no significant correlation between memory pTfc cell frequencies and HIV viral load. Memory pTfc cells directly correlated with %CD4 (p = 0.0005, r = 0.39) and CD4:CD8 ratios (p = 0.0001, r = 0.43) in HIV+ subjects even when divided into ART− and ART+ groups (Figure 5D). In HIV− subjects, memory pTfc cell frequencies also correlated with CD4 percentages and CD4:CD8 ratios (%CD4: p = 0.02, r = 0.37; CD4:CD8: p = 0.02, r = 0.37; Figure S4A in Supplementary Material). We also examined PD-1 expression on memory pTfc cells and found that memory pTfc cells in HIV+ children expressed higher levels of PD-1 compared with HIV− children (ART−: p < 0.0001, ART+: p = 0.001; Figure 5E). In HIV+ children, PD-1 expression on memory pTfc cells inversely correlated with CD4:CD8 ratios (p = 0.01, r = −0.29), but did not correlate with %CD4 or viral load (Figure 5F). In ART+ subjects, HIV viremia correlated negatively with memory pTfc cell frequency (p = 0.03, r = −0.39; Figure 1D) and directly with PD-1 levels on memory pTfc cells (p = 0.04, r = 0.36; Figure 5F). Memory pTfc cell frequencies and their PD-1 expression did not correlate with CD38+HLA-DR+ CD4 or CD8 T cells or sCD163 plasma levels in HIV+ or HIV− children with the exception of a direct correlation between PD-1+CXCR5+ CD8 TM and CD38+ HLA-DR+ CD8 T cells in HIV+ children (Figures S4B,C in Supplementary Material).




DISCUSSION

We demonstrated that untreated children with perinatal HIV infection aged 5–18 years have significantly lower memory pTfh cell frequencies compared with HIV-negative children. Low memory pTfh levels increased with antiretroviral treatment but failed to normalize. In ART+ children, treatment initiation at younger ages predicted preserved pTfh levels. HIV+ children had higher PD-1 expression on pTfh cells regardless of treatment status. Furthermore, lower memory pTfh cells with increased PD-1 expression correlated with worsening HIV disease and an activated and differentiated B cell profile in HIV+ children. Last, HIV+ children have decreased proportions of memory pTfc cells with high PD-1 expression.

In our cohort, low memory pTfh cell frequencies correlated with decreased %CD4 and CD4:CD8 ratios and increased HIV viral load, which may reflect preferential infection of Tfh cells by HIV (14). Muema et al. similarly reported that CXCR5+ CD4 T cells correlated with %CD4 in HIV+ children, yet Bamford et al. failed to find any correlation between pTfh cell frequencies and clinical variables in children. This difference may relate to treatment status, as in our cohort, where these correlations were no longer significant when limited to only ART+ children. While the mechanism of pTfh cell depletion in HIV is not well understood, it is possible that like tissue-resident Tfh cells, pTfh cells are preferentially HIV-infected and killed. It is also plausible that pTfh cells in HIV+ subjects are ill-maintained as a result of impaired crosstalk with B cells, as Tfh and B cells need constant communication via co-stimulatory signals to maintain a homeostatic and healthy immune system (2, 16). Alternatively, Tfh cells may be chronically activated and subsequently sequestered in the LNs, depleting levels in the peripheral blood as shown in SIV (34). While Pallikkuth et al. reported a reversible depletion of CXCR5+ cells within TCM in adults with HIV (21), the recovery of pTfh cells with antiretroviral therapy in children is previously unreported. Treatment initiation raised pTfh cell frequencies in ART− subjects, but failed to restore them to normal levels within one year. However, our ART+ subjects had pTfh cell frequencies similar to HIV− children. This may be due to longer duration of antiretroviral treatment or younger age at treatment initiation, which predicted higher pTfh levels. We speculate that with early antiretroviral treatment, HIV+ children may be able to recover memory pTfh cells, in accordance with the recent recommendation from the World Health Organization to start treatment at the time of HIV diagnosis (35).

Programmed cell death protein 1 is a classic marker of functional Tfh cells in the lymphoid tissue of healthy adults and children, where PD-1/PD-L1 interactions in the GC are crucial for plasma cell differentiation (36). However, there is some uncertainty as to the role of PD-1 on circulating Tfh cells. PD-1 is a co-stimulatory molecule; it is absent on quiescent pTfh cells, expressed on follicular regulatory T (Tfr) cells, and co-expressed with ICOS on activated pTfh cells (37). Interestingly, we demonstrated PD-1 expression on memory pTfh cells was elevated in all HIV+ children regardless of treatment status, and corresponded with worsening HIV disease progression. Moreover, in ART+ children, PD-1 expression correlated with lower CD4 percentages and CD4:CD8 ratios and elevated CD4 T cell activation despite treatment. This indicates that while memory pTfh frequencies recover with antiretrovirals, these cells may still be qualitatively defective, with high PD-1 acting as a potentially pathogenic marker, as has been suggested by previous studies on HIV-specific CD4 (38) and CD8 (39) T cells. Alternatively a portion of PD-1+ pTfh cells may be Tfr cells with suppressive functions that account for low pTfh cell frequencies (40). Elevated PD-1 expression on pTfh cells correlated with increasing CD38+ HLA-DR+ CD4 and CD8 T cells, suggesting PD-1+ pTfh cells may be activated Tfh cells associated with inflammation in the adaptive immune system. Interestingly, Pallikkuth et al. reported that CD38+ HLA-DR+ expression on pTfh cells decreased after 48 weeks of treatment, but was still significantly higher than healthy controls (21). This activated pTfh cell state likely contributes to their susceptibility as a target for HIV infection and may be linked to high PD-1 expression.

T follicular helper cells also localize in the Peyer’s patches of the small intestine. Because there are significant disruptions to the intestinal mucosa during HIV infection, we examined the relationship between Tfh cells and gut-homing receptor α4β7 and I-FABP (41). It was previously shown that I-FABP is increased in perinatally HIV-infected children (42). We found that low memory pTfh cell frequencies in HIV+ subjects correlated with higher plasma I-FABP and lower β7+ memory CD4 T cell levels. One explanation may be that with worsening gut mucosal disruption, pTfh cells are trafficked to the gut. Localization to the gut may also account for lower circulating pTfh cells during HIV infection. Although we did not co-stain for CXCR5 and β7 together, pTfh cells likely co-express β7 to mediate homing to the intestine.

It has been well documented that memory B cell populations and the quality of B cell responses are substantially impaired in HIV+ adults and children (43). More recent reports demonstrate that inadequate B cell help by HIV-infected Tfh cells results in perturbed B cell differentiation and dysregulated antibody production (16, 17). In addition, dysfunctional Tfh cells activate non-specific B cells and lead to hypergammaglobulinemia characteristic of HIV infection (34, 40). Prior groups have shown decreased BN and BRM cell subsets, as well as expanded BAM and BTLM B cell subsets in HIV+ children (18–20). In our study, we had similar findings—total B cells were diminished and IgD+ B cells were elevated in HIV-infected children compared with healthy controls. We also demonstrated that BN were increased in ART+, BRM were low in HIV+, and BAM and BTLM were high in HIV+ compared with healthy controls. While pTfh cell proportions were significantly decreased in the blood, it is possible that with the accumulation of Tfh cells in the LNs, overstimulation by GC Tfh cells in the B cell follicles leads to a shift toward a more differentiated and exhausted B cell state. Moreover, lower total B cells and elevated IgD frequencies in HIV+ children suggest a general insult to the B cell compartment and a defect in Tfh cell function to induce class-switching in memory B cells. Decreased pTfh cells with potentially impaired B cell function may preclude effective HIV antibody responses. Indeed, prior studies report preserved pTfh cells in subjects with broadly neutralizing HIV-specific antibody responses (15, 44). Low pTfh cell frequency was closely linked to a differentiated B cell state in HIV+ children but not when separated into ART− and ART+ groups, suggesting antiretroviral treatment may restore the balance of Tfh cells with B cell differentiation.

Finally, Tfc cells are a novel CD8 T cell subset expressing CXCR5. Tfc cells have been studied in the blood and LN of SIV+ primate models (45, 46), the LNs of LCMV mouse models (33), as well as the blood, tumors, and LN of adult humans (32, 33, 47–49). Multiple groups reported Tfc cells have similar B cell follicle homing abilities to Tfh cells, and the potential to control viral infection by eliminating infected T cells and B cells in the follicle. He et al. reported that HIV-specific Tfc cells were present in the blood of chronically infected adults, and pTfc cells inversely correlated with HIV viral load prior to ART (33). More recently, Jiao et al. reported HIV+ adults had increased CXCR5+ CD8 T cells with high PD-1 expression, which negatively correlated with HIV disease progression (47). To the best of our knowledge, pTfc cell populations in children were not previously studied. HIV+ children had irreversibly depleted CXCR5+ CD8 TM cells. Notably, antiretroviral treatment raised memory pTfc cell levels but failed to normalize them. As such, pTfc cells directly correlated with %CD4 and CD4:CD8 ratios regardless of treatment status. PD-1 expression was elevated on memory pTfc cells in HIV+ children and negatively correlated with CD4:CD8 ratios and positively associated with CD38+HLA-DR+ CD8 T cells. Interestingly, whereas Jiao et al. concluded CXCR5+ CD8 T cells with high PD-1 expression were highly functional and associated negatively with disease progression, our data demonstrated an association with CD4:CD8 ratios, but not with viremia or CD4 percentages. Our opposing findings may reflect differences in a pediatric cohort or our separate gating strategy on CD8 memory rather than total CD8 T cells.

In conclusion, we demonstrated a marked decrease in peripheral memory Tfh frequencies in untreated children with perinatal HIV infection. These memory pTfh cells increased with antiretroviral therapy but failed to normalize within 1 year. Treatment initiation at younger ages predicted greater recovery of this population. HIV+ children have high PD-1 expression on memory pTfh cells regardless of treatment status. Low memory pTfh cell frequencies with high PD-1 levels correlate with worsening HIV disease status as well as innate and adaptive immune activation. Furthermore, B cell subpopulations are skewed toward a differentiated and exhausted profile, and coincide with decreased memory pTfh cells in HIV+ children. Finally, memory pTfc cells are depleted in HIV+ children. This perturbed memory pTfh cell population may contribute to weak vaccine and HIV-specific antibody responses in HIV+ children. Together, these findings have important implications for ongoing pediatric HIV cure and vaccine strategies.
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FIGURE S1 | Peripheral Tfh (pTfh) cell correlations with %CD4, CD4:CD8 ratios, and immune activation in HIV negative children. Correlations between memory pTfh cells and (A) %CD4 and CD4:CD8 ratios, (B) CD38+ HLA-DR+ CD4 and CD8 T cells, and (C) plasma sCD163 levels in HIV negative children.

FIGURE S2 | PD-1+ memory peripheral Tfh (pTfh) cell gating and correlations in HIV negative children. (A) FACS plots showing representative gating of PD-1+ memory pTfh cells in an HIV− and HIV+ subject. Plots shown were gated within the CXCR5+ CCR7+ CD4+ TM population. Correlations are shown between PD-1+ memory pTfh cells and (B) %CD4 and CD4:CD8 ratios, (C) CD38+ HLA-DR+ CD4 and CD8 T cells, and (D) plasma sCD163 levels in HIV negative children.

FIGURE S3 | Correlations between memory peripheral Tfh (pTfh) cells and B cell subsets in HIV-negative children. Correlations between total and PD-1+ memory pTfh cells and (A) CD27−CD21+ naïve (BN), (B) CD27+ CD21+ resting memory (BRM), (C) CD27+ CD21− activated memory (BAM), and (D) CD27−CD21− tissue-like memory (BTLM) B cell subsets in HIV negative children.

FIGURE S4 | CXCR5+ memory CD8 T cell subsets and correlations with T cell activation. (A) Correlations between CXCR5+ CD8 TM cell frequencies and %CD4 and CD4:CD8 ratios in HIV− children. Correlations between (B) total and (C) PD-1+ CXCR5+ CD8 TM cell frequencies and CD38+ HLA-DR+ CD4 and CD8 T cells and plasma sCD163 levels in HIV− and HIV+ children (ART− in orange and ART+ in blue).
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Regulatory T-cells (Treg cells), expressing the transcription factor Foxp3, have an essential role in the control of immune homeostasis. In order to control diverse types of immune responses Treg cells must themselves show functional heterogeneity to control different types of immune responses. Recent advances have made it clear that Treg cells are able to mirror the homing capabilities of known T-helper subtypes such as Th1, Th2, Th17, and T-follicular helper cells (Tfh), allowing them to travel to the sites of inflammation and deliver suppression in situ. One of the more recent discoveries in this category is the description of T-follicular regulatory (Tfr) cells, a specialized subset of Treg cells that control Tfh and resulting antibody responses. In this review we will discuss recent advances in our understanding of Tfr biology and the role of both Tfr and activated extra-follicular Tregs (eTreg) in the control of humoral immunity.
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THE HUMORAL IMMUNE RESPONSE

Antibody driven humoral immunity is essential for host protection from a range of pathogens. This can be broadly separated into the T-independent response, in which B-cell subsets such as B1 cells and marginal zone B cells produce low-affinity antibodies that allow a rapid response to infection, and the T-dependent response in which T-cell help allows the generation of high-affinity antibody and memory immunity over a longer period. Of key importance to T-dependent antibody responses is the germinal center, a structure formed by follicular B-cells and dependent on T-cell help. The germinal center itself is segregated into a dark zone, where centroblast B-cells undergo rapid proliferation and somatic hypermutation (SHM), and the light zone, where higher affinity B-cells are selectively helped by T-cells, allowing them to survive and either be selected as memory or plasma cells, or be recycled back to the dark zone for further rounds of SMH (1). CD4+ T-follicular helper (Tfh) cells play a critical role in this process as they are responsible for the majority of T-cell help given to follicular and germinal center B-cells, via delivery of CD40 and IL-21 stimulation to B-cells (2). Tfh form through a multistage differentiation process initiated by contact between dendritic cells (DCs) and pre-Tfh CD4+T-cells. This alone is insufficient to stabilize the full Tfh program, and a second step of prolonged contact between antigen-specific B-cells and the pre-Tfh cell is then required to allow progression to the mature Tfh phenotype. Following this, the Tfh cell can then further differentiate into a highly-activated and germinal center-resident GC-Tfh cell distinguished by high-level expression of CXCR5 and PD-1, in contrast to intermediate levels of both markers expressed by Tfh (2). The chemokine receptor CXCR5 allows trafficking of the Tfh cell into the B-cell follicle as its ligand CXCL13 is produced by follicular resident dendritic cells and, in humans, by Tfh themselves, allowing further recruitment of new Tfh. Due to their critical role in the generation of high-affinity antibody responses, Tfh cells are vital for the generation of effective humoral immunity. However, dysregulation and unchecked activation of Tfh cells or germinal centers in both humans and mice lead to the production of autoantibodies and lupus-like symptoms, demonstrating the need to tightly regulate the function of these cells (3–5). Additionally, due to their highly mutational nature, germinal centers themselves are a common source of tumorigenesis, meaning that even foreign antigen-reactive germinal center cells require tight regulation (6).



TREGS AND TFR CELLS

Regulatory T-cells (Tregs) expressing the transcription factor Foxp3 are critical for the maintenance of immune homeostasis (7). Signs of a link between certain T-cell populations and the control of humoral immunity have been present since the foundational work that first hinted at the presence of a T-cell population that regulated immunity, demonstrated through the inhibition of anti-sheep red blood cell antibody responses by thymically-derived populations (8). Later, in work leading up to the formal discovery of Tregs, we found that autoantibodies were one of the most sensitive indicators of T-cell autoimmunity (9). When we identified Tregs on the basis of their CD25 expression we found that anti-CD25 depletion of Tregs lead to strong induction of autoantibodies against parietal cells in the stomach epithelia, and against thyroglobulin proteins produced by thyroid follicular cells (10). While CD25 is not entirely exclusive to Tregs, specific depletion of Tregs via diphtheria toxin in mouse models in which Tregs express the primate diphtheria toxin receptor leads to strongly-enhanced GC formation, Tfh cell expansion and antibody responses (11, 12). Loss of control over humoral immunity is also characteristic of mutations of Foxp3 in the scurfy mouse strain and in immune dysregulation, polyendocrinopathy, enteropathy, X-linked (IPEX) syndrome patients, and leads to the production of autoantibodies, hyper IgE and strongly-enhanced GC/Tfh responses (12–18)

Tregs themselves comprise a number of subpopulations, with some functionally-specialized groups mirroring the transcriptional programming of effector T-cell subsets, allowing them to gain expression of the chemokine receptors responsible for localization to the sites of inflammation in order to suppress the mirrored effector population (19). Early work suggested that, following activation, CD4+CD25+CD69− Tregs are capable of gaining CXCR5 expression while losing CCR7, a chemokine receptor that homes to the T-cell zone, allowing them to travel to the B-cell follicle to suppress B-cell responses (20, 21). However it was not until 2011 that three groups described Tfr in detail and defined them as CXCR5+PD-1+BCL6+Foxp3+ cells (15, 22, 23). While Tfr differentiation is not as well characterized as Tfh, evidence thus far suggests that they have a similar developmental path, with both undergoing a multistage differentiation process dependent on signals such as CD28, ICOS, SAP and B-cell contact and the Tfh transcription factor BCL6 (15, 22).

Tfr present in the lymphoid organs are an induced subset of effector Tregs. As a result, in a healthy mouse kept in pathogen-free conditions, Tfr are present only in very small numbers in the spleen and lymph nodes, although they can be found in significant numbers in sites of ongoing humoral immune responses, such as the Peyer's patches. In significant contrast to Tregs, Tfr downregulate the IL-2 receptor alpha chain, CD25 (24–26). Downregulation of CD25 appears to be a marker of Tfr development, with CD25+ Tfr forming initially, before later formation of more highly-differentiated CD25− Tfr. Microscopic analysis of Tfr in the spleens and draining lymph nodes of vaccinated mice reveals that, while the majority of Tfr resident in the follicle and near the T-B border express CD25, almost all germinal center-resident Tfr lack CD25 expression (26). Accordingly, detailed analysis of chemokine receptor and cell adhesion molecules demonstrates that, in keeping with their germinal center localization, CD25− Tfr express significantly increased levels of CXCR5, while reducing expression of molecules, such as CCR7 and PSGL-1, responsible for maintenance of localization in the T-cell zones. Further detailed characterization by flow cytometry and RNA-sequencing shows that while CD25+ Tfr are more similar to effector Tregs, CD25− Tfr have shifted their gene expression signature to a point equidistant between Tfh and effector Tregs, displaying a high level of flexibility in their phenotype. Despite this, they retain stable expression of Foxp3, maintain a characteristic Treg epigenetic signature, and express key Treg suppressive molecules such as CTLA-4, allowing them to suppress both T-cells and B-cells during in vitro co-culture (26). Due to their relative similarity to Tfh, it is reasonable to ask if Tfr are formed from thymically-derived Tregs or peripheral Tregs, potentially due to Tfh conversion into Tfr. However, following adoptive cell transfer, both CD25+ Tfr and CD25− Tfr are formed from naïve CD25+Foxp3+Tregs, and in agreement with earlier studies showed little evidence that they can form from transferred CD25− Foxp3− T-cells (15, 22–24, 26).

While CD25+ Tfr in the mouse appear to be at an earlier stage in their differentiation, they are still identifiably Tfr due to their expression of a range of markers at intermediate levels such as CXCR5, PD-1, and BCL6, and localization in the B-cell follicle. As a result of this, we propose a model, in which following initial stimulation, a naïve Tregs bifurcate into eTregs or CD25+ Tfr in the follicle, before receiving further activation which allows them to become terminally-differentiated germinal center-resident CD25−Tfr. This suggests that in the mouse, CD25+ Tfr and CD25− Tfr may be the Treg equivalents of Tfh and GC-Tfh, respectively (Figure 1).
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FIGURE 1. Tfr and Tfh differentiation. Upon activation naïve CD25+ Tregs differentiate into activated effector Tregs in the T-cell zone or non-lymphoid tissues or early follicular resident CD25+Tfr. These CD25+Tfr can them downregulate CD25 expression causing the loss of BLIMP-1 expression and higher level BCL6 and CXCR5 expression, allowing these CD25− Tfr to travel to the germinal center itself. All cell depicted are CD3+CD4+. Corresponding development of Tfh is also shown for contrast.



A critical question raised by these findings is—why do terminally differentiated Tfr lose CD25 expression? CD25 was the molecule by which Tregs cells were first clearly identified, and is considered both a canonical marker and a critical component for normal Treg function (27). In contrast, IL-2 is known to inhibit Tfh responses, due to STAT5-induced upregulation of BLIMP-1, which inhibits expression of the critical Tfh transcription factor BCL6 (28–30). A further factor to consider is that BLIMP-1 is expressed by many effector Tregs and plays an important role in their suppressive function by regulating expression of a range of genes such as IL-10 (31, 32). Since Tfr are also a form of effector Treg, this suggests they must maintain a fine balance of these potentially conflicting factors to maintain their phenotype. We and several other groups have demonstrated that addition of IL-2 alongside vaccination or infection in mice inhibits the formation of CD25− Tfr cells while at the same time causing expansion of Tregs (24–26). This is due to a BLIMP-1-dependent mechanism, in which IL-2 causes increased expression of BLIMP-1, which represses expression of BCL6, thus inhibiting Tfr formation (24). As a result CD25− Tfr express only low levels of BLIMP-1 but high BCL6, while CD25+Tfr express higher BLIMP-1 but have only intermediate levels of BCL6 (24, 26). This changing role for IL-2 marks a fundamental split in Treg identity, with the majority of tissue-resident effector Tregs having a BLIMP-1- and IL-2-dependent identity, while fully-differentiated CD25− Tfr depend on BCL6 and are thus inhibited by IL-2. CD25− Tfr can instead be maintained by the presence of other cytokines and signals such as IL-4, which is highly produced by Tfh (2, 26). It is also the case that CD25−CXCR5−BCL6−Foxp3+ Tregs at tissue sites of inflammation can be maintained in an IL-2 independent manner (33).

While it is clear that a large proportion of Tfr downregulate CD25 in mice, recent results examining human Tfr suggest that downregulation of CD25 may be less characteristic of human Tfr. Sayin et al. demonstrate via microscopy that the majority of Tfr detectable in the follicles of human mesenteric lymph nodes express CD25, and that the cells are highly concentrated at the T-B border but not the GC itself (34). Interestingly, while microscopy suggested that essentially all the Tfr in the B-cell follicle and GC itself were CD25+, flow cytometry analysis in the same report demonstrates that PD-1hi Tfr express significantly less CD25 than PD-1int or negative Tfr (CD25 MFI 616 ± 96 vs. 1101 ± 121.4, p = 0.0074 unpaired t-test), and also display a bimodal expression of CD25 with a significant fraction appearing to be CD25lo/− (34). This is in keeping with two previous reports that suggested that the most highly-differentiated PD-1hiCXCR5hiBCL6+ Tfr in human tonsils also downregulate CD25 (25, 26). Importantly, however, while PD-1hi Tfr do appear to be enriched in the GC itself, they are extremely rare, with only around 3% of Tregs in the mLN matching this description (34). Similarly we found around 5% in the tonsils (26). As a result the ratio of Tfh/Tfr is skewed heavily to Tfh in the GC region, which may indicate that Tfr outside the GC itself are most critical in humans (34) and may also explain why human lymph node resident-Tfr are resistant to rituximab induced depletion of GC B-cells (35). In contrast, the mouse appears to have a greater number of Tfr in the GC itself, and a correspondingly larger fraction of CD25− Tfr.

IL-21, a characteristic Tfh cytokine, may play a role in the maintenance and differentiation of Tfr. IL-21 has been demonstrated to indirectly affect Tregs homeostasis by suppressing IL-2 production by Tconv cells (36). However, more recently, cell-intrinsic roles for IL-21 on the formation of Tfr have been described (37, 38). Autoimmune-prone BXD2 mice lacking IL-21 production have their Tfh/Tfr ratio skewed toward Tfh. This appears to be due to both direct effects on Tfh STAT3 signaling, and possibly indirectly via Akt signaling in Tfr (37). Jandl and colleagues found that Tregs lacking IL-21R have an increased proportion of Tfr among total Tregs. Further, the proportion of Tfr that express CD25 was increased by a reduction in IL-21, which would otherwise induce BCL6-mediated downregulation of CD25 expression. When IL-21R-deficient or WT Tregs were transferred into Treg-depleted mice, followed by vaccination, loss of IL-21R expression by Tregs was associated with reduced antigen-specific antibody production. Interestingly, this loss of antigen-specific antibody was marked by a reduction in the percentage of antigen-specific B-cells within the GC but no change in the total number of GC-B-cells. While it was not examined in this case, this would imply that there was a proportional gain in non-antigen-specific or autoreactive B-cells in the same system (38). As a result it seems that IL-21 can prevent BCL6-driven downregulation of CD25, and thus enhance IL-2-driven Tfr proliferation. However, as noted earlier, IL-2 itself inhibits Tfr differentiation via BLIMP-1-dependent inhibition of BCL6 (24–26). These results may seem contradictory, however a key point here is to indicate the split between CD25+ and CD25− Tfr. We found that supplementation with IL-2 results in an almost total loss of CD25− Tfr but CD25+ Tfr are retained. Equally, CD25+ Tfr are preferentially expanded in IL-21R-deficient Tregs. This suggests that IL-21 and IL-2 may control the balance between CD25+ and CD25− Tfr, since IL-2 enhances the proliferation of naïve and eTregs (which are the precursors of Tfr) and CD25+ Tfr in the follicle, while blocking full differentiation into germinal center-resident CD25− Tfr. On the other hand, IL-21 may encourage CD25+ Tfr to fully differentiate into CD25− Tfr via its effects on BCL6-mediated downregulation of CD25, but this comes at the price of reduced IL-2-dependent proliferation by CD25+Tfr.



THE IN VIVO ROLE OF TFR AND CONTRIBUTION OF TREGS TO HUMORAL IMMUNITY

Studies into the exact in vivo role of Tfr have yielded conflicting results. Several initial studies used adoptive transfer systems to study the function of Tfr. Here, they transferred CXCR5- or BCL6-deficient Tregs into T-cell-deficient mice, alongside WT CD4+Foxp3− cells, before vaccinating them. Loss of Tfr function in this system caused an increase in the number of germinal center B-cells while also increasing the amount of antigen-specific antibody, albeit with reduced affinity (15, 23). Another study used bone marrow chimeras of SAP-deficient and Foxp3-deficient bone marrow. These mice lack Tfr, since the Foxp3-sufficient cells lack SAP, which is critical for Tfr development. In this system, GC and Tfh numbers were increased but antigen-specific antibody production was reduced, presumably due to increased expansion of self-reactive Tfh (22). Treg-specific inhibition of TRAF3-dependent ICOS expression and a resulting defect in Tfr formation caused an increase in the number of GC B-cells, with no change in Tfh cell number but rather increased cytokine production by these cells which in turn also resulted in increased SHM (39). Reduced Tfr infiltration into the follicles due to loss of NFAT2-dependent CXCR5 expression also resulted in increased GC cell numbers and antigen-specific antibody production (40). The transcription factor Helios is also expressed by the majority of Tregs and Tfr. Mice with a Treg-specific loss of Helios expression develop autoimmunity characterized primarily by enhanced autoantibodies, GC size and Tfh cell number. This appears to be primarily due to loss of Tfr cell function, although some other abnormalities, such as an unstable phenotype and gain of pro-inflammatory cytokine production by Tregs, suggests that this phenotype may also be partly attributable to a wider loss of Treg function (41).Further to this, recent work demonstrates an essential role for mTOR complex 1 (mTORC1) signaling that induces STAT3-TCF1-driven induction of BCL6 expression (42). As a result, when essential components of the mTORC1 pathway were genetically depleted, Tfr development and function were impaired, leading to enhanced numbers of GC B-cells and Tfh following vaccination.

Altogether, these results suggest that Tfr control GC cell number and Tfh function but have varied effects on the quality and antigen specificity of the response. Conditional knockout of BCL6 in Tregs via the cre-lox (BCL6-flox: Foxp3-cre) system promises the ability to analyse Tfr function in more detail than is possible with cell transfer or bone marrow chimera approaches, and without some of the caveats that come with loss of function in genes that may also affect broader Treg functionality. Using this system, the Dent group found that Tfr were, as expected, significantly reduced, but this had no effect on either GC B-cell or Tfh cell numbers. However, Tfh production of IFN-γ, IL-10, and IL-21 were increased, resulting in increased IgA production but a reduction of IgG in the context of vaccination with sheep red blood cells or NP-KLH. In contrast, in pristine induced lupus models, dsDNA autoantibody specific IgA was increased in the absence of a clear effect on IgG. However, when using the same mouse model with a DNA prime-protein boost vaccination, the IgG titer was not affected but antibody avidity was reduced, suggesting a role for Tfr in the control of the quality of the antibody reaction (43). In contrast, another group demonstrated that Tfr are critical to IgA selection in the gut and that their presence increases the production of IgA-positive plasma cells in the lamina propria. This in turn has a critical role in the regulation of the microbiota via IgA (44). Further work in an influenza virus infection system demonstrates that, in this situation, Treg-specific BCL6 deficiency induced no change in GC and Tfh cell numbers, but caused a clear increase in the number of antibody-secreting plasma cells. However, this also coincided with a reduction in the proportion of antigen-specific cells, while increased autoantibody production was also observed when the infected mice were treated with IL-2 in order to suppress Tfr function (24). These findings were recently built on, with another group using BCL6-flox Foxp3-cre mice to demonstrate that—again—loss of Tfr had no clear effect on GC or Tfh cell number in influenza infection, but that influenza specific IgG2c antibody production was slightly, but significantly, increased (45). While these mice were healthy at a young age, by 30 weeks they had developed immune infiltration of several organs such as the lung, pancreas, and salivary gland, while also developing autoantibodies. In contrast to influenza infection, increased numbers of GC and Tfh were seen, suggesting that Tfr may control self-reactive GCs to a larger extent than non-self-reactive responses (45).

While it is clear that Tfr play an important role in the control of antibody production, whether they primarily control GC B-cell numbers or have a subtler role in the control of the quality and specificity of the antibody response remains less clear. Recent studies using conditional genetic deletion of BCL6 in Tregs do not suggest a role for Tfr in the control of overall GC numbers during the response to foreign antigens, but instead see a more subtle role in modulating antibody production via plasma cells. In contrast, in the context of a primarily self-antigen-driven response, Tfr may play a more active role directly controlling GC B-cell and Tfh cell numbers. This may be because Tfr have a more self-skewed TCR repertoire, respond better to vaccination with self-antigens rather than foreign antigens, and do not appear to require recognition of the same antigen as a particular Tfh cell in order to suppress it (25, 46, 47). We also previously demonstrated that while short-term depletion of Tregs/Tfr is effective at enhancing antigen-specific Tfh formation following vaccination with a foreign antigen, longer-term depletion of Tregs further increased the total number of Tfh but also reduced the absolute number of antigen-specific Tfh (12). This indicates that while partial or temporary disruption of Treg/Tfr function leads to increased availability of co-stimulatory molecules, and a resulting increase in the antigen-specific immune response, prolonged or total disruption of Treg/Tfr function may lead to a more profound loss of immune homeostasis resulting in aggressive expansion of autoreactive cells, which outcompete antigen-specific cells and cause skewing to self-reactive responses. As a result it is possible that a more or less complete loss of function in Tfr may have differing effects.

The relatively subtle effects of specific Tfr depletion stand in considerable contrast to the large effects seen when Tregs as a whole are depleted (11, 12). Equally, while the most highly-differentiated Tfr lack CD25 expression, anti-CD25 antibody is capable of inducing substantial autoantibody production (10). Given that it takes several days for Tfr to form following initial stimulation it is reasonable to surmise that Tregs outside the follicle are responsible for the control of the initiation stages of Tfh formation, while Tfr may be more critical a later in the process. We suggest a model in which CXCR5− Tregs, CD25+ Tfr present in the follicle and T-B border, and CD25− Tfr present in the GC have distinct roles at different points following initial stimulation of a GC reaction, essentially forming three rings of protection for the prevention of autoreactive GCs (Figure 2). Specifically, CXCR5− Tregs may control the initial formation of Tfh via suppression of the contact between DCs and n naïve T-cells, CD25+Tfr in the follicle may interfere with contact and signaling between Tfh and B-cells at the T-B border or during transit through the follicle, while CD25− Tfr resident in the GC itself may interfere with the interactions between GC-Tfh and centrocytes. This division is likely to be temporal as well as spatial, with the key events in the extra-follicular region occurring earlier than events in the GC. Even in the context of an established GC reaction, the outer rings of defense may still be critical to prevent new autoreactive cells infiltrating an existing GC as given sufficient antigen naïve B-cells and newly formed Tfh are capable of entering pre-existing GCs even at relatively late stages of their life cycle (48, 49). The lines between these rings of defense are likely to be blurred for several reasons: Tregs, CD25+ Tfr and CD25− Tfr are developmentally related and a single cell could potentially perform in all three areas over the course of its differentiation, also, almost all Tfr in the GC lack CD25 expression the follicle contains a mixture of CD25+ and CD25−Tfr which may represent GC Tfr cells traveling back to the follicle in a manner similar to Tfh (48). With these caveats in mind, we believe this model may capture the essence of the division of labor between these Treg subsets. While loss of CD25 appears to be a good marker of Tfr differentiation in mice, in humans CD25− Tfr located in the GC seem to be rare, so it may be the case that human Tfr are weighted to a greater role for CD25+ Tfr in the B-cell follicle and T-B border (34). As a result this model may be a good fit for the murine system while further detailed experiments are required to better understand human Tfr biology.
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FIGURE 2. Role of different Treg subsets in control of the GC response. Model of potential differing roles for Tfr and Tregs in the control of humoral immunity. Tregs control the initial interaction of naïve T-cells with DCs, CD25+ Tfr control interactions at the T-B border and travel through the follicle, while CD25− Tfr are responsible for direct suppression in the GC itself.





MECHANISMS OF TFR FUNCTION

A number of suppressive mechanisms have been proposed to have a role in Tfr function. CTLA-4 is known to be critical to Treg suppressive function to the extent that its specific deletion in Tregs leads to severe autoimmunity similar to that seen in Foxp3-deficient scurfy mice (50). We and others previously demonstrated that loss of CTLA-4 function in Tregs had a severe impact on the suppression of Tfh responses (12, 51, 52). CTLA-4 primarily acts to deplete the CD28 ligands CD80 and CD86 from the surface of antigen-presenting cells, preventing them from providing co-stimulation to T-cells (53). It is likely that this mechanism is of primary significance in controlling the initial stages of Tfh cell formation at the T-B border, since blockade of CD80 and CD86 has little effect on already preformed Tfh cells, while mice lacking CD80 and CD86 on B-cells but not DCs were still able to form Tfh and GCs, suggesting that the core function cell extrinsic function of CTLA-4 may be at the early stage of GC formation during contact with DCs (54, 55). However, several groups have also found that expression of CD80 and CD86 by B-cells alone are sufficient to induce germinal center reactions in mice otherwise lacking CD80 and CD86 (12, 56). In both cases, a cell-intrinsic role for B-cell CD80 and/or CD86 was described, since when transferred together CD80/86 sufficient B-cells were better able to forms GC B-cells than CD80/86 deficient B-cells (12, 56). Further to this, a B-cell-intrinsic role for CD80 in controlling Tfh and plasma cell formation was also observed (57). Together these results would suggest that in specific circumstances, CD80 and CD86 expression on either DCs or B-cells may be dispensable but that it is likely that optimal Tfh responses require both. Aside from its ligand-depleting function, CTLA-4 has also been suggested to mediate direct suppression of B-cell antibody production by putative Tfr (CD25+CD69−), although the molecular events underpinning this remain unclear (21). It is also possible that cell-intrinsic functions of CTLA-4 that act on the Tfr itself may have a role in the control of later-stage GC reactions (51) as at least some of the effect of CTLA-4 appears to be independent of CD28 signaling (58).

Another recently proposed mechanism of Tfr function is expression of the IL-1 decoy receptor IL-1R2 (25). Addition of IL-1 to vaccinated mice enhances the Tfh response and resulting antibody production, while blocking IL-1 has the opposite effect. Tfr have enhanced IL-1R2 expression in comparison to other Tregs and are able to inhibit IL-1 driven enhancement of Tfh cytokine production in a similar manner to blocking IL-1 (25). This suggests that Tfr may be able to engage IL-1 and prevent its interaction with Tfh cells. RNA sequencing reveals that IL-1R2 is expressed by both CD25+ and CD25− Tfr (26). Further work is required to determine the in vivo importance of this proposed mechanism. Additionally, IL-1R2 is also highly expressed by both tumor-infiltrating and CXCR3+T-bet+ pancreatic Tregs, suggesting that it may be a mechanism used by a range of highly-activated Tregs subtypes, including Tfr (59, 60).

GARP, a Treg surface molecule that supports the anchoring of latent TGFβ onto the surface of Tregs, has also recently been shown to be enriched on the surface of human Tfr, although again further work is required to determine its exact in vivo contribution to Tfr function (34). TGFβ signaling has been shown to control Tfh numbers, although the phenotype is much more severe than loss of Tfr function alone, suggesting that it may be involved at multiple stages of Tfr/Treg function (61).

Tregs have also been suggested to directly kill activated B-cells via production of granzymes and perforin (62, 63). This work was carried out before the full description of Tfr, but it seems likely that these cells were primarily naïve/eTregs since they were purified on the basis of CD25 expression from healthy wild-type mice.

Surprisingly, recent work suggests that Tfr may also have some positive role in the modulation of the GC response. Some earlier results suggest that Tfr may support specific IgG production and affinity maturation in at least some contexts (22, 43). Building on this, recent results demonstrate that production of the cytokine IL-10 by Tfr enhances germinal center responses by driving germinal center B-cells into a proliferative dark zone phenotype via induction of the transcription factor FOXO1. As a result, specific knockout of IL-10 in Tfr results in reduced GC cell numbers (64). In contrast, IL-10 receptor-deficient T-cells more readily develop into Tfh cells, suggesting that IL-10 signaling into B and T-cells may have differing effects on GC and Tfh formation (65). The finding that Tfr have at least some ability to support the germinal center reaction differs from the results from models that look at total loss or inhibition of Tfr function, and suggests that while their overall contribution can probably be characterized as suppressive, Tfr may have a complex role in the fine-tuning of the germinal center response that includes the delivery of some conflicting signals (66).

In short, a number of potential mechanisms of Treg/Tfr control of humoral immunity have been identified. Further analysis of RNA sequencing data obtained from Tregs, CD25+ Tfr and CD25− Tfr revealed that these cells have differing expression of various Treg suppressive molecules (26) (Figure 3). Importantly we use activated (CD44+CD62L−CXCR5−) but not Naïve Tregs as a baseline comparison to Tfr. Since Tfr themselves are all CD44+CD62L− their direct comparison to total CXCR5- Tregs which contain a significant proportion of naïve cells will lead to the identification of a range of effector Treg markers being misidentified as Tfr enriched. Granzyme B appears exclusive to eTregs, IL-10 is present in CD25+ Tfr and eTregs, IL1-R2 is concentrated in the CD25+ Tfr, CD73 is slightly increased in both Tfr subsets, CD39 and CTLA-4 appear to favor eTregs. However only IL-10 and granzyme B were identified as differentially expressed between these Treg groups, while CTLA-4 protein was also confirmed to not be significantly different by flow cytometry (26). In all cases Tfh themselves express lower levels of these molecules. As a result, it seems Tfr may act via a number of suppressive mechanisms and that all of these functional molecules are shared with Tregs.


[image: image]

FIGURE 3. Expression of suppressive genes by Tfh, Tregs, CD25+ Tfr, and CD25− Tfr. RNA expression of murine Tfr cells measured as Fragments Per Kilobase Million (FPKM) taken from RNAseq dataset in Wing et al. (26). n = 2 ±SEM. Mice were vaccinated with NP-Ova in alum and cells sorted from peripheral lymph nodes 7 days later. CD4+B220– cells from Foxp3 reporter were sorted as CD62L−CXCR5+PD1+Foxp3−GITR− Tfh, CD62L−CXCR5−Foxp3+GITR+CD25+ eTreg, CD62L−CXCR5+PD1+GITR+CD25+ CD25+ Tfr, and CD62L−CXCR5+PD1+Foxp3+GITR+CD25− CD25− Tfr.



While the mechanisms of Tfr function are still under investigation, it is of interest that Tfr induce sustained suppression of Tfh and B-cells that outlasts the immediate contact between these cells. B-cells that have been previously suppressed by Tfr have altered metabolic and epigenetic programming that impair their ability to respond to later stimulation by Tfh cells in the absence of Tfr cells (67). This suggests that the effect of Tfr suppression persists beyond the actual contact period between the Tfr and B-cell/Tfh, and may be critical in the generation of a large effect from a small number of cells, since Tfr are significantly outnumbered by B-cells and Tfh in the follicular environment, particularly in human GCs (34).



CIRCULATING TFR

While bona-fide Tfr are defined by their localization in the B-cell zones of lymphoid organs, CXCR5+Foxp3+ circulating Tfr (cTfr) can also be found in blood. Due to the relative difficulty in obtaining samples of human lymphoid tissues, this population has been the focus of investigations in humans.

cTfr in mice appear to be formed early in the Tfr differentiation process since they are retained even in μMT B-cell deficient mice, suggesting that they are dependent on the initial contact with DCs but do not require the second contact with B-cells that would normally finalize the differentiation process (46, 68). Similarly in humans cTfr cells were generated in the peripheral lymphoid tissue following the initial activation mediated by DCs, but were similarly not affected by a lack of B-cells demonstrating an early bifurcation of cTfr and tissue-resident Tfr (68). As a result there are significant phenotypic differences between cTfr and from Tfr isolated from tonsils and other lymphoid organs with cTfr having much reduced expression of normally characteristic markers such as PD-1, ICOS and BCL6 (26, 46, 68, 69). This difference is further emphasized by the finding that Tfr from human tonsils have a subset of CD25negative/lo BCl6+Foxp3+ Tfr while CD45RA− effector Tfr in blood are CD25int. In contrast CXCR5− effector Tregs in blood upregulate CD25 in comparison to naïve Tregs, again demonstrating the significant difference in IL-2 metabolism between Tfr and other effector Tregs (26). Interestingly due to their CD25int nature CD45RA− cTfr find themselves in the fraction (FRIII) of blood Tregs that we previously identified as primarily Foxp3intCD25int non-Tregs (70). However, since we and others have confirmed that cTfr retain stable expression of Foxp3, a Treg-type demethylation signature, and suppressive function, it seems that FRIII may contain a mixture of Tregs and non-Tregs (26, 68, 71). This mixed nature of FRIII was recently confirmed by the finding that CD127−CD25intCD45RA− FRIII Tregs can be further divided into CD49d+CCR4−, CCR4−CD49d−, and CCR4+CD49d− cells, with the CD49d fraction expressing inflammatory cytokines (72). In our hands CD45RA−CD127−CXCR5+CD25Int cTfr lack CCR4 and CD49d expression and, as a result, cTfr make up the majority of CCR4−CD49d− cells in FRIII (26). This suggests that FRIII can be stratified into CD49d+CXCR5−CCR4− non-Tregs, CD49d−CXCR5+CCR4− cTfr and CD49d−CXCR5−CCR4+ Tregs.

Surprisingly, given that CXCR5 is normally considered an activation/memory marker in T-cells, some Tfr found in peripheral blood appear to have a naïve phenotype (CD45RA+CXCR5+) (68, 69, 73). Similar to Tfr themselves, the first indication of the presence of these cells can be found in the work of Lim et al. in 2006 who found that, in contrast to a range of other chemokine receptors normally associated with effector/memory cells, such as CCR2, CCR4, and CCR6, CXCR5 expression by Tregs was increased on CD45RA+ cells in a similar manner to CCR7 (73). Expression of markers such as CD45RA would normally be considered an indication of naïve status. However, these cells are absent in cord blood and the thymus, suggesting that they are induced from truly naïve Tregs by stimuli that occur after birth (68, 73). Given that CD45RA+ Tregs are now considered a promising target for in vitro expansion and clinical use, this phenomenon may require further investigation (74).

While it is clear that cTfr retain the ability to suppress T-cells in vitro, there are conflicting reports of their ability to block B-cell antibody production. One group found that these cells were unable to suppress antibody production (68) while several groups found the opposite (26, 35, 71). Interestingly, Liu et al., found that cTfr suppressive activity increased in correlation with the sequential shift of cTfr from FRIII Foxp3int into a highly-activated Foxp3hi phenotype from healthy donors > active RA patients > patients in remission.

One unifying feature of these studies is that CXCR5− Tregs in circulation are capable of suppressing antibody responses in vitro at least as well as, and sometimes better than, cTfr (26, 68). This might be considered an indication that these cells may not be bona fide Tfr. However, whether the ability to suppress humoral responses in vitro should be considered a defining property of Tfr is questionable. CXCR5− Treg from the tissues of both humans and mice are fully capable of suppressing B-cell antibody production in vitro (12, 26, 34). While certain suppressive mechanisms may skew toward Tfr or eTregs (Figure 3), and may have different roles at different points of the humoral response, it seems likely that none of them are entirely exclusive. This is emphasized by the finding that CTLA-4, IL-10, and IL1-R2 all have roles in both Tfr and Treg suppressive function. This current lack of evidence for a suppressive mechanism which is unique to Tfr, and which might explain any specific ability to suppress humoral immunity by Tfr, suggests that the capacity to suppress B-cells in vitro may not be a defining characteristic of Tfr. Instead we favor a model in which the key in vivo difference between Tregs and Tfr is not their mechanism of suppression, but rather their localization. Simply, we suggest that both CD25− and CD25+ Tfr are able to act at different points of the humoral response from Tregs, because they are in the right place to do so, a distinction that is lost during an in vitro assay.



TFR IN HUMAN DISEASE

Due to their relatively recent discovery, the role of Tfr in human disease is not well understood at this time. The proportion of cTfr in human blood may be a direct indicator of the extent of ongoing antibody responses. The total number of cTfr in blood increases after vaccination, while the proportion of them that are CD45RA+ drops (68, 69). cTfr are also increased as a proportion of Tregs in patients with ongoing Sjögren's syndrome (SS), and the Tfr/Tfh ratio strongly correlates with both autoantibody production and activated (PD-1+ICOS+) T-cell infiltration into the minor salivary glands of patients (68, 75). In the context of infection, cTfr expand during chronic viral and parasitic infections such as human immunodeficiency virus (HIV), hepatitis B virus (HBV), hepatitis C virus (HCV), and Schistosoma japonica (76–78) The increase of cTfr cell frequency in patients chronically infected with either HBV or HCV showed strong correlation with serum viral load in both infections. In rheumatoid arthritis, increased percentages of cTfr, decreased percentages of Tfh and a corresponding drop in the ratio of Tfh/Tfr was associated with stable disease and reduced levels of autoantibodies, while active disease was correlated to increased cTfr but no change in the Tfh/Tfr ratio (71). However, treatment may cause cTfr numbers to drop resulting in a high Tfh/Tfr ratio but no clear relationship between cTfr numbers and autoantibodies (79). Similarly to untreated RA patients, the Tfh/Tfr ratio was correlated with autoantibody production in SLE patients, although in this case this was due to a loss of Tfr while the proportion of Tfh remained stable (80). cTfr cell frequency was also reduced in the blood of multiple sclerosis patients and these cells were found to be less suppressive compared to those of healthy controls (69). Together these results suggest that an increased proportion of cTfr in the blood is a marker of ongoing humoral activity and that the Tfh/Tfr ratio may give an indication of autoantibody production. However in the cases of SLE and MS this correlation seems less clear. Whether, as seems possible, this is an indication that autoantibody production in these settings is due to a proliferative defect in cTfr is unclear at this time.

The frequency of cTfr cells in primary immunodeficiency disorders also displays variability. Cunill et al. reported that the smB− (switched memory phenotype B-cell deficient) subset of common variable immunodeficiency (CVID) patients showed remarkable reduction in their blood CXCR5+CD25hiCD127low Tfr cell numbers (81). Store-operated Ca2+ entry (SOCE) via Ca2+ release-activated Ca2+ (CRAC) channels mediated by STIM and ORAI proteins is an essential signaling pathway in T cells, and it controls both Tfh and Tfr cell differentiation (82). Vaeth et al. demonstrated that frequency of CD45RO+Foxp3+Helios+Tfr-like effector Treg cells is significantly diminished in patients with severe combined immunodeficiency-like disease, characterized by inherited loss-of-function mutations in STIM1 or ORAI1 genes (82) Meanwhile, Jandl et al. found that the percentages of CD4+CXCR5hiPD-1hiCD127low Foxp3+ cTfr cells were elevated in the peripheral blood of IL-21R-deficient patients compared to healthy controls (38). Despite this the total frequency of cTfr seem surprisingly resistant to a range of mutations that affect Tfh formation, such as STAT1 and STAT3, IL21R, IL10R, and ICOS (83).



TFR IN TUMORS

Increased numbers of activated ICOS+CXCR5+ Tfr are seen in the blood of non-small cell lung cancer patients although this did not correlated with disease stage (84). Tfr are also enriched in the lymph nodes of diffuse large B cell lymphoma (DLBCL) patients and the proportion of Tfr was reduced in patients with more advanced stage disease (85). It is unclear what the role of Tfr may be in the tumor environment but Tfh like cell infiltration has been demonstrated to be predictive of survival in breast cancer and may drive ectopic germinal centers (86). Although in this case these were CXCR5−PD-1hiCXCL13 T-helper identified in inflamed joints and breast cancer (described as TfhX13) (87). TfhX13 and Tfh appear closely related, sharing most of the transcriptional programming related to B-cell help but with differing homing capabilities as Tph primarily infiltrate inflamed tissue in a CXCR5 independent manner. It is unclear if Tregs have a direct equivalent for these cells but in breast cancer PD-1intICOShiCXCR5− Tregs are seen infiltrating the same areas suggesting that these may be non-Tfr effector Tregs (87).



CONCLUSION

Due to their recent discovery the Tfr field is still young and many important questions about the formation and function of Tfr and their role in a range of antibody driven autoimmune diseases remain unanswered. Recent work examining specific knockout of Tfr suggests that Tfr may be biased to the control of autoantibody responses while having a more subtle role on the production of non-self-antibodies. It seems clear that in mice Tfr readily lose expression of CD25 and this correlates with a germinal center localization a CXCR5hiBCL6hiPD-1hi phenotype. In humans these cells appear to be less common suggesting that CD25+Tfr may have a more dominant role in this setting. However the relative contributions and exact suppressive mechanisms used by CD25−Tfr, CD25+Tfr and Tregs at different points in the regulation of the humoral immune response remain unclear and may prove hard to separate due to their highly interrelated nature. New tools may be needed to separate these populations, particularly in humans in which our understanding of Tfr biology is limited, making further human Tfr studies an ongoing priority.
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Co-ordinated interaction between distinct cell types is a hallmark of successful immune function. A striking example of this is the carefully orchestrated cooperation between helper T cells and B cells that occurs during the initiation and fine-tuning of T-cell dependent antibody responses. While these processes have evolved to permit rapid immune defense against infection, it is becoming increasingly clear that such interactions can also underpin the development of autoimmunity. Here we discuss a selection of cellular and molecular pathways that mediate T cell/B cell collaboration and highlight how in vivo models and genome wide association studies link them with autoimmune disease. In particular, we emphasize how CTLA-4-mediated regulation of CD28 signaling controls the engagement of secondary costimulatory pathways such as ICOS and OX40, and profoundly influences the capacity of T cells to provide B cell help. While our molecular understanding of the co-operation between T cells and B cells derives from analysis of secondary lymphoid tissues, emerging evidence suggests that subtly different rules may govern the interaction of T and B cells at ectopic sites during autoimmune inflammation. Accordingly, the phenotype of the T cells providing help at these sites includes notable distinctions, despite sharing core features with T cells imparting help in secondary lymphoid tissues. Finally, we highlight the interdependence of T cell and B cell responses and suggest that a significant beneficial impact of B cell depletion in autoimmune settings may be its detrimental effect on T cells engaged in molecular conversation with B cells.
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INTRODUCTION

Effective collaboration between T and B cells is a central tenet of protective immunity. Such interactions underlie the development of optimal affinity-matured antibody responses that are required for host defense, permitting the rapid neutralization of bacterial toxins and blockade of viral cell entry. Over the last decade however, it has become apparent that T cell/B cell collaboration also underpins the development of many autoimmune responses leading to undesirable sequelae. Thus, many of the cellular and molecular pathways familiar to us in the context of effective immunity are also implicated in the development of autoimmunity.

In this review we highlight the interdependence of T cell and B cell responses, both in the initiation of humoral immunity and in the context of immune memory. We then home in on the pathways supporting T cell/B cell collaboration and discuss how costimulatory signals orchestrate the chemokine receptor modulation that drives T cell localization to the T-B border and the altered motility that promotes follicular entry. The importance of SLAM family members in stabilizing adhesive interactions between T and B cells is considered, as is the role of cytokines that support or hinder the emergence of T cell help for the B cell response. Next we examine the early work linking follicular helper T cell (Tfh) differentiation to the development of autoimmunity in mice and describe how this prompted a wave of interest in the analysis of blood-borne Tfh-like cells in human autoimmunity. We illustrate how many of the pathways considered earlier are linked to human autoimmunity by probing GWAS datasets for 10 selected autoimmune diseases.

Throughout the review we focus in particular on the Tfh cell subset that enter B cell follicles to support germinal center (GC) formation. However, it is important to note that interactions between B cells and non-Tfh subsets may also play roles in promoting autoimmunity. A recent exciting development in this regard is covered in our final section on T Cell/B Cell Collaboration Outside Secondary Lymphoid Tissues where we discuss the identification of “peripheral helper” T cells that lack bona fide Tfh markers yet appear to provide help to B cells at sites of autoimmune inflammation. Finally, we close the article by discussing the potential to interrupt T cell/B cell collaboration in autoimmune settings by therapeutic B cell depletion.



INTERDEPENDENCE OF T CELL AND B CELL RESPONSES

Implicit in the concept of T cell help for B cells is a notion of directionality, implying that T cells are the providers of help and B cells the recipients. However, it has become clear that the reality is far more equitable, with sequential inputs required from both cell types for a successful overall outcome. This is elegantly demonstrated by the molecular underpinnings of the germinal center response, which relies on tightly regulated bi-directional interactions between follicular helper T cells (Tfh) and B cells.

Tfh cell differentiation is a highly complex multistage endeavor [reviewed in (1)], and B cells play an integral role in this process from the moment Tfh cell precursors first interact with B cells at the follicular border in spleen or interfollicular region in lymph nodes (2, 3) and throughout the GC reaction. In the absence of cognate B cells, Tfh precursors expressing Bcl6 (the master transcription factor for Tfh differentiation) fail to assume a mature Tfh cell phenotype within the follicle (3). The maintenance of Tfh cells requires sustained antigenic stimulation and B cells represent the key antigen presenting cell type during the GC reaction (4, 5). Moreover, there is a positive correlation between Tfh cell and GC B cell numbers in GC, emphasizing the intimate functional relationship between the two cell subsets (4, 6).

When it comes to memory responses, T cells play a clear role in the emergence of memory B cells via the GC reaction, and it appears that the inverse is also true, with B cells actively supporting the efficient generation or maintenance of T cell memory (7). Elegant experiments revealed a key role for memory B cells in presenting antigen to memory Tfh cells to drive Bcl6 re-expression (8), and the location of memory Tfh cells in B cell follicles (9, 10) makes them ideally placed for such contacts. In addition to cognate interaction, the role of B cells in T cell memory may include the provision of costimulatory ligands, as well as their contribution to the structural organization and architecture that supports immune responses.



PATHWAYS SUPPORTING T CELL/B CELL COLLABORATION

Several key pathways regulating T cell/B cell collaboration have been identified over the years (11), and we highlight a number of examples below.


CD40/CD40L

CD40 and CD40L have long been recognized as key players in humoral immunity and are essential for GC formation (11–13). Blockade of CD40L signaling during an ongoing GC reaction was shown to abrogate the response, emphasizing the need for continuous CD40-CD40L interactions throughout the GC lifespan (14). Clinical studies identified mutations in CD40L as a common cause for human genetic immunodeficiency X-linked hyper-IgM syndrome, where patients presented with impaired GC development emphasizing the importance of T cell/B cell collaboration in the pre-GC stages of adaptive immune responses (11, 15).



CD28/CTLA-4

Experiments in the late 1990's established that CD28 signaling was required for CD4 T cells to upregulate CXCR5 and migrate into B cell follicles (16), explaining the defect in GC formation in mice lacking CD28 (17) or its ligands (18). CXCR5 induction permits responsiveness to CXCL13 expressed by stromal cells in the follicle and, in association with downregulation of CCR7 (19), guides T cell follicular migration. The G-protein-coupled receptor S1PR2 appears to cooperate with CXCR5 to ensure localization and retention of Tfh at the GC site (20). The amount of CD28 engagement directly influences Tfh differentiation since T cells heterozygous for CD28 showed reduced Tfh induction despite normal activation (Figure 1). The CD28 pathway is regulated by CTLA-4 which binds to the same ligands, CD80 and CD86, but with higher affinity than CD28. Although widely credited with imparting a negative signal, in our view the available evidence does not support this idea and instead suggests that CTLA-4 regulates CD28 engagement by competing for and downregulating their shared ligands (22, 23). The CTLA-4 pathway restricts the formation of Tfh by limiting T cell CD28 engagement (21) and CTLA-4 expression in the regulatory T cell compartment is essential for this process (24, 25). Accordingly, deficiency or blockade of CTLA-4 in mice leads to hyper-engagement of CD28, overproduction of Tfh and spontaneous GC formation (21). CD28 is also required for the development of the follicular regulatory T cells (Tfr) that negatively regulate the GC response (26) (for recent reviews of Tfr please see Wing et al. (27), Fazilleau and Aloulou (28) and Xie and Dent (29) in this collection).
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FIGURE 1. Strength of T cell CD28 engagement influences Tfh differentiation. In mice that are deficient in CD28 signaling, T cells fail to form Tfh (16–18). T cells expressing less CD28, as a result of gene heterozygosity, exhibit a quantitative reduction in Tfh generation compared with wildtype T cells (21). In mice lacking CTLA-4, regulation of CD80 and CD86 is impaired resulting in excessive CD28 engagement. This is associated with spontaneous Tfh induction, increased T cell IL-21 production and formation of germinal centers (21).





OX40

The ability of CD28 to promote Tfh development may reflect its capacity to upregulate secondary costimulatory receptors such as OX40 and ICOS. CD28 engagement triggers T cell OX40 upregulation (16) and ligation of OX40 in turn promotes CXCR5 expression (30). Mice expressing OX40L constitutively on dendritic cells showed increased numbers of CD4 T cells in their B cell follicles (31) and conversely deficiency (32) or blockade (33) of OX40 reduced Tfh numbers after viral challenge. Importantly, B cell expression of OX40L has also been shown to support Tfh development (34).

Despite the above, the involvement of OX40 in Tfh differentiation remains controversial; indeed in one study engagement of OX40 was shown to impair Tfh development by promoting expression of Blimp-1 (35) which can inhibit Bcl6 and extinguish the Tfh programme (36). Similarly, in the context of Listeria monocytogenes infection, mice lacking OX40 showed intact Tfh differentiation, and treatment of wildtype mice with agonistic anti-OX40 antibodies expanded effector T cells at the expense of Tfh (37). Thus the involvement of OX40 may be context dependent, with strain-specific and site-specific differences being noted in one study (38). It remains possible that OX40 stimulates the survival or expansion of all differentiated T cells rather than instructing the Tfh differentiation process per se.



ICOS

ICOS is known to be required for the GC response (39–42) and its engagement promotes the differentiation (43) and maintenance (44) of Tfh cells. The level of ICOS upregulation on T cells undergoing activation in vivo is tightly coupled to the level of CD28 engagement (21) consistent with the idea that CD28 may promote GC formation via the ICOS pathway. ICOS is superior to CD28 in its capacity to activate phosphoinositide 3-kinase which is known to be required for Tfh cell differentiation and GC formation (6, 45). It has been suggested that ICOS can substitute for CD28 in later phases of the Tfh response (46) although the timing may be critical since extinguishing CD28 at the time of OX40 induction (using OX40-Cre CD28-floxed mice) showed the response was still CD28-dependent at this stage (47, 48). B cells may be an important source of ICOSL since mice lacking B cell-expression of this molecule exhibit significantly reduced Tfh and GC B cell numbers in response to peptide immunization (49, 50). Intriguingly this may reflect a role for ICOSL on bystander (non-cognate) B cells which engages ICOS on T cells approaching the T-B border, promoting their motility and hastening their follicular entry and subsequent Tfh maturation (51). ICOS signaling downregulates the transcription factor Klf2 in both mouse and human T cells and this is critical for ensuring follicular localization of Tfh by keeping CXCR5 high but CCR7, CD62L, PSGL-1, and S1PR1 low (44). Mirroring the findings in murine models, humans with ICOS deficiency show reduced blood Tfh cell frequencies and defects in GC and memory B cell formation (52, 53).



SLAM Family Members

During a GC reaction, T and B cells are required to repeatedly engage with each other to facilitate interactions between the receptor/ligand pairs described above. At the T-B border, early interactions between antigen-specific T and B cells are long-lived, while within GC, most cognate Tfh/GC B cell interactions last less than 5 min, but are associated with extensive surface contacts (54, 55). These interactions are stabilized by expression of signal lymphocyte activation molecule (SLAM) family receptors Ly108 and CD84 and SLAM-associated protein (SAP) (56, 57). The importance of these molecules is highlighted by SAP-deficient mice, where Tfh cell differentiation is impaired leading to profound defects in formation of GC, long-lived plasma cells and memory B cells (58–61). Similar observations have been made in X-linked lymphoproliferative disease patients with SAP-deficiency (62).



Cytokines

IL-2 is a powerful inhibitor of Tfh differentiation (43, 63) by virtue of its STAT5-dependent induction of Blimp-1 (43, 64). Intriguingly, it has been shown that activated dendritic cells in the outer T zone use CD25 expression to quench T cell derived IL-2 thereby generating a microenvironment that favors Tfh formation (65). Tfh differentiation is also influenced by other cytokines, most notably IL-6 in mice (66) and IL-12 in humans (67, 68). Intravital imaging studies have revealed that cognate interactions with GC B cells induce Ca2+-dependent co-expression of IL-21 and IL-4 in Tfh (69). These cytokines further promote GC B cell responses, providing a positive feedback loop between Tfh and GC B cells.




T CELL/B CELL COLLABORATION IN AUTOIMMUNITY

Widespread recognition of the importance of T cell/B cell collaboration in driving immune-mediated pathology came from a landmark paper in 2009 (70) linking overproduction of Tfh with systemic autoimmunity. This work focused on sanroque mice which have a mutation in the E3 ubiquitin ligase Roquin-1 that regulates mRNA stability and is required for appropriate repression of ICOS expression. Mice with the Roquin mutation exhibited high ICOS expression, excessive Tfh formation and lupus-like pathology, however this was abolished if the mice were rendered SAP-deficient, consistent with a critical role for T cell/B cell collaboration in driving this pathology. It was subsequently shown that the Roquin mutation dramatically increased progression to type 1 diabetes (T1D) in a TCR transgenic mouse model (71). In a separate mouse model, microarray analysis of T cells responding to pancreatic antigen revealed a striking signature for Tfh differentiation, and cells with a Tfh phenotype showed an enhanced capacity to induce diabetes upon adoptive transfer (72). SAP dependent T cell/B cell interactions have been shown to be essential in the K/BxN model of arthritis (73), where a role for gut microbiota in promoting disease via Tfh induction has been identified (74). A separate study revealed that collagen-induced arthritis could be ameliorated by T cell specific CXCR5 deficiency consistent with the potential involvement of Tfh (75). Findings from mouse models prompted investigation of cells with a Tfh-like phenotype in a wide variety of disease settings in humans, leading to the appreciation that these cells are overrepresented in multiple autoimmune diseases including systemic lupus erythematosus (SLE), Sjögren's syndrome, T1D, myasthenia gravis, rheumatoid arthritis (RA) and multiple sclerosis (MS) (76–78).

The exact provenance of blood-borne cells with a Tfh phenotype has been the subject of much debate. Elegant intravital imaging revealed that while Tfh readily move between GC they only rarely enter the circulation (79). It is widely recognized that Tfh have a circulating memory counterpart (80–83), however expression of many Tfh markers is reduced in the circulation (84, 85) with CXCR5 being least affected (4). Blood-borne CD4+CXCR5+ cells have been shown to be superior at supporting B cell antibody production and class-switching in vitro compared to their CD4+CXCR5- counterparts (86–90). Importantly, CXCR5+ cells can be found in the blood of SAP-deficient mice and humans, consistent with the idea that they arise prior to T cell differentiation into mature Tfh within GC (89). Despite their controversial origin and likely heterogeneity, it has become clear that upon antigen exposure circulating Tfh-phenotype cells can migrate to secondary lymphoid tissue and participate in GC reactions suggesting they represent a bona fide functional memory subset (91).

There are many possible explanations for the observed elevation in Tfh-like cells in autoimmune settings. In some cases, this may be secondary to generalized immune activation associated with disease. However, Tfh changes can be detected prior to the onset of overt disease in children at risk of T1D (92), and insulin-specific T cells are enriched for a CXCR5+ Tfh precursor population in children who have only recently developed islet autoantibodies (93). The blood Tfh signature is frequently linked to disease activity (76, 78), and successful treatment of SLE has been shown to decrease Tfh while numbers of Th1 and Th2 cells remain unaltered (94). Persistent antigen has been suggested to favor Tfh differentiation and maintenance (4, 95), so continuous availability of tissue antigen could potentially support this response in chronic autoimmune conditions.

The strongest genetic association with autoimmunity maps to the HLA region (96), consistent with its role in presenting the TCR ligands that drive pathogenic and regulatory (97) T cell responses. Interestingly, other genes conferring susceptibility to autoimmunity in humans include many candidates associated with T cell/B cell collaboration. Accordingly, in genome-wide association studies (GWAS) from ten selected autoimmune conditions (T1D, RA, juvenile idiopathic arthritis, autoimmune thyroid diseases, vitiligo, alopecia areata, SLE, MS, primary biliary cirrhosis, celiac disease), polymorphisms in several genes integral for T cell/B cell co-operation bear significant associations with disease susceptibility (Figure 2). These genes are highlighted on the basis of their relevance to T cell/B cell collaboration, however it should be noted that many are also likely to influence T cell interactions with other cell types, such as dendritic cells. A selection of these is discussed below.
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FIGURE 2. Genes involved in regulating T cell/B cell collaboration are associated with autoimmunity. Manhattan plot of GWAS analysis for 10 selected autoimmune diseases: alopecia areata, autoimmune thyroid diseases (Hashimoto's thyroiditis and Graves' disease), celiac disease, juvenile idiopathic arthritis, MS, primary biliary cirrhosis, RA, SLE, T1D, and vitiligo. Statistical strength of association (-Log10P) is plotted against genomic position. Single nucleotide polymorphisms (SNPs) in genes with known function in regulating T cell/B cell collaboration are marked with colored circles; other SNPs are marked with gray dots. More than 60% of the highlighted genes are implicated in more than one of the 10 selected autoimmune diseases. The NHGRI-EBI Catalog of published genome-wide association studies (98) was used to generate this figure (catalog version: gwas_catalog_v1.0.2-associations_e92_r2018-05-12; access date 17.05.2018). Only SNP traits with a p-value of <1.0 × 10−5 in the overall (initial GWAS + replication) population are included in this catalog. For clarity, the y-axis scale used in this figure excludes HLA-DRB1 SNP associations with -Log10P values of 299, 250 (x2), 185.4 in RA and 224.4, 206, 183 in MS, and an insulin SNP association with -Log10P of 185 in T1D. This figure only serves illustrative purposes and no direct comparisons should be made between associations taken from different studies.




Costimulatory Molecules

The CD28, CTLA4, and ICOS genes are located within a 300 kb region on human chromosome 2 and likely arose from sequential gene duplication (99). Variation at this locus is associated with autoimmunity (100) and blockade of CD28 signaling with CTLA-4-Ig fusion protein is a recognized treatment strategy in a number of autoimmune disease settings (101). As mentioned above, autoimmunity in sanroque mice is associated with de-repression of ICOS mRNA, and dysregulated ICOS expression is also believed to underlie the increase in Tfh and autoimmune phenotype seen in the Sle1 lupus-prone mouse model (102). The genes encoding the ligands for these receptors, CD80, CD86, and ICOSLG, are also associated with autoimmunity (Figure 2), consistent with the need to tightly control the core pathways that control the induction of T cell help. CD40, which provides an essential pathway for GC B cells to perceive T cell help, is implicated in multiple autoimmune diseases (103) as is DBC1 which regulates its downstream signaling (104). OX40L contributes to pathology in a mouse model of SLE (34) and polymorphisms in OX40L (TNFSF4) are associated with several diseases where humoral immunity is known to be perturbed including SLE and RA, leading to the investigation of this pathway as a therapeutic target (105).



Cytokines

Cytokines are important regulators of the GC response, and many of the key cytokines implicated in shaping Tfh and GC B cell differentiation are associated with autoimmune susceptibility. IL2RA, which encodes the high affinity subunit for the IL-2-receptor shows one of the strongest associations with T1D outside of the HLA region (106), and as discussed above, IL-2 signaling potently inhibits Tfh differentiation. The IL2 and IL21 genes located next to each other on human chromosome 4 (107), and IL4RA and IL21RA on chromosome 16 (108) also bear a strong association with autoimmunity, potentially reflecting the key roles of IL-21 and IL-4 in orchestrating collaboration between Tfh and B cells within GC (109, 110). Also highlighted by GWAS are IL6, IL6R, and BANK1 which controls IL-6 secretion (111). While IL-12 is considered to be the major cytokine driving Tfh formation in humans (67, 68), this differentiation fate can also be promoted by IL-6. The demonstration that plasmablast-derived IL-6 can promote Tfh differentiation, in a manner that can be inhibited by treatment with the anti-IL-6R antibody tocilizumab (112), highlights a further positive feedback loop between Tfh and B cells.




ADDITIONAL GENES LINKED TO T CELL/B CELL COLLABORATION

Other autoimmune-susceptibility genes featured in Figure 2 include the protein tyrosine phosphatase PTPN22, which controls the number and activity of Tfh cells (113), and PTPN2, deficiency of which leads to increased Tfh cells, GC and autoimmune pathology (114). The chemokine receptors CXCR5 and CXCR4, which play integral roles in regulating cell distribution across GC and facilitating Tfh and GC B cell interactions, are also highlighted (19, 115). The GWAS data also highlight Gpr183, the gene encoding the 7α,25-dihydroxycholesterol receptor EBI-2, which must be downregulated for appropriate B cell positioning in GC (116, 117). Indeed forced expression of EBI-2 was shown to diminish the GC response and instead direct B cells to extrafollicular sites (117) while transduction of T cells with an EBI-2 expression vector impaired their capacity to localize to GC (118). Another gene product associated with autoimmunity in this dataset is SLAMF6, which co-operates with SAP to promote T cell/B cell adhesion and is essential for formation of functional GC (119). Importantly, in addition to surface molecules and soluble factors, the GWAS data also draw attention to a number of transcription factors associated with the GC response including BATF, IRF4, Maf, Bob1 (Pou2af1), Rel and Blimp-1 (Prdm1) (36, 120–125), further highlighting the link between T and B cell interactions and autoimmune susceptibility.



T CELL/B CELL COLLABORATION OUTSIDE SECONDARY LYMPHOID TISSUES

Development of tertiary lymphoid structures is frequently seen in chronically inflamed tissues (126), and T cell/B cell collaboration at ectopic sites has been suggested to fuel ongoing autoimmunity (127). Recent findings suggest T cells providing B cell help outside secondary lymphoid organs may bear a distinct phenotype; accordingly Rao et al. described a PD-1hiCXCR5−CD4+ “peripheral helper” T cell population in the synovium of patients with RA which lacked Bcl6 but expressed IL-21, CXCL13, ICOS, and Maf (128). These cells actively promoted memory B cell differentiation into plasma cells in vitro and were located adjacent to B cells both inside and outside synovial lymphoid aggregates.

Similarly, in a murine model of airway inflammation, T cells interacting with B cells in the lung exhibited a CXCR5−Bcl6− phenotype despite possessing high B cell helper potential, likely via their expression of CD40L, IL-21, and IL-4 (129). Remarkably, around 40% of lung-infiltrating B cells in this model showed a GC phenotype implying effective T cell/B cell collaboration, even though the cells were present in loose aggregates rather than well-organized structures.

The relationship of peripheral helper T cells to Tfh cells is currently unclear. However, one study documenting CXCR5−BCL6−CXCL13+ T cells in rheumatoid synovial fluid postulated that these may derive from Tfh cells undergoing progressive differentiation, and loss of CXCR5 and Bcl6 in the synovium (130). The provenance of peripheral helper T cells remains an important question for future clarification.



INTERRUPTING T CELL/B CELL COLLABORATION BY B CELL DEPLETION

Since autoimmunity may arise through over-exuberant T and B cell interactions leading to autoantibody production, depletion of the B cell population has been explored as a treatment strategy. Surprisingly, this has only a moderate effect on serum autoantibody levels, which does not correlate with efficacy, implying an alternative mechanism underlies the beneficial impact (131, 132). Given the interdependence of Tfh and B cell responses highlighted above, one possibility is that B cell depletion affects Tfh cells. Indeed, it has been shown in mice that deletion of GC B cells substantially impairs Tfh homeostasis (4, 133).

In human studies, Xu et al. reported a significant reduction in circulating Tfh frequencies and serum IL-21 levels following B cell depletion with rituximab in patients with T1D, emphasizing Tfh and B cell interdependence in this disease setting (134). Similarly, the elevation in circulating Tfh seen in individuals with Sjögren's syndrome was shown to be normalized by B cell depletion (135).

However, a study by Wallin et al. found no reduction in Tfh numbers in lymph nodes and blood from patients treated with rituximab prior to kidney transplantation (136). This finding may reflect “setting-dependent” roles for B cells in Tfh cell maintenance in humans. Of note, this study identified Tfh cells using CD57 expression which was initially reported to mark GC-resident functionally mature Tfh (137, 138), but was subsequently shown to be expressed by less than a third of GC-resident Tfh cells (139). Therefore, investigating the dynamics of CD57- Tfh cells may be of interest here.

More recently, B cell depletion with ocrelizumab, a humanized anti-CD20 antibody, has been shown to slow disease progression in patients with some forms of MS when compared to placebo or interferon beta-1a treatment (140, 141). Whether B cell depletion impacts Tfh homeostasis in this disease setting is currently unclear, however treatment has been associated with a decrease in cerebrospinal fluid (CSF) T cells as well as B cells and a reduction in CSF levels of the chemokine CXCL13 (142) which can be produced by Tfh cells. Overall, effects on Tfh homeostasis may offer an additional explanation for the efficacy of B cell depletion in certain settings.



CONCLUSION

Cooperation between T cells and B cells has been fine-tuned by evolutionary pressures to optimize rapid immune defense. These interactions ensure successful long-term immunity, exemplified by the development of effective T cell and B cell memory. Given that chronic autoimmune diseases may be sustained by the perpetuation, rather than initiation, of self-directed immune responses, the bi-directional interaction between T and B cells may be key to this and may therefore constitute an important therapeutic target.
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Lymph nodes (LNs) are central in the generation of adaptive immune responses. Follicular helper CD4 T (Tfh) cells, a highly differentiated CD4 population, provide critical help for the development of antigen-specific B cell responses within the germinal center. Throughout the past decade, numerous studies have revealed the important role of Tfh cells in Human Immunodeficiency Virus (HIV) pathogenesis as well as in the development of neutralizing antibodies post-infection and post-vaccination. It has also been established that tumors influence various immune cell subsets not only in their proximity, but also in draining lymph nodes. The role of local or tumor associated lymph node Tfh cells in disease progression is emerging. Comparative studies of Tfh cells in chronic infections and cancer could therefore provide novel information with regards to their differentiation plasticity and to the mechanisms regulating their development.
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INTRODUCTION

Given the important role the lymphatic system has in combating foreign pathogens, changes in Lymph Node (LN) architecture/cellularity have been recognized in a variety of infectious diseases. In Human Immunodeficiency Virus (HIV) infection, LNs play a central role for disease pathogenesis. Early studies revealed the covert infection of CD4 T cells in the LN and its role in the depletion of these cells throughout disease progress (1, 2). From a prognostic point of view, the degree of follicular structure damage has been used for classification of disease progress (3, 4). Current vaccine strategies targeting the humoral arm of the immune system have revealed the need for a comprehensive understanding of follicular dynamics. Given the role of T follicular helper (Tfh) cells as an HIV reservoir (5) and as critical “helpers” in the development of antibodies (6), understanding their biology is of great interest.

Besides infectious diseases, LNs are involved in various forms of neoplasia, either as metastasis or as primary disease sites (i.e., lymphomas). It is of critical importance to distinguish between infectious etiologies of lymphadenopathy vs. neoplastic causes (7). In non-hematopoietic neoplastic disease, LNs are involved in disease progression (a) as part of the regional disease, contributing to local morbid phenomena when infiltrated by the tumor, (b) as metastatic disease per se–(N status in the Tumor Node Metastasis staging system)–affecting the treatment/management of patients, and (c) as a mediator for propagating further distant metastasis. Although LN involvement has major prognostic implications for the patient and is thus incorporated in the staging strategies of neoplasms (8), the clinical management of the lymphatic system draining a malignancy is an area of ongoing research and trends are shifting accordingly. For example, in breast cancer patients attention has been drawn to the Sentinel Lymph Node (SLN) (9), which is defined as the first LN or group of LNs that interstitial fluid and cells from the tumor microenvironment pass through on their route to the venous circulation via lymphatic vessels (10–12). Despite the different etiology and specific pathways/molecular factors operating selectively in cancer or infectious diseases, the comparative analysis of LN immune-dynamics could provide important information regarding the development and maintenance of Tfh cells.



LYMPH NODES: ORGANIZATION, TFH CELLS

LNs provide the site of initiation of adaptive immune responses and are strategically placed along lymphatic vessels (13). Antigen presenting cells (APCs) initiate immune responses via interactions with T and B cells that gain access to specific regions of the LN (14). Functionally, the LNs can be separated into lobules (13). The structural backbone of the lobule is comprised of Fibroblastic Reticular Cells (FRCs) and their fibers, which support the parenchyma, provide routes for the migration of lymphocytes, and facilitate the interaction between lymphocytes and APCs (4). The inter-follicular regions of the cortex and the paracortex are mainly populated by T cells, which gain access to the parenchyma by migrating through high endothelial venules (HEVs), following the CCR7/CCL19, CCL21 axis (4). These cells interact with dendritic cells (DCs) that have reached the LN via the afferent lymphatic vessels and HEVs (4). Primary follicles (located in the cortex) contain mainly naïve B cells, whereas secondary follicles are recognized by the formation of a germinal center (GC) (13). GCs, the antibody production factory of the body, are populated by antigen stimulated B cells, follicular dendritic cells (FDCs), Tfh cells, and macrophages- among other cell types (15, 16). FDCs can present antigens and stimulatory signals to GC B and T cells, as well as produce CXCL-13, the ligand for CXCR5 (17), while tingible body macrophages are capable of phagocytizing dying cells (13).

Tfh cells provide critical signals for the activation, isotype switching, affinity maturation, and differentiation of B cells into memory B cells and plasma cells via surface bound receptors (i.e., PD-1, ICOS, CD40) (18, 19) and secreted factors like IL-21 and IL-4 (20, 21), that support the GC responses by regulating the differntiation of both Tfh and B cells through the activation of STAT signaling pathways (21–25). The spatial organization of Tfhs cells is regulated, at least, by (i) chemokine gradients (i.e., CXCL-13 and CXCL-10/IP-10, a chemokine produced by macrophages and acting on CXCR3) enabling their trafficking toward GC (17, 26). and (ii) function of signaling pathways mediating their retention within the follicular/GC areas. GC homing is accomplished via downregulation of CCR7 and upregulation of CXCR5- a process mediated by Bcl-6, a critical transcription factor for Tfh cell differentiation (27, 28). Once inside the GC, S1PR1 family receptors aid in Tfh cell retention in GCs- this is accomplished by downregulation of S1PR1 and upregulation of S1PR2 (29–31). Dynamic positioning inside the GC is influenced by the local production of factors, one of which is CXCL-12/SDF-1 that acts on CXCR4 (32, 33). The unique PD-1hiCXCR5hi phenotype has been widely used for the identification of Tfh cells (34, 35). In line with this, imaging studies have shown the highly skewed localization of PD-1hi CD4 T cells within the GC areas (GC-Tfh cells) (35–37). High expression per cell (judged by Mean Fluoresense Intensity-MFI) of other surface receptors (like ICOS and TIGIT), is selectively found on the vast majority of GC-Tfh cells (35, 37, 38). The differential expression of surface receptors like CD150 and CD57 can further delineate GC-Tfh subpopulations (35, 37, 39). For example, Tfh cells expressing lower levels of CD150 (SLAM) secrete higher levels of IL-4 and are thought to be more differentiated than Tfh cells expressing higher levels of CD150 (37, 39). The presence of PD-1dimCXCR5hi (non-GC) Tfh (34), the differential expression of CXCR3 (Th1-like Tfh cells) (40, 41), or Tfh master regulators like Bcl-6 (5, 28, 35), further adds to the heterogeneity of the Tfh pool. We should emphasize, though, that different follicular CD4 T cell subsets are presumably exposed to different local signals within the follicle. Delineation of these signals, as well as the connection between phenotype and function of Tfh cell subsets, is an important step toward the comprehensive understanding of Tfh cell biology and their role in human diseases.

A separate group of CD4 T cells located in the follicle/GC- and particularly the T-B area border (42)- are T follicular regulatory (Tfr) cells (43), which possibly originate from thymic T regulatory (Treg) cells, after adaption of their gene expression profile to include -apart from FoxP3- factors and receptors expressed in Tfh cells, such as Bcl-6 and CXCR5 (38, 44, 45). A mutual regulation between Tfh and GC B cells through the function of receptor/ligand axes (such as CD40/CD40L, ICOS-ICOSL) has been proposed (46–48). In a similar manner, Tfr cells can suppress GC reactivity (43) either by altering such mutual regulation- a process mediated in part by CTLA-4 (49)- or by directly affecting B or Tfh cells (43, 50). Although they represent a small minority of follicular CD4 T cells, the presence of Tfr cells aids in limiting the GC response to prevent uncontrolled B cell proliferation and the consequences thereof, such as the production of antibodies that recognize “self” antigens (37, 44).



LYMPH NODES IN NEOPLASMS


The Concept of SLNs

From an immunological perspective, SLNs are the site where tumor antigen loaded APCs encounter naïve T and B cells, leading to the generation of immune responses against neoplasms (51–53). A relatively smaller distance from the primary tumor site presumably increases the possibility for the SLN to be affected by the tumor than downstream draining LNs (DLNs) are, potentially leading to the variable immune responses observed in DLNs depending on the distance from the primary tumor (54). Factors which modulate these responses may tip the balance from control to tolerance/spread of the neoplasm (51–53). Most research has focused on SLNs in the context of melanoma and breast cancer patients, but knowledge is expanding about SLNs in other types of neoplasms -such as genitourinary, pulmonary, and gastrointestinal tumors (11). However, accurate identification of SLNs can be very challenging (55). Rerouting of lymphatic flow or the presence of tumor cells in the subcapsular sinus may affect the ability to detect the SLN with the help of dyes (55, 56). Lymphangiogenesis and alterations of lymph flow dynamics induced by the tumor may also alter lymphatic drainage (55). Therefore, a false negative SLN (up to 9.8% in breast cancer) could result in under-staging and mistreating patients (57, 58).



Structural Alterations of SLNs Induced by Tumors

Tumors can affect structural components in the SLNs and DLNs even before metastasis to these sites has occurred, creating an environment fostering tumor cell invasion to the SLN (59–61). Major structural SLN changes have been described, related to (a) increased lymphatic drainage from the tumor to the LNs (55), which can induce biophysical remodeling/changes of the LN matrix (62) and potentially lead to the activation of signaling pathways [i.e., transforming growth factor (TGF)-β pathway] associated with tumor spreading/induction of immune suppression in the LNs, in a similar fashion to what has been observed in primary tumor sites (63), (b) increased lymphangiogenesis and angiogenesis induced by vascular endothelial growth factors (VEGFs) originating from the tumor environment, which can ultimately contribute to the spreading of tumor cells to the SLN and beyond (55, 60, 64–66), and (c) a “flatter” morphology of the endothelial cells of the HEVs, which can potentially lead to impaired access of naïve T cells to the LN parenchyma (53). Overall, these structural changes in the lymphatics and the vasculature can set the stage for future metastasis of cancer cells to SLNs (Figure 1).
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FIGURE 1. Main Lymph Node cell dynamics in cancer (left) and HIV (right). Cancer causes lymphangiogenesis and vasculature reorganization in SLNs. Metastasis is associated with accumulation of DCs and rercuitment of moncytes/macrophages and NK cells. Follicular hyperplasia associated with the development of Tfh cells has also been observed in SLNs and particularly in TLSs. Chronic HIV/SIV infection is characterized by extensive loss of FRC and naive CD4 T cells, accumulation of monocytes/macrophages, particularly in the area surrounding the follicle, as well as accumulaiton of effector CD8 T cells in the extrafollicular area (T cell zone). Within the follicle, accumulation of Tfh cells is associated with loss of their polarized positioning in the light zone, loss of FDC network and accumulation of follicular Treg CD4 T cells (Tfr).





Non-follicular Immune Dynamics in SLNs

Apart from structural changes, modulations of immune cell subsets have also been observed to precede actual metastasis of tumor cells to SLNs. Several studies suggest a compromised capacity to induce a “favorable” Th-1 response against the tumor due to (i) decreased DC density and clustering in paracortical LN regions (67–70) and (ii) compromised DC function (60, 70–72). Conversely, other studies have advocated increased presence of activated DCs in SLNs, prior to the appearance of metastatic cells (73–75). However, transition to a mature DC phenotype and Th-1 cytokine response was noted after metastasis of breast tumor cells to the SLN, possibly reflecting antigenic stimulation against these cells (72) (Figure 1). Emerging studies have investigated the role of LN NK cells (76) and monocytes/macrophages in anti-tumor immunity (77, 78) and their targeting for adjuvant immunotherapies that could improve treatment of patients with metastatic cancer. Regarding adaptive immunity, alterations in cell types with prognostic implications (68) have been observed in SLNs and DLNs. Reduced numbers of CD4 and CD8 T cells (60, 64, 68) with an immunosuppressed profile (79) was found in SLNs, a profile associated with accumulation of FoxP3+ Treg CD4 cells in LNs harboring metastases (80–83) and worse prognosis/more widespread nodal disease in melanoma, breast, and gastric cancer (82–85). Various cytokines (GM-CSF, IL-2) are being investigated as a way to reverse this immune suppression and assist in the immune system's effort to combat the neoplastic cells (53).



Follicular Dynamics in SLNs and Tertiary Lymphoid Structures (TLSs)

In contrast to extrafollicular cell dynamics, much less is known about follicular/B cell dynamics in the context of neoplastic disease. In SLNs, B cells- via the secretion of VEGF-A- could induce lymphangiogenesis and angiogenesis (61, 86, 87), potentially promoting the spread of tumors via lymphatics (55). However, an extended lymphatic network can lead to increased recruitment of DCs from the periphery to the LN (86), which could ultimately benefit the development of anti-tumor adaptive immunity. A trend toward improved 5-year survival was noted in melanoma patients, whose SLNs demonstrated follicular hyperplasia/GC accumulation (88). Besides their prognostic value for disease-free survival in breast cancer patients (89), SLN B cells is the source of affinity matured B cell clones that produced anti-tumor immunoglobulins detected in the blood (90). Investigation of such antibodies could potentially lead to the recognition of tumor antigens recognized by the immune system, which can subsequently be targeted in the context of immunotherapies (90). Furthermore, these findings imply that development of tumor-specific Tfh cells could be a critical factor for an effector response to a tumor. The progressive differentiation of Tfh cells within the follicular area, associated with differential localization and an orchestrated production of IL-21 and IL-4, provide critical signals for the isotype switching and differentiation of GC B cells by modulating transcription factors like Bcl-6 and Blimp-1 (21, 24, 91). In a mouse tumor model, accumulation of Tfh cells was noted in DLNs, along with a concomitant increase in IL-4 produced by these cells (92). On the other hand, recent studies have shown a beneficial role of IL-21 in cancer immunotherapy strategies (93, 94), possibly by modulating CD8 T cell response (95–97). Therefore, Tfh cells could potentially support antitumor immunity in ways extending past the help they provide to B cells.

The role of B cell infiltration in primary tumors is not clear (98, 99), with studies showing both a negative (100, 101) or a positive (102–105) effect on the antitumor immune responses. However, B cells contribute to the formation of tertiary lymphoid structures (TLSs) - defined as accumulations of lymphocytes in proximity to the primary tumor—which are associated with better prognosis (99) (Figure 1). Similar to B cells, an increased presence of Tfh cells in the primary tumor site has been associated with better clinical outcomes in breast (106) and non-small cell lung carcinoma (107). High expression of molecules like CXCL-13 and IL-21 (106, 108) by TLS associated Tfh cells contributes to the formation/organization of TLSs in the primary breast tumor and potentially contribute to the immune systems' reaction (109). Presumably, TLSs facilitate the in situ production and secretion of anti-tumor antibodies that could represent a mechanism to maximize the efficiency of adaptive immunity against tumors (99). A variety of regulatory cell subsets have the ability to influence Tfh cell function. In breast cancer, LN Treg cells can promote malignancy through a TGFβ-1 mediated upregulation of the oncogenic receptor IL17rb (110). A coevolution of Treg cells and CXCL-13hi Tfh cells in the TLSs was found, with the ratio between these two populations being a critical factor for tumor control by benefiting the development of an anti-tumor humoral response (109). Furthermore, the presence of myeloid-derived suppressor cells within the LN could potentially be a negative regulator for Tfh cells (111, 112), adding to the complexity of the regulation of these cells. Characterization of relevant cytokine producers and their spatial positioning within anatomically separated LN areas would be highly informative in understanding their potential role in regulating Tfh cell dynamics in SLN and TLSs.

Several reports have been focused on the characterization of circulating CXCR5hi CD4 T (cTfh) cell subsets as a counterpart of the LN bona fide Tfh cells (113, 114). The lineage origin of cTfh cells and their direct association to LN Tfh cells is not clear (115, 116). Lower cTfh cells in the blood of hepatocellular carcinoma patients were associated with worse prognosis (117), while a higher frequency of “Th-1” CXCR3hi cTfh cells was negatively associated with survival in gastric cancer (118). In breast cancer, a higher frequency of “exhausted” Tim-3hi cTfh cells associated with higher expression of PD-1 per cell base was found -interestingly, in vitro blocking of Tim-3 increased the production of IL-21 and CXCL-13 by peripheral blood mononuclear cells (119). Future investigation of cTfhs in cancers of different etiology could provide important information regarding their use as a biomarker, as well as their relationship to LN or TLS Tfh cells.




FOLLICULAR IMMUNE DYNAMICS: LESSONS FROM HIV/SIV (SIMIAN IMMUNODEFICIENCY VIRUS)


Structural Alterations

HIV infection leads to dramatic and progressive changes of LN architecture, especially evident during the chronic phase of infection (4). In reality, the degree of tissue damage has been used for the staging of disease (120). A major contributor to this damage is the extensive deposition of collagen (fibrosis) in the extrafollicular area (121), a process facilitated by increased levels of secreted TGF-β1 from accumulated Treg cells (122, 123) and the activation of spatially associated fibroblasts (124, 125). Fibrosis leads to a vicious circle of naïve T cell pool and FRC network depletion (126, 127)- a network that provides the scaffold for cell migration (128) and vital signals for the recruitment (CCR7) (129, 130) and survival (IL-7) (130, 131) of naïve T cells (Figure 1). LN damage is associated with the persistent immune activation and tissue inflammation found in HIV/SIV (4). Despite the partial normalization of immunological parameters- such as CD4 counts, immune activation, and suppressed viremia- LN structure abnormalities persist in combination antiretroviral therapy (cART)-treated individuals (132–134), presumably affecting the development and function of LN relevant T cells -such as Tfh cells- in the context of new infections or vaccination (36).



Non-follicular Immune Dynamics

Besides tissue architecture, HIV/SIV infection has a major impact on the cellular dynamics within the extrafollicular areas. Monocytes/macrophages that express low levels of CD4 and other HIV coreceptors (135) can contribute to HIV/SIV pathogenesis by (i) supporting the viral reservoir, particularly in advanced disease or immunocompromised states (136, 137), and (ii) secreting inflammatory mediators like IL-6 and IL-10 (138), which play an important role in the development of GC responses (139). The accumulation of monocytic-lineage and plasmacytoid dendritic cells (pDCs) in LNs during acute SIV infection (140–143) is followed by their impaired function (leading to decreased production of cytokines like IFN-a and IL-12, which in vitro support T cell proliferation) during the chronic phase of infection (144–146). Despite the loss of both pDCs and myeloid DCs (mDCs) from lymphoid tissues and blood in chronic infection, LN-derived mDCs retain their functionality, especially the induction of Treg cells- an important regulator of Tfh cell function and GC reactivity (147, 148). Chronic HIV/SIV is characterized by the relative loss of LN CD4 cells- mainly attributed to loss of naïve CD4 T cells (39, 126, 149)- accompanied by an increased frequency of effector CD8 T cells (149) (Figure 1). Besides the direct killing of infected CD4 T cells, the cellular and molecular mechanisms regulating the LN T cell dynamics in HIV/SIV are not well understood. Structure damage, immune activation, inflammatory signals, and altered tissue chemokine gradients could all play an important role in this process. Recent studies have shown that chronic HIV/SIV infection is associated with sequestration of monocytes/macrophages around the follicular areas (150). Their possible role in LN CD8 T cell dynamics is supported by their (i) correlation with LN CD8 T cell in chronic SIV (149), (ii) spatial proximity to accumulated CD8 T cells in LN areas (149, 150), and (iii) potential to change local chemokine gradients through the secretion of chemokines like CXCL-9 and CXCL-10 (IP10) (151, 152), ligands for the CXCR3 receptor that is broadly expressed on LN CD8 T cells (149). Such altered chemokine gradients could contribute to LN T cell dynamics by modulating their (i) recruitment from the circulation (153, 154) and (ii) intra lymph node trafficking (26).



Follicular Dynamics

Understanding the follicular/GC- and particularly Tfh cell- immune dynamics in HIV/Simian Immunodeficiency Virus (SIV) infection is of great importance for (i) the identification of molecules/pathways associated with the development of broadly neutralizing antibodies that could inform the design of novel vaccine strategies targeting relevant GC cell populations and (ii) understanding the establishment and maintenance of a major viral reservoir (5), even in cART treated donors (155). To this end, the non-human primate (NHP) SIV model has provide invaluable information regarding the Tfh cell dynamics during infection. A relatively delayed development of Tfh cells during acute SIV has been described in peripheral LNs (39). Interestingly, different kinetics between spleen and LN associated Tfh cells has been found, indicating a differential regulation of Tfh cells in different lymphoid organs (156, 157). Chronic HIV/SIV infection is associated with an altered (a) frequency (39), (b) function and signaling (39, 156), (c) molecular profile (39, 158), and (d) localization/distribution within the follicular areas (159) of Tfh cells (Figure 1). The dynamics of LN Tfh cells- associated with follicular hyperplasia in the LNs and hypergammaglobulinemia in the plasma (39, 160–162)- have been linked to progression to AIDS (162, 163), as well as to immune activation and associated cytokines—such as IL-6 and IFN-γ (19, 39, 161). The dependence of Tfh cells on immune activation and tissue inflammation is further supported by their downregulation in cART individuals (5, 160) and by the lack of accumulation of Tfh cells in LNs from infected African Green Monkeys (AGMs) (149), a natural host of the virus with no signs of immune activation (164). Apart from the altered frequency, SIV infection has a significant impact on the molecular signature of Tfh cells- characterized by upregulation of IFN-γ and TGF-β related genes (39)- indicating an increased response of Tfh cells to relevant stimuli and a role of TGF-β as regulator of Tfh cell dysfunction in chronic infection. The combination of (i) an increased expression of CXCL-13 in Tfh cells (39), (ii) a favorable phosphorylation of STAT3 (a positive regulator of Tfh cells (39, 158)) over STAT1 (39), and (iii) an increased expression of the IL-6/IL-6R axis found in chronic SIV (39) provides a molecular basis for the accumulation of Tfh cells in chronic HIV/SIV. Besides Bcl-6, SIV infection induces the expression of c-Maf (157), a master regulator of Tfh cells (139). Interestingly, a higher expression of T-bet (a Th-1 regulator) was found selectively in LN Tfh cells (157), in line with the accumulation of Th1-like Tfh cells in chronic SIV (165). The relative presence of such Tfh populations could have a significant effect on HIV/SIV pathogenesis (165).

Despite the accumulation of Tfh cells (5, 39) and GC B cells (39, 156), the majority of HIV-infected individuals do not develop broadly neutralizing antibodies against HIV (166), pointing to a perturbation of the Tfh-B cell interaction within the GC (167). Increased frequencies of Gag-specific compared to Env-specific Tfh cells found in chronic HIV (5, 39) could reflect a preferential development of Gag-specific Tfh cells or increased turnover of Env-specific Tfh cells. Application of cutting-edge technologies like single cell deep sequencing would be highly informative to this end. Analysis of Simian-Human immunodeficiency virus (SHIV) infected NHPs revealed that besides the frequency, the quality (judged by the expression of IL-21 vs. IFN-γ) of Env-specific Tfh responses was strongly associated with the development of broadly neutralizing antibodies in those animals (168). The increased expression of IL-21 found in HIV-specific Tfh cells (5, 160), could be counterbalanced by a reduced expression of IL-4 by Tfh cells (39), indicating that the development of broadly neutralizing analysis requires the orchestrated expression and activity of relevant cells and soluble mediators.

Other mechanisms that could contribute to the impaired functionality of Tfh cells in chronic HIV/SIV include (i) the high expression of PD-L1 on germinal center B cells, interacting with the highly expressed PD-1 on Tfh cells (52), (ii) the relative accumulation of potential suppressor Tfr cells (169) and (iii) the presence of follicular regulatory CD8 T cells (170). Besides the frequency and quality of relevant cells, preservation of the follicular structure is a critical determinant for the development of GC responses in HIV infection- which is characterized by the loss of the Follicular Dendritic Cells (FDC) network and factors secreted by this network, such as CXCl-13 (36). Recent imaging studies revealed that preservation of FDC was associated with maintenance of Tfh cells and preservation of their function in HIV infection, manifested by the response of infected individuals to vaccination (36) and possibly with their distribution within the GC (Figure 2).


[image: image]

FIGURE 2. Chronic HIV infection is associated with disturbed follicular organization. Reactive follicles from a healthy axillary (left), a breast cancer SLN (middle) and a HIV viremic axillary LN (right). The CD20 (blue), CD4 (green), and PD-1 (red) markers are shown.



HIV/SIV infection affects the dynamics of other LN cells, including CD8 T cells. An increased frequency of follicular CD8 T cells (149, 150, 165) - even within intact follicles (149)- has been observed, implying that infection counteracts local “firewalls” that naturally keep CD8 T cells outside the follicular area. Although the naturally induced HIV-specific cytotoxic CD8 lymphocytes are relatively excluded from the GC area (171), the increased overall presence of follicular CD8 T cells provides an opportunity for novel CD8-based immunotherapies, i.e., the use of bispecific antibodies to redirect these cells to kill HIV-infected cells (149, 172). Immune activation and tissue inflammation are important factors for the dynamics of both follicular CD4 and CD8 T cells in chronic infection (149). The excessive immune activation, however, possibly leads to a generalized, non-cognate driven expansion of these cell populations. One could hypothesize that these dynamics could potentially affect the function of virus-specific Tfh responses, i.e., through the aberrant production of Tfh-cytokines.




CONCLUDING REMARKS, FUTURE DIRECTIONS

Comparative studies using Tfh cells from diseases with different etiologies represent one way to better understand the molecular and cellular basis for their generation and maintenance. Specifically, such studies between HIV and cancer could inform for:

1. The mechanisms of Tfh development/maintenance in the settings of a chronic disease. Besides the relative frequency and spatial positioning, HIV/SIV infection changes the molecular profile of Tfh cells too (39). Is this profile of chronically in vivo stimulated Tfh cells unique for HIV/SIV or there is a core, preserved molecular signature during Tfh cell development under different stimuli like cancer neoantigens? Does the etiology/type of cancer have an impact on this profile? Relevant studies will provide critical information about the plasticity of the Tfh cell differentiation program.

2. The role of tissue inflammation in the development of human Tfh cell responses. Despite the expected differences between HIV and cancer-including, among others, the (a) nature of antigenic stimulation (viral proteins compared to neoantigens), (b) magnitude/type of tissue architectural changes, (c) presence of virus within the follicle and its ability to infect Tfh cells per se in HIV infection- inflammation plays an important role in the pathogenesis of both diseases (172–174). Comparative investigation of LNs from HIV infected individuals and cancer patients could inform for the presence, spatial distribution and possible role of specific pro-inflammatory cellular/molecular mediators for the recruitment of T cell to LNs and their trafficking between LN compartments. General, non-cognate driven activation of LN CD4 T cells could differ between cancer and a chronic viral infection like HIV, with a presumably differential impact in the generation of Tfh cell responses. Therefore, the development of methodologies allowing for the detection of antigen-specific Tfh cells, especially at tissue level, is of great importance.

3. The impact of tissue structure alterations on Tfh cell dynamics and the and local interplay between adaptive immunity and Tfh cells. Tissue changes like vasculature reorganization and extracellular matrix organization are less studied in HIV compared to cancer LNs. On the other hand, common tissue structure alterations like fibrosis could contribute to Tfh cell dynamics by affecting the dynamics of innate and adaptive immune cells in the extrafollicular areas (167). HIV/SIV is characterized by the accumulation of LN and particularly follicular CD8 T cells (148, 149). The regulation of these dynamics as well as the role of fCD8 T cells in GC B cell responses is not well understood. Conversely, the role of cytokines, like IL-21 produced by Tfh cells too, as regulators of LN CD8 T cells is not clear either. Understanding the interplay between LN CD8 T cells and Tfh cells is of great importance for LN immune responses both in HIV and cancer, particularly within TLSs, where sequestration of effector CD8 T cells in proximity to the tumor site could have an impact on disease progression.

4. The “anatomical compartmentalization” of Tfh cell responses. Are all Tfh cells across the human body the same? Recent studies have shown a differential regulation of Tfh cells between LNs and spleen in SIV infection (156). Is this the case for LN Tfh cells from different anatomical sites too? How that could affect the role of adaptive immunity responses developed in LN in the progression of cancer with different topology?

5. The assessment of human Tfh cell quality. Comparison of Tfh cells between HIV donors with broadly neutralizing antibodies and cancer donors with anti-tumor B cell response correlating with good prognosis could help define the spatial organization, the functional characteristics, and molecular signature of an “effective” Tfh cell response.

Given the limited, if any, access to LN tissues, especially from different time points throughout the course of disease, the discovery of circulating biomarkers recapitulating the germinal center reactivity is of great importance. Investigation of molecules like CXCL13 (37, 173) or cTfh cells (113) represents one direction in the hunt for biomarkers i.e., for monitoring the efficacy of vaccination protocols (175). Are cancers of different etiology associated with a particular phenotype/subset of cTfh cells? How do these cells compare to cTfh subsets found in HIV?

An in depth understanding of the Tfh cell development is a prerequisite for the designing of novel in vivo interventions aimed at boosting their function and developing effective B cell responses, particularly in HIV. Many questions are still open; how the prime/boost vaccination scheme affects the quality and breath of immunogen-specific Tfh responses? Combining optimal structure-based designed immunogens with new generation adjuvants or interventions targeting specific molecules/pathways involved in the generation of high quality Tfh cells could lead to more efficient vaccine strategies. On the other hand, any therapeutic intervention has to take in consideration the best short and long-term oncological outcome, as well as survivors' quality of life. Surgical interventions may be associated with morbidity/mortality. For example, axillary LN dissection in the context of breast cancer might result in an increased incidence of lifetime lymphedema (up to 21%), decreased arm mobility, and arm paresthesia (174). However, recent clinical trials are challenging the need for axillary surgery for tumors up to 2 cm (175, 176). New therapeutic schemes are urgently needed. The success of cancer immunotherapy in melanoma, lung cancer, renal cell carcinoma and other solid tumors has placed the power of T cell immunity into the armamentarium of cancer therapeutics. Similar immune therapies for patients with breast cancer are beginning to come to fruition, with most promising the use of PD-1 (e.g., pembrolizumab) and PD-L1 (e.g., avelumab) monoclonal antibodies (177, 178). However, the toxicity and cost of immunotherapies has revealed the need for predictive biomarkers. Potential biomarkers should be evaluated in the primary tumor, in the metastases, or in circulation. Given their role in breast cancer, the search for novel biomarkers at a LN and follicular level could be of great support for the decision of relevant surgical procedures.
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T follicular helper (Tfh) cells are a specialized subset of CD4+ T cells that collaborate with B cells to promote and regulate humoral responses. Unlike other CD4+ effector lineages, Tfh cells require interactions with both dendritic cells (DCs) and B cells to complete their differentiation. While numerous studies have assessed the potential of different DC subsets to support Tfh priming, the conclusions of these studies depend heavily on the model and method of immunization used. We propose that the location of different DC subsets within the lymph node (LN) and their access to antigen determine their potency in Tfh priming. Finally, we provide a three-step model that accounts for the ability of multiple DC subsets and related lineages to support the Tfh differentiation program.
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Tfh CELLS IN IMMUNITY

It was initially believed that B cell activation and antibody production were regulated by the Th2 CD4+ T cell effector subset. Yet a principal role of effector T cells in the immune response is to deal with pathogens or tissue damage, most often outside of secondary lymphoid organs (SLOs). Indeed, upon activation, effector T cells rapidly downregulate homing receptors that keep them in the lymph node, thereby enabling migration to affected tissues. It was therefore unclear how CD4+ T cell help for B cells in the follicles could occur until the discovery of T follicular helper (Tfh) cells. Tfh cells are a subset of CD4+ T cells that function in the lymph node (LN) and spleen to promote survival, affinity maturation, and class switch recombination of B cells (1, 2). Tfh cells express high levels of a cell cycle inhibitor called programmed cell death-1 (PD-1), inducible T cell co-stimulator (ICOS) and the chemokine receptor CXCR5. CXCR5 expression localizes Tfh cells to B cell-rich areas of SLOs. These markers, in combination with the lineage-defining transcription factor BCL6, allow identification of the Tfh subset by flow cytometry [for review see (3)]. Discovery and characterization of the Tfh subset has illuminated the pathology underlying numerous diseases such as lupus as well as providing a clearer understanding of a primary cellular regulator of effective vaccine responses (4).



STAGES OF Tfh INDUCTION

How are Tfh cells induced during an immune response? It is clear that dendritic cells (DCs) and B cells must cooperate to induce and then solidify the Tfh fate (5–9). The DC phase occurs over the first couple of days following T cell recognition of cognate antigen and induces a “pre-Tfh” state. In the absence of further interactions with an activated B cell, these nascent Tfh cells dissipate (10, 11). Instead, if the B cell phase ensues, a “committed” Tfh cell is produced that has the ability to enter the germinal center (GC) and in turn promote B cell proliferation, class switching, and affinity maturation. Using murine immunization models that provide high concentrations of antigen together with an adjuvant, the first DC phase can be bypassed by B cells or monocytes and plasmacytoid DCs (pDCs) (12). However, under most immunization conditions, MHCII-expressing DCs are both necessary and sufficient to induce pre-Tfh cells (6). As we will review, recent work has illuminated the nature of the DC subset capable of this step during particular types of immunizations. In both mouse and man, Tfh cells can be divided into additional subsets based on their differential expression of cytokines and chemokine receptors (13, 14). These Tfh subsets have been proposed to promote particular antibody isotypes from B cells. For example, Tfh1 cells express IFNγ, are produced during a type 1 immune response and can direct IgG2 class switching (13). DCs may also play an important role in the polarization of particular Tfh subsets. Indeed, Pattarini et al. recently showed that human Thymic Stromal Lymphopoietin (TSLP)-activated DCs seem to favor the polarization of naïve T cells into Tfh2 cells (15). However, how the different Tfh fates are induced and the particular role of DCs in guiding differentiation remains to be fully elucidated and is an area of active research.



DENDRITIC CELL SUBSETS

DCs are a heterogeneous population of cells, which can be classified as conventional DCs (cDCs) and non-conventional DCs (plasmacytoid DCs, monocyte-derived DCs, and Langerhans cells) (Figure 1). cDCs are the primary population responsible for naïve T cell activation and they express the transcription factor ZBTB46 (16, 17). cDCs can be further divided into two subsets based on ontogeny: type 1 cDC1s that develop in a BATF3/IRF8-dependent manner and type 2 cDC2s that are IRF4-dependent (18). These two cDC populations differ in cell surface marker expression, cytokine production, antigen processing and reside in distinct locations at steady state (18). Tissue cDC1s and cDC2s survey for infection or host damage, which if detected, induces DC migration to draining LNs. In contrast, LN-resident cDC1s and cDC2s acquire antigen that drains via lymphatics into LNs or is carried to LNs by migratory cells (19). These distinctions make each cDC subset specialized to drive particular T cell responses (20–22).
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FIGURE 1. DC subsets and related lineages. DC subsets and related lineages can be annotated based on ontogeny and function. Monocyte-macrophage DC progenitors (MDPs) differentiate into monocytes and common dendritic cell progenitors (CDPs). Monocytes further differentiate into patrolling monocytes, inflammatory monocytes (including moDCs) and Langerhans cells. Langerhans cells also develop from embryonic precursors. CDPs in turn give rise to both pDCs and pre-cDCs, which are uniquely marked by the transcription factor ZBTB46. Development of cDC2s and cDC1s from the pre-cDC is dependent on IRF4 and BATF3/IRF8, respectively. Cell surface markers used for identification of each cell type are listed.



Non-conventional DCs are more diverse in their ontogeny and function. Plasmacytoid DCs (pDCs) are a unique subset that sense viral and bacterial pathogens and release high levels of type I interferons (IFN-I), stimulating both innate and adaptive immune cells. However, in comparison to cDCs, pDCs have a limited potential for antigen presentation (23). In mice there are two main monocyte subsets: inflammatory monocytes and patrolling monocytes (24). Inflammatory monocytes, including monocyte-derived DCs (moDCs), are recruited to infected tissue where they produce inflammatory cytokines to drive local and systemic inflammation. Patrolling monocytes reside in the vasculature where they regulate homeostasis of the endothelium and promote the resolution of inflammation in damaged tissues. Finally, Langerhans cells (LCs), which have little to no expression of ZBTB46, are considered part of the macrophage lineage and are self-renewing in the epidermis. In fitting with this distinction, LCs have important functions within the tissue where they modulate the properties of other immune cell types and contribute to tissue homeostasis. However, LCs also share functional overlap with cDCs, in that they are able to acquire antigen in peripheral tissues, migrate to the lymph nodes and activate naïve T cells (25).



WHICH DC SUBSETS CONTROL Tfh DIFFERENTIATION?

While DCs have been shown to prime the first stage of Tfh cell differentiation, much debate exists around the exact DC subset that is primarily responsible for driving this response in vivo. A likely major reason for this controversy is differences in the approaches used. These include the site of immunization, nature of the antigen used, the dose administered, timepoint of analyses, use of antigen targeting and the kinetics of the response. Given the right experimental conditions, most DC subsets can prime Tfh cells; however, the relative contribution of each subset to the generation of humoral responses under physiologic conditions remains less clear. Below we review the current literature describing the evidence for each DC subset in Tfh priming and provide a discussion of the interpretations and caveats for each in the context of the experimental systems used.



LYMPH NODE-RESIDENT VS. MIGRATORY DCS IN Tfh PRIMING

As described previously, DCs are found both in non-lymphoid tissues like the skin, lung and gut, as well in SLOs. Both migratory and LN-resident DCs have been implicated in driving humoral responses. Most studies comparing these DC subsets were performed using antigens administered in the skin, either intradermally, or sub-cutaneously (including footpad immunization). Following immunization, antigen-bearing migratory DCs arrive in the lymph nodes after 18–24 h (26). However, injection of antigen into the footpad or ear pinnae results in an almost instantaneous delivery of antigen to the draining LN, perhaps due to the pressure induced by injection into a limited tissue space (26–31), bypassing the need for antigen delivery by migratory DCs. It is important to bear this caveat in mind when interpreting experiments using these routes of immunization. Nevertheless, this route has been used to dissect the relative contribution of LN-resident versus migratory DCs to Tfh priming in a model referred to as the “van Gogh approach” (29). In this model, antigen is delivered intradermally in the ear pinnae of mice followed by immediate resection of the injection site. This effectively eliminates migratory DC-dependent antigen transport to lymph nodes, limiting humoral responses to those driven by LN-resident DCs. Resecting the ear actually does not impact the total amount of antigen reaching the lymph nodes because the majority is delivered immediately via lymphatics (31). Using this approach, different studies demonstrated strikingly different results.

Intradermal vaccination in the ear pinnae with UV-inactivated influenza resulted in similar antibody responses and protection against a lethal dose of influenza in van Gogh mice as compared to controls without resection. While Tfh responses were not evaluated, the study showed that a subset of LN-resident cDC1s and cDC2s acquire viral antigens within 40 min of immunization, migrate to the inter-follicular regions of the lymph nodes and engage with antigen-specific T cells (29). These results were reproduced in a similar study by Tozuka et al. who demonstrated that intradermally administered fluorescently-labeled antigen was acquired by a population of CD11b-expressing DCs (presumably the LN-resident cDC2s) within 30 min of immunization (28). In this study, they also showed that ear resection immediately after (< 5 s) intradermal administration of influenza HA vaccine did not impact antibody responses to the vaccine (28). Gerner et al. used advanced microscopic techniques as well as the van Gogh approach to demonstrate that LN-resident cDC2s were important for Tfh cell priming (27). Although immunization with OVA-coated beads and CpG did generate significant antibody responses in van Gogh mice, the levels of the OVA-specific IgG were significantly higher in control mice, presumably augmented by the action of migratory DCs (27). Together these studies suggest that LN-resident cDC2s are sufficient for Tfh priming under experimental conditions which circumvent the requirement for antigen delivery through DC migration.

In contrast to these three studies, also using the van Gogh model, Levin and colleagues showed that migratory DCs are required to drive Tfh and B cell responses to HIV p24-coated nano-particles and that LN-resident DCs could not support either Tfh or GC B cell dependent antibody responses (31). Using antigen encapsulated in large beads that cannot free drain into lymph, we recently demonstrated that migratory cDC2s were sufficient to induce Tfh cell priming and antibody production (30). In this model, LN-resident DCs could cooperate with migratory DCs through antigen transfer, but they were not capable on their own to induce Tfh priming.

So why these discrepancies between the studies? One explanation could be the nature of the antigen used. The studies by Woodruff et al. (29) and Tozuka et al. (28) used influenza as a model system either employing UV-inactivated influenza or influenza-derived HA protein, respectively. Resident DCs might have a higher affinity for acquiring influenza antigen and thus use of these antigens might better target LN-resident DCs. Indeed, Gonzalez and colleagues demonstrate that a SIGNR1+ DC subset located in the medullary sinus of the LN preferentially bound UV-inactivated PR8 strain of influenza and migrated toward the B cell follicles (32). These DCs are most likely LN resident cDC2s that are located near the lymphatic sinus (27). However, it is important to note that blocking PR8 uptake by SIGNR1+ DCs did not significantly impact specific antibody responses to influenza (32).

It is also possible that not all antibody responses generated against influenza are Tfh cell-dependent. In line with this, anti-influenza IgG2b/c but not IgG1 antibodies are generated in Tfh cell-deficient mice and confer protective immunity to mice upon lethal influenza challenge (33). This study suggests that while IgG1 responses require a germinal center phase, Th1 cells are sufficient to provide B cell help for extrafollicular IgG2 induction against influenza (33). Indeed, in the study by Woodruff et al. they do observe a trend for decreased anti-influenza IgG1 but not IgG2b in van Gogh mice as compared to control mice (29).

These data suggest that resident DCs can drive humoral responses under certain conditions, such as intradermal influenza vaccination (28, 29, 32). Under these conditions, a significant amount of antigen freely drains to the lymph node, bypassing the need for migratory cDCs. However, under limiting doses of antigen, LN-resident DCs may not be necessary for priming Tfh cells. A major hurdle in addressing this possibility is the lack of tools to selectively deplete LN-resident DC subsets while keeping migratory DCs intact. Further, distinct routes of antigen transport ensure that both resident cDCs and migratory cDCs access antigen and can present antigen to naïve T cells (Figure 2). This suggests that migratory cDCs and resident cDCs might regulate distinct steps of Tfh cell differentiation, as will be discussed later.
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FIGURE 2. Modes of antigen access by DCs. (a) Migratory cDCs (and LCs—not depicted) phagocytose antigen in the tissue and then migrate to the LNs. cDC1s migrate to the T cell zone whereas cDC2s migrate to the T-B border. (b) LN-resident cDC2s lining the lymphatic sinus phagocytose free draining antigen from the lymphatics. (c) Antigen transported by migratory DCs can be transferred to resident DC subsets in the LNs. LS (lymphatic sinus), SCS (sub-capsular sinus), MS (Marginal sinus).





CONVENTIONAL DCS

cDCs have been shown to play a dominant role in priming T effector responses (23). Hence, it is not surprising that they also are implicated in priming Tfh cells. The recently identified transcription factor ZBTB46 is specifically expressed by cDCs and mice encoding a diphtheria toxin receptor under the Zbtb46 promoter (Zbtb46-DTR) can be used to selectively deplete cDCs in vivo (16, 17). Using these mice, we and others have shown the loss of T-cell dependent humoral responses in the absence of cDCs (27, 34, 35). Both cDC1s and cDC2s have been shown to drive antibody responses (see below). Identification of the most relevant cDC subset for Tfh priming is complicated by the fact that there are migratory and LN-resident subsets of cDCs and—as described above–depending on the route of immunization, the organ system studied, and type of antigen used, both migratory and resident cDCs have been implicated in priming Tfh cells.


cDC1s

Like LCs, skin-resident cDC1s, also express Langerin and hence some of the studies implicating LCs in humoral responses have also studied the role of cDC1s in mediating these responses. Using human Langerin-DTA mice (which lack LCs, but not cDC1s), Yao et al. demonstrated that targeting antigens to cDC1s (using antibodies against murine Langerin) in the skin is sufficient to prime Tfh cells. Further, cDC1s promoted humoral responses, albeit less efficiently than LCs in this model (36). Antigens can be efficiently targeted to cDC1s in the spleen via specific receptors such as CLEC9A or DEC-205. In two separate studies, Caminschi and colleagues demonstrate that targeting antigen (either OVA or Herpes Simplex Virus glycoprotein 1B) via CLEC9A, even in the absence of an adjuvant, primed efficient Tfh and GC B cell responses. Interestingly, they suggest that increased persistence of anti-CLEC9A mAb (and thus antigen) in the system drives enhanced CD4+ T cell activation and Tfh cell priming (37, 38). The authors noted that DEC-205 targeting is not as efficient in priming humoral responses especially in the absence of an adjuvant, potentially due to enhanced clearance of the mAb from circulation (38). These results were also reproduced in a separate study by Shin and colleagues (39).

In contrast, Levin and colleagues show that while depletion of LCs does partly abrogate Tfh cell and GC B cell responses to HIV p24 coated nano-particles, additional depletion of cDC1s has no further impact on these responses (31). In a similar approach, Kumamoto et al. using murine Langerin-DTR mice (to deplete both LCs and cDC1s) also show that cDC1s do not drive antibody responses to OVA and papain immunization in the skin (40). Batf3−/− mice, which fail to develop cDC1s also have no defect in (and in some cases enhanced) Tfh and antibody responses to inhaled (30) and systemic antigens (34, 35). These results suggest that while targeting antigen to cDC1s could drive humoral responses, cDC1s are not necessary to prime Tfh and GC B cell responses to untargeted antigens, as in the case of vaccination and infection.



cDC2s

It is well documented that irrespective of the organ system, cDC2s are superior to cDC1s in their ability to prime CD4+ T cells rather than CD8+ T cells (20, 34, 41, 42). Similarly, several reports show that cDC2s are the dominant Tfh-priming DC subset (27, 30, 35, 39), potentially due to their unique localization (30, 43). Tfh cell priming occurs in the T cell-B cell border (44), which includes the interfollicular zone (IFZ). We and others have clearly demonstrated that cDC2s occupy the T-B border regions in the lymph nodes (30, 43, 45) and the spleen (35, 46–49), suggesting that this subset of DCs is ideally positioned to prime Tfh responses.

A number of studies, including ours, have investigated the role of splenic cDC2s in driving humoral responses to blood-derived antigens. Using DC-specific IRF4 knockout mice, we demonstrated that splenic cDC2s, but not cDC1s drive allo-antibody responses to transfused red blood cells (RBCs) (34). Similarly, EBI2, a Gαi-coupled receptor, is required by cDC2s to position themselves in the bridging channels of the spleen, and Ebi2−/− mice have impaired GC B cell responses to transfused sheep RBCs (48, 49). In line with this, the same authors in another report demonstrate that mice deficient in cDC2s (Cd11cCre Irf4−/−and Cd47−/−), but not cDC1s (Batf3−/−), also have impaired Tfh responses to sheep RBCs (35). In agreement, but using an alternative approach, Shin and colleagues showed that targeting antigens to cDC2s using antibodies against the cDC2-specific cell surface marker DCIR2 efficiently induced Tfh cell, GC B cell, and antibody responses to OVA (39, 47).

We recently reported that cDC2s also play a critical role in driving Tfh-dependent humoral responses (30). We showed that DC-specific deletion of the guanine nucleotide exchange factor Dock8 results in impaired migration of cDC2s in the skin, lungs, and the spleen (30, 46, 50). DOCK8-deficient mice, but not Batf3−/− (that lack all cDC1s), have defective Tfh cell responses to antigen administered sub-cutaneously, intravenously, or intranasally. As discussed previously, antigen targeting to dermal cDC1s has been shown to efficiently induce Tfh cell responses (36). However, the skin contains far fewer cDC1s than cDC2s and hence, antigen administered sub-cutaneously is not efficiently transported by cDC1s (30). In fact, most of the antigen administered sub-cutaneously is transported to the LN by migratory cDC2s. In order to compare migratory cDC1s to cDC2s, we administered antigen intranasally and found that both migratory cDC subsets efficiently transported antigens to the mediastinal LN. However, as in the skin, DC-specific DOCK8-deficient mice had impaired Tfh cell priming as well as impaired antigen-specific humoral responses to both OVA and influenza (as measured by antigen-specific IgG and weight loss in response to a lethal influenza infection). We noted similar defects in Cd11cCre Irf4−/− mice which lack cDC2s. In contrast, loss of cDC1s in BATF3-deficient mice did not impact OVA-specific Tfh cell differentiation. In a recent study, Kumamoto et al. used Mgl2-DTR mice to ablate a subset of cDC2s which express CD301b. They determined that CD301b+ cDC2s inhibit Tfh cell responses to antigens administered with Th2-promoting adjuvants such as papain, but not in response to Th1 adjuvants like CpG (40). Although the mechanism remains to be determined, this work highlights that the major DC subsets outlined in Figure 1 are likely more heterogeneous than currently appreciated.

While these reports suggest that there is some consensus about the proficiency of cDC2s in Tfh cell priming, discrepancies do exist, especially regarding the role for migratory versus LN-resident cDC2s. In an elegant study using an advanced multi-parameter microscopic technique called histo-cytometry, Gerner and colleagues showed that migratory cDC2s occupy the IFZ (part of the T-B border) in inguinal LNs, while resident cDC2s are found in the lymphatic/medullary sinus regions (27). Based on this observation, one could hypothesize that migratory cDC2s are better positioned to drive Tfh responses; however, this study found that migratory cDC2s were not required for Tfh induction. Again, this was using methods of immunization that might bypass normal trafficking routes such as intra-auricular injection (31). To distinguish the migratory cDC2s from resident cDC2s (and cDC1s), we used OVA-encapsulated beads that cannot free drain to the lymph nodes via the lymphatics and hence can only be transported by migratory cDCs. Administration of these beads to DOCK8-deficient mice resulted in impaired Tfh cell responses, re-emphasizing the inability of cDC1s to drive these responses. In BATF3-deficient mice, cDC2s are unaffected and administration of beads to these mice restricts antigen to migratory cDC2s. Tfh cell frequencies in BATF3-deficient mice were normal as compared to WT controls, indicating that migratory cDC2s are sufficient to prime Tfh cell responses (30).

The overall conclusion from these studies is that cDC2s play a dominant role in priming Tfh cells. However, as will be discussed next, other non-conventional DCs likely partner with cDC2s to promote early phases of T cell activation. The discrepancies stated above, however, suggest a greater level of heterogeneity than currently appreciated among cDC2s. Future studies to selectively target different subsets of cDC2s including migratory, resident and CD301b-expressing cells will help clarify positive and negative influences on Tfh differentiation.




NON-CONVENTIONAL DCS


Monocyte-Derived DCs

Using the van Gogh model Levin et al. show that while ear resection does not impair the frequency of monocyte populations in the draining lymph node, it does result in impaired Tfh responses to HIV p24 coated nano-particles (31). Similarly, Kumamoto et al. showed that depletion of monocyte-derived DCs using anti-Gr1 antibodies also had no impact on Tfh responses (40). Together, these results suggest that monocyte-derived DCs are not required for priming Tfh cells.

However, using different models, other groups have come to the opposite conclusion. Barbet et al. show that Tfh responses to intraperitoneal E. coli vaccination are TRIF-dependent, and driven by CD11c+ CX3CR1+ “patrolling” monocytes. They demonstrate that TRIF-dependent Tfh priming is unaffected in the absence of cDCs (using Zbtb46-DTR mice) or inflammatory monocytes (Ccr2−/− mice) (51). Immunization with a combination of CpG-B and incomplete Freund's adjuvant (IFA) results in higher frequencies of Tfh cells as compared to IFA alone (52). Using Ccr2−/−or Cx3Cr1−/−mice, Chakarov et al. generated mice with deficiencies in moDCs but not cDCs to demonstrate that the enhanced Tfh response induced by CpG-B is driven by IL-6-producing moDCs (52). However, given that a significant frequency of Tfh cells were induced in the absence of moDCs (52), one conclusion could be that, while cDCs play a dominant role in priming Tfh responses, moDCs enhance this response via IL-6 production. Interestingly, Germain and colleagues demonstrated that administration of high doses of DT to Zbtb46-DTR mice triggers infiltration of CD11b-expressing monocytic populations that are distributed throughout the lymph node (27). Thus, while these cells may not form part of the canonical Tfh differentiation pathway, these results together indicate that under certain conditions, moDCs can occupy similar functional niches as cDC1s and cDC2s and can help prime Tfh responses.



Langerhans Cells

The absolute requirement of LCs for humoral responses has been addressed by several studies using Langerin-diphtheria toxin receptor mice (31, 40, 53). To delineate which migratory DC subsets play a role in Tfh responses, Levin et al. used Langerin-DTR mice to deplete Langerin-expressing DCs i.e., LCs and cDC1s in the skin (31). Post DT treatment, LCs remain depleted for more than 2 weeks while cDC1s are replenished within 1 week. They employed this differential response to generate mice lacking only LCs (DT administered 2 weeks prior to immunization) or both LCs and cDC1s (DT administered 2 days prior to immunization). Loss of either LCs alone or both LCs and cDC1s decreased but did not abrogate Tfh and antibody responses to HIV p24-coated nano-particles that were administered in the absence of any other adjuvant. The authors conclude that while LCs do play a role in Tfh-dependent B cell responses, migratory cDC2s also contribute to humoral responses in the skin (31). Corroborating these results, in a model using OVA and the adjuvant papain, Kumamoto et al. demonstrate that LCs are not required for humoral responses to cutaneous antigens (40).

In an earlier study using the same Langerin-DTR mice, Zimara et al. demonstrated that loss of LCs results in impaired Tfh induction and early antibody responses (day 10) to Leishmania major infection (53). However, overall Leishmania-specific humoral responses (i.e., day 40 post-infection) remain unaffected. The study further showed that the size of GC is decreased in mice lacking LCs. These impaired responses are, however, restricted to Leishmania infection and not seen with other T-dependent antigens like DNP-KLH (with the adjuvant aluminum hydroxide). The authors suggest that Leishmania infection, unlike DNP-KLH and alum, does not lead to maturation of cDCs and under these circumstances, LCs drive humoral responses (53).

Yao et al. used transgenic mice expressing human Langerin (huLangerin), specifically in LCs but not in other DCs (i.e., dermal cDC1s, where murine Langerin is expressed) (36). Using monoclonal antibodies specific to human Langerin, the authors demonstrate that targeting antigens to LCs in vivo efficiently induces antigen-specific Tfh cell responses. The response generated was dose-dependent and was only generated against foreign antigens (and not self-antigens like MOG peptide). Targeting LCs either in the skin and LNs (systemic administration) or in the skin alone (topical application) efficiently induced B cell responses including GC B cell formation and a protective humoral response against lethal influenza challenge (36). It is interesting to note that as compared to previously published reports (7, 44), the kinetics of the response generated by targeting LCs is slightly delayed, i.e., the peak of the Tfh cell response observed is around day 7 and the peak of GC B cell expansion is around day 14 (36). One potential explanation for this is that LCs are known to have significantly slower migration kinetics with their numbers peaking 3–4 days post-immunization (even under inflammatory conditions) as opposed to cDCs that reach the draining cutaneous lymph nodes 18–24 h post-immunization (50, 54, 55).

In the work by Yao et al. LCs were shown to primarily drive humoral responses when antibodies to Langerin were administered without an adjuvant (36). Under these circumstances, the lack of adjuvant would fail to efficiently induce maturation and migration of migratory cDCs- a pre-requisite for their ability to induce effective T cell responses. Indeed, even under inflammatory conditions, expression of co-stimulatory molecules remain unchanged on LCs that migrate to the LN, suggesting that under steady state, LCs have a mature phenotype (54). In contrast, migratory cDCs have higher expression of co-stimulatory molecules and emigrate in greater frequencies upon maturation (30, 56) possibly indicating that these cells play a dominant role under inflammatory conditions such as in the case of an infection or vaccine response. These results together suggest that LCs can drive humoral responses to low-abundance, weakly immunogenic antigens that do not efficiently induce cDC maturation (36, 53).




DC-DEPENDENT FACTORS REGULATING EARLY Tfh DIFFERENTIATION

Early differentiation signals required for Tfh cells have been extensively characterized. Signals that function early in the Tfh differentiation process, and that are independent of B cells, have frequently been ascribed to DCs. However, it is important to note that there is still limited evidence that directly proves that these are DC-unique factors. This is further complicated by the fact that multiple DC subsets could play a role in the differentiation process.


DC Maturation and Pattern Recognition Receptors

DCs must undergo a maturation process for the induction of a productive adaptive immune response. Almost 30 years following Charles Janeway's proposal, several PAMPs (pathogen-associated molecular patterns) or DAMPs (danger-associated molecular patterns) have been identified that are detected by the immune system via specific groups of germ-line encoded receptors called Pattern Recognition Receptors (PRRs). These include Toll-like receptors (TLRs), C-type lectin receptors (CLRs), NOD-like receptors (NLRs), RIG-I-like receptors (RLRs) and AIM2-like receptors (ALRs). Engaging these receptors results in DC maturation and thereby an effector T cell response (57).

TLR agonists have widely been used in induction of Tfh responses. Notably, TLR3 (39, 58), TLR4 (5, 30, 39, 58) and TLR9 (27, 40, 52) agonists have been shown to effectively drive Tfh responses in both mice and humans. Kumamoto and colleagues show that the immunosuppressive effects of CD301b+ cDC2s is only seen using “Th2-type” adjuvants like papain and that engagement of TLRs like TLR4 and TLR9 overcomes the Tfh-inhibiting capacity of this DC subset (40). In a recent study, Ugolini et al. demonstrate that TLR8 on human monocytes senses microbial viability by binding to bacterial mRNA. The activation of monocytes by this special class of PAMPs called “vita-PAMPs,” results in production of IL-12 which in turn drives BCL6 expression and IL-21 production by CD4 T cells (59). Barbet et al. reported that in mice, bacterial viability is detected by CX3CR1+ monocytes via a TRIF-dependent mechanism. The downstream Type I IFN response along with inflammasome activation drives Tfh differentiation (51). While the role of IFN signaling in driving Tfh responses is discussed later, it is important to note that TLR3 and TLR4 agonists also drive Tfh responses by inducing an autocrine Type I IFN signal in DCs (58). Using human monocyte-derived DCs, Schmitt et al. compared Tfh inducing capacities of different TLR agonists and show that TLR4, TLR5, and TLR7/8, but not TLR2, activation induces IL-21 production from CD4+ T cells, with TLR4 being the most potent followed by TLR5 and TLR7/8 (5).

Monoclonal antibodies against C-type lectin receptors (CLRs) have been used to target antigens to specific DC subsets in vivo and, as described previously, several studies have employed this approach to study the Tfh-priming capacities of different DC subsets. Targeting antigen to certain C-type lectin receptors is alone sufficient to prime Tfh cells and does not require additional adjuvants. For example, targeting LCs via the CLR Langerin does not result in LC activation but is sufficient to drive Tfh cell differentiation in vivo (36). Similarly, Caminschi and colleagues demonstrate that targeting antigen to cDC1s via the CLR CLEC9A induces a robust Tfh cell response (37, 38) and this response is not augmented by co-administering the TLR9 agonist, CpG (38). In contrast, Shin et al. report that effective Tfh cell differentiation is observed when antigen is targeted to cDC2s via the CLR DCIR2 in the presence of TLR3 (Poly I:C) or TLR4 (LPS) agonists (39).

There are a limited number of studies addressing the role of other groups of PRRs in driving Tfh differentiation. While the role of NLRs in priming Tfh cells has not been directly addressed, alum, a potent activator of the NLRP3 inflammasome (60, 61), has been used as an adjuvant in several studies (6, 62, 63). Further, IL-1β, an effector cytokine produced downstream of inflammasome activation (57), also plays a role in priming Tfh cells, as will be discussed later. Regarding the role of RLRs, one study demonstrated that co-administering influenza antigens with 5′ ppp-double-stranded RNA, a RIG-I ligand, enhances Tfh differentiation and antibody responses to influenza via a Type I IFN-dependent mechanism (64).



Antigen Presentation

The strength and duration of antigen presentation plays a critical role in determining the outcome of CD4+ T cell responses, i.e., T effector cells versus Tfh differentiation (65). Using a pigeon cytochrome C (PCC) model, Fazilleau et al. demonstrated that T cells with higher antigen affinity preferentially differentiate into Tfh cells (66). Tfh cells have stronger affinity for peptide-MHC II complexes and a more restricted TCR repertoire as compared to T effector cells (66). In addition to TCR affinity, increased TCR signals (using high antigen concentrations) are required for maximal IL-21 production (66). Moreover, increasing the antigen dose (11) or gradually increasing antigen administration over 2 weeks (67) boosts the generation of both Tfh and GC B cells. Thus, antigen dose is tightly linked to both Tfh induction and the magnitude of GC responses. In contrast, both high and low affinity antigen-specific T cell clones equally differentiate into Tfh cells in mice immunized with Friend's virus (68). This study used a chronic retroviral infection model and the authors suggest that the differences in their study as compared to Fazilleau et al. is probably due to antigen availability. Thus, they hypothesize that under conditions of limiting antigen availability, high TCR avidity would drive Tfh cell differentiation (68). However, TCR avidity, as in the case of the previous study, does impact IL-21 production, suggesting that some features of Tfh differentiation are indeed TCR-intrinsic (68).

Nevertheless, the contrasting results of these studies suggest that simple affinity of TCR to peptide-MHC II complexes, i.e., the receptor occupancy model, would not explain Tfh versus T effector cell differentiation. An alternative kinetic proofreading model suggests that the duration of interaction between TCR and peptide MHC II complexes (i.e., DC-T cell interaction times) is a better predictor of the outcome of the T cell response. Using single cell clones, Tubo and colleagues elegantly provide support for this model. They show that longer dwell time between TCR and peptide-MHCII, rather than TCR affinity, preferentially drives Tfh cell differentiation (69). In a recent study, Benson et al. visualized this process in vivo to show that the time of antigen presentation by DC to CD4+ T cells is critical for Tfh differentiation in vivo (7). Immunizing mice sub-cutaneously with 200 nm sized antigen-coated nanoparticles efficiently primed Tfh responses and protective antibody responses to influenza. Using multiphoton imaging, DC and antigen-specific CD4+ T cell interactions were imaged in vivo. The authors defined 3 stages of DC-T cell interaction over the course of the immune responses: Stage 1 (0–8 h), Stage 2 (12–24 h), and Stage 3 (48–72 h) post-immunization. Interactions longer than 10 min between DC-CD4+ T cells at Stage 3 were required for efficient Tfh cell priming. Disrupting MHCII-TCR binding at this stage impaired Tfh cell frequencies, suggesting that sustained antigen presentation is required for Tfh cell differentiation (7). These results together indicate that DC subsets that stably express antigen-MHCII complexes are probably superior at priming Tfh cells. Since cDC2s are more efficient than cDC1s in processing antigen for MHCII, this could explain why this subset seems to be more effective in Tfh priming, as discussed above (20, 70). However, experimental models in which antigen is specifically targeted to cDC1s could compensate for this difference and thereby enhance the ability of cDC1s to promote Tfh differentiation (37, 38).



Co-stimulatory Molecules

Tfh priming requires a variety of co-stimulatory molecules including B7 family members, CD40L, OX40L, and ICOSL (63). The most extensively studied co-stimulatory molecule with regards to Tfh priming is OX40L. However, studies have revealed, at least in part, that CD28 engagement and/or CD40L engagement leads to upregulation of OX40 on T cells (63).

Early reports demonstrated that CD28-deficient mice have impaired GC and humoral responses (71). Mice overexpressing CTLA4 (mCTLA4-Hγ1 transgene), the inhibitory ligand for CD28, also showed similar impairment in T-dependent B cell responses (72). However, Lane and colleagues in later studies demonstrated that the loss of these humoral responses was primarily due to impaired OX40 expression. OX40 is upregulated on naïve T cells following CD28 activation and activation of T cells by OX40L promotes expression of 73, IL-4 and CXCR5 (74). Interestingly, constitutive expression of OX40L by DCs (using CD11c-OX40L transgenic mice) leads to increased Tfh cell differentiation; however, this is also dependent on CD28 signaling (74). A recent study by Watanabe et al. using Cre-mediated deletion of CD80 and CD86 in DCs illustrated that CD28 signaling at the stage of T-DC interaction is critical for initial priming and expansion of T cells (75). In contrast, loss of CD80 and CD86 in the B cell compartment did not affect the generation of Tfh cell or GC B cells nor humoral responses in terms of affinity maturation and serum IgG levels (75). Collectively, these studies demonstrate a critical role of DCs in delivering CD80/CD86 co-stimulatory molecules during pre-Tfh differentiation for optimal Tfh and GC responses.

Patients with CD40L deficiency as well as CD40-deficient mice show impaired Tfh cell frequencies (76, 77). Given that CD40 activation leads to OX40L expression on both murine and human DCs (78, 79), the Tfh defects seen in the absence of CD40 could indeed be a downstream effect of abrogated OX40/OX40L signals. In line with this, Fillatreau et al. report that Cd40−/− mice, like Ox40−/−mice, have impaired accumulation of T cells in follicles. CD40 is required for CXCR5 expression in T cells (80). Restoring CD40 expression in DCs but not B cells, either using mixed bone marrow chimeras or by adoptive transfer of CD40+ DCs, restores this response in Cd40−/− mice. Furthermore, treating Cd40−/− mice with OX40L-huIgG1 fusion proteins readily rescues CD4+ T cell migration into follicles (80). However, administration of agonistic OX40 antibodies during LCMV infection diverts Tfh differentiation to T effector differentiation by inducing Blimp-1 expression (81), suggesting that the role of OX40 signaling in Tfh differentiation is context-dependent.

These results suggest that Tfh priming is primarily regulated by OX40 signaling downstream of CD28 and CD40L. However, Akiba et al. compared the effects of all three co-stimulatory molecules on Tfh priming in vivo and clearly demonstrate that while CD28 and CD40 are indeed required for Tfh cell differentiation and GC B cell responses, the requirement for OX40 signaling is strain- and immunization site-specific (76). The authors immunized various mouse strains, including BALB/c and C57BL/6, at different sites and compared OX40 expression on Tfh cells in the spleens and in skin-draining LNs. They show that OX40 blocking antibodies only impair GC and Tfh responses in LNs of C57BL/6 mice but not in BALB/c mice, possibly since OX40L expression is observed only in LN but not splenic Tfh cells in C57BL/6 mice post-immunization (76). The requirement for CD28, beyond OX40 upregulation, in early Tfh cell responses is further demonstrated in a study by Smith and colleagues (82). Cd28flox/flox Ox40Cre/+ mice were used to block CD28 signaling after T cell priming and expansion. The authors show that these mice have reduced frequencies of Tfh and GC B cells in response to intranasally administered influenza A, as compared to control mice. Loss of CD28 in activated T cells, results in increased apoptosis and impaired BCL6 and ICOS expression in Tfh cells (82). These results suggest that persistent CD28 stimulation, beyond early naïve T cell activation, is required for Tfh cell differentiation and maintenance as well as functional humoral responses (82).

A recent study by Tahiliani et al. demonstrates that in a murine model of vaccinia virus infection, OX40-deficient mice have impaired Tfh and B cell responses (83). Blocking OX40L during and after Tfh cell generation leads to a significant reduction in Tfh, GC Tfh and GC B cell frequencies (83). Finally, OX40L-expressing DCs were seen in bridging channels in the spleen and also co-localized with OX40+ T cells, suggesting that cDC2s could in part provide some of these signals during Tfh cell priming (83). Further, TSLP-activated human DCs prime IL-21- and CXCL13-producing CXCR5+ PD-1+ Tfh cells in vitro. Blocking OX40L, but not ICOSL, in this system reduces IL-21 and CXCL13 production. It is important to note that while BCL6 expression is reduced in CXCR5hi PD1hi cells, blocking OX40L in this system does not reduce Tfh cell frequencies (15). Together, these results indicate that the requirement for OX40L during Tfh cell differentiation is not absolute, but under specific conditions, could regulate certain facets of Tfh cell differentiation.

ICOS signaling plays a central role in Tfh cell priming. ICOS-deficient mice and humans have impaired Tfh cell and GC B cell frequencies, reduced T cell localization to follicles and impaired humoral responses (76, 77). Roquin 1 and Roquin 2 are RNA-binding proteins that play an important role in post-transcriptional repression of ICOS expression. Combined loss of Roquin 1 and Roquin 2 (84, 85), or loss of mir-146a (also a negative regulator of ICOS) (86) specifically in T cells, increases ICOS expression, resulting in spontaneous accumulation of Tfh and GC B cells in mice (84–86). B cell-specific ablation of ICOSL results in a similar loss of Tfh cell differentiation as ICOSL knockout mice, which suggests that ICOS signaling primarily plays a role during the B cell phase of Tfh priming (87). Similarly, blocking ICOSL in vitro did not impair human Tfh cell differentiation by TSLP-activated DCs (15). In contrast, Choi et al. demonstrate that early ICOS signaling is required for BCL6 expression and Tfh cell commitment as Icos−/− T cells failed to differentiate into Tfh cells as early as day 3 post-immunization (88). The authors also show that loss of B cells had no impact on Tfh cell frequencies 3 days post-immunization, suggesting that this stage was B cell-independent. Further, adoptive transfer of antigen-loaded DCs was sufficient to induce BCL6 and CXCR5 expression in T cells confirming that this early stage of Tfh cell differentiation is indeed DC-dependent. The impaired differentiation of Icos−/− T cells to Tfh cells early in the response suggests that ICOSL signaling by DCs is critical for Tfh cell priming. Further, ICOS signaling during this first stage is required for BCL6 expression by Tfh cells, which the authors show in turn is critical for CXCR5 expression (88). Together, these findings highlight that ICOS is important for multiple stages of Tfh differentiation and is provided by both DCs and B cells.

Finally, NOTCH signaling also regulates Tfh cell differentiation. Loss of NOTCH 1 and 2 specifically in CD4+ T cells leads to reduced Tfh cell frequencies, impaired IL-4 production by Tfh cells and concomitantly, reduced GC B cell and IgE responses (89, 90). While NOTCH signaling controls IL-4 production by Tfh cells (90), NOTCH-deficient Tfh cells also fail to downregulate BLIMP1 (PRDM1) or upregulate BCL6, Cmaf, and IL-21, in an IL-4-independent manner (89). DC-specific deletion of the NOTCH ligand, the E3 ubiquitin ligase Mind bomb1 (MIB1) also impairs early Tfh cell differentiation. Tfh cell frequencies in these mice are eventually comparable to controls at later stages of the response indicating that requirement for DC-derived NOTCH signals is not absolute. The authors also demonstrate that depletion of NOTCH ligands on B cells and follicular DCs has no impact on Tfh cell priming (90).



Cytokines

The cytokine milieu in SLOs plays a critical role in polarizing T cells either toward Tfh or other T effector fates. Depending on the PAMPs or DAMPs associated with the antigen encountered, DCs secrete cytokines that could significantly influence the outcome of the T cell response. Given that different DC subsets preferentially express distinct cytokines, this may specialize them for driving the polarization of different T cell subsets. Further, as discussed previously, distinct DC subsets occupy unique niches within the SLOs; therefore, a combination of DC-intrinsic differences in cytokine production in combination with cells in the niche could favor Tfh differentiation versus other T effector fates.



IL-6

In the mouse, IL-6 is one of the first cytokine signals to influence the early stages of Tfh differentiation. IL-6 signals via STAT3 and this pathway induces early expression of BCL6 in T cells (91, 92). Deficiency of IL-6 or STAT3 impairs Tfh differentiation and antibody responses in vivo (91, 93). DCs produce copious amounts of IL-6 in response to stimulation with various PAMPs or CD40 activation (2). Adoptive transfer of antigen-pulsed IL-6-sufficient DCs but not IL-6-deficient DCs leads to efficient antibody responses in vivo (93). DC-specific deletion of Blimp1 in mice results in a spontaneous lupus-like phenotype characterized by increased Tfh cell frequencies and autoantibody production (94). The authors demonstrate that BLIMP1 deficiency causes increased IL-6 production by DCs. Further, Il-6 heterozygous DC-specific Blimp1-deficient mice (Il-6+/− DCBlimp1ko), in which IL-6 expression is no longer elevated, have reduced GC and Tfh cell responses compared to DCBlimp1ko, suggesting that DC-derived IL-6 drives the responses observed in these mice (94). In a subsequent study, Kim et al. defined IL-6-dependent and -independent pathways by which BLIMP1 also regulates the expression of Cathepsin S, an endolysosomal protease which influences antigen processing, suggesting this as an additional mechanism for the observed lupus-like phenotype (95). They showed that DCs from BLIMP1-deficient mice induced IL-21 expression in co-cultured T cells and that this is abrogated in the presence of a Cathepsin S inhibitor (95).

These results indicate that DCs could indeed be the source of IL-6 for Tfh cell differentiation. However, other studies suggest that, rather than driving early Tfh cell differentiation, DC-derived IL-6 instead fine-tunes the phenotype of newly primed Tfh cells, with other cell types producing the IL-6 that is required for early Tfh differentiation. Using adoptively transferred IL-6-deficient antigen-pulsed DCs, Andris and colleagues show that DC-derived IL-6 has no impact on Tfh cell frequencies or CXCR5, PD1 and BCL6 expression (96). This is in line with a report from Chen et al. who, using mixed bone marrow chimeras, report that IL-6 deficiency in radio-resistant (such as stromal cells) but not radio-sensitive hematopoietic cells (such as DCs), impacts CXCR5 and BCL6 expression in Tfh cells (62). However, Andris and colleagues also show that IL-6-mediated STAT3 signaling suppresses GATA3 expression in Tfhs. Loss of DC-derived IL-6 results in decreased IL-21 and increased IL-4 production by Tfh cells, resulting in increased IgE responses (96). These results indicate that IL-6 production from stromal cells as well as DCs have non-redundant functions during Tfh cell differentiation.



IL-12

IL-12 has been shown to play a critical role in Tfh cell differentiation in human T cells (5). Triggering of certain pattern recognition receptors like TLRs induces IL-12 production by DCs (2). In two separate studies, IL-12, and to a lesser extent IL-23, were able to induce IL-21 from human CD4+ T cells activated in vitro (5, 97). IL-21-expressing T cells express CXCR5 and ICOS and promoted B cell help in vitro (5, 97). Similarly, allogenic stimulation of T cells with DCs exposed to different heat-killed bacteria, resulted in IL-21 expression by T cells which in turn regulated antibody production by B cells in vitro. This process is IL-12-dependent, as inhibiting IL-12 in vitro abrogated these responses (5). Human cDC2s produce higher levels of IL-12 and IL-6 as compared to cDC1s in response to a variety of TLR ligands (98, 99). This might explain, in part, why TSLP-activated human cDC2s are superior to cDC1s in activating and inducing IL-21 production from T cells (15). Using adoptive transfer of DCs, Andris and colleagues demonstrated that loss of IL-12 does not impact murine Tfh cell differentiation (96). In contrast to human cDC2s, murine cDC2s actually produce less IL-12 (30, 100). Therefore, the role of IL-12 appears to be different in human vs. murine Tfh-DC interactions and further work remains to be done on what accounts for these species-specific effects.



Type I IFN

Type I IFN and IL-27 modulate Tfh cell differentiation. Interferon-alpha/beta receptor-deficient (Ifnar−/−) mice have impaired Tfh cell and antibody responses as compared to control mice when immunized with NP-OVA and LPS (58). IFNAR deficiency in either DCs or radio-resistant cells also results in reduced frequencies of Tfh cells. Further, Ifnar-deficiency in DCs results in reduced IL-6 production (58). As discussed previously, IL-6 production from stromal cells and DCs seems to non-redundantly impact Tfh cell differentiation and these data further support this hypothesis.

While IFN-induced IL-6 production provides one potential mechanism, other pathways downstream of IFNAR signaling have also been shown to drive Tfh cell responses. Gringhuis et al. demonstrate that autocrine IFNAR signals in human DCs can promote IL-27 production that in turn drives Tfh cell differentiation (101). They show that treating human DCs with fucose, an agonist of the C-type lectin receptor DC-SIGN, activates IKKε, a member of the non-canonical IKK kinase family. This pathway synergizes with an autocrine Type I IFN signal to drive IL-27 production. The IL-27 produced by the DCs enhances BCL6 and IL-21 expression in T cells (101). In line with this, using Il27rα−/− mice, Batten et al. demonstrated that IL-27 promoted IL-21 production and Tfh cell survival (102). A recent study by Blander and colleagues also demonstrated an alternative pathway by which Type I IFN regulated Tfh differentiation (51). They demonstrated that autocrine IFNAR signals promoted Caspase 1- and Caspase 11-mediated production of IL-1β by DCs. In T cells, IL-1β signals via IL1R1 and drives expression of BCL6, CXCR5, and ICOS. In addition, IFNAR signaling in Tfhs directly induces production of IL-21 (51). However, this study also shows that CX3CR1+ CCR2− monocyte-derived DCs and not cDCs drive these Tfh responses (51). The presence of multiple pathways by which IFNAR signaling regulates Tfh cell differentiation raises the possibility that depending on the antigen encountered, different DC subsets could utilize alternative IFNAR-dependent pathways to prime T-dependent B cell responses.



IL-2

IL-2 is a negative regulator of Tfh cell differentiation. IL-2 induces BLIMP-1 expression in T cells which suppresses BCL6 and downregulates CXCR5 (1). Further, IL-2-mediated mTORC1 activation of AKT also suppresses Tfh cell differentiation (103). Under certain stimuli, DCs have been shown to produce IL-2, a process that is counter-productive for Tfh cell priming (2). However, a recent study by Cyster and colleagues demonstrates that certain DC subsets like cDC2s express the IL-2 receptor alpha chain, CD25 (35). However, cDC2s do not respond to IL-2, as seen by STAT5 phosphorylation. The authors suggest that both soluble and secreted CD25 expression by cDC2s creates a “cytokine-sink” for IL-2. Limiting concentrations of IL-2 in the T-B border makes this niche then favorable for Tfh cell differentiation (35). However, in our studies, while we did find higher expression of CD25 on lung cDC2s, we could not find evidence supporting the role of DC-dependent CD25 expression on Tfh responses (30). Given that other cells in the T-B border including activated B cells express CD25 (104), we hypothesize that multiple cell types could cooperate to create an effective IL-2 sink.




THE THREE-STEP DIFFERENTIATION MODEL

Spatio-temporal distribution of lymphocyte subsets within the SLOs are critical for efficient Tfh cell priming. Based on the literature reviewed here, the following conclusions can be drawn regarding DC subsets and Tfh priming.

1. DC subsets occupy distinct regions within lymphoid organs. Migratory cDC1s, resident cDC1s and LCs are found within the T cell zones, migratory cDC2s are located in the T-B border region (including the IFZ) and resident cDC2s reside in the lymphatic sinuses (30, 45).

2. Excluding antigens from certain DC subsets or depletion of specific DC subsets does not impair naïve T cell activation (27, 30, 31), suggesting that a redundancy exists in this step of T cell priming.

3. Antigen availability in SLOs determines which antigen presenting cells (APCs) are able to support Tfh priming. Decreasing antigen concentration progressively increases the dependency on APCs that are more effective in priming Tfh cells (Figure 3).

4. Distinct DC subsets can sequentially prime T cell responses (26).

5. Early after activation, naïve CD4+ T cells differentiate into BCL6+ pre-Tfh cells (9) and migrate to the T-B border - a process regulated by multiple factors including CCR7 (105), CXCR5 (44, 62, 105), and EBI2 (35). Pre-Tfh cells differentiate in the T-B region to Tfh cells (44). This process is initially B cell-independent and DC-dependent (6, 44, 63, 88).

6. Tfh cells interact with antigen-bearing activated B cells and mature into effector Tfh cells (1).
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FIGURE 3. Antigen availability and APC dependency. We propose that antigen availability in secondary lymphoid organs (SLOs) determines which antigen presenting cells (APCs) are able to support Tfh priming. At very high antigen concentrations B cells can serve as the sole APC to support Tfh development. Decreasing antigen concentrations progressively increases the dependency on APCs that are more effective in priming Tfh cells. Migratory cDC2s are the most potent Tfh-priming APC and are both necessary and sufficient at low antigen concentrations.



Based on these data, we propose a three-step model for Tfh cell differentiation under conditions that deliver sufficient free draining antigen to LNs (e.g., high antigen doses, footpad or intra-auricular immunization, or infection within the LN) (Figure 4).

1. Antigen transport and naïve T cell activation: DCs can access antigens in three ways (Figure 2):

•Migratory cDCs (and LCs) phagocytose antigen in situ and then migrate to the LNs

•LN-resident cDC2s lining the lymphatic sinus endothelium phagocytose free draining antigen from the lymphatics

•Antigen transported by migratory DCs can be transferred to resident DC subsets in the LNs

•Any of these DC subsets upon antigen acquisition can activate naïve T cells. These T cells migrate to the T-B border in a CXCR5- and/or EBI2-dependent process.

2. Pre-Tfh differentiation by migratory cDC2s: Migratory cDC2s home to the T-B border and this process is regulated by a number of factors including CCR7 (106), CXCR5 (2, 30, 43) and EBI2 (48). As migratory cDC2s uniquely position themselves in the IFZ, they will efficiently support pre-Tfh differentiation. This makes cDC2s increasingly important when the level of antigen in the SLO is limiting. In the absence of free draining antigen, migratory DCs can accomplish both step one and step two.

3. Tfh commitment by B cells: As has been extensively described, B cells become the major antigen presenting cell in the final stage and provide signals including ICOSL/ICOS, CD40/CD40L, and CD84/CD84-SAP to complete Tfh cell differentiation (1, 2, 63).


[image: image]

FIGURE 4. Three-step model of Tfh differentiation. (a) Step 1—Naïve T cell activation phase: Upon antigen acquisition any of the DC subsets or Langerhans cells can activate naïve T cells. These T cells downregulate CCR7 and upregulate CXCR5 allowing migration to the T-B border in an EBI2-dependent manner. It is unclear which co-stimulatory molecules and cytokines are required during this phase. (b) Step 2—Pre-Tfh phase: Migratory cDC2s home to the T-B border and this process is regulated by a number of factors including CCR7, CXCR5 and EBI2. Migratory DCs can accomplish both step one and step two. (c) Step 3—Tfh commitment phase: B cells are the major antigen presenting cell in this final step and provide signals to complete Tfh cell differentiation. (d) Tfh effector phase: Mature Tfh cells enter the germinal center where they promote survival, affinity maturation and class switch recombination of B cells.





SUMMARY AND FUTURE DIRECTIONS

DCs are heterogeneous, and multiple subsets have been implicated in priming Tfh cells. Although our three-step model incorporates these findings, it is important to bear in mind that there is currently no definitive evidence clarifying the individual role of each of these DC subsets in Tfh cell differentiation. It is likely that the type and body location of immune insult determines the DC subsets responsible. The biggest hurdle toward addressing this is the ability to specifically deplete either resident or migratory cDC subsets in vivo. Identifying factors that uniquely drive the development, maturation, or migration of either resident or migratory cDC1s and cDC2s would be critical for the generation of such murine models.

While many Tfh cell differentiation factors including cytokines and co-stimulatory molecules have been described, it still remains unclear whether DCs are indeed the primary source of these factors. If so, which DC subsets provide them, at what stage during Tfh differentiation are these produced, where within the SLO are they secreted, and is this in conjunction with antigen presentation? Depletion of these factors within specific DC subsets would be one approach toward addressing these questions. Further, given that stromal cells and DCs appear to secrete some of the same factors that drive Tfh cell differentiation (58, 62), it would be critical to delineate if these cell types, which may occupy the same niches within the SLOs, act in concert to efficiently induce humoral responses.

While the migration of T cells from the T cell zone to the T-B border, and then to the follicle during Tfh differentiation, is well studied, there remains much to be understood about the spatio-temporal dynamics of this process with respect to T cell interactions with specific DC subsets. In other words, during the DC-phase of Tfh cell differentiation, do the differentiating T cells sequentially encounter different DC subsets? What specific signaling pathways and transcriptional programs are activated at each step of this process that then drives the next step of Tfh cell differentiation? Development of advanced microscopic techniques like multi-photon microscopy and multi-parameter immunofluorescence to simultaneously visualize T cells and antigen-bearing DC subsets would be required to address these questions. These techniques could be used in conjunction with next generation sequencing platforms such as single-cell RNA-Seq and spatial transcriptomics to identify the impact of different DC subsets on specific stages of Tfh cell differentiation.

Finally, Tfh cells can play either a beneficial or detrimental role in different diseases. First, Tfh cells are crucial in mediating protective antibody responses against pathogens as well as driving effective vaccine responses. However, we suggest that current vaccination strategies may be suboptimal in reaching DCs that are most efficient in priming Tfh responses (30). On the other hand, Tfh cells have been implicated in a diverse range of diseases such as allergy, autoimmunity, transplant rejection, and even cancer (107–112). Currently, little is known regarding the DC-Tfh axis in the context of disease. Work will be needed to determine how DCs impact disease initiation, progression, or severity by controlling the magnitude and/or type of Tfh response. Manipulation of DCs could potentially provide a therapeutic avenue to correct “misguided” or inadequate Tfh responses.
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Despite its excellent efficacy in controlling T cell mediated acute rejection, lymphocyte depletion may promote a humoral response. While T cell repopulation after depletion has been evaluated in many aspects, the B cell response has not been fully elucidated. We tested the hypothesis that the mechanisms also involve skewed T helper phenotype after lymphocytic depletion. Post-transplant immune response was measured from alemtuzumab treated hCD52Tg cardiac allograft recipients with or without anti-LFA-1 mAb. Alemtuzumab induction promoted serum DSA, allo-B cells, and CAV in humanized CD52 transgenic (hCD52Tg) mice after heterotopic heart transplantation. Additional anti-LFA-1 mAb treatment resulted in reduced DSA (Fold increase 4.75 ± 6.9 vs. 0.7 ± 0.5; p < 0.01), allo-specific B cells (0.07 ± 0.06 vs. 0.006 ± 0.002 %; p < 0.01), neo-intimal hyperplasia (56 ± 14% vs. 23 ± 13%; p < 0.05), arterial disease (77.8 ± 14.2 vs. 25.8 ± 20.1%; p < 0.05), and fibrosis (15 ± 23.3 vs. 4.3 ± 1.65%; p < 0.05) in this alemtuzumab-induced chronic antibody-mediated rejection (CAMR) model. Surprisingly, elevated serum IL-21 levels in alemtuzumab-treated mice was reduced with LFA-1 blockade. In accordance with the increased serum IL-21 level, alemtuzumab treated mice showed hyperplastic germinal center (GC) development, while the supplemental anti-LFA-1 mAb significantly reduced the GC frequency and size. We report that the incomplete T cell depletion inside of the GC leads to a systemic IL-21 dominant milieu with hyperplastic GC formation and CAMR. Conventional immunosuppression, such as tacrolimus and rapamycin, failed to reverse AMR, while co-stimulation blockade with LFA-1 corrected the GC hyperplastic response. The identification of IL-21 driven chronic AMR elucidates a novel mechanism that suggests a therapeutic approach with cytolytic induction.
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INTRODUCTION

Long-term success of heart transplantation is limited by the development of coronary allograft vasculopathy (CAV), a hallmark of chronic rejection (CR) (1). Conventional immunosuppressive strategies, such as CNI inhibitors or rapamycin, that inhibit T cell—mediated rejection do not prevent CR; indeed, ~50% of patients develop biopsy evidence of CAV within 5 years after transplantation (2, 3). This is a particularly devastating statistic for pediatric transplant recipients because children with organ transplants have the greatest need for long-term graft survival. The inability of current T cell-directed immunosuppressive therapies to target humoral responses might explain their inability to suppress chronic rejection.

Recently, considerable progress has been made in understanding the relationships between B cells, alloantibody, and chronic rejection. Studies have demonstrated that levels of donor-specific antibodies (DSA) correlate most closely with chronic rejection (4–8). Yet, despite this demonstrated association of DSA and later graft loss, exact mechanisms underlying chronic antibody-mediated rejection (CAMR) remain unknown. In addition, a lack of satisfactory animal models further hampers progress toward understanding the mechanisms of CAMR.

Lymphocytolytic induction has been widely used in organ transplantation and autoimmune disease. Induction initiated prior to or concurrent with transplantation has been shown to be beneficial in reducing maintenance immunosuppression requirements after transplantation (9, 10), and in particular, alemtuzumab (Campath-1H) induction has been shown to be highly effective in preventing acute rejection (11). Following induction with alemtuzumab, regulatory T cells (Tregs) expand disproportionately during T cell repopulation (12). However, despite its excellent efficacy controlling T cell-mediated acute rejection, alemtuzumab may paradoxically promote alloantibody production (13, 14).

Growing evidences now show that a possible contribution of follicular helper T cells (Tfh) on B cell help under current immunosuppression and antibody-mediated rejection. It is also documented that agents targeting Tfh-B cell interaction reduced post-transplant humoral response (15, 16). While many aspects of T cell repopulation after cytolytic induction are understood, the Tfh and B cell response has not yet been fully elucidated. Here we report that incomplete T cell depletion inside of the germinal center (GC) leads to a systemic IL-21-dominant milieu and subsequent formation of hyperplastic GC, which results in chronic antibody-mediated rejection (CAMR). Conventional immunosuppression with tacrolimus and rapamycin failed to reverse AMR, but targeting LFA-1 corrected the GC hyperplasticity. The identification of a possible GC response and IL-21—driven CAMR elucidates a novel mechanism to understand a modern problem that suggests a therapeutic approach with cytolytic induction.



MATERIALS AND METHODS


Animal Model

Male C57BL/6 (H-2b), 6–8 weeks of age, were purchased from The Jackson laboratory (Bar Harbor, ME). Male hCD52Tg mice (H-2k), 6–8 weeks of age, were originally created in the Walldman lab and were a gift of Dr. Kirk, Duke University. All mice were used and maintained in accordance with the guidelines and compliance of the Emory or Duke Institutional Animal Research Ethics Committee. All animals received 10 μg alemtuzumab (Campath-1H) in 200 ml PBS i.p., on day −2, −1, +2, and +4 of transplantation to induce T cell depletion in vivo. Additionally, animals were either untreated or treated with 200 μg of anti-LFA-1 mAb (mCD11a, M17/4; Bioexpress) i.p., on days 0, 2, 4, and 6 (day 0 being the day of transplantation). Heart transplantation was performed using a modification of the methods described previously (17). Histopathologic analysis was performed on paraffin-embedded sections of heart allografts removed at necropsy. Sections were stained with either H and E or Elastic trichrome and were scored blindly according to the established clinical criteria for diagnosing heart transplant rejection (18, 19).



Flow Cytometry

Cell suspensions from spleens and lymph nodes were prepared by mechanical dissociation. Cell suspensions including blood was subjected to hypotonic lysis of RBCs. Isolated cells were washed in RPMI 1640 and 10% FBS and counted. The cells were then resuspended in FACS buffer (2% FBS, 0.2% Sodium azide PBS) and were stained with Biotin, PE, FITC, PerCp, Pac Orange, Pac Blue, APC, APC-Cy7, or APC conjugated antibodies directed at mouse CD3, CD4, CD8, CD19, CD25, CD38, CD4/CD8/F4/80 (Dump), FoxP3, IgD. For, allo-specific visualization, APC-Cy7-conjugated allogeneic (H-2Kb/Db) MHC tetramer and APC-conjugated syngeneic (H-2Kk/Dk) tetramer were applied as previously described (20). MHC monomers were generated from NIH tetramer core and tetramerized with Streptavidin-APC-Cy7 and Streptavidin-APC, respectively. For T cell flow crossmatch, recipient serum samples (1:32 dilution) were incubated with C57BL/6 donor splenocytes (1 × 106). Later, FITC-conjugated anti-mouse Ig was added after washing. The T cells were stained with APC-conjugated anti-CD3. Flow cytometric analysis was performed using a BD FACS LSRII or BD Forressa and analyzed using FlowJo (Tree Star, San Carlos, CA) software.



Histology, Immunohistochemistry, and Morphological Analysis

The explanted hearts underwent serial sectioning (5 μm) from the midventricular level to the base. H and E stains were performed for routine examination and grading of rejection. Elastic trichrome, B220, CD3, CD4, PNA, Ki67, and IL-21 staining was performed for morphometric analyses of arterial intimal lesions as previously reported (20). Scanned images were analyzed and measured with computer-based software (Aperio Imagescope v11). The area of grafts was quantitated by tracing the bisected explanted cardiac allografts and isografts. Luminal (L) and intimal and luminal area (I + L) were traced and the areas quantitated. Intimal thickening was calculated according to the formula I/I + L and expressed as a percentage.



Statistical Analysis

Experimental results were analyzed by a GraphPad Prism (GraphPad Software 6.0a, San Diego, CA). The log-rank test for differences in graft survival and Mann-Whitney nonparametric test were used for other data. All the data are presented as mean ± SEM unless designated in figure legend. Values of p which were < 0.05 were considered as statistically significant.




RESULTS


Chronic Antibody-Mediated Rejection After Alemtuzumab Induction

We previously reported that alemtuzumab induction prevents acute rejection in humanized CD52 transgenic (hCD52Tg) mice after heterotopic heart transplantation but promotes serum DSA, allo-B cells and CAV, making this an applicable model for studying CAMR post cytolytic induction (20). Interestingly, and as is seen clinically, this heightened humoral response was not controlled by adding either tacrolimus (Data not shown) or rapamycin (21). We treated humanized CD52 transgenic mice with alemtuzumab with or without anti-LFA-1 mAb and monitored DSA, allospecific B (allo-B) cells and CAV development (Figure 1A). We made the surprising observation that anti-LFA-1 mAb suppressed the humoral response seen in animals treated with alemtuzumab. Anti-LFA-1 mAb treatment did not change graft survival or beating quality, which remained unpurturbed compared to alemtuzumab-alone treatment (Figure 1B). However, DSA production was greatly reduced at post-transplantation day (POD) 100 with LFA-1 blockade (Figure 1C). In addition, we tracked allo-B cells using MHC/Peptide tetramers (20). LFA-1 blockade resulted in significantly reduced allo-B cells in the spleen at POD 100 (Figure 1D). These data indicate that LFA-1 blockade prevents DSA production and suppresses allo-B cell formation, possibly by suppressing clonal B cell expansion.
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FIGURE 1. Pre-emptive anti-LFA-1 mAb treatment reduced post-transplant DSA and allo-specific B cells in alemtuzumab treated hCD52Tg cardiac allograft recipients. (A) Dosing scheme and experimental design. (B) Graft survival of human CD52Tg mice received B6 cardiac allografts. Alemtuzumab treatment (IP, 10 μg per dose at POD −2, −1, 2, 4,) with or without anti-LFA-1 mAb (KBA-1; 200 μg per dose at POD 0, 2, 4, 6) significantly prolonged graft survival (MST >100 d) vs. untreated (MST = 9 d). (C) Donor-specific antibody measured by T cell flow crossmatch was significantly decreased in anti-LFA-1 treatment in Alemtuzumab induced CAMR model. (D) Allo-specific B cells visualized by MHC (H-2Kb/Db) tetramer were significantly reduced with anti-LFA-1 mAb treatment from the spleen at POD100.





LFA-1 Blockade Significantly Diminished Chronic Antibody-Mediated Rejection

Having observed a reduction in allo-B cells and DSA following anti-LFA-1 mAb treatment, we assessed the effect on CAV development. Cardiac coronary artery thickness was measured with Aperio scanscope program with elastic trichrome or Verhoeff staining. Even with significantly reduced DSA and allo-B cells after anti-LFA-1 mAb treatment, a noticeable amount of neo-intimal hyperplasia persisted, distinct from syngeneic controls (Figure 2A). We also noted some collapsed major coronary arteries in the anti-LFA-1 mAb–treated animals. This may represent non-DSA related CAV development. Overall, however, LFA-1 blockade significantly reduced neo-intimal hyperplasia (Figure 2B), diseased vessel number (Figure 2C), and fibrosis (Figure 2D) in the alemtuzumab-induced CAMR model. Over time, the non-functional heterotopic syngeneic cardiac allograft atrophied, likely due to the off-loaded left ventricle (22) and a limited immunologic reaction. The hypotrophic condition of allografts treated with LFA-1 blockade may represent a decreased immunologic burden when compared to allografts treated with alemtuzumab alone (Supplemental Figure 1). Collectively, we conclude that LFA-1 blockade might prevent CAV via suppression of allo-B cells in a T cell depletion—induced CAMR model.


[image: image]

FIGURE 2. Alemtuzumab induced CAMR in human CD52 Tg cardiac allograft recipient was diminished by short-term anti-LFA-1 mAb treatment. (A) Representative images of H and E, Elastic trichrome, and CD4 staining in paraffin section of heart allograft from recipient showing neo-intimal hyperplasia. (B–D) Morphometric quantitation of lumina occlusion, occluded vessel number (over 20%), fibrosis of explanted graft from B6 heart allografts revealed reduction of CAMR with additional LFA-1 blockade. *p < 0.05, **p < 0.01.





Systemic Cytokine Milieu During Homeostatic T Cell Repopulation

Vascular remodeling is also affected by patterns of cytokine expression. IFN-g and other Th1 cytokines are causally implicated in stenosing vascular lesions, while Th2 cytokine expression results in abdominal aortic aneurysms (23). Many cytokines also play an important role in the control of B cell responses. IL-4 and IL-21, especially, have been shown to be important for B cell help (24, 25), and are required for an optimal humoral response (26). To address whether the decreased CAV seen during LFA-1 blockade was due to the modulation of the cytokine environment, serum IL-4, IL-21, BAFF, and IL-2 were evaluated in the absence or presence of anti-LFA-1 mAb treatment. Strikingly, IL-21 serum levels were drastically increased in alemtuzumab-treated cardiac allograft CD52Tg mouse recipients over time (Figure 3A). IL-4 levels were less impressively increased at POD 100 (Figure 3B). Serum BAFF levels were also elevated upon T cell depletion post-transplantation, similarly to what has been reported in alemtuzumab-treated human patients (27, 28). However, the serum BAFF level returned to baseline at POD 100, which might represent a transient fluctuation at an early time point, possibly due to T cell depletion—induced B cell loss (Figure 3C). Serum IL-2 levels were not changed over time after alemtuzumab treatment (Figure 3D) and suggests that only a small amount is released in the tissue. In this sense, elevated serum levels of IL-2 in CD4/CD8 mAb-treated cardiac allograft recipients might represent Th-1—driven AMR (Supplemental Figure 2). It is possible that the intensity of the Th1 response immediately following T cell depletion dictates later humoral responses. Interestingly, early and late IL-21 serum levels were significantly reduced to near-background levels following LFA-1 blockade at both time points (Figures 3E,F; p < 0.01). LFA-1 blockade also reduced serum IL-4 levels significantly at POD 100 (Figure 3F; p < 0.05). It is notable that IL-21 was not elevated in untreated (non-depleted) CD52Tg recipients at any time points, even with high levels of DSA and allo-B cells throughout the study course (data not shown), suggesting that in the face of an unopposed Th1 response in the absence of alemtuzumab treatment both IL-21 levels and the GC response is completely suppressed (29). Meanwhile, IL-4 was elevated in both untreated and alemtuzumab-treated recipients at POD 100. It is also notable that serum IL-21 and IL-4 levels were not completely suppressed by the addition of tacrolimus or rapamycin (Supplemental Figure 3). Based on the redundant yet synergistic roles of IL-4 and IL-21 in the GC response (26), insufficient suppression of either results in a robust humoral response. The segregation of IgG2a and IgG1 immunoglobulin isotypes is often used as a marker for Th1 and Th2 responses, respectively. Concordant with the response suggested by the cytokine profile, serum from untreated animals showed both IgG1 and IgG2a dominant isotypes (possibly Th1-biased), while serum from alemtuzumab treated animals showed suppression of IgG2a isotypes (Supplemental Figure 4). Reduction of IL-21 at early and late time points with LFA-1 blockade recapitulates the reduction of DSA and allo-B cell formation shown in Figure 1. These data suggest that alemtuzumab-induced T cell depletion does not induce a Th1 response, but rather promotes an IL-21—driven humoral response, thus promoting CAMR. Furthermore, our data suggests that this response might be blocked by treatment with anti-LFA-1 mAb.
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FIGURE 3. Systemic cytokine expression in human CD52Tg cardiac allograft recipients after alemtuzmab treatment. Pre- and Post-transplant level of (A) IL-21, (B) IL-4, (C) BAFF, and (D) IL-2 were measured from serum. IL-4 and IL-21 levels were significantly reduced by anti-LFA-1 mAb treatment at (E) Post-transplant 2 weeks and (F) post-transplant 14 weeks. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.





Incomplete T and GC Abrogation After Alemtuzumab Treatment

It is surprising to see rapid IL-21 production as early as 2 weeks post–T cell depletion because GC-Tfh (germinal center resident follicular helper T cells) are, theoretically, a major source of IL-21 and IL-4 production (30). Profound T cell depletion was shown in peripheral blood and spleen, but a higher number of T cells were found in lymph nodes even 24 h after T cell depletion. We accessed GC-Tfh cells in situ and found evidence of an intact germinal center at 2 weeks post-transplant (Supplemental Figure 5). GC structures were also found in both lymph nodes and spleen at 24 h after full alemtuzumab doses (at POD 5; Figure 4). These data are consistent with prior human data demonstrating that even when induction results in profound peripheral T cell depletion, it does not necessarily induce complete central depletion, especially for T cells inside of GC (31). It is easily speculated that GC structure (vasculature, cell components, etc.) provides some physical protection for T cells from the T cell—depleting agent. Taken together, LFA-1 blockade suppresses an IL-21 dominant/germinal center-driven, anti-donor humoral response. IL-21 production is not unique to Tfh cells; it is also produced by other T cell lineages such as Th17, Th2, and Th1 cells (32, 33). LFA-1 is expressed on both T and B cells (34), and the initial T-B cognate interaction or later interaction in the B cell follicle may be altered by anti-LFA-1 mAb. This may result in reduced development of follicular helper T cells and consequent lack of allo-B cell clonal expansion.
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FIGURE 4. Incomplete germinal center disruption after alemtuzumab treatment in the lymph node and spleen. (A) Significantly higher frequency of CD3 T cells were found in the lymph nodes compared to other immune compartments at POD 5 and POD 14 (Gray area = non-depleted control, Red line = alemtuzumab treated). (B) Immunohistochemistry demonstrated cell components of germinal center. T, B, Ki67 and PNA staining confirmed germinal center (GC) response at 24 h after alemtuzumab treatment.





Post-transplant Germinal Center Suppression via Blocking LFA-1

Based on a reduction of allo-B cells and IL-21/IL-4 production following anti-LFA-1 mAb treatment, we hypothesized that LFA-1 blockade suppresses GC-Tfh cell development, B cell clonal expansion, and GC development. We evaluated GC Tfh cell responses in situ from lymph nodes on POD 100. Lymph nodes from naïve, alemtuzumab-alone—treated, and additional anti-LFA-1 mAb-treated recipients were stained with H and E, CD3, B220, Ki67, PNA, and IL-21. T and B cell zones were equally reconstituted in both treated groups at POD 100. Multiple hyperplastic GCs were found in samples from mice treated with alemtuzumab-alone (n = 7), but LFA-1 blockade reduced GC frequency and size to baseline (naïve) levels (n = 9). We also found that IL-21 staining was greatly reduced in the anti-LFA-1 mAb-treated group (Figure 5).
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FIGURE 5. Reduction of post-transplant GC response with anti-LFA-1 mAb treatment. (A) post-transplant GC response was visualized by B220, CD3, PNA, and IL-21 staining in situ. (B) GC frequency was quantified by calculating the PNA+ follicle number by total B220+ follicle number. (C) GC response or hyperplasticity was measured by calculating PNA+ area by total B220 area. *p < 0.05, **p < 0.01.






DISCUSSION

In transplantation, the relationship of DSA with AMR and graft outcome is a subject of much clinical study. In the clinical setting, DSA are generally detrimental to transplant outcomes via complement activation, induction of endothelial cell proliferation, and ADCC resulting in allograft dysfunction (AMR). Despite this, little is known about the mechanism by which the humoral response is induced under current clinical immunosuppression. We published a series of studies showing a possible involvement of Tfh and GC response in the secondary lymphoid organ in transplantation and antibody-mediated rejection in small and large animal models (15, 21). However, the biology of Tfh cell mediated B cell activation has not been fully elucidated in transplantation. In autoimmune diseases, unwanted Tfh dysregulation is associated with autoimmunity, and increased frequencies of peripheral Tfh cells have been reported in several autoimmune diseases, such as lupus, Sjögren syndrome, autoimmune thyroiditis, myasthenia gravis and rheumatoid arthritis (35–39). On the other hand, the expansion of Tfh cells are associated with efficacious vaccine strategies (40, 41). Autoimmune diseases are also often characterized by decreased subset of Tregs called follicular regulatory T cells (Tfr cells). Tfr cells express CXCR5 and FOXP3, and suppress B cell antibody production (42).

The hallmark cytokine produced by Tfh cells is IL-21. IL-21 is a gamma-chain cytokine with broad effects on both innate and adaptive immune responses (43). Significantly, IL-21 is required for the generation of Tfh cells (44, 45). Interestingly, IL-21 can overcome Tfr suppression to induce B cell activation, thereby demonstrating a critical role for IL-21 in dictating the germinal center response. In transplantation, it has been shown that transplant recipients with preformed DSA showed higher post-transplant circulating Tfh cell (46). Furthermore, alloantigen stimulated Tfh cell population promoted B cell differentiation to plasmablast in an IL-21 dependent manner in vitro (47). It is also shown the intact GC response from isolated lymphoid follicles under an immunosuppressive regimen with tacrolimus in intestinal transplant recipinet (48). Tfh and GC response were also required for chronic GvHD and inhibition of GC response greatly reduced chronic GvHD (49, 50). Collectively, the presence of IL-21 in secondary lymphoid organs or in local tertiary lymphoid structures can be detrimental to transplant tolerance due to its impact on the generation of Tfh cells, its autocrine production, and on B cell maturation and antibody production.

Unfortunately, there are no animal models demonstrating a correlation between Tfh/GC/IL-21 to the development of chronic rejection, even though, CAMR is more dependent on GC response, with critical help provided by Tfh cells. We have reported the de novo AMR model using alemtuzumab meditated T cell depletion with heterotopic heart transplantation (20). As follow-up studies, we tried additional immunosuppression in the model to suppress post-transplant humoral response. Counterintuitively, the addition of short-term tacrolimus (data not shown) or rapamycin (21) did not alleviate post-transplant humoral response but rather made it worse (increased DSA and AMR). As previously reported, costimulation blockade in the mouse CAMR model reversed this by reducing Tfh cells (21). In the present study, we targeted LFA-1, which is well known for their important role for T-B conjugation. We investigated the possible mechanism of CAMR by using anti-LFA-1 mAb in an Ab-dependent rejection model, independent of T cell mediated rejection.

As shown in Figure 1, additional anti-LFA-1 mAb treatment completely abolished post-transplant DSA and donor-specific B cells were strongly correlative with alleviation of AMR development. Similar to acute NHP AMR model using T cell depletion (15), CD52Tg mice with alemtuzumab showed profound circulating T cell depletion while T cells remained in the lymph nodes and spleen. We thoroughly access the location of T cells in the lymph node and spleen after T cell depletion (24 h and 7 days). It is quite surprising that the germinal centers including T cells in the B cell follicle are preferentially identified after T cell depletion (Figure 4). In accordance with this, Kirk et al. reported presence of T cells in the lymph node after alemtuzumab treatment (31). Interestingly, we also identified hyperplastic germinal center at POD100 with elevated level of DSA and AMR (Figure 5). As previously reported, T cells are fully reconstructed after alemtuzumab yet show donor-specific hyporesponsiveness (20). Based on this, the elevated level of DSA can directly cause graft injury (Figure 1). On the contrary, anti-LFA-1 mAb treated recipients showed baseline level of serum DSA, allo-specific B cells and germinal center response at POD 100 (Figures 1, 5). It is conjectured that these left over Tfh cell in the germinal center could deviate the systematic cytokine milieu that alemtuzumab treated recipients showed significantly elevated level of IL-21 in their serum (Figure 3). Taken together, the present study demonstrates that GC-dependent CAMR development after alemtuzumab treatment and anti-LFA-1 mAb treatment can prevent the development of post-transplant humoral response and CAMR.

Here, we assumed that anti-LFA-1 mAb is dissociating T-B cell conjugation during T cell repopulation, however, the impact of LFA-1 blockade cannot be limited to this since LFA-1 is not solely expressed on T and B cells (51). It is known that anti-LFA-1 mAb prevents allo-specific T cell expansion (52) and promote transplant tolerance (53–55) by destablizing T-APC conjugation as well as blocking transmigration to the graft. Therefore, anti-LFA-1 mAb can reduce Tfh cell population by suppressing general T cell activation and expansion. Nevertheless (Regardless of off target effect of anti-LFA-1 mAb), this mode of action can block the T cell help to the B cells.

Unfortunately, clinical use of anti-LFA-1 mAb is not available in clinic for organ transplantation. However, the present study showing reduction of DSA and CAMR with anti-LFA-1 mAb recapitulate the impact of costimulation blockade in large animal model and clinic (15, 16, 56). Costimulation blockade such as belatacept often show great superiority in suppressing DSA production. It is highly likely that Tfh cells are more sensitive on belatacept than other conventional immunosuppressive drugs. However, it is still not clear that anti-LFA-1 mAb and other costimulation blockades are working on pre-GC vs. post-GC status. Overall, Tfh cells are very attractive target for controlling post-transplant humoral response.

In this study, we identify a possible mechanistic pathway that regulates a de novo DSA response after cytolytic induction and provide a strategy for modulating the post-transplant humoral response. In particular, the ability to suppress the functional qualities of follicular helper T cells by costimulation blockade provides a new approach to induce humoral unresponsiveness in organ transplantation.
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Follicular helper T cells (Tfh) are specialized helper T cells that are predominantly located in germinal centers and provide help to B cells. The development and differentiation of Tfh cells has been shown to be regulated by transcription factors, such as B-cell lymphoma 6 protein (Bcl-6), signal transducer and activator of transcription 3 (STAT3) and B lymphocyte-induced maturation protein-1 (Blimp-1). In addition, cytokines, including IL-21, have been found to be important for Tfh cell development. Moreover, several epigenetic modifications have also been reported to be involved in the determination of Tfh cell fate. The regulatory network is complicated, and the number of novel molecules demonstrated to control the fate of Tfh cells is increasing. Therefore, this review aims to summarize the current knowledge regarding the molecular regulation of Tfh cell development and differentiation at the protein level and at the epigenetic level to elucidate Tfh cell biology and provide potential targets for clinical interventions in the future.
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INTRODUCTION

A subset of CD4+ T cells, which help B cells and are a resident in B follicles, has been described in the early 1990s (1–4). The existence of follicular helper T (Tfh) cells was proposed in 2000 (5, 6). However, the existence of these cells was not widely accepted until the identification of the Tfh cell linage-specific transcription factor, B-cell lymphoma 6 protein (Bcl-6), in follicular T cells in 2009 (7, 8). High expression of CXCR5 and low expression of CCR7 enable T cells to enter and stay in germinal centers (GCs) (6, 9–11). Bcl-6 deficient T cells have been shown to fail to differentiate into follicular helper T cells (8), indicating the importance of Bcl-6 in the determination of Tfh cell fate. Under the effects of CCL19 and CCL21, expression of the receptor CCR7 on naïve CD4+ T cells enables these cells to migrate into T cell zones in the secondary lymph nodes (9, 12). With stimulation from antigens and CD80, CD86 and ICOSL expressed on dendritic cells (DCs), these cells differentiate into pre-Tfh cells with high expression of PD-1, CXCR5 and signaling lymphocytic activation molecule adapter protein (SAP) (13) and low expression of CCR7 and P selectin glycoprotein ligand 1 (PSGL1) (14, 15) (Figure 1). Generally, Tfh cells provide signals for B cell maturation, differentiation and survival via ICOS, CD40L, IL-4, and IL-21 (16, 17). ICOS and ICOSL ligation is involved in T-B cell interactions, further promoting calcium spikes in T-cells and CD40-CD40L signaling in B cells (18). ICOS-deficient T cells fail to express CXCR5 and are unable to migrate into follicles, a finding also observed during antibody-blockade of ICOS-ligand (19, 20). PD-1 has been found to limit the number of Tfh cells (21). More evidence is needed to address the role of PD-1 in the migration and function of Tfh cells. SAP has been found to stabilize the interaction between B cells and Tfh cells (22). Therefore, Tfh cells can be distinguished from Th1, Th2 and Th17 cells using surface markers with a profile of CCR7loPSGL1loCXCR5hiPD-1hiICOShi. Activated by antigens and ICOSL expressed by DCs, the expression of Bcl-6 is upregulated in CD4+ T cells, and it represses other Th cell transcription factors, such as T-bet, GATA-3, and RORγT. Next, Bcl-6 promotes the transcription of Tfh cell migration and function-related genes, such as CXCR5, PD-1, and CXCR4 (8).


[image: image]

FIGURE 1. Process of Tfh cell differentiation and migration in GCs. Under the effects of CCL19 and CCL21, expression of the receptor CCR7 on naïve CD4+ T cells allows these cells to migrate into T cell zones in the secondary lymph nodes. With stimulation from antigens and CD80, CD86 and ICOSL expressed on dendritic cells (DCs), these cells differentiate into pre-Tfh cells, with high expression of CXCR5, PD-1 and signaling lymphocytic activation molecule adapter protein (SAP) and low expression of CCR7 and P selectin glycoprotein ligand 1 (PSGL1). Generally, Tfh cells provide signals for B cell maturation, differentiation and survival via ICOS, CD40L, IL-4, and IL-21 (16, 17). ICOS and ICOSL ligation is involved in Tfh-B cell interactions, which promotes calcium spikes in T-cells and CD40-CD40L signaling in B cells.



Tfh cells have been found to be regulated by a complex network of transcription factors, including the Bcl-6-Blimp1 axis, STAT1, STAT3, STAT4, STAT5b, B-cell activating transcription factor (Batf), v-maf avian musculoaponeurotic fibrosarcoma oncogene homolog (c-Maf), interferon regulatory factor 4 (IRF4), Achaete-scute homolog 2 (Acl2), and T-cell-specific transcription factor 1 (TCF-1)-lymphoid enhancer binding factor 1 (LEF-1). Since the study of Tfh cells began, certain proteins have been identified to participate in the development of Tfh cells. In addition, such cytokines as IL-2, IL-6, IL-7, IL-9, IL-12, IL-21, IL-23, IL-27, and TGF-β have been reported to enhance or impair the differentiation and survival of Tfh cells. Therefore, this review will comprehensively describe the current knowledge of Tfh cells, hoping to provide potential targets for Tfh cell-mediated autoimmune disease.


Transcription Factor Network

Bcl-6-Blimp-1 Axis

The discovery of Bcl-6 in Tfh cells is a hallmark for the identification of Tfh cells. The essential role of Bcl-6 has been confirmed in a mice study, indicating that CD4+ T cells deficient in Bcl-6 fail to differentiate into Tfh cells (8). Forced expression of Bcl-6 in CD4+ T cells promotes the expression of CXCR5, CXCR4, and PD-1(8). Bcl-6 can bind to the promoters of Th1 and Th17 cell transcriptional regulators T-bet and RORγT, thereby repressing the production of IFN-γ and IL-17 (8). The key role of Bcl-6 in Tfh cell fate determination has been further confirmed in subsequent studies (23, 24), and one of them reveals that Bcl-6 regulates Tfh cell early differentiation in an IL-21- and IL-6-independent manner (24). Conversely, Bcl-6 can bind to the promoters and enhancers of several migration-related genes, such as CCR7, CCR6, PSGL-1, CXCR5, CXCR4, PD-1, and SAP (24, 25). In addition, Bcl-6-targeted genes are enriched in the MAPK and JAK-STAT signaling pathways and cytokine-cytokine receptor ligations, which are involved in cell activation, metabolism and maintenance (26).

Blimp-1 has been found to be a critical antagonist for Tfh cell differentiation but an important transcription factor for other effector cells, such as Th1, Th2, Th17, and regulatory T cells (7). In a mouse study, Blimp-1-deficient CD4+ T cells preferentially develop into Tfh cells in vivo, while Blimp-1-expressing CD4+ T cells failed to aid in germinal center formation (7). Therefore, Tfh cell differentiation is believed to be a distinct pathway independently regulated by Bcl-6, in contrast to other effector T cells regulated by Blimp-1 (27). More importantly, constitutive expression of Blimp-1 has an inhibitory effect on Bcl-6 expression and thus represses Tfh cell differentiation (7), indicating that Bcl-6 and Blimp-1 are antagonistic regulators in Tfh cells. The results in B cells might shed light on this mechanism. In plasma cell differentiation, the release of Bcl-6-bound histone deacetylases (HDACs) may increase the histone acetylation levels on the promoter region of Blimp-1, promoting the expression of this gene (28, 29). Thus, HDACs might be the competitive substrate for these two genes. In autoimmune status, Bcl-6 deficiency in lupus-prone mice has been found to impair lupus-like symptoms (30), and increased Bcl-6 has been observed in lupus circulating Tfh-like cells, which is positively correlated with disease activity (31).

Bcl-6 and STAT5

Similar to the Bcl-6-Blimp-1 axis, Bcl-6 and STAT5 also inhibit each other due to their overlapping binding sites in many Tfh cell-related genes, including Socs2, IL7r, and Tcf7. In a mouse study, Bcl-6 has been found to repress both IL-7R and STAT5 expression, as well as inhibiting IL-2-induced STAT5 activation (32). This inhibitory effect on STAT5 by Bcl-6 is due to the abrogation of STAT5 phosphorylation (32). In contrast, signals through IL-2-CD25 activate STAT5 and inhibit Bcl-6 and CXCR5 via inducing Blimp-1 (20, 33, 34), and lack of IL-2R signaling leads to Bcl-6 expression (35). A high concentration of IL-2 has been found to inhibit Bcl-6 expression in polarized Th1 cells, in which the Bcl-6 DNA-binding domain is masked by the T-bet-Bcl-6 complex and normally shows low levels of Bcl-6 expression in response to limited IL-2 (36). However, in response to low IL-2, besides increased Bcl-6 and IL-6R, Th1 cells can also increase the expression of IL-7R, which can repress Tfh-related genes, including cxcr5 and bcl6 via IL-7-dependent STAT5 activation (37). In addition, Bcl-6 in Tfh cells has been observed to have a decreased level of 5-hydroxymethylcytosine (5hmC), which might explain the markedly high level of Bcl-6 in Tfh cells (32). Conversely, Bcl-6 deficiency results in increased STAT5 signaling and promotes the differentiation of non-Tfh effector T cells. The inhibitory effects of STAT5 have been found to be Blimp-1-independent. In addition, inhibition of IL-2 results in the reduction of Blimp-1 expression (38), indicating that IL-2, STAT5 and Blimp-1 collaboratively inhibit Tfh cell differentiation (39).

STAT3

IL-21 and IL-6/STAT3 are first described to be essential for Th17 cell differentiation (40). Next, STAT3 has found to be critical for Tfh cell differentiation. The evidence come from the fact that reduced IL-21 production is reported in mouse STAT3-deficient T cells, and only a STAT3 mutation, rather than Il12RB1, reduce the frequency of Tfh cells in vivo (41). Similarly, in CD4+ T cell-conditional STAT3 knockout mice, fewer CXCR5+ Tfh cells, as well as defective GCs and reduced IgG and IgM antibody production, have been observed after KLH immunization (42, 43). In another study, the gene expression of Cxcr5 and Icos is shown to be downregulated in STAT3-deficient mice, while the expression of Blimp-1 is increased (44). More importantly, cluster analysis showed that STAT3-deficient Ly6Clo PSGL-1hi T cells in the T cell zone more closely resemble Th1 cells, with a high expression of IFN-induced genes (44). More direct evidence is that STAT3 can form a complex with Ikaros zinc finger transcription factor Aiolos to regulate Bcl-6 expression (45). In a human study, rather than in a mouse system, TGF-beta has been found to provide critical additional signals for STAT3 and STAT4 to initiate Tfh cell differentiation (46), emphasizing the important role of STAT3 in Tfh cell development. Unlike the critical role of IL-6 in early Tfh cell differentiation, STAT3 deficiency fails to recapitulate the impaired Tfh frequency. However, in this study, STAT1 activity has been found to be required for Bcl-6 induction and initiating Tfh cell differentiation (47). In addition, STAT3 can suppress type 1 IFN induced CD25 expression and can compete with STAT5 to bind to the Bcl6 locus (48). However, it might be difficult to distinguish whether the effects of STAT3 is intrinsic to the Tfh cell or a reflection of diminished capacity for other cell subset differentiation. The forced overexpression of STAT3 in T cell may provide an explanation to this issue, which is still lacking at this moment.

TCF-1 and LEF-1

TCF-1 and LEF-1 belong to the TCF-LEF subfamily and have been well-documented to be necessary for the maturation of double negative T cells to the double positive stage in thymus. In addition, TCF-1 has been reported to restrain mature T cell-mediated Th17 responses via suppressing IL-17 expression (49). TCF-1 and LEF-1 have been reported as critical transcription factors in Tfh cell differentiation by two independent studies published in the same year (50, 51). The loss of either TCF-1 or LEF-1 in mice leads to defects in Tfh cells, and the depletion of both TCF-1 and LEF-1 results in the impairment of Tfh cell differentiation and GC formation. In addition, the important role of LEF-1 has been emphasized by the observation that forced LEF-1 expression promotes the differentiation of Tfh cells (51). In another study, TCF-1 and LEF-1 are revealed to regulate the Bcl-6/Blimp-1 axis. TCF-1 has been identified as a positive regulator for Bcl-6 and it displays negative effects on Blimp-1 via directly binding to the Bcl-6 promoter to form a complex and regulatory region known as intron 3 of Prdm1 (51). In addition, TCF-1 has been found to upregulate IL-6R expression and inhibit IL-2R expression (51), indicating that TCF-1 might be upstream of STAT3 and STAT5. The exact function of LEF-1 in Tfh cells remains unclear. However, evidence shows that LEF-1 synergistically works with TCF-1 to regulate Tfh cells, and TCF-1 can inhibit LEF-1 expression (51). Furthermore, TCF-1 and LEF-1 have been found to promote early Tfh cell differentiation by maintaining the expression of IL-6Rα and gp130 and enhancing ICOS and Bcl-6 expression (52).

Ascl2

Ascl2 is a basic helix-loop helix (bHLH) transcription factor that has been reported to initiate Tfh cell differentiation via upregulating CXCR5 but not Bcl-6 in T cells in vitro (53). In addition, in vivo, Ascl2 can promote T cell migration to the border of B cell follicles and can promote Tfh cell differentiation by inhibiting Th1 and Th17 signature genes and upregulating Tfh cell-related genes (53). In other studies, Ascl2 has been shown to be responsible for low CD25 expression on regulatory follicular T cells (Tfr) (54). Ascl2 displays the active chromatin marker trimethylated histone H3 lysine 4 (H3K4me3), which has not been observed in other T cell subsets. In contrast, other Tfh cell-related genes, such as Bcl-6, Maf, Batf, and Irf4, are associated with H3K4me3 in all T-cell subsets (55).

C-Maf

c-Maf, a member of the activator protein 1 (AP-1) transcription factor family, has been found to be highly expressed by Th17 and mature Tfh cells compared with CD4+ICOShiCXCR5− or CD4+ICOSloCXCR5− non-Tfh cells. During Th17 cell differentiation, IL-6 plus TGF-β or IL-21 plus TGF-β can increase the expression of c-Maf, which is ICOS-dependent (56). As mentioned before, Bcl-6 controls the expression of migration genes that are important for the migration of T cells to the follicles. However, the introduction of Bcl-6 cannot alter the production of IL-21 and IL-4, which are the key cytokines produced by Tfh cells. c-Maf has been found to affect the production of IL-21 and CXCR5 (57). In addition, c-Maf and Bcl-6 have been reported to cooperate in the expression of Tfh cell-related genes, such as CXCR4, PD-1, and ICOS (57). The selective loss of c-Maf expression in T cells leads to the inhibition of Tfh cell differentiation in response to vaccinations and bacteria, and it is also critical for high-affinity antibody secretion in vaccinated animals (58). In addition, in Tfh cells, c-Maf has been shown to positively regulate IL-4 production via binding to the conserved noncoding sequence 2 (CNS2) region of the IL-4 locus and via the induction of IRF4 (59–61); however, this effect is c-Maf-independent (61).

Batf

Batf is also a member of the AP-1 family, which lacks transcriptional activation domains (TADs). Batf has been found to be highly expressed by Tfh cells and directly regulates the expression Bcl-6 and c-Maf (62). The expression of Batf has been observed to be regulated by IL-4-STAT6 in Th9 cells and IL-6-STAT3 signaling in M1 mouse myeloid leukemia cells (63–65). In Batf-deficient mouse T cells, the expression of Bcl-6 and c-Maf decreased dramatically, and Bcl-6 alone is not sufficient for Tfh cell differentiation in the absence of Batf (62). In addition, Batf can cooperate with IRF4 along with STAT3 and STAT4 to promote IL-4 production in Tfh cells via binding to the CNS2 region in the IL-4 locus. BATF does not impair IL-4 in Th2 cells but only Tfh cells (61). However, other studies show that the loss of Batf impairs IL-4 production in both Tfh and Th2 cells (66, 67).

IRF4

IRF4 has been well-documented as an important transcription factor in the differentiation of helper T cells and B cells via promoting cell development (68). IRF4 expression in mouse T cells has also been found to promote GC formation by promoting Tfh cell differentiation (69). In IRF4 knockout mice, CD4+ T cells in lymph nodes and Peyer's patches failed to express Bcl-6 and Tfh cell-related genes. In addition, the adoptive transfer of wild-type Tfh cells cannot rescue the failed IRF4−/− Tfh cell differentiation (69), indicating a critical role for IRF4 in Tfh cell development. In wild-type mice, IRF4 can interact with JUN and Batf to form a heterotrimer that can bind to AP1-IRF4 complexes and regulate Tfh cell differentiation (69). In another study, IRF4−/− CD4+ T cells have impaired STAT3 binding and fail to differentiate into Tfh cells (70). In a recent study, the Irf4 locus is reported to “sense” the intensity of TCR signaling to determine the Irf4 expression level. The binding of IRF4 to divergent DNA sequences is regulated by the expression levels of IRF4 and controls Th cell fate determination (71). In Th2 cells, enhancers show a spectrum of occupancy by the Batf-IRF4 complex, which correlates with the sensitivity of gene expression to TCR signal strength (72). The adaptor molecule LAT has been revealed to export the repressor HDAC7 from the nucleus of CD4(+) T cells. The loss of LAT results in impaired TCR signal and the repression of HDAC7 targeted gene Nur77 and Irf4 (73). Furthermore, IRF4 has been reported to be induced in a TCR-affinity dependent manner, and it is critical for clonal expansion (74).

In addition, other transcription factors have also been reported to be involved in Tfh cell differentiation. Foxo1, which has been found to negatively regulate Tfh cell differentiation in the early stages of differentiation (75), has also been identified to positively promote Tfh cell differentiation in the late stage of this process (76). However, the molecular mechanism remains unclear. FOXP1 negatively regulates Tfh cell differentiation by directly inhibiting ICOS expression and IL-21 production (77). Kruppel-like factor 2 (KLF2), a transcription factor, has been found to be involved in T cell trafficking, survival and homeostasis. KLF2 deficiency has been linked with increased number of Tfh cells, and forced expression of KLF2 results in reduced Tfh cell differentiation and GC formation (78). KLF2 can negatively control Tfh cell differentiation by inhibiting the homing receptors, such as CXCR5, CCR7, S1PR1 and PSGL1 (79), via induction of negative regulators for Tfh cells, including Blimp-1, T-bet and GATA3 (78).

Other Proteins Regulating Tfh Cell Differentiation E3 Ubiquitin Ligase

Roquin is an RNA binding protein, which has been revealed to play a critical role in innate and adoptive immune systems. The lack of Roquin activity results in numerous autoimmune diseases, such as lupus and inflammatory bowel disease. It is well-known that sanroque mice, which have the mutant ROQUINM199R that promotes Tfh cells, show a spontaneous germinal center (GC) and accumulation of plasma cells (30, 80, 81). The ubiquitin E3 ligase Roquin-1 negatively regulates Tfh cell differentiation by recognizing and directly binding a cis-element in the 3' untranslated region of ICOS mRNA, thereby repressing ICOS expression (82). The combined loss of Roquin-1 and 2 results in spontaneous Tfh cell and germinal center development (83). Other Tfh-related genes, such as Il6, Irf4, Ox40, (84, 85) and Ifng (86), are repressed by Roquin. The loss of the RUNG domain of Roquin has been found to reduce the number of Tfh cells, which might be a result of impaired mTOR signaling (87) and reduced Bcl-6 expression (88). In addition, the E3 ubiquitin ligase Itch has also been reported to regulate Tfh cells by regulating the ubiquitination and degradation of Foxo1 (89), and the effect of Itch has been revealed to be upstream of Bcl-6, which is validated by the fact that forced Bcl-6 in Itch deficient mice can restore Tfh cell differentiation (89). Moreover, the E3 ubiquitin ligase Cullin3 acts as a negative regulator by directly binding to Bcl-6 and regulating the ubiquitination of histone proteins (90). Furthermore, in transplantation, herpesvirus entry mediator/B-and T-lymphocyte attenuator (HVEM/BTLA) signaling pathway has been found to be dispensable for the expansion of Tfh cells and formation of de novo host anti-donor isotype-specific antibodies (91).

Notch−1 and −2

The T cell-specific deletion of Notch-1 and Notch-2 results in the reduced number of fully mature Tfh cells and the absence of high-affinity Abs (92). These mature Tfh cells produce low levels of IL-21 and displayed low expression of Bcl-6 and C-Maf. However, the effect of the loss of Notch on Tfh cell differentiation is in an IL-4-independent manner (92). In a recent study, Notch signaling has been identified as an early lineage-determining factor between Tfh and Th2 cell fate (93). In addition, Delta-L 1/4-mediated signals to Tfh cells occur from stroma cells, and follicular dendritic cells are not required (93, 94). Fasnacht et al. (94) shows DLL4 in stromal cells is important for Tfh development. In a previous study, fibroblasts, rather than hematopoietic or endothelial cells, as niche cells, support Notch-2 driven differentiation of marginal-zone B cells, ESAMDCs, and Tfh cells (94).



Surface Molecule Regulation

CXCR5

CXCR5 is a hallmark of Tfh cells that guides T cells to migrate to the B cell zone by binding to CXCL13 that is expressed by follicular dendritic cells (95). CXCL13 is expressed in the follicular mantle zone and not in the endothelial venules and paracortical T cell zone, where ligands for CCR7 exist. Unlike CCR7 ligands, CCL19 and CCL21, CXCL13 controls the segregation between T and B cells, rather than recruiting T cells and B cells to lymph nodes (96). Therefore, these CXCR5 hi T cells express a low level of CCR7, which helps these T cells to migrate to GCs (6, 9, 10, 97). Moreover, CXCR5 has been found to help the maintenance of PD-1 hi Tfh population in GCs (9). CXCR5-deficient mice have a low GC number and antibody production (95), which shows the important role of CXCR5 in Tfh cell differentiation. In addition to being controlled by Bcl-6, CXCR5 expression is also regulated by nuclear factor of activated T cells (NFAT2) (98).

ICOS/ICOSL

With signals from MHC-antigen-TCR and CD28 stimulation, ICOS expression is induced on activated T cells. Therefore, ICOS is not a reliable marker for Tfh cells not only due to its expression on precursor Tfh cells but also due to its high expression on activated T cells. Signals through ICOS-ICOSL are critical for Tfh cell differentiation, B cell survival and activation, antibody class switching and GC formation (99). In human Tfh cells, ICOS is used as a marker of GC Tfh cells (100). However, ICOS is probably not a reliable marker for GC Tfh cells in mice due to its similar expression in Tfh cells and precursor Tfh cells (101). It has been found that initial DC priming is sufficient to differentiate CXCR5+Bcl-6+ Tfh cells, but this process depends on consistent ICOS/ICOSL signaling from DCs (102). Further ICOSL signals from B cells are necessary for the complete differentiation and maintenance of GC-Tfh cells (14). ICOS has been found to be capable of regulating the migration of T cells to GCs via the induction of filopodia (17). Signals through ICOS/ICOSL activate phosphoinositide-3 kinase (PI3K) (103), which is also a critical kinase for Tfh cell differentiation via the AKT-mediated inactivation of FOXO (104). In addition, ICOS is able to maintain the Tfh cell phenotype via FOXO1-mediated KLF2 expression (79), and FOXO1 is also inhibited by ICOS-induced mTORc2 (75). ICOS signaling can also affect IL-21 production via c-Maf, thereby regulating Tfh cell differentiation (56). The importance of ICOS in Tfh cells has been demonstrated by a study showing that ICOS-deficient mice have impaired GCs, a reduced level of CXCR5+ memory T cells (19, 105), impaired immunoglobulin class switching and low levels of IL-4 when primed in vivo and restimulated in vitro with a specific antigen (106, 107).

OX40/OX40L

OX40 belongs to the TNFR family and is transiently expressed by T cells during chronic virus infection (108). OX40 has been found to play a critical role in Tfh cell differentiation. Reinforcing OX40 stimulation promotes the expression of Blimp-1 in LCMV-specific T cells and inhibits the differentiation of Tfh cells (108). However, OX40-deficient mice display impaired generation of Tfh cells and GCs (109), indicating that OX40 is important for the Tfh cell differentiation. Indeed, OX40L has been reported to contribute to lupus by promoting Tfh cell responses (110). In addition, TSLP-activated dendritic cells have been found to be able to induce Tfh cell generation via OX40L (111). In addition, OX40 can cooperate with ICOS to amplify Tfh cell development during vaccinia virus infection (112).

Other Important Surface Markers

PD-1, which is usually expressed by exhausted T cells, is highly expressed on Tfh cells. PD-1/PD-Ls signals are generally considered as negative regulatory signals that dephosphorylate TCR signaling, thereby inhibiting activation and cytokine production by T cells (113). PD-1 expressed by Tfh cells is believed to balance the negative regulation from IL-2-mediated STAT5 signaling (114). In addition, Tfr cells also express PD-1, which regulates Tfr cells (115). In a recent report, PD-1 has been found to inhibit follicular T cell recruitment via limiting CXCR3 expression to confine Tfh cell localization in GCs and increase the stringency of GC affinity selection through PD-1-PD-L1 ligation (116). Cytotoxic T lymphocyte antigen 4 (CTLA-4) is another negative regulator of T cells that has been reported to be expressed by Tfh cells and Tfr cells (117). Tfr and Treg cells regulate Tfh cells via B7-1 and B7-2 binding to CTLA-4. Loss of CTLA-4 in Tfh cells results in the promotion of B cell responses (118). Moreover, mice deficient in the SLAM-associated protein (SAP) show impaired GC formation and defects in T-B cell interaction (22, 119–121). Although SAP deficient T cells can express Tfh markers initially, reduced Tfh cells have been found in GCs from SAP deficient mice (30, 122), suggesting that SAP is required for the generation of functional Tfh cells and the differentiation of Tfh cell contains multiple steps.



Cytokine Regulation

Signals from follicular DCs and the cytokine milieu produced by DCs provide instructions for Tfh cell differentiation. Various cytokines, including IL-6, IL-21, IL-12, IL-23, IL-2, TGF-β, IL-1β, can regulate Bcl-6, STAT5, and Blimp-1 expression via the JAK- STAT signaling pathway (55). In the early stage of human Tfh cell differentiation, IL-12, IL-23, and TGF-β initiate this process. In addition, other STAT3-activating cytokines, such as IL-1β and IL-6, support this process in the presence of IL-12, IL-23, and TGF-β. The precursors of Tfh cells share similarities with other Th subsets and can further differentiate into Th1 and Th17 cells dependent on the balance of cytokines (123). Following interactions with B cells, precursor cells can differentiate into Th1-like Tfh cells and Th17-like Tfh cells (123). In addition, some reports have shown that Tfh cells can express IFN-gamma and IL-4, which provides help for cytokine-driven patterns of immunoglobulin class switching (124). In some autoimmune conditions, such as an experimental autoimmune encephalomyelitis (EAE) model of multiple sclerosis (MS), cells that display a Tfh cell phenotype produce IL-17 (56), and during helminth infection, Tfh cells in lymph nodes produce IL-4 (124–126). These IL-4 producing Tfh cells located in B cell follicles are found to be functionally different form Th2 cells found in peripheral region (124). These IL-4 producing Tfh cells express a low level of GATA3 and no IL-13 (127).

It has been well-established that IL-6-mediated STAT3 activation is critical for IL-21 expression in TCR stimulated mice and human T cells (40, 128). STAT3 can also respond to IL-21 and IL-23. Following cytokine stimulation, STAT3 is phosphorylated by JAK and binds to the Bcl-6 promoter to further promote Bcl-6 transcription (129). In addition, IL-12 has been reported to induce Bcl-6 expression in human T cells via STAT4 activation and has a greater effect on IL-21 production compared to IL-6 and IL-21 (130). In addition, the IL-12-STAT4 pathway can also regulate CXCR5, ICOS, c-Maf, and Batf expression in human T cells (131, 132). TGF-β has been found to enhance the function of STAT3-STAT4 to help T cells to express CXCR5, ICOS, Bcl-6, c-Maf, IL-21, and Batf, as well as to repress the expression of Blimp-1 (42). However, in mice, TGF-β has been reported to have negative regulatory effects on Bcl-6 expression via mir-10a (133). The positive regulation of TGF-β might be restricted to human in vitro studies. However, in mice, cytokines and TCR stimulation are insufficient, and the T-B interaction is necessary to generate Tfh cells (134).



Epigenetic Regulations

Epigenetic regulation refers to a modification that will not change the DNA sequence but alters the gene expression through several modifications, such as DNA methylation, histone modification and non-coding RNA-mediated regulations. Increasing evidence has shown the cooperation between epigenetic modifications with transcription factors to determine T cell fate (135).

Unsurprisingly, Tfh cell differentiation is also regulated by epigenetic modifications. DNA methylation refers to silencing gene expression, and demethylation/hydroxymethylation is related to gene reactivation. In Tfh cells, Bcl-6 binding to gene loci has been found to be associated with reduced recruitment of translocation methylcytosine dioxygenase 1 (TET1), which is a hydroxymethyltransferase. Bcl-6 binding is also observed to result in reduced 5-hydroxymethylcytosine (5-hmC) (32), which is a mechanism for DNA demethylation. In addition, in our previous study, we found that IL-21 can increase TET2 enrichment on the promoter region of Bcl-6, which might explain the increased levels of Bcl-6 in lupus T cells (31). In addition, methylated H3K27 has been reported to prevent Tfh-related gene expression, while the H3K27me3 demethylase UTX sustains Tfh cells and antibody production (136). Positive histone modifications have been detected at the Bcl-6 locus in Tfh cells, but negative marks are present at Bcl-6 in other Th subsets (137). In addition, positive and negative histone modifications can be detected on Prdm1 in all Tfh cell populations. These positive and negative histone modifications might provide clues for Tfh cell plasticity. miRNAs, which are non-coding RNAs, regulate gene expression at the posttranscriptional and posttranslational levels. miRNAs silence gene expression by targeting the 3'-untranslated regions of mRNA, causing mRNA cleavage and translational repression. In Tfh cells, the miR-17-92 cluster has been observed to be downregulated, which might contribute to the overexpression of Bcl-6 (138). miR-155 can regulate Tfh cell accumulation in miR-146a-deficient mice, resulting in abnormal Tfh cell accumulation (138). miR-146a can directly targets ICOS and the overexpression of ICOS mediated by the loss of miR-146a results in spontaneous and cell-autonomous Tfh cell accumulation (139). The molecules regulating Tfh cell differentiation are summarized in Figure 2.


[image: image]

FIGURE 2. Network of transcription factors, cytokines and surface markers in Tfh cell regulation. In addition to the signals from surface markers, Tfh cells have been found to be regulated by a complex network of transcription factors, including the Bcl-6-Blimp1 axis, STAT1, STAT3, STAT4, STAT5, B-cell activating transcription factor (Batf), v-maf avian musculoaponeurotic fibrosarcoma oncogene homolog (c-Maf), interferon regulatory factor 4 (IRF4), Achaete-scute homolog 2 (Acl2), and T-cell-specific transcription factor 1 (TCF-1)-LEF-1, FOXO-1, FOXP-1, and NFAT-2. Since the study of Tfh cells began, some proteins have been identified to participate in the development of Tfh cells. In addition, cytokines such as IL-1 beta, IL-2, IL-6, IL-12, IL-21, IL-23, and TGF-β have been reported to be involved in the differentiation and survival of Tfh cells. “+” means positively regulates Tfh cell differentiation and “–” means negatively regulates Tfh cell development.



Increasing evidence has shown the plasticity of Tfh cells, which can be explained by epigenetic regulations. Tfh cells display repressive histone markings (H2K27me3) on Il4, Ifng, and Il17a, while permissive active chromatin H3K4me3 on Il21 locus (137, 140). Interestingly, the evidence that Tfh cells can produce effector T cell cytokines in response to the polarization cytokines and maintain the ability to produce IL-21 (137), can be explained by the fact that Tfh cells also display detectable H3K4me3 on Tbx21, Gata3, and Rorc locus (137). The positive H3K4me3 has been observed on the Bcl6 gene in Tfh cells from an in vivo and ex vivo system. Other in vitro differentiated Th cells also show permissive markers on Bcl6, which enables these cells to acquire Tfh cell phenotypes and the capacity to produce IL-21 (137).




CONCLUSIONS

Tfh cell differentiation is regulated by multiple transcription factors, receptors, cytokines, and epigenetic modifications. Unlike other Th cells, mouse Tfh cells are difficult to generate in vitro by cytokines and TCR stimulation, possibly reflecting a requirement for T-B cell interactions. ICOS/ICOSL signals might be an underlying explanation for the difficulty mentioned above. In addition, the cytokines driving differentiation in mouse and human systems are different; for example, TGF-β is a negative regulator in mice but a positive regulator in human Tfh cells. Tfh cells are heterogenic populations. Certain Th1, Th2, and Th17-like Tfh cells have been identified in GCs. In addition, Tfr cells have also been reported and regulate Tfh cell homeostasis. In addition, in certain inflammatory sites, such as synovium from rheumatoid arthritis patients, non-classic Tfh-like cells have been identified, which are CXCR5low but have high expression levels of Bcl-6, PD-1, and IL-21. Single-cell mRNA sequencing should facilitate studies aiming at dissecting Tfh cell subset heterogeneity and distribution in tissues and blood. Our understanding of epigenetic regulation of Tfh cells is limited. Due to the development of new technologies, new molecules might be identified in the near future.
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The germinal center (GC) is a specialized microstructure that forms in secondary lymphoid tissues, producing long-lived antibody secreting plasma cells and memory B cells, which can provide protection against reinfection. Within the GC, B cells undergo somatic mutation of the genes encoding their B cell receptors which, following successful selection, can lead to the emergence of B cell clones that bind antigen with high affinity. However, this mutation process can also be dangerous, as it can create autoreactive clones that can cause autoimmunity. Because of this, regulation of GC reactions is critical to ensure high affinity antibody production and to enforce self-tolerance by avoiding emergence of autoreactive B cell clones. A productive GC response requires the collaboration of multiple cell types. The stromal cell network orchestrates GC cell dynamics by controlling antigen delivery and cell trafficking. T follicular helper (Tfh) cells provide specialized help to GC B cells through cognate T-B cell interactions while Foxp3+ T follicular regulatory (Tfr) cells are key mediators of GC regulation. However, regulation of GC responses is not a simple outcome of Tfh/Tfr balance, but also involves the contribution of other cell types to modulate the GC microenvironment and to avoid autoimmunity. Thus, the regulation of the GC is complex, and occurs at multiple levels. In this review we outline recent developments in the biology of cell subsets involved in the regulation of GC reactions, in both secondary lymphoid tissues, and Peyer's patches (PPs). We discuss the mechanisms which enable the generation of potent protective humoral immunity whilst GC-derived autoimmunity is avoided.
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Interactions between T and B cells are critical for the development of most humoral immune responses; these can be protective in response to vaccination or infection, or deleterious, when driving autoimmunity, allergy, or transplant rejection. Long-lived T-dependent humoral immunity is derived from specialized microanatomical structures known as germinal centers (GCs), that form in secondary lymphoid organs, such as the spleen and lymph nodes, upon infection, or immunization with a T-cell dependent antigen (Figure 1) (1). Ectopic GCs can also appear in non-lymphoid tissue in multiple inflammatory states including autoimmune disease, cancer, and during infection (2). Within GCs, B cells undergo somatic hypermutation (SHM) of the genes encoding their B cell receptor (BCR). Because this mutational process is random, mutated B cells require selection to ensure that only B cells bearing a BCR with an improved affinity for antigen differentiate into long-lived antibody secreting plasma cells and memory B cells (3). Therefore, tight regulation of GCs is critical to ensure that a potent immune response against foreign antigen can occur without cross reactivity against self-antigens.
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FIGURE 1. The germinal center (GC) response. The GC is a specialized microenvironment formed within the B cell follicles of secondary lymphoid tissues upon infection or immunization. The GC is divided into two distinct compartments. The dark zone (DZ) that contains a network of CXCL12-producing reticular cells (CRCs) and is the site of GC B cell proliferation and somatic hypermutation (SHM). Centroblasts then follow a CXCL13 gradient to enter the light zone (LZ) as centrocytes through their expression of CXCR5. In the LZ, centrocytes capture antigen presented on follicular dendritic cells (FDCs) which they internalize, process and subsequently present to T follicular helper (Tfh) cells in order to undergo selection. This process is regulated by T follicular regulatory (Tfr) cells which are also present in the LZ. Upon receiving survival signals from Tfh cells, centrocytes re-enter the DZ for further rounds of proliferation and SHM after which they exit the GC as memory B cells or high-affinity antibody-secreting plasma cells.



For B cells to participate in the GC response, they first need to recognize their cognate antigen via their BCR. B cells are able to directly bind soluble antigen or bind antigen presented on the surface of follicular dendritic cells (FDCs), macrophages or dendritic cells (4–7). Once activated by antigen encounter, B cells upregulate the chemokine receptor CCR7, which facilitates the migration of B cells via a chemokine gradient toward the CCR7 ligands CCL19 and CCL21 expressed in the T cell zone (8). At the interface between the B cell follicle and the T cell zone (T:B border), B cells present fragments of peptide antigen on major histocompatibility complex (MHC)-Class II to CD4+ helper T cells that provide them with survival and co-stimulatory signals (8, 9). B cells will then divide at the perimeter of the follicle and will either initiate the GC response or differentiate into short-lived extrafollicular plasma cells or memory B cells (10–12). Extrafollicular plasma cells produce the first wave of antibodies before undergoing apoptosis within a few days, providing an initial burst of antibodies that are essential for early control of infection while the GC response is established (13).

After cognate interactions with CD4+ T cells, activated B cells will migrate to the center of the follicle to seed the GC response (14). These GC B cell precursors begin to rapidly divide and undergo clonal expansion during which the GC is divided into two distinct compartments known as the dark zone (DZ) and the light zone (LZ; Figure 1) (15). The DZ contains the rapidly diving B cells known as centroblasts, which undergo SHM (16–18). Centroblasts express the chemokine receptor CXCR4 whose ligand, CXCL12, is produced by stromal cells in the DZ (CXCL12-expressing reticular cells, CRCs). This chemokine localizes the centroblasts within the DZ, thereby generating GC polarity (16, 19). Once GC B cells have undergone SHM in the DZ, they downregulate CXCR4 and migrate to the LZ, to receive positive selection signals. The LZ is rich in FDCs that produce CXCL13, which attracts GC B cells that exit the DZ as centrocytes, through their expression of CXCR5 (15, 17, 18). The LZ also contains Tfh and Tfr cells that are important for the successful and regulated continuation of the GC response (3). FDCs and Tfh cells are critical for the positive selection of centrocytes, while Tfr cells are thought to regulate the output of the GC response (3). Together, these processes culminate in the emergence of long-lived antibody secreting plasma cells and memory B cells whose BCRs bind antigen with high affinity. These effector cells are able to provide protection against subsequent infection, in some cases providing life-long immunity against particular pathogens.


DC-INITIATED TFH CELL DEVELOPMENT IS ESSENTIAL FOR THE GC RESPONSE

Tfh cells are unique in their ability to support GC reactions. Tfh differentiation is a multistage process (20). First, naïve CD4+ T cells are primed by dendritic cells (DCs). During these interactions, T cells require two signals to be activated: first binding of the T cell receptor (TCR) to peptide:MHC and secondly, a co-stimulatory signal through ligation of the receptor CD28 by its ligands CD80/86 which are expressed on the surface of DCs. During this T:DC interaction, T cells also integrate signals from multiple cytokines that skew their differentiation toward a Tfh cell fate. Here, Tfh cell precursors (pre-Tfh cells) upregulate Bcl6 and CXCR5, and downregulate CCR7, leading to migration of activated T cells toward the T:B border. Here, SAP-dependent interactions with activated B cells enable full Tfh cell differentiation.

It is now clear that specific subsets of DCs can support the initial steps of Tfh differentiation (21). Although it appears that this is not a “one DC fits all responses” rule as different types of immune stimuli trigger different DC populations to support Tfh cell differentiation. Adjuvants that trigger Toll-like receptor (TLR)-9 enable monocyte derived DCs to induce Tfh differentiation (22). In Th2 skewed responses, CD8a− conventional dendritic cells (cDCs) are capable of inducing Tfh cell differentiation through higher expression of ICOSL and OX40L co-stimulatory signals compared to CD8a+ DCs in both mice and humans (23, 24). Similarly, CD11b+ cDC (cDC2, which are CD8a−) cells are both necessary and sufficient for Tfh induction following intranasal immunization (25). These cDC2 have a phenotype consistent with location at the T:B border. In contrast, CD301b+ DCs are thought to limit effective Tfh differentiation and antibody responses following immunization with type 2 adjuvants (26), through expression of the inhibitory costimulatory ligand PD-L1 (26). Taken together, priming of naïve CD4+ T cells by DCs is essential for the first step in Tfh cell differentiation, but multiple DC types are capable of doing the job.



REGULATION OF THE GC RESPONSE BY CHEMOKINES AND THE STROMAL CELL NETWORK


Chemokines and Immune Cell Migration

The chemokine system coordinates the migration and positioning of immune cells within secondary lymphoid organs (27). Chemokines are typically secreted chemotactic cytokines that constitute a family of more than 40 small proteins with a molecular weight of 7–12 kDa (28). Chemokines are able to mediate the migration and positioning of immune cells by engaging G protein-coupled receptors (GPCRs), expressed on the surface of all immune cells, with high affinity (29). Various lymphoid and non-lymphoid cells are able to express chemokines (29), however the expression of chemokines by mesenchymal stromal cells is critical for guiding lymphocytes and dendritic cells (DCs) to secondary lymphoid organs (SLOs) during the initiation of the immune response (27). Within the SLOs, different types of stromal cells play specific roles to facilitate the localization of hematopoietic cells (Figure 2). In the T cell zone, fibroblastic reticular cells (FRCs) orchestrate the migration, localization and survival of DCs, T cells and B cells by producing CCL19, CCL21, and CXCL12 (30–32). The CCL19/21 produced by FRCs enables localization of both CD4+ T cells and DCs to the T cell zone, via CCR7-mediated migration, bringing these rare cells together to facilitate T cell priming and activation (33–35). In the B cell follicles there are two types of stromal cells: follicular dendritic cells (FDCs) that produce CXCL13 and CXCL12-producing reticular cells (CRCs) which promote the localization of B cells during the germinal center response (19, 36, 37). FRCs at the boundary of the T cell zone and follicle produce B cell-activating factor (BAFF) to maintain the primary follicle structure (30). Antigen encounter by naïve B cells is facilitated by CXCR5-mediated migration toward the CXCL13-rich follicles (38–40). This localizes them close to the subcapsular sinus (SCS) where small soluble antigens are drained and can directly trigger B cell activation (38–40). Alternatively, antigens drained through the SCS can be captured by follicular FDCs which typically recognize antigen bound by antibody and/or complement, known as immune complexes (ICs) (41). FDCs are able to retain antigen on their surface for prolonged periods of time, allowing B cells to scan the follicular FDC network for cognate antigen to trigger activation (42). In addition, the SCS facilitates the movement of lymph fluid and is lined by marginal reticular cells (MRCs), which are FDC precursors and provide structural support (43). The distribution of these stromal cells in specific areas of the SLOs facilitates the continuous circulation and subsequent activation of lymphocytes that enter the LNs and Peyer's patches (PPs) through high endothelial venules (HEV) (44). Together, the stromal cell network provides the structural and chemotactic support required for GC initiation and maintenance.
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FIGURE 2. Lymph node structure is supported by stromal cells. Secondary lymphoid organs are divided into distinct regions through the generation of chemokine gradients by stromal cells. In the lymph node (LN), these chemokine gradients allow the circulation of lymphocytes which enter through high endothelial venules (HEV). In the T cell zone, fibroblastic reticular cells (FRCs) generate a CCL19 and CCL21 gradient which facilitates the migration of T cells and dendritic cells (DCs). The B cell follicles contain follicular dendritic cells (FDCs) which generate a CXCL13 gradient that promote the localization of B cells. Upon infection or immunization, antigen can enter the LN through the subcapsular sinus (SCS) or can be brought by DCs to trigger the activation of lymphocytes.





Stromal Cells and Chemokine Gradients Regulate GC Initiation

The initiation of the GC requires both CD4+ T cells and B cells to be activated by cognate antigen. The initial encounter and activation of lymphocytes by antigen is facilitated by stromal cell networks, as described above. Once both CD4+ T cells and B cells are activated by antigen, they must migrate toward the T:B interface to undergo cognate interactions that ultimately lead to GC formation (27). Activated CD4+ T cells begin to downregulate CCR7 and upregulate CXCR5 which allows them to move away from the CCL19/21-rich T cell zone and toward the interfollicular region (45–47). Simultaneously, activated B cells upregulate CCR7 while maintaining CXCR5 expression which allows them to move toward the edge of the follicle at the T:B interface (48). Additionally, both cell types upregulate Epstein-Barr virus-induced G protein coupled receptor 2 (EBI2) which facilitates their localization at the T:B border (49–51). Stromal cells at the inner- and outer-follicle regions regulate the oxysterol ligands for EBI2 which facilitates the co-localization of EBI2+ T and B cells enabling cognate T:B interactions (8, 51–54).

The final step for GC formation requires activated CD4+ T cells and B cells to migrate to the follicle from the T:B border as GC B cells and fully differentiated Tfh cells. Both CD4+ T cells and B cells downregulate CCR7 and EBI2 whilst stably expressing CXCR5. This enables them to escape the chemotactic pull of the T cell zone and outer follicle in order to move into the center of the follicle (14, 51, 55, 56). Both CD4+ T and B cells upregulate S1P receptor 2 (S1PR2) that supports their localization to the follicle center by binding S1P, which is present in low concentrations within the follicle, and reduces their responsiveness to other chemoattractants (57, 58). Loss of S1PR2 results in B cells losing their ability to accurately localize at the center of the follicle and the combined loss of S1PR2 and CXCR5 abrogates T cell localization to the GC (57, 58). At the center of the follicle, signals exchanged between T and B cells provide the final cues for Tfh cell differentiation and promote B cell proliferation to seed the GC (59). Once the GC response is initiated, both the FDC and CRC networks expand and divide the GC into the two distinct light and dark zones. Both the CRC and FDC networks are essential in maintaining the function and structure of the GC while orchestrating the interactions between different immune cells of the GC.



The Role of Follicular Stromal Cells in the Regulation of the GC Response

The network of CRCs was recently discovered due to their high expression of CXCL12 in the DZ and they were found to have low network density as well as a net-like morphology (19, 37). These cells are distinct from FDCs and FRCs as they do not express the typical FDC/FRC markers which include CD35, ERTR7, FDC-M1/M2, FcγRII, and VCAM1 (37). Due to the lack of antigen-capture mediators such as CD35 and FcγRII on the surface of CRCs, it is likely that CRCs do not function as antigen presenting cells but meet another specialized requirement in the DZ niche. Thus, CXCL12 production is believed to be one of the essential functions of CRCs in the GC DZ (27). Moreover, two-photon laser-scanning microscopy revealed that GC B cells are able to crawl in and around CRC networks, which depend on CXCR4 signaling for their distribution (37). Therefore, CRCs likely provide support for GC B cells through structural maintenance of the DZ in addition to generating a CXCL12 gradient within the GC. However, the precise role of CRCs in the GC remains to be fully elucidated.

In contrast to the CRCs, FDCs were discovered in the 1960s and are better characterized. During GC formation, the expansion of FDCs is mainly thought to be driven by proliferation of MRCs and their subsequent differentiation into FDCs (60). Throughout this process the FDCs also become activated through TLR4 (61, 62) and B-cell derived lymphotoxin (LT) α1β2 signaling (63), though the precise mechanisms remain unidentified. Once activated, FDCs begin to increase their expression of CXCL13 and BAFF, which support GC development and maintenance of the LZ (27). Studies in mice have shown that ablation of FDCs results in GC termination due to reduced survival and localization of GC B cells; therefore FDCs are absolutely necessary for the GC response (64). The activation of FDCs also triggers an increase in their expression of antigen-capture molecules such as CD35, CD21, and FcγRII (27). These molecules are critical for the long-term retention and display of antigen on the surface of the FDC network. This allows antigen-specific B cells to test their Ig receptors by capturing antigen from FDCs to subsequently internalize, process and present the antigen peptides to Tfh cells in order to receive critical survival signals (17, 42). FDCs can also produce cytokines such as IL-6 (65, 66) and IL-15 (67, 68) that promote SHM and IgG production and support B cell proliferation, respectively. Additionally, FDC production of FDC-M1 aids in the clearance of apoptotic GC B cells as FDC-M1 coats B cells, marking them for clearance by tangible-body macrophages (69).



Stromal Cells Regulate Tfh and GC B Cell Interactions Within the GC

The CRC and FDC networks form distinct niches critical for the structural support and maintenance of the GC. These two stromal cell subsets are also crucial for the localization of GC B cells within the GC and form a spatially segregated stage where T and B cells can undergo crucial interactions to promote the generation of high-affinity antibody-secreting plasma cells and memory B cells. During the GC response, GC B cells shuttle between the DZ and LZ using a timed program (19). GC B cells can localize in the DZ through their expression of CXCR4 in response to CXCL12 (16). However as they proliferate they downregulate CXCR4 and upregulate CXCR5, which together with the FDC-mediated CXCL13 gradient, enables them to move toward the LZ (16, 19). Migration to the LZ is necessary for centrocytes to acquire antigen and present it to Tfh cells in order for high-affinity B cell clones to survive (3). Through signals received in the LZ, a subset of centrocytes is then able to re-express CXCR4 and migrate back to the DZ via CXCL12-mediated migration where they can undergo further rounds of proliferation and SHM (19). This results in bidirectional B cell trafficking between the two zones that allows for multiple rounds of proliferation and selection to further refine the affinity of responding GC B cells (17, 19).

Tfh cells are conventionally thought to localize to the LZ through their high-expression of CXCR5. For Tfh cells to be retained in the GC they must express not only S1PR2, but also SLAM-associated protein (SAP), which promotes antigen-specific T-B adhesion (70, 71). SAP-deficient T cells are able to localize to the follicle through their expression of CXCR5, but once in the follicle they exhibit severe defects in GC recruitment and retention (71). Additionally, GC retention of Tfh cells can be mediated by expression of a class B Ephrin, EFNB1, which negatively controls Tfh cell retention and also promotes interleukin (IL-21) production (72). While these studies have investigated mechanisms by which Tfh cells are retained within the GC, the functional importance of their localization within the GC compartments remains largely unexplored. GC Tfh cells are able to co-express both CXCR4 and CXCR5 (73). The expression of CXCR4 by Tfh cells has been shown to determine their localization between the LZ and DZ (73). Moreover, in vitro studies with human immune cells isolated from tonsils have shown FDCs may play a role in modulating CXCR4 expression on T cells (74). Another study also showed that Tfh cells which express IL-21 have high expression of CXCR4 and are able to localize closer to the DZ (75). However, the functional significance of differential CXCR4 expression of Tfh cells and their localization within the GC remains unknown largely due to the importance of CXCR4 in thymic maturation of T cells (76). Thus, GC stromal cells also play a role in directing the localization of Tfh cells.

Chemokine secretion by the stromal cell networks of SLOs is essential for the regulation of various aspects of the immune system, ranging from the homeostatic migration of lymphocytes to the initiation and maintenance of the GC response. Within the GC reaction, stromal cells provide chemokine cues that promote B cell trafficking between the different GC compartments as well as supplying antigen crucial for affinity maturation. However, whether the different stromal cell subsets of the GC can regulate the function of Tfh cells remains to be explored. Further study into the mechanisms by which stromal cells can regulate the GC will lead to a better understanding of the events required for optimal GC responses against infection and vaccination.




REGULATION OF GC RESPONSES BY T FOLLICULAR REGULATORY CELLS

While the specialized formation of the GC and T—B cell crosstalk are critical to provide protection against a broad range of invading pathogens, the stochastic nature of SHM makes the generation of cross-/self-reactive B cell clones a by-product of GC responses to foreign antigens (77). This can lead to the development of autoimmune disease. The importance of Treg cells for the control of both autoimmune and antibody responses has been long known (78–81). Mice and humans with loss-of-function mutations in the Foxp3 gene do not form Treg cells and suffer from a fatal early-onset T cell-dependent, lymphoproliferative disorder manifested by autoantibody-mediated autoimmunity (diabetes, thyroiditis, haemolytic anemia) and increased levels of circulating antibodies (82–86). The link between antibody production and Treg cells lead researchers to identify a subset of Treg cells that gain access to the B cell follicle and participate in the regulation of the GC response (87–89). These T follicular regulatory (Tfr) cells simultaneously express markers of Treg and Tfh cells and have suppressive function (87–91). Since their discovery, Tfr cells have been regarded as putative key GC regulators that fine tune the response.


Tfr Cell Differentiation

Tfr cells are derived from Foxp3+ precursors; the majority come from thymic Treg cells, but they can also arise from naïve T cells when immunization conditions favor induced Treg development (92, 93). The differentiation of Tfr cells is not characterized as well as the differentiation of Tfh cells, but it appears that they also undergo a multistep Bcl-6-dependent differentiation process like Tfh cells. Like other naïve CD4+ T cells, antigen presentation by DCs is required for Tfr cell differentiation (88, 92, 94, 95), along with positive co-stimulatory signals through CD28 and ICOS (59, 96–101). However, the DC subsets directly responsible for stimulating Tfr cell differentiation remain unclear. The differentiation into GC Tfr cells is also dependent on B-cell interactions (88, 94). However, B cells appear to be required only for final stages of Tfr cell differentiation, as putative Tfr cells were found in the blood of μMT mice following immunization and B-cell deficiency patients (BTK deficiency) (94, 102).

Despite some similarities, there are also differences in the differentiation requirements of Tfr and Tfh cells. The negative co-stimulatory molecules PD-1 and CTLA-4 impact Tfr cell generation. PD-1 signaling selectively inhibits thymic Treg cell differentiation into Tfr cells, prior to B-cell interactions in a PD-L1-dependent manner (100), while blockade of PD-L1 signals in the periphery inhibits the generation of induced Tfr cells (92). Deletion of CTLA-4 leads to an increase in the frequency and absolute numbers of Tfr cells (103, 104). However, it is still unknown whether CTLA-4 impairs Tfr cell differentiation or maintenance, or whether the increased Tfr cell numbers are simply due to an increased GC response overall. IL-21 is a key helper cytokine produced by Tfh cells, which has a negative impact on Tfr cell numbers (105, 106), suggesting that Tfh cells evoke a feedback mechanism to control Tfr cell numbers via this cytokine (107, 108). Mechanistically, Jandl and colleagues propose that IL-21 induces Bcl-6 expression which in turn limits CD25, and the reduction of CD25 expression then leads to lower responsiveness to IL-2, consequently restraining Tfr cell expansion (105). However, because it has been shown that Tfr cells do not express CD25, the high affinity IL-2 receptor(109–111), it is more likely that IL-21 would limit Tfr cell precursors, rather than fully differentiated Tfr cells. CD25 expression limits Tfr differentiation through induction of Blimp-1 (109), a transcription factor known to repress Tfr differentiation (88). Although, IL-2 seems to inhibit Tfr cell differentiation, the absence of IL-2/STAT5 signaling may lead to Foxp3 downregulation (112). Therefore, the maintenance of Foxp3-expressing Treg cells in the absence of IL-2/CD25 (IL-2Rα) must be accomplished by other homeostatic mechanisms, such as high amounts of intermediate-affinity IL-2 receptor (CD122/IL-2Rβ), which may be sufficient to prevent Foxp3 downregulation (109). Whether CD25+ and CD25− Tfr cells represent two stages of differentiation or two functionally and biologically distinct cell subsets is still unknown.

Tfr cell differentiation culminates in the expression of Bcl-6, the master transcriptional regulator for Tfr cell differentiation (87–89). However, it is not the only transcription factor that contributes to the Tfr cell fate. Expression of transcription factor nuclear factor of activated T cells 2 (NFAT2, also known as NFATc1) is required for CXCR5 upregulation on Treg cells through binding to the Cxcr5 promoter (113). Tfr cell differentiation also requires an intricate network of many other molecules, such as stromal interaction molecule 1 (STIM1) and STIM2 (114, 115), tumor necrosis factor receptor (TNFR)-associated factor 3 (TRAF3) (116), signal transducer and activator 3 (STAT3) (117), p85α-osteopontin, and members of the helix-loop-helix family (E and Id proteins). More recently, mTORC1 signaling was also shown to induce de novo Tfr cell differentiation from thymic-derived Treg cells (118).



Identity and Specificity of Tfr Cells

The first studies describing Tfr cells reported that these cells are derived from thymic Treg cells (87–89). Recent evidence further supports the preferential origin of Tfr cells from thymic Foxp3+ Treg cells (93), but Tfr cells can also be derived from induced Treg cells, that arise from the induction of Foxp3 expression in naïve CD4+ T cells (92). Tfr cell recruitment into the GC and their suppressive capacity occurs in response to immunization, but Tfr cells do not need to be specific for the immunizing antigen (93, 94). However, a proportion of Tfr cells can also be specific for the immunizing antigen (92), suggesting that Tfr cells can arise though a number of pathways. TCR repertoire analysis at the population level showed that Tfr cells are an oligoclonal population and have a TCR repertoire that is more similar to the repertoire of Treg cells than Tfh cells (93, 119). How Tfr cells are recruited to the GC upon immunization, with TCR specificities that are irrelevant to the immunizing antigen, is a significant unknown in the biology of these cells.

One remaining question regarding the regulation of humoral immunity is the overall contribution of extrafollicular responses to the generation of B cell autoreactivity and its regulation. It is not clear to which extent extrafollicular sites contribute to the emergence of autoreactivity in many diseases, and it remains unknown whether specialized regulatory mechanisms are in place at those locations.



Mechanisms of Tfr Cell Function

Tfr cells specialize in the regulation of the GC response by directly modulating Tfh cell proliferation, B cell metabolism and cytokines secreted by Tfh cells in secondary lymphoid organs. Thus, Tfr cells modify GC outcomes at several levels: (a) control of GC size; (b) selection of antigen specific Tfh and B cell clones; and (c) modulation of class switch and affinity maturation of antibodies (Figure 3).
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FIGURE 3. Mechanisms of Tfr cell-mediated regulation of humoral responses. Tfr cells regulate T – B interactions within the germinal center (GC) by physical interference at the immunological synapse, which is required for the survival feedback loop between GC B cells and T follicular helper (Tfh) cells. CTLA-4 is a key molecule of T follicular regulatory (Tfr) cell function at immunological synapse, as it directly blocks CD80/CD86 co-stimulatory signals. Using these mechanisms, Tfr cells impair GC B cell metabolism (mainly by decreasing glucose uptake and usage) and induce the downregulation of GC B cell effector molecules, such as Pou2af1 (required for GC B cell formation), Xbp1 (required for antibody secretion), and Aicda (required for class switch recombination). On the other side of the immunological synapse, Tfr cells limit IL-21, and IL-4 secretion by Tfh cells. Granzyme B, IL-10 and TGF-β secretion by Tfr cells may also account for their regulatory capacity.



The precise molecules that underpin such effects are largely unknown, but undoubtedly encompass CTLA-4-mediated suppression (103, 104). CTLA-4 has a widely known function in maintaining immune homeostasis and mediating Treg cell function (81, 120–122). Mice that lack CTLA-4 on Treg cells have spontaneous GC responses (104), however in these experiments the caveat is that CTLA4 is lost on all Treg cells, not only Tfr cells. Tamoxifen-induced CTLA-4 depletion on Treg cells at the time of immune challenge led to an expansion of GC B, Tfr, and Tfh cells due to defective Treg cell function (103). Whether CTLA-4 mediated CD80/CD86 transendocytosis plays a role in Tfr cell function within GCs is still controversial (103, 104). Despite the described role of CTLA-4 in mediating Tfr cell function, it is expected that these cells employ multiple and complementary regulatory mechanisms such as TGF-β, IL-10 (88, 94) and granzyme B secretion (88, 123) (Figure 3) to perform their suppressive functions.

The suppressive functions of Tfr cells seem to act directly on the metabolic pathways of B and Tfh cells (94, 100, 103, 106). Using several in vitro systems, it was shown that Tfr do not affect the transcriptomic signature or activation potential of B cells or Tfh cells, however these cells lose the ability to express key effector molecules, such as Pou2af1, Xbp1 and Aicda, in the presence of Tfr cells (106). It appears that Tfr cell-imposed B cell modulation persists in the absence of Tfr cells due to epigenetic changes. However, IL-21 was able to overcome the suppressive effect of Tfr cells by both increasing B cell metabolism and inhibiting Tfr cells (106).

While initial studies ascribed the control of GC size, class-switching and antibody affinity to Tfr cells (87–89, 124), more recent studies support the concept that Tfr cells can restrain the generation of antigen-specific antibodies while favoring the emergence of high affinity antibody-secreting B cells (103, 104, 109, 124, 125). Indeed, CTLA-4 competent Tfr cells seem to impose more stringent B cell competition for Tfh cell help (103, 104). Additionally, the outcome of the GC reaction can also be correlated with age-induced alterations in Tfh and Tfr cell numbers and function (126). In aged mice, reduced titers of NP-specific antibodies following NP-OVA immunization were associated with defective Tfh cell function and higher proportions of highly suppressive Tfr cells (126).

These regulatory mechanisms have been further studied in murine models of autoimmune disease, where Tfr cells were directly implicated in ensuring tolerance to self-antigens and preventing autoimmunity (109, 113, 115, 127). Thus, the selective use of Tfr cells (or IL-2 to fine-tune Tfr cell responses) might be a novel way to therapeutically intervene in diseases where pathogenic GC reactions are the cause of underlying pathology.

Taken together, it appears that cognate interactions are required for Tfr-mediated regulation, while the specific nature of the cellular interactions are yet to be fully characterized. Results from in vitro experimental systems devoid of any antigen-presenting cells besides B cells suggest that B-Tfr interactions can trigger regulation that is sufficient to overcome the positive signals delivered by co-cultured Tfh cells (106).



Division of Labor Between Treg and Tfr Cells

Although we have a good understanding of broad Treg cell biology, it is still unclear how different Treg cell subsets integrate to underpin immune tolerance and regulation of humoral responses. It is clear that the absence of Foxp3+ Treg cells leads to uncontrolled and spontaneous humoral responses (128–131), however, the contribution of CXCR5+ Tfr cells to this overall pathology is not known. Nevertheless, humoral suppressive capacity has been assigned preferentially to Tfr cells. This concept arose from observations where conventional (non-Tfr) Treg cells lacked the capacity to suppress Tfh cell proliferation, B cell activation, and class switch recombination (94, 106). Conversely, two independent groups found a comparable decrease in Tfh cell proliferation when co-cultured with Tfr and conventional Treg cells (87, 104). Hence, while a direct comparison of Tfr and conventional Treg cells in physiological conditions is lacking, Tfr cells presumably acquire their unique humoral suppressive capacity when they co-opt the Tfh cell differentiation program. The suppression of Tfh cell proliferation is probably not unique to Tfr cells, as it might be a general Treg cell feature. However, one critical aspect that might distinguish Tfr from conventional Treg cells in vivo is the exceptional ability of Tfr cells to access the GC.



Blood and Human Tfr Cells

GC reactions are orchestrated in secondary lymphoid organs, but in the blood of mice circulating Tfr cells-like cells have also been described (94). This adds an additional layer of complexity, as different immune compartments might evoke different Tfr cell responses (94, 100, 132–135). The population of circulating ICOSlo Tfr cells were shown to behave as memory cells and have less suppressive capacity. They originate after priming by DCs, but without full commitment to the GC fate (94, 100). This suggests that Tfr cell effector activity is initiated during contact with DCs in the T cell zone, strengthened in the inter-follicular region during contact with B cells, and optimized in the GC. However, it is not clear where exactly Tfr cells modulate GC reactions, especially in humans. Recently, human Tfr cells were found to be preferentially distributed at the periphery of GCs (136). While the same has also been shown in murine models (100), it is still unknown whether human Tfr cells share all the biological features of murine Tfr cells. For instance, in human lymph nodes, Tfr cells are not PD-1+CD25− like in mice (100, 109, 136).

Although a CD69− human tonsil Treg cell subset with B cell suppressive function was discovered before the identification of Bcl-6+Foxp3+ Tfr cells in mice (137, 138), the restricted access to human secondary lymphoid tissues forced the search for putative Tfr cells in human blood. Several studies have focused on circulating CXCR5+Foxp3+ T cells to define Tfr cells in humans with different diseases (90). We recently established the biology and ontogeny of human blood CXCR5+Foxp3+ Tfr cells (102). Human blood CXCR5+Foxp3+ Tfr cells comprise Tfr cell precursors arising from secondary lymphoid tissues prior to B-cell interactions. Thus, human blood Tfr cells are predominantly CD45RO− naïve cells not yet endowed with full B cell and humoral regulatory functions. Furthermore, autoimmune diseases may be associated with different types of dysregulation of the GC response. Therefore, it is likely that different alterations of Tfr frequency, distribution, and function will be found in different autoimmune diseases.



Peyer's Patches: Specialized Germinal Centers in a Unique Anatomical Location

GCs in Peyer's patches (PPs) are unique due to their special anatomical location and functions. They are influenced by the gut microbiota, and in return produce IgA antibodies which contribute to the control of gut microbial homeostasis. Due to their special environment and function, these GCs require specialized forms of regulation (139).

Peyer's patches are non-encapsulated lymphoid tissues associated with the small intestinal epithelium. In mice, 6–12 PPs are interspersed along the whole length of the small intestine, while the human intestine is associated with 100–200 PPs (139). PPs are continuously exposed to antigenic stimulation by the commensal microbiota. The intimate cross talk with the gut microbiota is what sets PPs apart from other lymphoid tissues. The gut microbiome is a complex mix of bacteria, fungi, viruses and protozoa, which populates the whole intestine. Constant stimulation through this microbiota drives the formation of constitutively active GCs in PPs. These GCs produce antibodies against infectious pathogens, but also generate commensal-specific IgA antibodies that promote homeostasis of the gut microbiome (140).



PPs as Places for TD IgA Production

PPs are an important site for T cell dependent IgA production (139). Like other GCs, B cells within PP GCs undergo somatic hypermutation of the Ig locus, followed by selection of B cells bearing BCRs that bind antigen with high affinity. One key difference to peripheral LNs, however, is that in PPs class-switch recombination (CSR) to the IgA isotype occurs (141). IgA antibodies exist as dimers and are secreted at all mucosal surfaces. In the gut this is mediated by M cells in the sub-epithelial dome of PPs. Once in the gut, IgAs bind to a wide variety of commensal bacteria and alter the composition of the microbiome through a variety of mechanisms (140). These include blocking antigen interactions with the host, trapping antigens in the intestinal mucus or interfering with invasive properties of pathogens (140). In addition, IgA antibodies assist with the controlled intestinal uptake of bacterial antigens to boost antigen-specific gut immune response (142, 143). In AID-deficient animals that lack CSR and SHM, there is aberrant expansion of anaerobic gut commensals and extensive immune hyperplasia (144, 145). Patients with selective IgA deficiency also exhibit changes in their gut microbiome, associated with increased Th17-cell associated inflammation (146). This demonstrates the key role that switched antibody responses play in gut health.

What is not clear is whether this IgA needs to come from the GC response. Evidence suggesting this is not the case comes from studies in which mice lack either T-dependent immune responses (CD28-deficient mice and CD40-deficient mice) or Tfh cells (Bcl6flox/flox Cd4cre/+). These animals have high IgA antibody titers, near-to-normal levels of bacterial IgA coating, and relatively normal composition of the microbiota (147–149). However, SHM of IgA antibodies mainly occurs in GCs and analysis of mice that express a variant of AID that can facilitate CSR, but not SHM, revealed that this strain exhibited aberrant expansion of commensal bacteria and increased bacterial translocation into mesenteric LNs (150). This suggests that GC responses in the PP can play an important role in the maintenance of microbial homeostasis.



Immune Regulation of GCs in PPs

Given the distinct architecture and location of PPs, their regulatory mechanisms are unique from those in lymph node GCs. Most importantly, Tfh and Tfr cells in PPs are responsive to modulation by the gut microbiota. The ensuing plasticity in T cell regulation allows PP GCs to respond adequately to intestinal infections or changes in the gut microbiota.

Immune Regulation of PPs by Tfh Cells

PPs provide a unique environment for Tfh cell differentiation, where the “rules” established for Tfh cell development are frequently broken. Exclusively in the gut, Tfh cells can derive from RORgt+ Th17 cells (151) and Foxp3+ Treg cells (152). The precise mechanism for this is unclear, but it may be driven by stimuli from the microbiota, as microbial sensing plays an important role for Tfh differentiation in the gut. As such, the Th17 cell-promoting segmented filamentous bacteria (SFB) were shown to drive the differentiation of PP Tfh cells. Further, microbial ATP controls Tfh cell differentiation in PPs via interactions with the ATP-gated ionotropic P2X7 receptor (153). The egress of these “unusual” PP Tfh cells into systemic sites can have dire consequences for health, as they were reported to exacerbate the auto-antibody responses in arthritis (154). This demonstrates the ability of intestinal Tfh cells to integrate multiple signals from the gut microbiota for their development, with implications not only for gut, but also systemic immunity. Therefore, control of Tfh cell development, and their maintained residence in the gut is critical for organismal health.

Immune Regulation of PPs by Tfr

Similar to Tfh cells, PP Tfr cells have gut-specific features. In PP GCs there is an increased Tfh/Tfr ratio compared to peripheral GCs (155), making the PP resemble early stages of a GC. This has been proposed to enable the expansion of low affinity B cell clones early in the response (156). This is consistent with the proposal of Reboldi et al. (139) who suggest that GCs in PPs resemble the early stages of a GC in order to favor the quick generation of diverse low-affinity antibodies in response to microbial antigens. Interestingly, gene expression profiling of Tfr cells from PPs and pLNs revealed the surprising finding that PP Tfr cells express the helper cytokine IL-4, unlike LN Tfr cells (157). This could point to a different, potentially less suppressive, role of Tfr cells within PPs.

As discussed above, Tfr cells are considered to be negative regulators of the GC response, but the data about their functionality in PPs is not clear. STAT3-KO mice, which lack Tfr cells, but have PP Tfh cells, have no observable changes in PP GC size or IgA production in the gut (117). However, in an adoptive transfer model Kawamoto et al. implicated Tfr cells in the regulation of IgA-mediated control of the gut microbiome: Supplying T cell-deficient hosts with Treg cells increased IgA production and induced dramatic changes in the composition of the microbiota (125). This is consistent with the observation that depletion of Treg cells results in a drop in IgA levels (158). Together, this suggests that both Tfr functionality as well as the Tfh/Tfr ratio in PPs are adjusted to allow for optimal control of the gut microbiota, although further work is required to precisely define the role for Tfr cells in PPs.



Regulation of PPs by the Microbiota

The gut microbiota is a crucial, but often underappreciated, regulator of the GC response in the gut and the systemic immune system. Germ-free mice, which lack any form of bacterial colonization, exhibit evident deficits in the maturation of their gut associated lymphoid tissues, including PPs and mesenteric lymph nodes. Their PPs are small and produce limited amounts of IgA antibodies (159). In addition, these mice are more susceptible to enteric infections and their systemic immune response to infections is also stunted (160, 161). This demonstrates a strong dependency of the immune system on the microbiota. There is evidence that some bacteria and their products directly affect the GC response in PPs. Transfer of a diverse microbiota into wild-type mice increases GC B cell numbers as well as bacterial IgA-coating (125). Bacterial products can also directly act on immune cells in the PP. Microbial ATP controls Tfh cell differentiation (153) and short-chain fatty acids, a diverse group of bacterial metabolites, were shown to boost plasma cell differentiation and intestinal antibody production in PPs (162, 163). This demonstrates the strong impact of the microbiota on the GC response. Thus, the interplay of the immune system with the microbiota cannot be neglected when studying the regulation of intestinal GCs.




CONCLUSION

The importance of the GC response for humoral immunity has been known for several decades. However, the cellular and molecular mechanisms that regulate GC function are still being elucidated. This review highlights several known mechanisms by which GCs are regulated through the collaboration of multiple cell types in both LNs and PPs. Given the participation of GCs in physiological and pathological immune responses, a better understanding of GC regulation is likely to have clinical applications. In this respect, it is fundamental to consider and further characterize the complex cellular network and interplay that ultimately control the outcome of GC responses in specific anatomic locations. Further elucidation of the mechanisms which govern GC regulation will be beneficial to improve patient stratification in immune-mediated diseases, and for the identification of novel therapeutic biomarkers.
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Follicular regulatory T cells (Tfr) are a unique subset of CD4 T cells that control and impact adaptive immune responses in the lymphoid follicles and germinal centers (GC). Since their relatively recent discovery, several studies have revealed that Tfr interact with other cells within this niche and shape ensuing responses. Recent advances defining the functional and developmental characteristics of Tfr have revealed key characteristics of Tfr differentiation, GC recruitment and retention, and regulatory properties. Further, Tfr shape the GC response and balance tolerance through interactions with Tfh, by modifying Tfh number, diversity and function, as well as with B cells. Mechanisms by which Tfr regulate the GC include cell-to-cell interactions with Tfh and B cells, as well as altering their environment through cytokine production and sequestration. Tfr have been shown to have a diverse T cell receptor (TCR) repertoire and can be specific for immunizing agents, demonstrating a potential role in vaccine development. Due to these important characteristics and functions, Tfr play a major role in immune tolerance, response to infection, and vaccine efficacy.
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CHARACTERISTICS AND FUNCTIONS OF TFR

Follicular regulatory T cells (Tfr) are a subset of regulatory T cells (Treg) that suppress follicular T helper cells (Tfh) and B cells. Tfr were first identified in mice and shown to play a crucial role in the germinal center (GC) response and antibody production (1–3). Tfr express high levels of CXCR5, which directs them to follicles and GCs (3). Similar to Tfh, Tfr require ICOS and CD28 to promote development and maintenance (2), and are inhibited by high levels of PD-1 (4) and IL-2 (5). Tfr require T cell co-stimulation for growth and development, as CD28 deletion results in nearly total loss of Tfr in spleen and lymph node after immunization (2).

Tfr express high levels of the transcription factor Bcl-6 (1). Uniquely, Tfr are able to co-express the transcription factors Bcl-6 and Blimp-1, although these factors are typically believed to be part of a negative feedback loop (1, 3). Loss of Bcl-6 results in almost a complete loss of Tfr, however, almost paradoxically, Blimp1 is the master regulator of Tfr function (2). Further, NFAT-2 is a critical Tfr transcription factor that promotes Tfr differentiation and retention in the GC and lymph node follicles through upregulation of CXCR5 expression (6). Lastly, SLAM-associated protein (SAP) is increased in fully differentiated Tfr and plays a critical role in Tfr maintenance by mediating the interactions of Tfr with B cells in the GC, as SAP deletion results in the loss of GC B cells and defective GCs (2).

Similar to Tfh, Tfr require the GC microenvironment and GC B cells for their development and function, as they are dependent on ICOS-ICOSL interactions for regulatory function and expansion. However, although phenotypically similar to Tfh, Tfr originate from CD25+ Foxp3+ Treg precursors while Tfh originate from CD4+Foxp3- T cell precursors (1, 2). Antigen presenting cells play a definitive role in development and maturation of Tfr. B cells in the GC of lymph node follicles promote optimal Tfr growth and differentiation. In addition, dendritic cell (DC) subsets in mucosal and peripheral tissue sites promote Tfr development. Mice that were depleted of DCs had a significant reduction in the proportion of Tfr (7). This suggests that Tfr development and maintenance can be highly tissue specific and require multiple cell subsets and environmental cues. In addition, Tfr express potentially autoreactive TCR repertoires leading to their ability to suppress autoimmunity, in contrast to Tfh, which arise from antigen-responsive TCRs allowing for promotion of antibody responses (8).

The GC microenvironment is important to driving follicular T cell differentiation while maintaining cell phenotype and function. After their differentiation and antigen imprinting, Tfr either enter circulation to become memory Tfr or localize to the B cell zone to interact with B cells and Tfh. Studies in mice have demonstrated that memory Tfh lose expression of CXCR5, PD-1, and Bcl-6 after adoptive transfer into naïve hosts (9). However, circulating Tfh from human donors have been cultured up to 3 weeks without stimulation and maintained CXCR5 and PD-1 expression (10). Importantly, Tfr were included within the Tfh subset in both of these analyses. Factors that promote Tfr egress from the follicle are unknown. Receptor mediated endocytosis of CXCR5 has been described for B cells (11). It is possible that CXCR5 is downregulated transiently on T cells in the context of high levels of CXCL13 in the follicle, thereby enabling these cells to exit the follicle before CXCR5 is re-expressed. In addition, Tfr may upregulate other receptors that promote migration to other sites. For example, in Sage et al.'s study (7), peripheral blood Tfr were enriched for CXCR3, which may direct Tfr to other sites outside of the lymph nodes. When Tfr migrate out of the follicle, they have similar CXCR5 levels, but diminished ICOS expression and PD-1 expression, indicating the importance of the GC microenvironment for development and maintenance of Tfr phenotype (7). Adding more complexity, a recent study characterized a subset of Tfr lacking CD25 expression, thus being independent of IL-2 signaling and allowing for increased CXCR5 and Bcl-6 expression (12).



TFR REGULATION OF TFH

Similar to Treg, Tfr are able to suppress immune responses through a variety of mechanisms. The suppressive function of Tfr was initially shown in mouse adoptive transfer experiments where fully differentiated Tfr were shown to potently suppress antigen-specific antibody production and GC responses (2). Further, isolated Tfr cultured with GC B cells from immunized mice showed that Tfr substantially diminish IgG output in vitro (4). Similar to Treg, Tfr utilize mechanisms to suppress Tfh and B cells (described below) such as downregulation of co-stimulatory molecules, cytokine production, and direct physical disruption, while metabolic disruption and cytolytic functions remain mostly unexplored.

One of the key regulatory effector molecules of Tfr is CTLA-4. CTLA-4 has been shown to control Foxp3+ Treg functions and act as a co-inhibitory molecule to dampen immune responses by preventing CD28-B7 co-stimulatory interactions (13, 14). Through genetic deletions in mouse models, CTLA-4 expression by Tfr has been shown to play a crucial role in Tfh differentiation and functional responses. CTLA-4 expression on Tfr potently suppresses Tfh generation, differentiation, and subsequent B cell responses (15, 16). CTLA-4 expression in Treg controls Tfh antigen-specific expansion and Tfh cell numbers (16). It should be noted, however, that global deletion of CTLA-4 altered Tfh numbers rather than simply Tfr CTLA-4 levels (15). Blockade of CTLA-4 resulted in spontaneous Tfh differentiation and large GC expansion in a CD28-dependent manner, as CD28 heterozygosity also reduced Tfh differentiation while leaving other facets of T cell activation unaltered (17).

Mouse models have also demonstrated that expression of PD-1 plays a large role in the function of Tfr, as similar to most cell types engagement of PD-1 leads to loss of effector function and exhaustion. PD-1 expression on Tfr markedly reduced their ability to suppress Tfh function, while PD-1 deficiency led to heightened suppressive ability (4). In a study using adoptive transfer of OT-II cells into Cd3e-deficient mice (i.e., mice with abnormally low levels of lymphocytes in the blood), which causes increases of Tfh and impaired GC responses, the addition of Treg restored normal Tfh cell numbers, B cell distribution within the GC, and somatic hypermutation rates (18). Further, PD-L1 deficient mice have higher percentages of Tfr and increased Blimp-1 and Bcl-6 expression, demonstrating that PD-1 signals could inhibit Tfr differentiation and accumulation (4). Tfr responses can also be manipulated by Tfh function, as IL-21 serves as negative feedback for downregulation of CD25 (and IL-2 responsiveness) through Bcl-6 expression (19). Human Tfr reduce IL-21 and IL-4 production by Tfh in an ex vivo HIV infection model by a mechanism that is contact dependent (20). Thus, Tfr may regulate Tfh production of IL-21 both to limit the GC response and also to prevent loss of their own effector functions.

The dynamics of Tfr and Tfh interactions can vary based on the microenvironment and circumstances of immune responses. Tfr were shown to accumulate in number and proportion to Tfh in untreated. chronically HIV-infected individuals' lymph nodes (20). Similarly, increases in percentages of circulating cells with a follicular regulatory phenotype are seen in individuals with untreated chronic hepatitis B infection (21, 22). In an ex vivo HIV infection model, Tfr led to a decrease in Tfh ICOS expression and inhibited rates of Tfh proliferation (20). Depletion of Tfr in mice did not alter Tfh and GC B cell populations upon immunization, however, the quality of the GC response was diminished as antigen-specific antibody responses were altered and IgG production was reduced (23). Interestingly, Foxp3 depletion in mice was shown to compromise influenza-specific Tfh responses due to suppression of Tfh differentiation via increased IL-2 availability (24), thereby demonstrating a positive role for Tfr in favorable Tfh responses. Rather than absolute numbers of Tfr and Tfh, the ratio of Tfr to Tfh in the GC is thought to be critical to generating immune responses (4), as well as regulating autoimmunity (25).

Tfr have been demonstrated to allow initial B cell activation, but to physically disrupt Tfh-B cell interactions and thereby limit GC effector cell function (26). RNAseq transcriptome analysis revealed that global gene expression does not differ substantially between Tfh that have been suppressed by Tfr and (unsuppressed) active Tfh populations. Further transcriptome analysis revealed that Tfr suppressed Tfh expression of key effector molecules such as IL-4, IL-21, IL-10, and CD28, but did not alter expression of key transcription factors such as Bcl-6 or CXCR5 expression. This, as the authors suggest, demonstrates that Tfr suppress Tfh in a manner the allows them to retain their Tfh differentiation and maintenance profile, but inhibit upregulation of their specific effector molecules.



TFR REGULATION OF B CELLS

Tfr were first defined as a specialized subset of Treg that suppress B cell responses (2). Whereas the suppressive effects of Tfr on Tfh function are well established, few studies have investigated whether Tfr have a direct suppressive effect on B cells. Using human tonsil cells, Lim et al. demonstrated that CD4+CD25+ cells directly inhibited B cell function and antibody responses and class switch recombination (27). Importantly, because suppression of GC B cell responses is unique to Tfr, and not mediated by CXCR5- Treg (2), presumably the activity observed by Lim et al. was mediated by Tfr. Deletion of CTLA-4 specifically in Treg in mice led to large increases in antibody production, suggesting an essential role for CTLA-4 in controlling antibody production (14). Further, another study has shown mice lacking Tfh/Tfr that receive CTLA-4 –deficient Tfh/Tfr through adoptive transfer developed Tfh expansions, increased antigen-specific antibody production, but no alterations in GC B cell numbers or co-stimulatory molecule expression (15). However, Treg-specific CTLA-4 deletion was shown to lead to decreased CD86 expression on follicular, albeit not GC, B cells (15). While this shows that Tfr function and Tfh/Tfr ratio play an essential role in GC B cell responses, it does not demonstrate a direct suppression of GC B cells by Tfr.

Regardless of whether Tfr inhibit B cells directly, or through loss of Tfh effector function, B cells which have been suppressed by Tfr display unique transcriptional profiles and altered metabolic states that are associated with inability to activate Tfh and to perform class switch recombination. IgG2b transcripts were elevated, while IgG1, IgG2a, and IgA transcripts were lowered in suppressed B cell populations, as well as a few key effector molecules, such as the cytidine deaminase AID, however, most gene signatures were intact suggesting that Tfr suppress the expression of specific effector molecules (26). More profound gene expression changes in suppressed B cells were seen in B cell metabolic pathways, such as glycolysis, and upstream mediators including mTOR. Further, suppressed B cells also displayed defects in various metabolic and anabolic processes, including suppression of glycolysis. Glycolysis is crucial for antibody production (28), and interestingly this regulation of glycolysis was found to be independent of B cell proliferation (26). Intriguingly, B cell suppression persisted even in the absence of Tfr, but was reversed by IL-21.

B cells produce the pro-inflammatory chemokines CCL3 and CCL4 during GC formation and response. Tfr respond to this chemokine production by infiltrating the GC, interacting with B cells, and suppressing numbers of self-reactive B cell clones within the GC (29). PD-L1 expression on GC B cells has been shown to inhibit Tfh function based on their high expression of PD-1 and as a result preventing Tfh from optimally stimulating antibody production (30), although this study did not address if PD-L1 similarly alters Tfr function. In mesenteric lymph nodes from individuals without known infection, Tfr were found to occupy the border of the T cell zone and B cell follicle and express relatively lower levels of PD-1 than Tfh (31). Despite appearing in the GC at low frequency compared to Tfh and expressing low levels of PD-1, Tfr were able to potently suppress antibody production in vitro (31). Further demonstrating Tfr localization to the GC is a critical element to GC function, in patients with the autoimmune disease Sjogrens syndrome, Tfr are excluded from ectopic GCs, thus physically separating them from GC B cells and potentially contributing to autoimmunity (32).

After immediate activation of the GC response and B cell expansion, Tfr proportionally decrease, but as responses wane and the GC reaction is resolved, Tfr return to baseline levels. Within the B cell follicle, Tfr are highly motile when receiving antigenic stimulation from B cells (33). This study also showed that blocking CTLA-4-B7 interactions leads to reduced T cell interaction, reduced dendritic cell interaction, and increased T cell proliferation including Tfr during immune priming. In mice, it is well documented that Tfh and Tfr are completely dependent on the GC for their maintenance (34). However, a study of human patients receiving organ transplants showed that treatment with rituximab, which results in loss of GC B cells (anti-CD20 antibody), did not prevent the loss of Tfr populations (35). Thus Tfr may not require an ongoing GC response for maintenance in humans. Alternatively, Tfr interactions with certain cell populations in the blood or tissues such as memory or naïve B cells, as well as follicular dendritic cells, may be able to fully support Tfr maintenance in the absence of the GC. This suggests that Tfr may also be maintained in the blood of humans in a similar fashion seen with functional Tfh populations (10).

An interesting aspect of Tfr and B cell interactions apart from immune regulation are recent studies that demonstrate Tfr promote GC B cell responses. In a mouse model using lymphocytic choriomeningitis virus (LCMV), IL-10-producing Tfr promote GC formation, dark zone morphology, and B cell FOXO1 expression (36). Tfh production of IL-9 has been shown to promote cell cycling and generation of memory-precursor B cells, however, this study did not address whether this is also influenced by either IL-9 production by Tfr or IL-9 sequestering by Tfr (37). As Tfr are believed to prevent excessive antigen-driven expansion and promote clonal selection, it would be important to understand if Tfr selectively inhibit GC B cells while helping to promote memory or plasma cell function.



ROLE OF TFR IN RESPONSE TO INFECTION

As the master regulators of GC B cell function, Tfh function, and antibody production Tfr play a crucial role in responses to microbial infections. In mouse models of acute LCMV infection, IL-10-producing Tfr were elicited and shown to support GC responses (36). In an influenza infection model in mice, high IL-2 levels at the time of infection prevented Tfr development in a Blimp1-dependent manner (5). After resolution of infection, Treg downregulated CD25 expression, differentiated into Tfr cells, and migrated into the follicles to prevent expansion of self-reactive B cell clones (5). This is in accordance with the aforementioned study that displayed loss of CD25 on Treg promotes expression of CXCR5 and Bcl-6 leading to the development of a Tfr subset (18).

Optimal GC reactions and effector B cell responses are crucial to the resolution of microbial infections. Thus, T cell help and programming of these responses play a large role in the outcome of these responses. Optimal Tfh function is required to promote adequate B cell function that leads to diverse, high avidity, antigen-specific antibody responses. In chronically HIV-infected individuals, Tfh populations expand and provide inadequate help to B cells (7, 38). These deficiencies are manifested in defects in Tfh proliferation, ICOS expression, IL-21 production, and signaling to stimulate Ig production (30). The extent to which Tfr control these Tfh responses is a current area of great interest. IL-6 promotes Tfh function and alleviates chronic viral infection in mice, due in part to inhibiting TGF-ß-dependent generation of regulatory T cells and increased Bcl-6 expression in Tfh (39). As boosted Tfh function and potential loss of immune regulation helped to resolve chronic infection in mice, Tfr expanded and reduced the quality of Tfh effector function in chronically HIV-infected humans and SIV-infected rhesus macaques (20). Further, viral infection appeared to drive Tfr differentiation in culture (20) and Tfr were shown to be highly permissive to HIV infection (40). Thus, pathogens may have the ability to program Tfr activity and numbers and alter the GC response. These interactions could lead to inadequate GC responses independent of Tfh and B cell interactions with Tfr and result in suboptimal responses and resolution of infection.

Tfr also have complex interactions with microbiota and commensals in the gastrointestinal tract. Foxp3+ cells in the GCs of Peyer's patches have been shown to regulate gut microbiota diversity and IgA selection, which in turn leads to expansion of Foxp3+ cells in a symbiotic regulatory loop (41). During inflammatory responses in the intestinal tract, Foxp3+ cells are stabilized and have enhanced suppressive capacity (42). These Foxp3+ cells also express RORγt, as well as signature regulatory receptors such as CLTA-4 and GITR, and are central to immune tolerance and limiting inflammation in the intestinal mucosa (42).

The protein kinase mTOR, which senses and integrates environmental cues to impact cellular function during viral infections, was recently characterized in Tfr after acute LCMV infection in mice (43). mTORC1 was found to be essential for Tfr differentiation during viral infection by activating STAT-3 to promote the TCF-1/Bcl-6 transcriptional axis to launch the Tfr transcriptional program. Further, it was recently demonstrated in a Bcl-6/Foxp3-deficient mouse model that loss of Tfr led to excessive lymphocyte infiltration and antibody deposition resulting in autoimmunity (44). Even slight imbalances and decreased ratios of Tfr to Tfh correlate with autoimmunity and could potentially be used as a clinical diagnostic for excessive immune activation and inadequate GC responses (25).



MEMORY TFR AND VACCINE DEVELOPMENT

The extent to which Tfr have memory properties and display recall function for self and foreign antigens is still unclear. PD-L1 expression on DCs limited Tfr differentiation and subsequent immune responses, suggesting that PD-1 interactions can limit Tfr priming and memory differentiation (45). Due to the complexity of sharing properties with Treg and Tfh, it is unclear if Tfr can become antigen specific and the implications this plays in vaccine development. Tfh are clearly understood to be specific for immunizing and infectious agents (34, 38, 46), whereas Treg have TCRs skewed toward recognition of self-antigens providing their role in autoimmunity (47, 48). One study has shown that Tfr are able to develop from naïve (Foxp3-) T cells in a PD-L1-dependent manner and that these cells can be specific for various immunizing agents used in a mouse model of vaccinations (49). Thus, antigen and Tfr TCR engagement likely plays a role in Tfr memory development and maintenance and therefore could be useful in modulating responses to vaccines.

Circulating Tfr are memory-like, displaying recall responses and similar effector functions to GC Tfr, but interestingly only require DCs and not B cells for differentiation (7). In addition, circulating memory Tfr expand and increase activity in GVHD patients given daily IL-2 therapy, which promotes immune tolerance (50). As circulating Tfr and lymph node-resident Tfr have differing levels of CXCR5 and ICOS expression, these subsets may have different gene expression patterns and may have different requirements for harnessing their full vaccine potential. A recent study showed that GC B cells that proliferate and produce high affinity antibodies receive help from T cells in the light zone that promotes their DNA replication and limits the duration of the S phase by regulating replication fork progression (51). It is currently unclear whether Tfr provide help to GC B cells to promote the speed of B cell replication and activation as well as high affinity selection, or limit Tfh activity to balance T cell help to B cells. The loss of STAT-3 expression in immunized mice led to a reduction of Tfr and increased levels of specific IgG1 and IgG2b antibodies, however, Tfh levels were unaffected by loss of either STAT-3 or Tfr (52).

The generation of broadly neutralizing antibodies (bnab) is a major goal of HIV vaccine development, among other infectious diseases. Most HIV vaccine development programs aim to harness the natural conditions that favor bnab production. A higher frequency of circulating memory Tfh and PD-1-expressing Treg (presumably circulating Tfr) was detected in HIV-infected individuals who make bnabs (53). In SHIV-infected rhesus macaques, lowered Foxp3 expression correlated with increased bnab production (54). This suggests that Tfr play a negative role in antibody diversity and strongly merits investigation in development of vaccines aimed at generating bnabs. IL-21 treatments are able to override Tfr function and promote Tfh and B cell functions (26). The role of Tfr in regulating antibody affinity or diversity has yet to be fully elucidated. While Tfr have a role in suppressing high and low affinity antibody production (1), it remains to be seen if Tfr control antibody diversity through affinity maturation.



CONCLUSIONS

Tfr are a unique subset of T helper cells that play a critical role in controlling immune responses due to their functions in the GC response. They fine tune the immune response and constantly interact with Tfh and B cell populations, thereby influencing the quantity and quality of their functions. There is still much work to do to define their mechanisms of action and role in the germinal center response. A better understanding of Tfr could lead to novel therapeutic and vaccine strategies to treat many infectious diseases.
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CD4+ T helper (Th) cells that express the gut homing chemokine receptor CCR9 are increased in the peripheral blood of patients with inflammatory bowel disease and Sjögren's syndrome and in the inflamed lesions of autoimmune diseases that affect the accessory organs of the digestive system. However, despite the important role of the GIT in both immunity and autoimmunity, the nature of CCR9-expressing cells in GIT lymphoid organs and their role in chronic inflammatory diseases remains unknown. In this study, we analyzed the characteristics of CCR9+ Th and T follicular helper (Tfh) cells in GIT associated lymphoid tissues in health, chronic inflammation and autoimmunity. Our findings reveal an association between the transcriptome and phenotype of CCR9+ Th in the pancreas and CCR9+ Tfh cells from GIT-associated lymphoid tissues. GIT CCR9+ Tfh cells exhibited characteristics, including a Th17-like transcriptome and production of effector cytokines, which indicated a microenvironment-specific signature. Both CCR9+ Tfh cells and CCR9+ Th cells from GIT-associated lymphoid tissues migrated to the pancreas. The expression of CCR9 was important for migration of both subsets to the pancreas, but Tfh cells that accumulated in the pancreas had downmodulated expression of CXCR5. Taken together, the findings provide evidence that CCR9+ Tfh cells and Th cells from the GIT exhibit plasticity and can accumulate in distal accessory organs of the digestive system where they may participate in autoimmunity.

Keywords: CCR9 C-C chemokine receptor type 9, T follicular helper, T helper, inflammation, GIT = gastrointestinal tract, autoimmunity


INTRODUCTION


T Cell Mediated Damage to Self-Tissue

It was demonstrated over four decades ago that experimental, partial depletion of T cells precipitates self-tissue destructive inflammation (1, 2). Subsequent to these studies, a T cell transfer model of colitis was described in rats and then in mice. These studies showed that transfer of antigen naïve (CD45RBhi) CD4+ T cells into immunodeficient recipients led to colitis (3). The transferred T cells proliferated within the lymphopenic host, inducing effector functions that could be prevented by cotransfer of memory phenotype (CD4+CD45RBlow) T cells (3) and, more specifically, FoxP3+ CD4+ T regulatory (Treg) cells (4). Importantly, transfer of naïve CD4+ T cells into germ free mice does not induce colitis indicating that inflammation in the gut results from a dysregulated immune response toward commensal microbes (5).

The gastrointestinal tract (GIT) contains immunological inductive sites, such as the Peyer's patches (PP), organized lymphoid aggregates and the adjacent mesenteric lymph nodes (MLN). The immune cells at these sites coordinate the balance between tolerance to food antigens and commensal microbes, whilst ensuring effective immune responses to mucosal pathogens. In humans, the chronic inflammatory bowel diseases (IBD), which include Crohn's disease (CD) and ulcerative colitis (UC), affect approximately 0.3% of the Western population (6) with increasing incidence worldwide (7). Antibody-neutralization studies have implicated cytokines (including tumor necrosis factor alpha (TNFα) and IL-12 p40) in the pathogenesis of CD, while the effectiveness of T-cell-ablative therapies have implicated T cells in UC (8). Bacteria reactive T lymphocytes have been more frequently observed in patients with IBD than in healthy individuals (9), leading to the proposal that a breakdown of tolerance toward the intestinal microflora plays a role in the pathogenesis of IBD.



The Gastrointestinal Tract and Chronic Inflammation

One pertinent question to the study of autoimmune and chronic inflammatory diseases is how inflammation in the GIT can influence the development of inflammation in distal tissues. Studies on a diverse array of inflammatory diseases indicate that the role of microbiota and the GIT barrier may extend well-beyond the gut (10). Accessory organs of the digestive system, connected to the small intestine by excretory ducts, include the pancreas and salivary glands, which are targets of the autoimmune diseases Type-1 diabetes (T1D) and Sjögren's Syndrome, respectively. The autoimmune disease that develops in non-obese diabetic (NOD) mice targets the pancreas and other accessory organs of the digestive system, namely, the salivary glands (11) and gallbladder (12). Antigen specificity is considered a prerequisite for the accumulation of T cells in the islet lesion (13), but the site of priming of diabetogenic T cells remains unknown. Lymphocytes infiltrating the pancreatic islets in both human T1D and NOD mice express α4β7-integrin, supporting a link between T1D and the gastrointestinal immune system (14). Furthermore, antibodies blocking either α4β7-integrin or its ligand, the mucosal addressin cell adhesion molecule (MadCAM-1), prevent diabetes in NOD mice (15, 16).



T Helper Cells in the GIT and Associated Lymphoid Tissues

In the GIT, T-dependent antibody responses are strongly biased toward IgA, which has a crucial role modulating immune responses to commensal microbiota and neutralizing intestinal pathogens (17, 18). IL-17 producing CD4+ (Th17) cells that express the transcription factor RORγt and the IL-23 receptor are enriched in normal intestines. Th17 cells contribute to intestinal homeostasis by regulating IgA secretion and play a critical biological function in clearing extracellular pathogens through the release of effector cytokines (interleukin (IL); IL-17A, IL-17F, IL-21, and IL-22) (19). In this manner, Th17 cells also contribute to the pathology of inflammatory diseases, including IBD (20, 21). The production of affinity-matured antibody requires the interaction of B cells with a specialized subset of Th cells named T follicular helper (Tfh) cells (22), but the identity of Tfh cells that provide help to B cells in the GIT is only beginning to be understood.



CCR9+ T Helper Cells

Retinoic acid can induce the expression of integrin α4β7 and the G protein coupled chemokine receptor 9 (CCR9) on lymphocytes, which allows their migration toward the GIT that expresses the chemokine ligand CCL25 (23). In healthy humans and mice, CCR9 is expressed predominately by a subset of T cells that migrate selectively to the gut (24, 25). Increased numbers of CCR9 expressing T cells have been observed in peripheral blood of patients with IBD (26). More recently, we described a T helper (Th) cell subset based upon expression of CCR9 (termed Tccr9 cells) that contribute to the regional specification of organ-specific autoimmune disease (27). Tccr9 cells constituted only a small fraction of CD4+ T cells in the lymphoid tissues and circulation of healthy mice and humans, but exhibited an inappropriate accumulation in the autoimmune lesions of the pancreas and salivary glands of NOD mice and were abundant in the peripheral blood of most Sjögren's syndrome patients. Tccr9 cells exhibited characteristics of T follicular helper (Tfh) cells-including expression of Bcl6, IL-21, c-Maf, and ICOS (27), suggesting that Tccr9 cells may be selectively recruited from a CCR9+ precursor population in the follicular environment of gut-associated lymphoid tissue.

In healthy humans, CCR9 is found primarily on T cells that selectively migrate to the GIT and is thought to play a role in several inflammatory disorders of the GIT. However, our studies demonstrate that during autoimmunity and chronic inflammation, CCR9+ T helper cells also infiltrate the pancreas and other accessory organs of the digestive system and are crucial to the destruction of these tissues. The implication of these findings is that T cells that are activated in the gut can disseminate to other organs to cause tissue damage. Here, we analyse CCR9+ Th and Tfh cells within the GIT and GIT associated lymphoid tissues to determine whether CCR9 expression and the characteristics of these populations reflect the state of inflammation.




RESULTS


GIT Inflammation in Il2−/− Mice

Our previous studies demonstrated that the GIT-homing chemokine receptor CCR9 marked a subset of IL-21-producing Th cells in the inflamed lesions of the pancreas and salivary glands of T1D prone NOD mice (27). Examination of the phenotype of this population suggested a close relationship between CCR9+ Th cells and Tfh cells and we hypothesized that CCR9+ Th cells may emerge from Tfh-like cells in GIT lymphoid tissue. However, we had yet to analyse the characteristics of CCR9+ cells in the GIT and whether CCR9+ Th cells were distinct under conditions of GIT inflammation. Therefore, we examined CCR9+/− Th and CCR9+/− Tfh cells in two models of autoimmunity and inflammation, namely the NOD mouse and mice that have been made genetically deficient in IL-2 (Il2−/−mice). NOD mice exhibit a mild subclinical colitis (28), whereas Il2−/− mice that lack IL-2 dependent Tregs and exhibit multi-organ autoimmunity, exhibit a chronically inflamed GIT (29). The GIT inflammation in Il2−/− mice is influenced by microbiotia as colitis is significantly reduced under germ-free conditions (30).

Histological analyses of the intestine of Il2−/− and WT mice stained with hematoxylin and eosin showed increased leukocyte infiltration of the intestine of Il2−/− mice (Figures 1A,B) compared with WT mice (Figures 1C,D). There were greater numbers of leukocytes (index of inflammation) in the GIT of Il2−/− mice; increased numbers of CD45+ leukocytes in the spleen, mesenteric lymph nodes (MLN) (Figure 1E) and increased numbers of lamina propria lymphocytes (LPL) in the small intestine (SI LPL) compared with WT mice as shown by FACS analysis (Figure 1F). In the large intestine, there was a trend of increased numbers of LPL and intraepithelial lymphocytes (IEL) in Il2−/− mice relative to WT mice (Figure 1F). By contrast, there were no differences observed in the numbers of CD45+ leukocytes in the Peyer's Patches (PP) or small intestine intraepithelial lymphocytes (SI IEL) (Figure 1F).
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FIGURE 1. Inflamed bowel and numeration of leukocytes in Il2−/− mice. Representative histological sections of intestinal tissues from Il2−/− mice (A,B) and WT mice (C,D) mice stained with hematoxylin and eosin, optical microscope 40X. (E,F) FACS analyses and cell counts were used to determine numbers of CD45+ cells in Il2−/− and WT mice, cell numbers were normalized to organ weight. Data shown as mean ± SEM (n = 3-9) and analyzed by Students T-test.





Increased Numbers of CCR9+ Th and Tfh Cells in the Inflamed GIT

We next examined the numbers of CD44hi (activated/memory phenotype) CD4+ T cells expressing CCR9 compared with those that lack CCR9 expression across GIT and GIT-associated lymphoid tissues. The results demonstrate greater numbers of CCR9+ CD44hi T cells in the inflamed GIT of Il2−/− mice compared with WT mice in the spleen, MLN, SI IEL, SI LPL, but not in PP or LI IEL or LI LPL where the low cell numbers retrieved at these sites influenced group numbers (Figure 2A). When analyzed as a percentage of CD4+ CD44hi T cells, CCR9+ cells were increased in the spleen and MLN of Il2−/− mice relative to WT mice (Figure 2B). However, there were no statistical differences in the percentages of CCR9+ cells within the CD4+CD44hi populations in the PP, SI IEL, LI IEL, LI LPL (Figure 2B). Taken together, these results show that Il2−/− mice exhibit an expansion of CCR9+ Th cells, and there is a specific increase in the proportion of gut homing CCR9+ memory phenotype CD4+ T cells in the spleen, MLN and SI LPL.
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FIGURE 2. Expansion of CCR9+ CD4+ T cells in Il2−/− mice. Numeration (A) and percentages (B) of CCR9+ and CCR9− CD44hi CD4+ T cells in Il2−/− and WT mice determined by FACS analysis. (MLN) mesenteric lymph nodes; (PP) Peyer's Patches; (SI IEL) intraepithelial lymphocytes of the small intestine; (SI LPL) lamina propria lymphocytes of the small intestine; (LI IEL) intraepithelial lymphocytes of the large intestine; (LI LPL) lamina propria lymphocytes. (C) Percentages of FoxP3+ CD4+ TCRb+ T regulatory (Treg) cells in the spleen and MLN and (D) percentages of CXCR5+ PD1+ FoxP3− CD4+ TCRb+ T follicular helper (Tfh) cells in the PP and MLN of Il2−/− and WT mice. Data shown as mean ± SD, where n = 3-15 female mice 7-9 weeks of age. Statistical significance was analyzed by students T-test.



Foxp3+ T follicular regulatory T (Tfr) cells are a specialized subset of Tregs cells that colocalize within B cell follicles of secondary lymphoid tissues and exhibit characteristics attributed to both Treg and Tfh cells, and are included within the C-X-C chemokine receptor 5 (CXCR5)+, programmed cell death protein (PD1)+ population of CD4+ T cells (29, 31, 32). To determine the percentages of Tfh cells in Il2−/− and WT mice, we gated out Foxp3+ cells as Il2−/− mice have a deficiency of IL-2 dependent FoxP3+ Treg cells (Figure 2C). The percentages of PD1+ CXCR5+ Foxp3− Tfh cells were significantly increased in both the MLN and PP of Il2−/− mice compared with WT mice (Figure 2D), as we have observed previously for ICOS+ CXCR5+ CD4+ T cells in Il2−/− mice (29). Within the FoxP3− Tfh population, CCR9+ Tfh cells were increased in the PP of Il2−/− mice compared with Tfh cells that lacked CCR9 (Figure 2D).



CCR9+ Th Cells in the GIT Exhibit Both Th17 and Th1 Characteristics

For the initial characterization of CCR9+ Th cells, we analyzed the expression of the surface markers C-C chemokine receptor type 6 (CCR6), the integrin α4β7, IL-9R, the IL-2 receptor beta chain (CD122), the IL-7 receptor (CD127), CXCR5, and PD-1 on the CCR9+ Th population by FACs (Figure 3). There was a trend of increased expression of the chemokine receptor CCR6 on CCR9+ Th cells in all lymphoid organs examined in both Il2−/− and WT mice, which reached significance in the MLN (Figures 3A,B). Similarly, α4β7 (Figures 3C,D) and IL-9R (Figures 3E,F) were consistently coexpressed with CCR9 on CD4+ T cells in the MLN and PP in both Il2-/− and WT mice. The percentage of CD4+ T cells expressing IL-2R beta (CD122), was significantly increased on CCR9+ CD4+ T cells within the SI IEL of the Il2−/− mice (Figures 3G,H). In contrast to Il2−/− mice, WT mice harbored an increased percentage of CCR9+ CD4+ T cells expressing IL-7R (CD127) in the SI LPL (Figures 3I,J). Whilst the overall percentages of CCR9+ Tfh cells were increased in Il2−/− mice compared with WT mice (Figure 2D), the percentages of CCR9+ Th cells co-expressing CXCR5 were increased in the PP of WT mice (Figures 3K,L). By contrast, the percentages of CCR9+ Th cells co-expressing PD-1 were increased in the MLN of Il2−/− mice (Figures 3M,N).
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FIGURE 3. Distinct phenotypic profile of CCR9+ Th cells in the inflamed GIT. Flow cytometric analyses showing representative FACS dot plots of surface marker expression for CCR9+ and CCR9− CD44hi CD4+ T cells from the mesenteric lymph nodes and quantitation of the percentages of CCR9+ and CCR9− CD44hi CCD4+ T cells from Il2−/− and WT mice. CCR6; (A) representative FACS dot plot and (B) quantitation. a4b7; (C) representative FACS dot plot and (D) quantitation. IL9R; (E) representative FACS dot plot and (F) quantitation. CD122; (G) representative FACS dot plot and (H) quantitation. CD127; (I) representative FACS dot plot and (J) quantitation. CXCR5; (K) representative FACS dot plot and (L) quantitation. PD1; (M) representative FACS dot plot and (N) quantitation. (MLN) mesenteric lymph nodes; (PP) Peyer's Patches; (SI IEL) intraepithelial lymphocytes of the small intestine; (SI LPL) lamina propria lymphocytes of the small intestine; (LI IEL) intraepithelial lymphocytes of the large intestine; (LI LPL) lamina propria lymphocytes of the large intestine. Data shown as mean + SD, where n = 3-9 female mice at 7-9 weeks of age. Statistical significance was assessed by students T-test.



To further analyze the function of CCR9 expressing cells in the chronically inflamed GIT of Il2−/− mice relative to IL-2 sufficient WT mice that do not develop GIT inflammation, we determined the expression of the pro-inflammatory cytokines (IL-17, IL-22, IL-21, TNFα, IFNγ) and the anti-inflammatory cytokines (IL-10, IL-4), which may be relevant to the chronic inflammation observed in Il2−/− mice (29). One of the most striking features of CCR9+ Th cells in the GIT was the increased fraction of IL-17 producing cells. We observed a greater percentage of CD4+ T cells expressing IL-17 in Il2−/− compared with WT mice, and a greater percentage of IL-17 producing Th cells were CCR9+ (Figures 4A,B). These findings indicate that IL-17 is commonly coexpressed with CCR9 on CD44hi CD4+ T cells in the GIT. IL-22 also produced by Th17 cells, with both pro-inflammatory and regenerative functions. CD4+ T cells from Il2−/− mice harbored a greater fraction of IL-22 producing cells than WT mice, but this was only significantly increased within the population of Th cells that lacked CCR9 expression (Figures 4C,D). The cytokine IL-21 is produced by both Tfh cells (33) and Th17 (34) cells, and CCR9+ IL-21-producing cells were also increased in both the MLN and PP of Il2−/− mice relative to WT mice (Figures 4E,F), providing a source of IL-21 that may explain our previous observation of increased amounts of IL-21 in Il2−/− mice (29).
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FIGURE 4. CCR9+ CD4+ Th cells exhibit a distinct cytokine profile in the inflamed GIT. Detection of cytokines in CCR9+ and CCR9− Th cells from GIT associated lymphoid tissues of Il2−/− and WT mice by intracellular immunostaining and FACS analyses. (A) Representative FACS dot plot and (B) quantitation of IL-17. (C) Representative FACS dot plot and (D) quantitation of IL-22. (E) Representative FACS dot plot and (F) quantitation of IL-21. (G) Representative FACS dot plot and (H) quantitation of TNFα. (I) Representative FACS dot plot and (J) quantitation of IFNγ. (K) Representative FACS dot plot and quantitation (L) of IL-10. (M) Representative FACS dot plot and (N) quantitation of IL-4. MLN, mesenteric lymph nodes; PP, Peyer's Patches; SI IEL, intraepithelial lymphocytes of the small intestine; SI LPL, lamina propria lymphocytes of the small intestine; LI IEL, intraepithelial lymphocytes of the large intestine; LI LPL, lamina propria lymphocytes of the large intestine. Data are shown as mean ± SD, where n = 3–6 female mice of 7–9 weeks of age. Statistical significance was analyzed by students T-test.



Tumor necrosis factor (TNFα) is thought to contribute to the pathology of IBD in humans and mice (35). The percentages of TNFα-producing CCR9+ Th cells were significantly increased in the PP of Il2−/− mice compared with WT mice (Figures 4G,H). An increased percentage of TNFα producing SI IEL was also observed in Il2−/− mice, and the percentages of TNFα-producing SI LPL expressing CCR9 or lacking CCR9 were greater in the Il2−/− mice (Figure 4D). Taken together, these findings indicate that there was not an associated coexpression with CCR9, but TNFα- expressing CD4+ T cells were related to the deficiency of IL-2 and to the chronic inflammation in these mice. By contrast, the percentages of IFNγ producing Th cells in Il2−/− and WT mice were largely similar (Figures 4I,J). However, there was a significantly increased fraction of IFNγ+ CCR9− CD4+ cells in the MLN in Il2−/− mice relative to the MLN of WT mice (Figures 4I,J). We also investigated the percentages of CD4+ T cells expressing the anti-inflammatory interleukins, IL-4 and IL-10. There was a marked trend of increased percentages of IL-10 expressing cells in the PP and MLN of WT mice compared to the Il2−/− mice (Figures 4K,L). For IL-4, the fraction of CD4+ T cells expressing IL-4 was not significantly different between groups (Figures 4M,N).

Tfh cells have been reported to acquire effector functions associated with other T helper subsets, producing IL-17 (36, 37), IL-4 (38), and IFNγ in some studies, but not IL-17 (33, 39) or IL-4 (38) in others. We analyzed both CCR9+ and CCR9− Tfh cells in the PP and MLN for the production of the cytokines IL-17 and IL-21 by intracellular immunostaining and FACS analyses. Il2−/− mice contained the greatest percentages of IL-21 producing cells within the CCR9+ population in both the PP and MLN relative to CCR9− Tfh cells (Figure 5B). Whereas, CCR9+ Tfh cells from WT mice contained more IL-21-producing cells in the MLN, but not the PP (Figures 5A,B). Intracellular detection of IL-17 demonstrated that CCR9+ Tfh cells from the PP of Il2−/−, but not WT, mice contained a greater percentage of IL-17 producing cells (Figure 5C). By contrast, the CCR9+ Tfh population also contained a greater percentage of IL-17 producing cells than the CCR9− Tfh population in the MLN of both WT and Il2−/− mice (Figure 5D).
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FIGURE 5. CCR9+ Tfh cells express increased amounts of IL-21 and IL-17. Percentages of cytokine expressing CCR9+ and CCR9−, CXCR5+ PD1+ CD4+ T follicular helper (Tfh) cells in the Peyers patches (PP) and mesenteric lymph nodes (MLN) of Il2−/− and WT mice. Interleukin (IL) 17 and 21 were detected ex vivo by intracellualr immunostaining and FACs analyses. IL-21 containing CCR9+ and CCR9− Th cells in the (A) PP and (B) MLN. IL-17 containing CCR9+ and CCR9− Th cells in the (C) PP and (D) MLN. Data are shown as mean ± SD from 3 experiments, where n = 5 female mice of 9–12 weeks of age. Statistical significance was assessed by 2-way ANOVA using Bonferroni's multiple comparisons test.





CCR9+ Th and Tfh Cells Exhibit a Site-Specific Transcriptome

Analyses of Il2−/− mice indicated that CCR9+ Th cells and CCR9+ Tfh cells are phenotypically distinct from their CCR9− counterparts. As discussed earlier, type-1 diabetes prone NOD mice harbor an increased number of IL-21-producing CCR9+ Th cells in the inflamed lesions of the pancreas and salivary glands that are phenotypically similar to Tfh cells (27). As CCR9 is a GIT-homing chemokine receptor, we questioned whether CCR9+ Th cells in the pancreas derive from CCR9+ Tfh cells in the GIT. Therefore, we determined the phenotypic relationship between CCR9+ Th and Tfh cells in the GIT and pancreas of NOD mice by differential gene expression analyses. RNA was extracted from FACs sorted CCR9+ and CCR9−, CXCR5+, PD-1+ TCRb+, CD4+ Tfh cells from the PP and from CCR9+ and CCR9−, CXCR5−, TCRb+, CD4+ cells from the pancreas. Gene expression was determined by SurePrint G3 Mouse GE 8x60K Microarray Kit from Agilent technologies and revealed a greater upregulation of genes in the CCR9+ populations. Therefore, we focused on the genes with increased expression in CCR9+ Th and Tfh cells in both tissues.

The PP Tfh cell populations exhibited a clear Th17 transcriptome relative to the pancreas Th populations, indicating a microenvironment-specific signature (Figure 6A). Genes upregulated in the PP compared with the pancreas included genes known to be expressed in Tfh cells (as would be expected by a comparison of Th and Tfh cells) Cxcr5, Icos, Bcl6, Maf, Il21 and Th17 signature genes Il17a, Il21, Il23r, Il17f, Il22 (Figure 6A). Th17 signature genes were more enriched in CCR9+ Tfh cells relative to CCR9− Tfh cells within the PP (Figure 6B). These data indicated that both CCR9+ and CCR9− Tfh cells in the PP share characteristics of Th17 and Tfh genes, but also demonstrate notable differences; CCR9+ Tfh cells in the PP express increased amounts of Ccr9, Il21, IL-22ra, v-Maf, Lifr, Cxcl13, the cytokine and cytokine receptors Il20, Il18bp, Il28ra compared with CCR9− Tfh cells in the PP (Figure 6B).
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FIGURE 6. Differentially expressed genes in CCR9+ relative to CCR9− Tfh from the peyers patches and CCR9+ relative to CCR9− Th cells from the pancreas infiltrate from non-obese diabetic (NOD) mice. Gene expression was determined by SurePrint G3 Mouse GE 8x60K Microarray Kit from Agilent technologies. Genes selected from the 50 most differentially expressed (DE) genes shown in heat maps, Log2 Fold difference of 2.5–5.3 (fold difference of 5.6–34.6). (A) relatively higher expression of Th17 signature genes in CCR9+ T follicular helper (Tfh) cells from the Peyers patches compared with CCR9+ T helper (Th) cells from the pancreas of 10–12 week old female NOD mice. (B) DE genes from Peyers patch CCR9+ Tfh cells relative to Peyers patch CCR9− Tfh cells. (C) DE genes from CCR9+ Th cells relative to CCR9− Th cells from the pancreas infiltrate of 12 week old female NOD mice. (D) qPCR validation of DE genes selected from (A–C). Gene expression of Il21, Il9r, Il17a, Tnfaip2, Rxrg, and Cxcl13 from CCR9+ Tfh or Th cells analyzed by real-time PCR relative to Rpl19 expression. Data are shown as fold modulation of gene expression in CCR9+ Tfh relative to CCR9− Tfh cells or CCR9+ Th cells relative to CCR9− Th cells, where n = 5 mice per group. Statistical significance was assessed by 2-way ANOVA using Bonferroni's multiple comparisons test. *P < 0.05; **P < 0.01; ***P < 0.001.



When we compared CCR9+ and CCR9− Th cells in the pancreas, several of the most DE genes in CCR9+ cells at this site were amongst the most DE genes in CCR9+ Tfh cells in the PP. They included; Ccr9, Cxcl9, Aif1, Rxrg, Cx3cr1, Lirb3, and Tnfaip2 (Figure 6C). Pancreatic CCR9+ Th cells were also distinct from their CCR9- counterparts in the pancreas by increased expression of genes known to be expressed by Tfh or Th17 cell, including Il21, Il17rc, Fgfr1, Ccl6 (Figure 6C).

It was of interest to observe some clear similarities between the most differentially expressed genes in CCR9+ Th cells from the pancreas and in CCR9+ Tfh cells from the PP that suggested a GIT microenvironment, such as the retinoid receptor Rxrg, and Th17 cells or IL-17 interactions (Figures 6B,C). Taken together, these findings indicate that CCR9+ Th cells in the inflamed lesions of the pancreas in NOD mice are phenotypically related to GIT residing CCR9+ Tfh cells, supporting the notion that IL-21-producing CCR9+ Th cells that are critical for the development of T1D may emerge from Tfh cells in the GIT or a common GIT-residing precursor population.

The results from our microarray indicated some variation between samples that may reflect differences in inflammation and the disease progression between individual female NOD mice. Therefore, to validate our findings we performed qPCR on selected genes in CCR9+ and CCR9− populations from the PP and pancreas (Figure 7). Il21, Cxcl13, Rxrg, Il17a. The expression of genes by qPCR was normalized based on the level of the housekeeping gene Rpl19 and shown as fold modulation of CCR9+ Th and Tfh cells relative to CCR9− Th and Tfh cells, respectively. Il21 was increased in both CCR9+ Th and Tfh cells compared with CCR9− cells, where it was most highly expressed in the CCR9+ Tfh population (Figure 6D). Tnfaip2, Rxrg and Cxcl13 were also significantly increased in both CCR9+ Th and CCR9+ Tfh cells compared with their CCR9− counterparts (Figure 6D). By contrast, expression of Il9r was not increased in either CCR9+ populations compared with CCR9− cells (Figure 6D). Taken together, these data support our microarray findings and show that CCR9+ distinguishes both Th and Tfh cell populations.
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FIGURE 7. CCR9 marks populations of Th and Tfh cells with enhanced cytokine expression in autoimmune inflammation. Percentages of cytokine expressing CCR9+ and CCR9− CD4+ T helper (Th) and T follicular helper (Tfh) cells in the GIT and inflamed pancreas of NOD mice. CCR9+ and CCR9− Th cells that contain (A) IL-21, (B) IL-17, (C) IL-22, (D) IFNγ, and (E) TNFα in the spleen. MLN, mesenteric lymph nodes; PP Peyer's Patches; SI IEL, intraepithelial lymphocytes of the small intestine; SI LPL, lamina propria lymphocytes of the small intestine; LI IEL, intraepithelial lymphocytes of the large intestine; LI LPL, lamina propria lymphocytes of NOD mice. Percentages of (F) IL-17 and (G) IL-21 expressing CCR9+ and CCR9− Tfh cells in the mesenteric lymph nodes (MLN) and Peyers patches (PP) of NOD mice. Cytokines were detected by intracellualr immunostaining and FACs analyses. Data is shown as mean ± SD from 3 experiments, female mice 11–12 weeks of age n = 5/group for Tfh cell analyses and n = 7/group for Th cell analyses. Statistical significance was assessed by 2-way ANOVA using Bonferroni's multiple comparisons test. *P < 0.05; **P < 0.01; ***P < 0.001.





CCR9+ Th and Tfh Cells Exhibit a Site-Specific Phenotype

Flow cytometric analyses of CCR9+ and CCR9− Th and Tfh cell populations in the lymphoid tissues of the GIT, pancreas and pancreatic lymph nodes in NOD mice revealed that an increased percentage of CCR9+ cells in NOD mice express an array of cytokines in the GIT relative to CCR9− cells. CCR9+ Th cells from NOD mice contained a greater fraction of IL-21 producing cells in the spleen, MLN, PLN and pancreas compared with CCR9- Th cells (Figure 7A). IL-17 producing cells were concentrated in the CCR9+ populations in the spleen, MLN and PP (Figure 7B). CD4+ Th cells from NOD mice exhibited a greater fraction of IL-22 producing cells than WT mice in all tissues, significantly increased within the MLN, PP and LPL populations (Figure 7C). CCR9+ Th cells in the MLN, PP, and SI LPL contained the greatest percentages of IL-22 producing cells (Figure 7C). In addition, there was an increased fraction of IFNγ-producing CCR9+ Th cells in the spleen, PP and SI LPL (Figure 7D). By contrast, CCR9− Th cells contained a greater fraction of IFNγ producing cells in the pancreas compared with CCR9+ Th cells (Figure 7D). TNFα-producing cells, in turn, were enriched in the CCR9+ Th fraction in the MLN alone of NOD mice (Figure 7E).

Similar to the cytokine profile of CCR9+ Th cells; CCR9 expression distinguished the Tfh population with the highest fraction of both IL-17 (Figure 7F) and IL-21 (Figure 7G). Taken together, these findings are consistent with our microarray findings and suggest that CCR9-expressing Th and Tfh cells contain differentiated/effector cells that express an array of cytokines, notably cytokines that are associated with Th17-like cells and differentiated Th cells within the GIT microenvironment.



CCR9+ Tfh and CCR9+ Th Cells From GIT Lymphoid Tissues Migrate to the Pancreas

Previous analyses of CCR9+ Th cells from the inflamed pancreas of pre-diabetic NOD mice indicated some phenotypic similarities with Tfh cells and we hypothesized that CCR9+ Th cells may emerge from Tfh-like cells in GIT lymphoid tissue (27). To test whether Tfh cells from GIT-associated lymphoid tissue could migrate to the pancreas, we performed an adoptive transfer experiment using FACS sorted CFSE labeled cell subsets. CCR9+ Tfh cells, CCR9− Tfh cells, CCR9+ Th cells, and CCR9− Th cells were sorted from the PP and MLN of 12-14 week old female NOD mice (Figure 8A), CFSE labeled and then transferred into 12 week old (pre-diabetic) NOD female recipients. Four days later, CFSE+ cells were recovered from the PP, MLN and pancreas and analyzed by immunostaining for CXCR5 and CCR9 by FACS. The results show that CCR9+ Th cells from the GIT lymphoid tissues migrated to and accumulated in small numbers in the pancreas (Figure 8B) the MLN (Figure 8C) and the PP (Figure 8D). By contrast, Th cells that lacked expression of CCR9 migrated to or accumulted poorly at all three sites.
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FIGURE 8. CCR9 marks GIT-derived Tfh cells and Th cells that migrate to the pancreas. (A) FACS sorting strategy showing representative FACS dot plots gated on CD4 and then CD44 vs. CCR9 and FACS histogram of CXCR5 expression for purification of CCR9+ CXCR5+ Tfh cells, CCR9− CXCR5+ Tfh cells, CCR9+ CXCR5− Th cells and CCR9− CXCR5− Th cells from the PP and MLN, and representative FACS dot plots of CCR9+/− Th cells and CCR9+/− Tfh cells from the pancreas infiltrate, mesenteric lymph nodes (MLN) and Peyers patches (PP). 6 × 105 CFSE labeled cells from each of the 4 subsets were injected (i.v.) into age matched female NOD recipients (n = 5/transfer group). Quantitation showing numbers of CFSE labeled CD4+ CCR9+ and CD4+ CCR9− Tfh and Th cells recovered from the (B) pancreas, (C) mesenteric lymph nodes and (D) Peyers patches of NOD mice 4 days after adoptive transfer. Statistical significance was assessed by 2-way ANOVA using Bonferroni's multiple comparisons test.



The expression of CCR9 was similarly important for Tfh cells from the PP and MLN that had migrated into the pancreas, which were predominantly those that had lost expression of CXCR5, but had retained CCR9 (Figure 8B). It is unlikely that the Tfh cells had lost CFSE due to proliferation as we have observed few endogenous Tfh cells in the pancreas (27). Previous studies have shown that Tfh cells maintain plasticity and can downregulate CXCR5 (40) and those data are consistent with our findings. By contrast, adoptively transferred CFSE+ Tfh cells that were retrieved from the PP and MLN contained a mixture of phenotypes. Four days after the CCR9+ Tfh cells transfers, we observed cells that expressed both CXCR5 and CCR9, as well as cells expressing reduced levels of both molecules (Figure 8A). CXCR5+ CCR9+ Tfh cells were retrieved in greater numbers from the MLN than CCR9− (CXCR5+) Tfh cells or CCR9+ Th cells (Figure 8C). By contrast, whilst there was a trend of increased recovery of Tfh cells from the PP, there were no significant differences observed between the recovery of each of the 4 populations from the PP (Figure 8D). These findings demonstrate that Tfh cells from the GIT associated lymphoid tissues retain plasticity and that the expression of CCR9 is important for the migration of GIT lymphoid tissue Tfh cells and Th cells from the bloodstream into the pancreas.




DISCUSSION

Previous examination of the phenotype of CCR9+ Th cells in the inflamed lesions of the pancreas of T1D-prone NOD mice suggested a close relationship between CCR9+ Th cells and Tfh cells and we hypothesized that CCR9+ Th cells may emerge from Tfh-like cells in GIT lymphoid tissue (27).

Using a combination of gene expression analyses and flow cytometric analyses of cells in the GIT and GIT associated lymphoid tissues, this study demonstrates a microenvironment specific signature for Tfh cells and Th cells that express the gut-homing chemokine receptor CCR9. We demonstrate that the expression of CCR9 marks the Tfh cells (and Th cells) that derive from the peyers patches and mesenteric lymph nodes that can migrate into the inflamed lesions of the pancreas in NOD mice.

Several studies have demonstrated that lymphocytes infiltrating the islets in T1D humans and the NOD mouse express α4β7-integrin, supporting a link between T1D and the gastrointestinal immune system (41–44). In addition, antibodies blocking α4β7 or MadCAM-1, prevent diabetes in NOD mice (15). The findings presented here reveal a closer association between the phenotype and transcriptome of Tfh cells that express the GIT homing receptor CCR9 and CCR9+ Th cells in the inflamed pancreas of NOD mice (27) than was previously appreciated. CCR9+ Tfh cells in the GIT and CCR9+ Th cells in the pancreas express common gene sets and express greater amounts of cytokines, such as IL-21 and IL-17, than their CCR9− counterparts at the same sites. The production of IL-21 is a feature of both CCR9+ Th and CCR9+ Tfh cells, which is critical for Th cells to provide help to both CD8+ T cells and B cells.

High levels of CCR9 have previously been detected in SI lymphocytes (45) and in the small bowel during IBD (46). Here, we analyzed the characteristics of Tfh cells and Th cells that express CCR9 in the GIT associated lymphoid tissues of Il2−/− mice that exhibit chronic inflammation in the GIT. The expression of CCR9 marked a population of Tfh cells and Th cells with an increased capacity for cytokine production, which may suggest an increased level of activation or differentiation. CCR9+ Th cells in the inflamed GIT of Il2−/− mice additionally exhibited increased expression of CCR6 and α4β7 compared with their CCR9− Th counterparts. Co-expression of the integrin α4β7 and CCR9 further emphasizes the GIT-specific nature of CCR9+ Th cells as α4β7 specifies the recruitment of T cells to the intestinal mucosa through its interaction with its ligand MAdCAM-1, where it is critical in a TNFα-dependent model of CD (47). CCR6, in turn, is expressed on Th17 cells and has been associated with CD (48).

Co-expression analyses of CCR9 and cytokine production demonstrated an increased expression of cytokines that are typically produced by Th17 cells in both CCR9+ Th and Tfh cells in Il2−/− mice compared to these populations in WT mice. Our findings indicate that IL-17 is commonly coexpressed with CCR9 on CD44hi CD4+ T cells in the GIT, which contrasts with the lack of IL-17 production in CCR9+ Th cells purified from the inflamed pancreas of NOD mice (27). CCR9+ T cells express pro-inflammatory cytokines in both CD and UC (26, 49, 50). Whilst our findings are consistent with increased production of IL-17 from CCR9+ T cells isolated from CD LPL (50) we did not observe increased IFNγ as shown previously in CD in humans (50). TNFα was also produced by a greater fraction of PP and SI LPL CCR9+ Th cells in the inflamed GIT of Il2−/− mice compared with WT mice, which is consistent with the inflammatory environment. Taken together, our findings demonstrate an increase in the production of pro-inflammatory cytokines, especially by CCR9+ Th and Tfh cells, in the inflamed GIT.

The expression of the GIT-homing chemokine receptor CCR9 distinguished populations in both the inflamed lesions of the pancreas and GIT associated lymphoid tissues. We have previously shown that NOD mice contain small numbers of IFNγ- producing CD4+ T cells in the pancreatic islet lesion, but they were largely restricted to the CCR9− population (27). By contrast, CCR9+ Th cells from the GIT associated lymphoid tissues of NOD mice produced more cytokines than CCR9− Th cells, including the Th1 cytokines TNFα and IFNγ, and the Th17 cytokines IL-17, IL-21, and IL-22. The microenvironment of the GIT favored a Th17-like phenotype in Tfh cells from both Il2−/− and T1D-prone NOD mice. Indeed, the transcriptome of Tfh cells from the PP of NOD mice contained both Tfh and Th17 signature genes that were not expressed in Th cells from the inflamed pancreas. High levels of IL-17 have been previously reported in the colon of young NOD mice, which may reflect GIT inflammation (28). When CCR9+ cells were compared with their CCR9− counterparts at each site; CCR9+ Tfh cells from the PP and CCR9+ Th cells from the pancreas shared genes that were among the most DE at both sites, including Ccr9, genes induced by cytokines, interferons and retinoic acid such as Cxcl9, Cx3cr1, Aif1, and Tnfaip2 (51), Lilrb3, which binds MHC1 to transduce a negative signal (52) and a component of the retinoid receptor Rxrg (53), which is consistent with the GIT microenviroment where retinoic actid is produced by CD103 expressing dendritic cells (54).

The ligand for CCR9 is Chemokine (C-C motif) ligand 25 (CCL25), which is expressed in the pancreas of pre-diabetic NOD mice (27). Similarly, inflammation can increase the expression of CCL25 in colitis where CCL25 expression correlates with inflammation in the GIT (55). In this manner, the inflamed lesions of the pancreas observed in NOD mice may serve to attract CCR9+ Tfh cells from the GIT and GIT-associated lymphoid tissues, or CCR9+ Th cells from the GIT that acquire Tfh characteristics in the pancreas or pancreatic lymph nodes, to participate in the destruction of self-tissue in the pancreas and development of autoimmunity.

Data derived from several clinical studies suggest that pharmaceutical CCR9 small-molecule inhibitors have beneficial effects in patients with CD (56, 57). The observation of organ-specific CCR9-mediated homing of activated T cells to the intestine renders CCR9 a prime therapeutic target to inhibit the recruitment of immune cells whilst avoiding global immune suppression. A greater understanding of the CCR9 expressing Th cells in immunity and autoimmunity will facilitate the generation of new strategies for the treatment of IBD and inflammatory diseases that affect the accessory organs of the digestive system.



MATERIALS AND METHODS


Mice

Female NOD Ltj mice were obtained from ARC, Perth, WA. C57BL/6 Il2−/− mice were purchased from Jackson Laboratories (ME, USA) and backcrossed to C57BL/6 to N12.



Immunohistochemistry

Five micrometer sections of paraffin-embedded intestine were conventionally stained with haematoxylin and eosin (H&E) for histological evaluation. Sections were Analyzed using a Leica light microscope (Leica Microsystems, Wetzlar, Germany). The images were processed using the Leica acquisition and analysis software ImageJ (Freeware NIH Bethesda, USA) and Adobe Photoshop, version 7 (San José, CA).



Flow Cytometry; Surface Immunostaining

Spleen and lymph nodes were homogenized using 70 μm cells strainers in lymphocyte isolation buffer. For flow cytometric analysis of pancreas infiltrate, intraepithelial lymphocytes (IELs) and lamina propria lymphocytes (LPLs), small intestine samples were subjected to lymphocyte isolation as described in detail below. Red blood cells (RBC) were removed from spleens using 2 ml RBC lysis buffer for 1 min on ice before washing in lymphocyte isolation buffer. Fifty microliter of a single cell suspension at 2 × 107 cells/ml from spleen and lymph nodes were stained in FACS buffer containing pre-titred antibodies in 96 well V-bottomed microtitre plates (Nunc, Roskilde, Denmark) at concentrations shown in Table 1. To reduce non-specific binding, cells were pre-treated with anti-CD16 for 20 min (2.4G2 made in house). Cells were acquired using Canto cytometer (BD Biosciences, CA) and analyzed using Flowjo (Treestar, CA). Doublets were excluded by forward scatter height and width. Data was collected on a Canto flow cytometer (BD Biosciences), and analyzed using FlowJo software (Tree Star, Inc.).



Table 1. Antibodies for Flow Cytometry.

[image: image]






Flow Cytometry; Intracellular Immunostaining for Detection of Cytokines

Intracellular cytokines were detected using the BD sciences intracellular staining kit according to the manufacturer's instructions. Cytokines were detected either directly ex-vivo or after 4 h stimulation at 37°C in cell culture media with PMA (50 ng/ml, BIOMOL), ionomycin (500 ng/ml, Invitrogen) and GolgiPlug (1:1000, BD Biosciences) following ex vivo staining of surface markers, cells were fixed and permeated (BD Biosciences), followed by intracellular staining with antibodies at concentrations shown in Table 1 (58).



FACS Sorting of CCR9+ and CCR9− Tfh and Th Cells

For sorting of CCR9+/− Tfh and Th cells for microarray analyses (FACSAria cell sorter), we gated on lymphocytes, CD4+ T cells by CD4 expression, and then subdivided by CD44 and CCR9. In this way we circumvented staining CD3 by gating lymphocytes to avoid potentially activating the cells being sorted. RNA was extracted from cells with an RNeasy Mini Kit (QIAGEN).



Real-Time qPCR

RNA was obtained from cells with an RNeasy Mini Kit (QIAGEN) and cDNA synthesized with the SuperScript III First-Strand Synthesis System (Life Technologies). We determined the relative abundance of cDNAs in triplicate by qRT-PCR analysis using the Light Cycler 480 (Roche). Fluorescence signals were measured over 45 PCR cycles (94°C for 15 s, 60°C for 30 s, 72°C for 15 s) and the cycle (Ct) at which signals crossed a threshold set within the logarithmic phase was recorded. For each assay, standard curves were generated to identify positive signals on the linear part of the curve.Real-time pre-designed PCR primer pairs for mouse genes were obtained from Applied Biosystems and probes from Roche. Housekeeping gene: Rpl19 F ccacaagctcttttcctttcg Roche probe #46, Rpl19 R ggatccaaccagaccttcttt Roche probe #46. For quantitative real-time PCR (qRT-PCR), 200 ng RNA was treated with DNase I (Qiagen) for 30 min at 37°C, before cDNA synthesis. Relative gene expression values were normalized based on the level of the housekeeping gene Rpl19 and calculated using the relative gene quantification tool from the LightCycler 480 software (v.1.5, Roche). Fold modulation of mRNA was calculated by employing a comparative Ct method; Relative abundance of genes = 2(ΔCt), where ΔCt is the difference between the Ct of target and the arithmetic mean of Cts of Rpl19.



Pancreas Infiltrate Isolation

Mice were perfused with PBS, and pancreas extracted (27). Pancreas were cut into small pieces with scissors and transferred into 50 ml falcon tubes with 3 mls of 0.25 mg/ml Liberase-Enzyme Blend-RI (Roche) in serum free RPMI 1640 media. The tissue was digested in a 37°C water bath for 20 min. Tubes were centrifuged at 201 g at 4°C for 5 min and the supernatant discarded. ten ml of cold serum containing (10%) RPMI 1640 media was added. Tubes were vortexed and shaken to dislodge the tissue; centrifuged at 201 g at 4°C for 5 min and the supernatant discarded. Again the supernatant was discarded, and the tissue resuspended in 5 ml serum-free RPMI 1640, centrifuged at 201 g at 4°C for 5 min. Pellets were thoroughly resuspended in 10 ml histopaque (Sigma-Aldrich) by vortexing. 5 ml of serum-free RPMI 1640 was layered on top. The tubes were centrifuged at 974 g at 4°C for 10 min without rotor acceleration or deceleration Pancreatic infiltrating lymphocytes at the media:histopaque interface were collected, and transferred into a new 15 ml tube. Tubes were the centrifuged at 340 g at 4°C for 5 min, the supernatant discarded, the pellet washed in 5 ml PBS and centrifuged again. To dislodge clumped cells, samples were resuspended in 1 ml x for 1 min and washed in serum containing RPMI 1640.



LPL and IEL Isolation

Small intestines were extracted from mice and placed in a petri dish containing pre-warmed PBS. Peyer's patches were removed and the small intestine was cut longitudinally to allow feces to be washed away. Samples were cut into small pieces with scissors and transferred into 50 ml falcon tubes and washed until media cleared.

To isolate intraepithelial lymphocytes (IEL), the tissues were incubated in 20 ml of IEL stripping buffer for 20 min at 37°C while shaking. Tissues were allowed to settle and the supernatant decanted through a cell strainer, then washed twice in lymphocyte isolation media and suspended in 8 ml of 40% Percoll (GE Healthcare). Three microliters of 70% Percol was underlayed using a glass pipette and the sample was centrifuged at 600 g for 20 min at room temperature. The IEL were then removed from the resulting interface, washed twice in lymphocyte isolation media by centrifuging at 300 g for 5 min at 4°C and used immediately for flow cytometry analysis.

To isolate the lamina propria lymphocytes (LPL), the tissue remaining after treatment with stripping buffer was washed twice as above and resuspended in 5 ml of 5 mg/ml collagenase D (Roche) and 0.05% DNAse (Promega) in lymphocyte isolation media. Tissues were incubated in the enzyme solution for 15 min at 37°C then another 10 mL were added and incubated for another 15 min. Tissues were removed and washed twice as above, then passed through a 70 μm cell strainer. These cells were run on a Percoll gradient as above then used immediately for analysis.



Adoptive Transfer of CCR9+/− Tfh and Th Cells

CCR9+/− Tfh and Th cells were sorted (FACSAria cell sorter) for adoptive transfer from combined MLN and peyers patches by gating on lymphocytes then CD4+ CD44+ cells, CCR9+ or CCR9− cells and CXCR5 to denote Tfh cells. For CFSE labeling; cells were washed twice in PBS and resuspended at 5 × 107 per ml for CFSE staining in CFSE buffer containing 5 mM CFSE. Cells were incubated at 37°C for 10 min then washed twice with ice cold lymphocyte isolation media before being prepared for adoptive transfer. Twelve week-old female NOD mice were administered 6 × 105 (i.v.) of CFSE labeled CCR9+ Tfh cells, CCR9− Tfh cells, CCR9+ Th cells or CCR9− Th cells and recovery of CFSE+ cells from the MLN, PP and pancreas infiltrate was determined by immunostaining, flow cytometry and FACS analyses on day 4.



Data Analyses and Statistics

P-values were determined by either students T-test or 2-way ANOVA using Bonferroni's multiple comparisons test. Data are reported as the mean ± standard deviation (SD), along with the calculated P-values.
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T follicular helper (Tfh) cells are a specialized population of CD4+ T cells that provide help to B cells for the formation and maintenance germinal centers, and the production of high affinity class-switched antibodies, long-lived plasma cells, and memory B cells. As such, Tfh cells are essential for the generation of successful long-term humoral immunity and memory responses to vaccination and infection. Conversely, overproduction of Tfh cells has been associated with the generation of autoantibodies and autoimmunity. Data from gene-targeted mice, pharmacological inhibitors, as well as studies of human and mice expressing activating mutants have revealed that PI3Kδ is a key regulator of Tfh cell differentiation, acting downstream of ICOS to facilitate inactivation of FOXO1, repression of Klf2 and induction of Bcl6. Nonetheless, here we show that after acute LCMV infection, WT and activated-PI3Kδ mice (Pik3cdE1020K/+) show comparable ratios of Tfh:Th1 viral specific CD4+ T cells, despite higher polyclonal Tfh cells in Pik3cdE1020K/+ mice. Thus, the idea that PI3K activity primarily drives Tfh cell differentiation may be an oversimplification and PI3K-mediated pathways are likely to integrate multiple signals to promote distinct effector T cell lineages. The consequences of dysregulated Tfh cell generation will be discussed in the context of the human primary immunodeficiency “Activated PI3K-delta Syndrome” (APDS), also known as “p110 delta-activating mutation causing senescent T cells, lymphadenopathy and immunodeficiency” (PASLI). Overall, these data underscore a major role for PI3K signaling in the orchestration of T lymphocyte responses.
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INTRODUCTION

Naïve CD4+ T helper (Th) cells play pivotal roles in adaptive immunity through the differentiation into distinct cytokine-producing effector subsets that specifically fight a wide range of pathogens and tumors (1). T follicular helper (Tfh) cells provide help to B cells for the formation of germinal centers (GCs) (2–4), a specialized microenvironment where clonal expansion of B cells, immunoglobulin diversification, affinity maturation, and development of memory B and long-lived plasma cells occur in response to immune challenge (5). The outcome of GC reactions requires proper help provided by Tfh cells (6–9). Most successful human vaccines are based on the generation of long-term protective humoral responses derived from the interactions of Tfh and GC B cells; however, Tfh cells can also promote dysregulated responses and autoimmunity (7, 10, 11). It is, therefore, critical to understand factors that promote or limit Tfh cells to elicit tightly controlled GC responses.

Recent data from gene-targeted mice, as well as mice and humans expressing activating mutants of phosphatidylinositol 3-kinase delta (PI3Kδ), suggest that PI3K activity is an essential component of pathways driving Tfh cell and GC formation (12–16). In this review, we discuss PI3Kδ-mediated pathways involved in the generation, maintenance and function of Tfh cells, including cellular receptors that activate PI3K within T cells, molecular pathways activated, and implications for autoimmunity, with a focus on the genetic disease APDS/PASLI.



PI3K SIGNALING IN IMMUNITY


PI3K Signaling

The PI3Ks are a family of heterodimeric lipid kinases that are activated downstream of a variety of receptors, including growth factor, antigen, costimulatory, cytokine, chemokine, and Toll-like receptors (17, 18). Class IA PI3Ks consist of a p85 regulatory and a p110 catalytic subunit that catalyzes the addition of a phosphate to the membrane phospholipid PI(4,5)P2, to generate phosphoinositide 3,4,5-triphosphate (PIP3). PIP3 helps recruit signaling molecules containing pleckstrin homology and other PIP3-binding domains to the plasma membrane to propagate signaling cascades (Figure 1). Mammals express three class IA catalytic isoforms: the broadly expressed p110α and p110β, and p110δ, which is expressed primarily by immune cells (17). Notably, PI3Kδ is activated by a variety of cell-surface receptors that are critical for Tfh cell differentiation, localization and function, including the T-cell receptor, CD28, and ICOS co-receptors, and cytokine receptors (17).
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FIGURE 1. PI3K signaling pathways in Tfh cell differentiation. Class IA PI3Ks (PI3Kα, PI3Kβ, PI3Kδ) are lipid kinases composed by a regulatory (p85) and a catalytic (p110) subunit. Multiple receptors activate PI3K in CD4+ T cells, including TCR, CD28, ICOS, OX-40 and IL-21R, leading to PI3K recruitment to the plasma membrane and conversion of the membrane lipid PI(4,5)P2 to PI(3,4,5)P3. In T cells, chemokine receptors, including CXCR5, preferentially drive the activation of the class IB PI3Kγ (19). PI3K activity is counteracted by the inhibitor receptor PD-1 that blocks CD28 signal transduction through SHP-2 recruitment and PTEN induction. The phosphatases PTEN and SHIP-1/2 counteract PI3K signaling by converting PIP3 to PI(4,5)P2 and PI(3,4)P2, respectively. PIP3 recruits to the plasma membrane proteins containing pleckstrin homology domains, such as AKT and PDK1. The serine/threonine kinase AKT gets activated by phosphorylation by PDK1 (at Thr308) and mTORC2 (at Ser473). In turn, activated pAKT phosphorylates inhibitors of mTORC1 leading to its activation. mTORC1 phosphorylates several factors including S6-kinase (S6K), that phosphorylates S6, driving protein synthesis and cell proliferation, important events for Tfh cell differentiation. pAKT also phosphorylates the FOXO-1 transcription factor leading to its export outside the nucleus and degradation by binding 14-3-3 proteins. FOXO-1 represses Bcl6, essential for Tfh cells, and promotes expression of multiple genes including Sell, Tcf7, Ccr7, and Klf2. While KLF-2 restrains Tfh cell program through multiple mechanisms, TCF-1 promotes Tfh cell formation by inhibiting Il-2rα, Blimp1, Ifng. At the same time, it has been shown that mTORC2-pAKT may also support TCF-1 activity through the inactivation of GSK3β, an inhibitor of β-catenin and TCF-1. Overall, PI3K pathways drive BCL-6+ Tfh cell differentiation that coordinates GC responses and humoral immunity after infections and vaccination through the generation of memory B cells and long-lived plasma cells (LLPC).



Activated-PI3K coordinates the recruitment of molecules such as PDK1 that phosphorylates and activates the serine/threonine kinase AKT, which in turn phosphorylates multiple targets. Among these are the FOXO transcription factors, which are then sequestrated outside the nucleus by 14-3-3 proteins and degraded. FOXOs regulate transcription of multiple genes involved in lymphocyte development, differentiation and function (17, 20). Another downstream effector of PI3K is the mammalian Target of Rapamycin kinase (mTOR), which forms two complexes, mTORC1 and mTORC2, with different scaffolding partners (21). AKT activates mTORC1, an ancient regulator of metabolism, protein synthesis, and cell growth. mTORC2 is essential to fully phosphorylate and activate AKT, thus contributing to downstream signaling, including FOXO1 inactivation, and actin reorganization (21–23). PI3K is counteracted by the lipid-phosphatases PTEN and SHIP-1/2 that convert PIP3 to PI(4,5)P2 and PI(3,4)P2, respectively, (17) (Figure 1).

The importance of PI3Kδ in lymphocyte function is highlighted by the human primary immunodeficiency APDS/PASLI, in which patients are heterozygous for activating mutations in PIK3CD, the gene encoding p110δ. These patients show immunodeficiency and lymphopenia, as well as lymphoproliferation and autoimmunity (14, 15, 24, 25). Four independent groups, including us, have recently generated mouse models expressing the E1020K activating mutant of p110δ, which recapitulate many features of APDS/PASLI (16, 26–28). Notably, patients and Pik3cdE1020K/+ mice exhibit elevated circulating Tfh cells and GCs associated with autoantibody production (15, 16, 24, 29). Mice that express constitutively active p110α in T cells (30) or have a T cell-specific deletion of PTEN (13) also have elevated Tfh cell frequencies, supporting a more general connection between PI3K activity and Tfh cells. Nonetheless, the observation that p110δ-inactivation in T cells abrogates Tfh cell generation, supports a non-redundant role of p110δ in this process (12, 13). Together, these data provide strong evidence that PI3Kδ is an important component of pathways driving Tfh cell differentiation.



Tfh Cell Differentiation

The generation of Tfh cells is a multistage process that requires the integration of signals from different cell types (31). In the T cell zone of secondary lymphoid organs, antigen-presenting dendritic cells (DCs) activate T cells to initiate the pre-Tfh cell program, leading to induction of the costimulatory molecule ICOS and chemokine receptor CXCR5, as well as downregulation of CCR7, which together permit migration to the T-B cell border zone (32–34). Here, activated B cells receive signals from pre-Tfh cells to differentiate either along extra-follicular or GC pathways (5, 35). Cognate interactions with activated B cells help promote the differentiation into GC-Tfh cells (36), identified as CXCR5hiPD-1hiFoxp3−CD4+ T cells that also express high levels of ICOS, CD40L, and the Tfh-master transcription factor BCL-6, which are all critical for Tfh cell differentiation (37, 38). In turn, Tfh cells provide signals via costimulatory molecules and cytokines that help establish and maintain GCs. Thus, the generation of Tfh cells and GC reactions requires intimate communication between T and B cells involving multiple receptors that activate PI3K.



ICOS-PI3K Pathways in Tfh Cells

One of the key costimulatory receptors expressed by Tfh cells is ICOS, a CD28 family member. CD28 and ICOS both activate PI3Kδ and are required for Tfh cell development and function. CD28-CD80/CD86 interactions are involved in early T cell activation, including initial induction of ICOS, BCL-6, and CXCR5 (39), which are necessary for Tfh cell formation; Cd28−/− mice show a total absence of Tfh cells and thymus-dependent (TD) germinal centers (40–42). ICOS is upregulated on activated T cells shortly after TCR stimulation and interacts with ICOS-ligand (ICOS-L) on antigen presenting cells including DCs and B cells (43). Icos−/− and Icosl−/− mice display severely reduced humoral response to TD-antigens characterized by a lack of immunological memory and defective GC formation (44–49). Patients lacking ICOS display a common variable immunodeficiency (CVID) with reduced circulating Tfh cells (50, 51). Conversely, mutations affecting Roquin, a negative post-transcriptional regulator of ICOS mRNA, increase Tfh cells and drive autoimmunity (52, 53).

ICOS helps drive multiple stages of Tfh cell differentiation, including the early generation of CXCR5high T cells, modulation of other chemokine and homing receptors through regulation of the KLF2 transcription factor (39, 54), and T:B cell non-cognate interactions that promote T cell motility at the T:B cell border (55). ICOS-ICOS-L interactions are also critical for localization and maintenance of GC-Tfh cells (9, 39, 54).

The essential role of PI3K in ICOS function was highlighted by data showing that mutation of the p85-binding site, which selectively abrogates PI3K recruitment, led to defects in Tfh cell formation similar to ICOS-deficiency (56). Inhibition of p110δ also prevented ICOS-mediated changes in cell migration and morphology in vitro (55). Conversely, we found that activated-PI3Kδ mice show T cell-intrinsic increases in Tfh cell differentiation, even in the presence of blocking anti-ICOS-L antibody, therefore bypassing the requirement for ICOS for Tfh cell development (16). Thus, PI3K appears to be a major effector of ICOS, required for Tfh cell formation and maintenance.



PI3K Signaling Downstream of ICOS

After ICOS ligation, activated-PI3Kδ transduces its signals through several intermediates, including pAKT-mediated inactivation of FOXO1 (20). FOXO1 transcriptionally represses Bcl6, a driver of Tfh cell differentiation (30, 57, 58); strong PI3K activity relieves this repression. FOXO1 also transcriptionally activates Klf2 (59), which restrains Tfh cells and promotes alternative T helper subsets through at least four mechanisms: (1) induction of S1pr1, downregulation of which is essential for Tfh cell retention in GC and efficient polarization; (2) induction of BLIMP1, which negatively regulates Bcl6 and Tfh cell generation; (3) induction of T-bet and GATA3 which drives Th1 and Th2 cell differentiation, respectively; and (4) repression of Cxcr5 (39, 60). Accordingly, Foxo1−/− CD4+ T cells generate increased percentages of pre-Tfh cells (CXCR5intBCL-6int) early post-immunization, even in the presence of anti-ICOS-L (57), similar to cells expressing activated-PI3Kδ (16). These data support the ICOS-PI3Kδ-FOXO1 pathway as critical for Tfh cell development; accordingly, Pik3cdE1020K/+ CD4+ T cells exhibit elevated pFOXO1 upon TCR stimulation, even without further ICOS re-stimulation (16). Furthermore, an AKT-resistant mutant of FOXO1 prevents increased Tfh cells in the presence of activated-PI3Kδ (16). It is also of note that ICOS is a stronger inducer of PI3K than CD28, resulting in greater inhibition of FOXO1; this may account for the inability of CD28 to compensate for ICOS-deficiency in promoting Tfh cells (39, 42, 56, 61, 62). However, Foxo1−/− T cells show defective GC-Tfh (CXCR5highBCL-6high) cell formation (57) which is not observed with activated-PI3Kδ (16). Thus, cells expressing activated-PI3Kd likely still retain some FOXO1 activity. FOXO1 is required for sustained surface ICOS expression (57), providing a possible explanation for this defect. Indeed, chromatin immunoprecipitation and deep sequencing revealed FOXO1 binding sites in multiple genes that influence Tfh cell fate, including Cxcr4, Batf, Irf4, Icos, and Prdm1 (57, 63).

Nonetheless, despite increased GC-Tfh cell differentiation, Pik3cdE1020K/+ mice show disorganized GCs with increased Tfh cell infiltration and impaired class-switched antigen-specific responses to immunization (16, 27, 28). Multiple factors may contribute to these poor responses, including impaired B cell selection due to increased Tfh cells (7) and Tfh cell mis-localization (16), or intrinsic B cell defects. Indeed, although deletion of p110δ in B cells only minimally affected GC formation and T cell-dependent humoral responses after protein immunization (13), activated-PI3Kδ drove B cell-intrinsic increases in GC B and plasma cells, as well as impaired class-switched antibody production (16, 28). Increased GC B cells may in turn further drive expanded Tfh cell numbers, contributing to immune dysregulation. Additionally, increased GCs that fill the follicular dendritic cell network at baseline, may prevent new GC formation as mice age (16). Whether and how FOXO1 contributes to defects in antigen-specific responses or whether additional downstream effectors of PI3K are involved remain intriguing questions. It should also be noted that additional receptors expressed by Tfh cells, including OX-40, and IL-21R activate PI3K (64) and may contribute to expanded Tfh cell populations in these mice; in contrast, PD-1, an inhibitory receptor highly expressed by Tfh cells (65), counteracts PI3K by blocking CD28 signaling and increasing PTEN expression (66–69) (Figure 1).




CONTEXT-DEPENDENT ROLES FOR PI3K IN T CELL DIFFERENTIATION


Viral Infection

Although the connection between ICOS and PI3Kδ provides strong evidence for PI3Kδ driving Tfh cells, the view that PI3K exclusively promotes Tfh cells may be a simplification; this is particularly apparent when looking at the differentiation of Tfh vs. Th1 cells during viral infection. In response to viral or strong Th1 polarizing infections, CD4+ T cells undergo an early bifurcation such that up to 50% of viral-specific T cells express BCL-6 and become Tfh cells, while the rest express BLIMP1 and SLAM, and become IFNγ-producing Th1 cells (54). Although activated-PI3Kδ increased percentages of Tfh cells at baseline and in response to immunization (16), as well as polyclonal CXCR5+PD-1+ Tfh cells after LCMV infection (Figure 2A), it did not alter Tfh cell percentages, nor Tfh/Th1 ratios, within viral-specific GP66-tetramer+ CD4+ T cells in the same mice (Figures 2B,C). We also observed increased percentages of circulating CXCR3+ Tfh1 cells in patients with APDS/PASLI compared to controls (16), suggesting that PI3K can drive both Tfh cells and Type 1 immunity. Thus, PI3K activity may promote multiple effector T cell lineages and the effects of PI3K on Tfh cells may depend on the activating stimuli and microenvironment.
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FIGURE 2. LCMV infection promotes comparable Th1/Tfh cell differentiation within GP66-tetramer+ T cells, despite increased polyclonal Tfh cells in Pik3cdE1020K/+ mice. 2/3-month-old WT and Pik3cdE1020K/+ mice were infected i.v. with LCMV Arm and analyzed in the spleen 7/8 days post infection. Naïve WT and Pik3cdE1020K/+ mice were analyzed as control. (A) Representative contour plots and summary histogram of polyclonal (GP66 tetramer negative) PD-1+CXCR5+Foxp3− Tfh cells (percentage of CD4+B220−GP66− T cells). (B) Representative contour plot and summary histogram of Tfh cells (PD-1+CXCR5+), gated on GP66-tetramer+ CD4+B220−Foxp3− T cells. (C) Representative contour plot and summary histogram of Th1 (SLAMhiCXCR5lo) and Tfh (SLAMloCXCR5hi) cells (gated on GP66-tetramer+CD4+B220−Foxp3− T cells). We were unable to evaluate GP66+ Tfr cells due to the low numbers of GP66+ Foxp3+ cells (70). However, polyclonal Tfr cells were increased after LCMV infection (data not shown), as we have previously reported in naïve mice (16). (A–C), n = 5–8. Data are representative of three independent experiments and are expressed as mean ± SEM with each dot indicating one mouse. Significance analyzed by Mann-Whitney U-test. ** p < 0.01; *** p < 0.001.





IL2 Signaling

Among potential PI3K-mediated signaling pathways that influence Tfh and Th1 cell differentiation are those downstream from the cytokine IL-2. Early data suggested that PI3K is activated by the IL-2R signaling complex (71–73); PI3K inhibitors arrest IL-2 induced CTL growth (74, 75). However, recent reports question the direct connection between IL-2 and PI3K activation (76), as that: (1) certain PI3K inhibitors (such as LY294002) have off-target effects (77); (2) many studies evaluate pAKTS473 and pS6, rather than pAKTT308, which more accurately reflects PI3K activity (78); and (3) IL-2 can promote mTORC1 activation independent of PI3K (79). Indeed, IL-2 potently inhibits Tfh cell generation via STAT5-mediated induction of BLIMP1 (80–82); BLIMP1+ Th1 cells express high levels of the high-affinity IL-2 receptor, CD25, and pSTAT5. As that IL-2 activates multiple signaling pathways, the integration, kinetics, and balance of these and other signals elicited in response to multiple receptors, may ultimately help determine T helper cell fates.



Metabolic Pathways in Tfh vs. Th1 Cells

Other PI3K-mediated signaling pathways that may influence both Tfh and Th1 cells are those involving mTORC1 and mTORC2. During acute LCMV infection, Th1 cells appear more proliferative and bio-energetically demanding with greater glucose metabolism and metabolic respiration than Tfh cells (83). Data suggest that these Th1 cells were more dependent on the IL-2-PI3K-AKT-mTORC1 axis, which preferentially promoted BLIMP1+ Th1 cells at the expense of BCL-6+ Tfh cells and humoral immunity (83, 84). However, other studies have demonstrated requirements for mTORC1 and mTORC2 in driving Tfh cells in Peyer's Patches at steady state and in the periphery after LCMV infection and immunization (30, 85). Mechanistically, Tfh cells were supported by mTORC1-promotion of pS6, GLUT1 expression, glycolysis, lipogenesis and overall proliferation; and by mTORC2-pAKT, which decreased FOXO1 activity (30).

While these studies provide conflicting conclusions on the requirements for PI3K and downstream effectors for Tfh cells, this may result from different experimental systems (knockdown vs. knockout) as well as bio-energetic demands during immune challenges. However, there is also evidence that mTOR may be activated independently of PI3K via pathways involving nutrient sensing that may also affect T helper cell differentiation (22, 79, 86, 87).



PI3K-TCF-1 Cross-Talk

Several recent studies revealed that the transcription factor TCF-1 is expressed at high levels in Tfh cells after viral infection and plays an essential role in their generation and maintenance, via repression of Il2ra, and Prdm1 (which encodes BLIMP1), promotion of Bcl6 (55, 88–90), and possibly repression of Ifng (91). Intriguingly, PI3K has been implicated both positively and negatively in TCF-1 regulation (92, 93). In CD8+ T cells, Tcf7, which encodes for TCF-1, is induced by FOXO1 (94), and both are required for memory T cell formation (95–98). Strong PI3K signaling would therefore be expected to decrease TCF-1 levels (25), as observed in studies of asymmetric cell division (92, 93). Conversely, a positive link between PI3K/AKT and TCF-1 has been proposed via β-catenin (85), a coactivator of TCF-1 that is negatively regulated by phosphorylation by Glycogen Synthase Kinase 3β (GSK3β), which is inactivated by pAKT (Figure 1). mTORC2-deficient T cells, which do not fully activate AKT, show reduced β-catenin and TCF-1 (85). Nonetheless, most studies implicating TCF-1 in Tfh cell generation have been done in the context of strong Th1-inducing infections (88–90), and how these findings relate to Tfh cells in other contexts remains unknown. Thus, the relationship between PI3K and TCF-1, how they affect Tfh cell differentiation, and involvement in possible feedback loops remain intriguing questions.




PI3K PATHWAYS IN Tfr CELLS

A subset of thymic derived T regulatory cells, defined as T follicular regulatory (Tfr) cells, are localized at the T-B cell border and inside the GC area (99), and directly control the activation and differentiation of Tfh and GC B cells, including the development of autoimmunity (100). Tfr cells are phenotypically similar to Tfh cells and express BCL-6 (101–103), yet lack expression of B-cell-helper molecules, such as CD40L, and express inhibitory molecules CTLA-4, GITR, IL-10, and granzymes (104). Although excessive PI3K-mTOR activity is detrimental for induced-Treg cell differentiation (105–107), Pik3cdE1020K/+ mice show increased Treg and Tfr cells at steady state (16, 26). Indeed, although Tfr cells derive from Tregs, Tfr have different requirements for their differentiation and function. For example, IL-2 is necessary for Treg development and suppressive capability (108), yet prevents Tfr cell differentiation in a BLIMP1-dependent manner, similar to IL-2's effects on Tfh cells (109). Tfr cells also display high mTORC1 activity that promotes differentiation and STAT3 phosphorylation, which induces Tcf7 and Bcl6 (110); increased AKT-mTOR activity in Roquin-deficient Treg cells upregulates Tfh cell gene signatures that drive Tfr cell differentiation (111). How PI3K affects ratios of Tfh:Tfr cells, which are important for regulating humoral responses and autoimmunity (104), is less clear; notably, Pik3cdE1020K/+ mice have parallel increases in both cell populations (16).



DYSREGULATED PI3K PATHWAYS IN AUTOIMMUNITY

In addition to helping antigen-specific humoral responses to vaccination and infection, Tfh cells have been linked to autoimmunity in both animals and humans (10, 112). Correlations between circulating Tfh (cTfh) cells and disease have been reported in systemic lupus erythematosus (SLE) (113), rheumatoid arthritis (RA) and Sjögren's syndrome (112). Similarly, APDS/PASLI patients have high cTfh cells (16), and autoimmune manifestations including autoantibodies, cytopenias and glomerulonephritis (15, 29). In parallel, we found that Pik3cdE1020K/+ mice develop autoantibodies against a wide range of self-antigens. Indeed, PIDs caused by mutations affecting PI3K signaling cascades, or “immune TOR-opathies,” often display a combination of defective immune-responses and autoimmunity (114); animal models demonstrate that PI3K activity in B cells, T helper and regulatory T cells contributes to autoimmune manifestations (16, 115–121). Additionally, increased PI3K activity has been observed in several autoimmune diseases (121), and inhibitors of PI3Kδ and PI3Kγ are currently being explored in pre-clinical models of RA and SLE, and clinically for psoriasis (NCT02303509) and Sjögren's (NCT02775916) (121, 122).

Recent data suggest that certain autoantibodies cross-react with gut microbiota, supporting links between the microbiome and autoimmunity (123). Interestingly, we found increased local and systemic immune responses against gut commensals in Pik3cdE1020K/+ mice, with evidence for cross-reactivity between anti-self and anti-bacterial antibodies. Furthermore, autoantibodies could be prevented by systemic antibiotic treatment (16). Such data highlight roles for PI3Kδ in modulating T and B lymphocyte activation, including that induced by the microbiota, which can lead to autoimmunity.



CONCLUDING REMARKS

Together, a growing body of evidence supports a connection between PI3Kδ and Tfh cell differentiation, raising the possibility that altered PI3K pathways may contribute to both immunodeficiency and autoimmunity. Nonetheless, results during viral infection suggest that effects of PI3K on Tfh cell differentiation may be context-dependent and that PI3K may promote multiple effector cell lineages. A recent report demonstrated that treatment of APDS/PASLI patients with leniolisib, a selective PI3Kδ inhibitor, showed promising improvements in cellular dysfunction and lympho-proliferation (124) Notably, selective PI3Kδ inhibition reduced serum IgM in vivo (124), while increasing IgG class-switching in vitro (16, 27); however, effects on Tfh cells and autoantibodies have not yet been reported. Our results further suggest that evaluation of microbiota composition and systemic responses to gut commensals in APDS/PASLI may provide new opportunities, possibly in association with leniolisib, for managing this and other conditions where Tfh cells and autoantibodies contribute to pathogenesis. Such approaches may also be relevant for autoimmunity induced by checkpoint-blockade therapy, where PI3Kδ-inhibition may provide a selective control of immune responses. Finally, PI3Kδ activation may help improve vaccine responses, although this would have to be carefully assessed. Thus, a more comprehensive understanding of PI3K regulation and signaling in T and B cells is of crucial importance to more effectively improve humoral immune responses while minimizing autoimmunity.



METHODS


Animal Care and Ethics

Control (C57Bl/6J) and Pik3cdE1020K/+ mice (16) were maintained and treated under specific pathogen-free (SPF) conditions under protocols reviewed and approved by the NINDS (protocol 1295-12) and NHGRI (protocol G98-3) Animal Care and Use Committees at the NIH.



LCMV Infection and Flow-Cytometry

Mice were injected intravenously (i.v.) with 2*105 plaque-forming units (PFUs) of LCMV Armstrong, kindly provided by Dorian McGavern Lab, grown as previously described (88). Day+7/8 post infection, single cell suspensions were prepared from spleen in MACS buffer (PBS with 2% FBS and 2 μM EDTA). GP66 tetramer [I-A(b) QVYSLIRPNENPAHK PE] was obtained from NIH tetramer facility (Emory University); staining was performed at 37°C for 1 h in RPMI with 10% serum. CXCR5 staining was performed using: CXCR5-purified (2G8, BD Biosciences), followed by Biotin-SP AffiniPure Fab Fragment Goat Anti-Rat IgG (H+L) (Jackson ImmunoResearch), and Streptavidin (BioLegend) as previously described (88). The following antibodies (obtained from BioLegend, BD Biosciences, eBioscience) were incubated with spleen cells for 45/60 min on ice: CD4 (RM4-5), B220 (RA3-6B2), PD-1 (RMP1-30), SLAM (TC15-12F12.2). Intracellular staining of Foxp3 (FJK-16s) was performed using the Foxp3-staining buffer (eBioscience). Cells were gated according to FSC-A/SSC-A, doublet exclusion (SSC-H/SSC-W and FSC-H/FSC-W), live cells (negative for LIVE/DEAD® Fixable Aqua Dead Cell Stain Kit, Life Technologies), followed by gating strategies indicated in figure legend. Flow cytometry was performed on a LSRII (BD Biosciences) and data analyzed using FlowJo 9.9 software (TreeStar).



Statistical Analysis

Data were analyzed via Prism 6 (GraphPad Software) using non-parametric unpaired Mann-Whitney U-test. Graphs show the mean ± SEM. *P < 0.05; ** P < 0.01; *** P < 0.001. If not indicated, the P-values were not significant (>0.05).
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During viral infection, virus-specific follicular helper T cells provide important help to cognate B cells for their survival, consecutive proliferation and mutation and eventual differentiation into memory B cells and antibody-secreting plasma cells. Similar to Tfh cells generated in other conditions, the differentiation of virus-specific Tfh cells can also be characterized as a process involved multiple factors and stages, however, which also exhibits distinct features. Here, we mainly focus on the current understanding of Tfh fate commitment, functional maturation, lineage maintenance and memory transition and formation in the context of viral infection.
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INTRODUCTION

Based on the biological process, viral infections can be divided into two groups: acute viral infection and chronic viral infection. During acute infections, virus is thoroughly eliminated by the orchestration between both innate and adaptive immune cells; whereas, certain types of viruses can effectively evade immune system and persist at a certain level in the host for long time in chronic infections (1). Numbers of specific immune effector mechanisms, coordinating with non-specific defense mechanisms, prevent or eliminate most viral infections. In terms of adaptive immune cells, CD8+ T cell- and CD4+ T cell-mediated immune responses play a critical role in the control of viral infection. During acute viral infection, virus-specific CD8+T cells differentiate into cytotoxic T lymphocytes (CTL) to efficiently eliminate virus-infected target cells and progressively transit into memory CD8+ T cells after viral eradication. Memory CD8+ T cells are maintained for a long time in the absence of antigen and can exert rapid effector functions in response to previously encountered antigens.

After a transit time in the blood, the majority of mature naïve CD4+ T cells produced by the thymus migrate to secondary lymphoid tissues, continually patrolling, and browsing for antigens they can recognize. After entering a lymph node, T cells scan the processed peptide-MHC complexes on the surface of DCs in the paracortex or T-cell zone. DCs that have processed antigen at the sites of infection arrive in the paracortex soon after infection. Upon viral infection, virus-specific CD4+T cells mainly differentiate into Th1 and Tfh (follicular helper T cell) cells, but not other helper subsets, such as Th2, Th17, and Th9 due to the strong type-I inflammation. And the divergence of Tfh and Th1 differentiation fates begin immediately after activation and are faithfully maintained through the life cycle (2). Through interactions between S1P1 receptors and S1P, the Th1 subset leaves the lymph node and travel to sites of infection. And they predominantly function through secreting IL-2, IFN-γ and TNFα and are responsible for many typical cell-mediated effects, including activation of CTL and macrophages. In contrast, virus-specific Tfh cells, characterized by high expression of chemokine receptor CXCR5, are endowed with the ability of migrating into B cell follicles in response to chemokine CXCL13 (3, 4), where they facilitate the maturation of GC B cells by interacting with cognate virus-specific B cells and providing “help” signals such as interleukin 21 (IL-21), IL-4, CD40L and inducible costimulatory molecules (ICOS) (5).

Tfh differentiation is generally characterized as a multistage, multifactorial process (Figure 1) (6). Upon recognition of virus peptide-MHC complex (p-MHC) presented by dendritic cells (DCs), CD4+ T cells adopting Tfh fate upregulate the “master regulator” Bcl-6 (7–9) within 2 or 3 days (10, 11). After engagement with DCs, Tfh cells move to the T-B border by upregulating CXCR5 and down-regulating CCR7 (10, 12). Here, they interact with cognate B cells and get sufficient signals that further support them migrating into B cell follicles and initiating GC reactions (13). During this process, the expression of Bcl-6 is enhanced, propelling the maturation of fully functional Tfh cells (14). Contrarily, Blimp1 (B lymphocyte-induced maturation protein-1), mainly expressed by non-Tfh effector cells, inhibits the expression of Bcl-6 and negatively regulates Tfh cell differentiation (7). Although the majority of Tfh cells originated from precursors in lymphoid tissues, several groups confirmed the existence of circulating CXCR5+ CD4+ T cells in mice or humans with ongoing immune responses, which were termed as peripheral Tfh (pTfh) (15–19). For instance, He et al. (18) demonstrated that pTfh consist of two parts: “effector” pTfh and “resting” pTfh cells, identified as CCR7loPD-1hi and CCR7hiPD-1lo, respectively. They found that CCR7loPD-1hiCXCR5+ CD4+ T cells express large amounts of IL-21, a key cytokine secreted by Tfh cells to support GC responses. And this population is able to further differentiate into mature Tfh cells and initiate GC formation. They believed that CCR7loPD-1hi Tfh precursor cells can circulate to non-draining secondary lymphoid organs and rapidly differentiate into mature Tfh cells to support fast GC formation upon antigen reencounter. However, the underlying mechanisms of the ontology and differentiation of this population remain unsolved.
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FIGURE 1. The fate commitment of Tfh cells during viral infection. Upon viral infection, virus-specific CD4+T cells mainly differentiate into Th1 and Tfh cells. Th1 subset predominantly function through secreting IL-2, IFN-γ, and TNFα and is responsible for many typical cell-mediated effects. In contrast, virus-specific Tfh cells, characterized by high expression of chemokine receptor CXCR5, are endowed with the ability of migrating into B cell follicles in response to chemokine CXCL13. The fate commitment and function of Tfh cells require fine-tuned cooperation of cognate p-MHCII molecular interactions, co-stimulation, together with polarizing cytokine signals and other factors. Moreover, upon viral clearance, a proportion of Tfh cells will differentiation in memory cells, which are more active when encountered with the same pathogens. Additionally, during chronic viral infections, Tfh cells accumulate gradually and exhibit a distinguished transcriptional profile compared with that in acute infections. And many factors participate in the unique differentiation pattern during persistent infection, including type I interferon signaling, cytokines from IL-6 family et al.



Tfh cells are essential for antibody-mediated humoral immunity against various pathogens. This review primarily focuses on the current understanding of the fate commitment, functional maturation, and memory formation of Tfh cells during acute viral infection. Moreover, we also focus on the role of Tfh cells during chronic viral infection, especially in HIV infection. Finally, we discuss the potential in boosting viral-specific Tfh cells for improving efficacies of anti-viral vaccines.



THE FATE COMMITMENT OF VIRUS-SPECIFIC TFH CELLS VS. TH1 CELLS

The fine-tuned cooperation of cognate p-MHCII molecular interactions, co-stimulation, together with polarizing cytokine signals initiate the differentiation of functionally divergent CD4+ T helper (Th) cell subsets from their precursors (20). Of note, during acute viral infection, commitment to the Tfh lineage vs. Th1 lineage emerges as early as 24 to 48 h after infection. The dichotomous commitment of Tfh cells vs. Th1 cells is largely linked to reciprocal regulation between key transcription factors Bcl6 and T-bet, and Bcl6 and Blimp-1 (21, 22).

At the priming stage, DCs regulate Tfh cell differentiation by controlling Clec9A expression, which facilitates the formation of a long-term immune synapse between DCs and T cells to promote Tfh differentiation (23, 24). Indeed, published work (25–27) has found that 24 h after T cell activation, T cells carrying high affinity TCRs can form long dynamic immune synapses with DC and are more inclined to differentiate into Tfh but not Th1 cells. In addition to interactions between membrane proteins of APC and Tfh precursors, secreted cytokines interleukin-6 (IL-6) and IL-21 also contribute to Tfh differentiation. Several groups confirmed that IL-6 and IL-21 signaling via the transcription factor STAT3 enhances the upregulated expression of Bcl6, which is the master regulator of Tfh differentiation. Nonetheless, IL-2 suppresses Tfh fates by activating STAT5 and restricting STAT3 binding to the Bcl6 locus and also by promoting the expression of Blimp-1, which divert differentiation away from the Tfh pathway (20, 28–31). Propelled by the antagonism of Bcl6 and Blimp-1, activated CD4+ T cells undergo a bimodal fate decision during acute viral infection: becoming either Tfh (Bcl6+Blimp1−) cells or Th1 (Bcl6−Blimp1+) cells. Notably, the transcription factor TCF-1 (t cell factor 1, coded by gene Tcf-7) has been confirmed to promote the early fate commitment to the Tfh lineage over Th1 lineage during acute viral infection (32–34). Using the LCMV-Armstrong and influenza virus infection model, we (32) found that the expression level of TCF-1 was significantly enhanced in Tfh cells while greatly diminished in Th1 cells. And such divergent expression mode occurred as early as 2 days post infection. TCF-1 potently induced the expression of Bcl-6 but suppressed Blimp1 concomitantly, by directly binding to the Bcl6 promoter region and Prdm1 5' regulatory region, respectively. Accordingly, virus-specific CD4+ T cells deficient in TCF-1 expression almost failed in Tfh differentiation. Notably, TCF-1 seems to specifically regulate Tfh cell differentiation in the context of viral infection, but dispensable for regulating Tfh differentiation during protein immunization (32, 33).

Apart from the master regulator Bcl-6, a network of several other transcription factors also participates in controlling the differentiation of Tfh cells during acute viral infection. For example, it has been confirmed that through two different but complementary mechanisms, the transcription factor KLF2 (Krüppel-like factor 2) functions to restrain Tfh cell generation. Lee et al. (35) found that KLF2 promotes the expression of the trafficking receptor S1PR1, the downregulation of which is essential for efficient Tfh cell differentiation. On the other hand, KLF2 favors the expression of several transcription factors that inhibit Tfh differentiation, such as Blimp1, Tbet, and GATA3. And KLF2 was also reported to suppress the transcription of Cxcr5 by directly binding to its genomic region (36). Importantly, although Tbet is the master transcriptional regulator of Th1 cells, which were thought to inhibit Tfh cell differentiation, Tfh cells do exhibit medium to high levels of Tbet expression in the LCMV infection model (2). Recently, it has been reported that T-bet is virtually essential for the optimal expansion, proliferation, and maintenance of Tfh cells during acute viral infection (37). Besides, Fang et al. (38) demonstrated that at the early stage of CD4+ T cells response, the short-term expression of Tbet is critical for IFN-γ production in Th1-like Tfh cell subset. Additionally, transcription factors of the E-protein and Id families are well-appreciated for their role in T cell development. Shaw et al. (39) found that Tfh cells exhibited lower expression of Id2 than that of Th1 cells during acute viral infection and knockdown of Id2 via shRNA increased the frequency of Tfh cells. Furthermore, Th1 differentiation was significantly blocked by the deficiency of gene Id2 during viral infection. Ogbe et al. (40) found that EGR2 (early growth response gene 2) and EGR3 play a vital role in directing the expression of Bcl6 in Tfh cells. The differentiation of Tfh cells was impaired in Egr2 and Egr3 deficient mice post viral infection because of the defective expression of Bcl-6, resulting in a defective GC reaction and antibody production. Moreover, the overexpression of Bcl-6 in EGR2/3- deficient CD4+ T cells partially rescued the differentiation of Tfh cells and GC formation. Liu et al. (41) found that during influenza virus infection, the deletion of Ascl2 in T cells results in impaired Tfh-cell development and germinal center response. Besides, in protein immunization or other infection models, several other TFs have been confirmed to participate in the regulation of the fate commitment of Tfh cells. For example, c-Maf, IRF4, and Notch signaling pathway has been confirmed to promote Tfh differentiation while FOXO1 and FOXP1 inhibit Tfh fate commitment (21, 42–47). Besides networks mediated by transcriptional factors, other different signaling pathways also control the differentiation and function of Tfh cells. Tfh cell differentiation are closely associated with mTOR-mediated signaling pathways, which exert its effect by sensing and integrating environmental cues. During acute viral infection, the interleukin-2 (IL-2)-mTORC1 signaling axis orchestrates the reciprocal balance between Th1 and Tfh cell fates by promoting Th1 while inhibiting Tfh cell differentiation (20). In contrast, it is reported that mTORC2 was essential for Tfh cell differentiation (48, 49); specifically, mTORC2 mainly functions in the late stage of Tfh differentiation, promoting a Tfh transcriptional program and migratory ability toward B cell follicles (50).

Currently, however, our knowledge about Tfh cells is mainly derived from mouse models, although the gene expression pattern of mouse Tfh cells shares a high percentage of similarities with human Tfh, certain differences do exit between the two species. For instance, in mouse models, the ligand for CXCR5, CXCL13 is mainly expressed by stromal cells but not Tfh cells (6, 51). In humans, however, CXCL13 is primarily generated by Tfh cells, which may promote recruiting GC B cells to the light zone, where most Tfh cells and FDCs reside (52–54). Hence, further research is required for carefully profiling the differences between human and murine Tfh cells, which is critical for translating findings between the two species. Taken together, like Tfh cells developed in other scenarios, the fate commitment of virus-specific Tfh cells also follow a pathway involved a multistep and multifactorial process. Although we have gained a relatively detailed understanding of the ontology and differentiation of Tfh cells during viral infection, there are still important gaps in our knowledge of the Tfh cell differentiation and underlying mechanisms during viral infection both in mouse and humans. In particular, how extrinsic stimuli from APCs and intrinsic factors, such as epigenetic modifications, regulate anti-viral Tfh differentiation await further investigations.



THE FUNCTIONAL MATURATION AND MAINTENANCE OF VIRUS-SPECIFIC TFH CELLS

Currently, most licensed anti-viral vaccines protect vaccinated population by inducing long-lived neutralizing antibodies (55). Tfh cells play a critical role in helping B cells to differentiate into neutralizing-antibody-secreting plasma cells. Therefore, it is essential to understand the mechanisms by which Tfh cells co-opt B cell responses during viral infection, so as to effectively facilitate developing a novel vaccine or further improving the efficacies of licensed vaccines. Previous reviews have systematically summarized the functions of Tfh cells (6, 56), we herein mainly focus on the roles of these cells in the case of viral infection. After viral infection, SLAM-associated protein (SAP) expressed by Tfh cells is critical for the formation of germinal centers (57, 58), where Tfh cells facilitate the generation of long-lived memory B cells and plasma cells that produce virus-specific antibodies (57, 59). For example, CD4+ T cells have been confirmed to be essential for the generation of optimal antibody responses during infections with yellow fever virus (60), vaccinia virus (61), coronavirus (62), or vesicular stomatitis virus (VSV) (63). Collectively, Tfh cells play an important role in protective immunity to most, if not all, viruses.

In antiviral humoral immunity, Tfh cells help B cell activation and antibody production in the form of receptor ligand interactions and cytokine signaling. Firstly, Tfh cells highly express CD40 ligand (CD40L), whose interaction with CD40 expressed on B cells is vital to multiple stages and aspects of B cell response. Using LCMV, Pichinde virus, and VSV infection model, Borrow et al. (64) found that CD40L-deficient mice exhibit severely compromised humoral immune responses, supported by low antiviral antibody production, absence of germinal center and memory B cell formation. Consistently, CD40L/CD40 was also reported to be important for generating optimal humoral responses against HSV and influenza virus (65, 66). During LCMV, VSV, and influenza virus infection model, the expression of ICOS (inducible T cell co-stimulator) by Tfh cells has also been reported to be crucial for germinal center formation (6) and optimal induction of humoral responses (67). Other co-stimulatory molecules that promote the T-B conjugates, including SAP and SLAM family are also required for Tfh differentiation as well as Tfh function (6). It is important to appreciate that both defective Tfh cell number and damaged Tfh function can lead to impaired GC response. To more precisely evaluate the effector function of already differentiated Tfh cells during viral infection in vivo, our group combines ERT2cre conditional knockout mice with mature Tfh cells adoptive transfer strategy to determine their “help” ability in promoting the formation of GC and plasma cells (32, 50). The expression of these B-cell helping molecules (CD40L and ICOS) in Tfh cells appears to be coordinated by Bcl-6 (68, 69), TCF-1 (32), and mTORC2 (50). Further studies are needed to determine the importance of additional molecular signals between Tfh cells and B cells in the production of protective antibody responses during viral infection.



THE MEMORY FORMATION OF VIRUS-SPECIFIC TFH CELLS

Most of the virus-specific effector CD4+ T cells will die and only a small portion of them will survive and further differentiate into memory T cells after the elimination of a viral infection. The features of memory lymphocyte generally includes (1) antigen experienced (these cells have undergone antigen-driven expansion); (2) can survive for a long time (undergo homeostatic proliferation) in the absence of antigenic stimulation; (3) self-renewable by homeostatic proliferation; (4) rapidly recall their effector functions in response to re-challenge (70). Memory CD4+ T cells respond much faster than naive T cells, require less synergistic stimulation to respond to low antigen doses, and are more active when challenged by pathogens (71). Recent studies suggest both effector Tfh and Th1 cells can differentiate into memory cells.

Series of studies have clearly demonstrated the existence of memory Tfh cell in both mice and human (Figure 1) (2, 17, 72–75). These studies provide important insights into the characteristics of Tfh cells that can differentiate into long-lived memory-type cells which are endowed with capacity to reboost Tfh-specific effector functions when encountered with the same antigen (76). Meanwhile, considering the long persistence of GC reactions and antigen retention by FDC, it is important to appreciate that GC Tfh cells are not confined to one single GC. Once GC Tfh cells have differentiated and provided help to GC B cells, they can continually enter a different GC or exit GC and emigrate to neighboring follicles (77, 78), where no antigen was presented and Tfh cells acquires a less activated, less polarized phenotype. In this situation, by downregulating Bcl6 expression and upregulating IL-7Ra, Tfh cells gradually transit into a resting memory state (73, 78). In acute viral infection for instance, after the clearance of LCMV in mice, virus-specific CD4+ T cells that survived the contraction phase can be maintained for 60–150 days (2). Among these cells, CXCR5+Ly6clo resting CD4+ T cells shared similarities with effector Tfh cells, both phenotypically and transcriptionally, and can rapidly recall a secondary wave of effector Tfh response even in the absence of B cells, supporting that CXCR5+ memory cells have been imprinted with a Tfh-biased cell program (2). Cell markers that can clearly define memory Tfh cells including high expression of CXCR5, FR4 (79), CCR7, CD62L, and low expression of Bcl-6, ICOS, PD-1, and Ly6c (80). Currently, the differentiation pattern of memory Tfh cell remains controversial. An important question is whether the fate of memory Tfh cells is determined before or after effector phase. Meanwhile, given that Th1 vs. Tfh differentiation are regulated by strength and/or duration of TCR signaling (81, 82), which also influences memory CD4+ T cell differentiation (83), it is possible that Tfh effector population with different TCR strength varies in degrees of lineage commitment to CXCR5+ Tfh memory cells.

Besides, previous study indicated that memory Tfh cells are superior to naive T cells in helping B cells, and they promote faster B cell proliferation, higher antibody production and earlier class-switching reactions than naive CD4+ T cells (76). In many cases, the invasive virus can be quickly recognized and eradicated by pre-existing antibodies. But for viruses that bear high mutation rate (such as influenza virus and HIV), the most important point lies on faster antibody production, as the timely and efficient production of neutralizing antibodies targeting against new variants that escape from previously produced antibodies will be of great significance. Memory Tfh cells maintain a substantial level of CD40L (84) and are retained in the draining lymph nodes for more than 6 months (85). Besides, during several types of viral infections, such as Ebola virus (86), WNV (87), and influenza virus (88), memory Tfh cells can generate higher levels of cytokines as compared with those of naive T cells, which are likely to induce a more-potent B cell responses and to dictate the isotype of antibodies, which play key roles in the antibody responses specific for aforementioned viruses. Nonetheless, we currently know much less as to the molecular mechanisms underlying memory Tfh differentiation than those discovered with effector Tfh cells.



THE DIFFERENTIATION OF VIRUS-SPECIFIC TFH CELLS DURING CHRONIC VIRAL INFECTION

We know far less about how chronic viral infections affect CD4+ T cell responses than we do about CD8+ T cell exhaustion. However, increasing attention has been paid to the impact of persistent viral infection on the function of CD4+ T cells and the importance of CD4+ T cells in chronic viral infection. Compared with acute viral infection, virus-specific CD4+ T cells in LCMV clone 13 persistent infection model exhibit deficiency in production of Th1-type effector cytokines and fail to function optimally following viral re-challenge (89). The loss of CD4+ T cell's ability to respond to persistent antigens may be due to high levels of antigens at the priming stage (90) and appears not to be regulated by the changes in APCs caused by chronic viral pathogens (89).

Similar to CD8+ T cell exhaustion in chronic infection, the virus-specific CD4+ T cell response has been altered profoundly as infection persists. The most significant phenotype of CD4+ T cell response during chronic viral infection is a defect in Th1, while increasing in Tfh response (Figure 1). And both in mouse and human chronic viral infections, the frequency of CXCR5+CD4+ T cells in spleen accumulates gradually, reaching approximately 60~70% of the viral-specific CD4+ T cells by day 30, whereas which were relatively lower at a frequency of 40~50% during Arm infection (91). The increased Tfh differentiation was accompanied by a loss in Th1, including decreased proliferative potential and cytokine production (89). Thereby, to some extent, the immune system promotes antibody responses, which bear less immune-pathological risk compared to cytotoxic and pro-inflammatory T cell responses. Moreover, transcriptional profiling of viral-specific CD4+ T cells in LCMV clone 13 infection identified a loss in Th1 transcriptional signatures, as well as an enrichment of Tfh-associated transcripts (92). Upregulated CXCR5, Bcl-6, ICOS, OX40, and IL-21 expression suggest an enhanced Tfh-like CD4+ T cells phenotype (91). Very importantly, these additional Tfh-like CD4+ T cells are proven to have the ability to help B cells through in vitro culture, suggesting that they are equipped with some key signatures of conceptual Tfh cells and remain suboptimal functions, such as the ability to facilitate coordinate B cell response and production of antibody (91, 93). Although we have not yet got a comprehensive understanding of the biased differentiation of Tfh cells in chronic viral infection, previous research proved that type I IFN signaling may be an important mediator involved in the shift from Th1 to Tfh cells (94–97). Several groups also demonstrated the skewed differentiation toward Tfh cells during chronic LCMV infection is firmly related to cytokines (such as IL-6/ IL-27) signaling through the IL-6 family receptor pathway (98, 99). Recently, Raju et al. (100) found that the deficiency of the signaling adaptor CD2AP (CD2-associated protein) promotes CD4+ T cell differentiation toward Tfh lineage during chronic LCMV infection, leading to better control of viral infection by enhanced GC response. They demonstrated that the strengthened Tfh differentiation is associated with extended duration of TCR signaling and enhanced cytokine production of CD2AP-deficient CD4+ T cells specifically under Th1 conditions. To be noted, the increased CXCR5 level may also contributed by another CD4+ T cell subpopulation, Tfr cells (101, 102), coincide with upregulated Foxp3 expression during chronic infection (103). Although the function of Tfr cells is incompletely understood, especially in chronic infection, the increased Tfr differentiation suggest an active follicular program in chronic infection. And this follicular program may be not only confined to CD4+ T cell lineage, confirmed by newly identified CXCR5+CD8+ T cells described both in mice and human chronic viral infection (104–106).

Although viral persistence redirects a shift in Tfh differentiation, it is not clear to what extent the function of Tfh cells generated during chronic viral infection gets changed. IL-21, canonical Tfh cytokine important for CD8+ T cell function in chronic viral infection (107–110), is increased within Tfh population. However, for humoral immunity, it seems that B cell could not get optimal help from increased Tfh in chronic LCMV infection. Firstly, the generation of neutralizing antibodies are impaired and delayed, whereas, non-neutralizing antibodies to LCMV increased considerably (111). Secondly, persisting viral infections can lead to polyclonal hypergammaglobulinemia and antibody-mediated autoimmunity, results of non-specific B cell activation by Tfh cells (112, 113). The delayed production of neutralizing antibodies and high production of poor quality antibodies indicate that the interaction between Tfh and B cells in chronic LCMV infection is dysregulated, leading to a suboptimal ability of Tfh to help B cells producing high-affinity antibodies.

As has been observed in LCMV, HIV, and SIV infections also have been reported to have increased frequency of CXCR5+CD4+ T cells (114, 115). Besides, compared with uninfected healthy donors, the transcription characteristics of Tfh cells in the SIV infection model were changed. It has been confirmed that the transcriptional signature of Tfh cells derived from SIV-infection models gets remarkably altered compared to those from healthy donors (116). The underlying mechanisms initiating and promoting a Tfh-like program in HIV infection still remain unsolved and the relationship between HIV infection and Tfh differentiation is complicated. During HIV or SIV infections, Tfh cells seem to act in a bilateral manner, both immunological and immunopathogenical: Firstly, Tfh cells are appreciated as an important cellular reservoir of replication-competent HIV virus, contributed by its special phenotype and follicular localization. It is demonstrated that Tfh cells located in B-cell follicles are preferentially targeted by HIV virus to form both long-term latent infection and the enduring generation of virulent particles (110, 117), and the anatomical separation of latently infected Tfh cells might represent a major barrier for HIV-specific CD8+ T cells, which are normally excluded from B-cell follicles, to effectively eradicate HIV infection (118–121). Secondly, Tfh is closely involved in developing antibody-based vaccines for HIV-1 infection, because functional Tfh-B cell interactions are key to production of effective antibodies in vaccination (16, 122). Consistent with mouse chronic infection models, Tfh cells do not provide adequate help to B cells even though these cells are expanded in HIV-infected individuals (increased Tfh frequency dose not result in better B cell response). Instead, similar to mouse chronic infection of LCMV, abnormal B cell activation and hyper-gammaglobulinemia were observed in HIV-1 infection (112, 115, 123), which suggests the dysregulation of Tfh cell-mediated B cell help and disturbed Tfh-B cell interactions. Specifically, data from mass cytometry combine with TCR sequencing confirmed that compared with healthy individuals, Tfh cells in the lymph nodes of HIV+ individuals secreted interleukin-21 but were functionally and clonally restricted and this correlated with impaired isotype switching of B cells in the lymph nodes (124). Given the close relationship with Tfh from lymphoid tissues, circulating or peripheral Tfh cells have also been confirmed to be critical in HIV infection (16, 22, 125). He et al. (18) demonstrated that circulating CXCR5+CD4+ T cells are generated in a SAP independent manner (before they migrate to GC), and CCR7loPD-1hi subset correlated with Tfh cell activity, providing a biomarker to monitor protective humoral immune responses during infection or vaccination. In a related study, combining cytokine production, functional properties as well as gene expression profile, Locci et al. (17) identified pTfh cells related to germinal center Tfh cells as resting CD45RO+PD-1+CXCR5+CXCR3−CD4+ T cells. And they confirmed that the frequency of this population positively correlates with the titers of HIV-specific broadly neutralizing antibodies in a large cohort of HIV-infected patients. Schultz et al. (15) found that during HIV infection, peripheral IL-21+ CD4+ T cells show similarities with lymphoid tissue-resident Tfh cells phenotypically, transcriptionally, and functionally. And they also found that the numbers of HIV-specific IL-21-expressing pTfh cell increased and their number positively correlated with antibody production in the ALVAC priming, AIDSVAX boosting immunization strategy used in the RV144 trial (the only HIV vaccine to demonstrate some signs of efficacy among human patients) when compared with the non-protective DNA prime-Ad5 boosting vaccine trial. Given that the timely development of high-affinity antibodies is central to the prevention and eradication of viral infection (126), further work is needed to understand the detailed mechanism underlying Tfh dysfunction during persistent viral infections.

The key feature of CD8+ T cell exhaustion is upregulated expression of co-inhibitory receptors, such as PD-1, Tim3, 2B4. Although CD4+ T cells sustained the expression of a sets of co-inhibitors (127), however, the specific inhibitory receptors upregulated and the degree of expression between CD4+ and CD8+ T cells differed remarkably (92, 127). For example, the expression of 2B4 is biased toward exhausted CD8+ T cells, while PD-1, CTLA4 are preferentially expressed in CD4+ T cells, particularly in Tfh cells (92). Several groups (128) found that functionally impaired CD4+ T cells derived from HIV patients exhibit significant enhancement in proliferative potential after treatment targeting on CTLA-4 (129, 130), TIM3 (131) or PD-1 signaling blockade (132) in vitro. And the effector function of CD8+ T cells can be rescued through enhancement of CD4+ T cell response during chronic infection with LCMV (133, 134). These findings and others (135, 136) shed new lights on the design of vaccines against chronic viral infections. For Tfh cells, physiologically, PD-1 is assigned to provide inhibitory signals to GC Tfh cells, preventing excess cell proliferation during GC reaction (21). Good-Jacobson et al. (137) demonstrated that upon immunization, the deficiency of PD-1 or PD-1 ligands (PD-L1/PD-L2) results in higher frequency of Tfh cells. Whereas, they also found that the quality of Tfh cells is dramatically impaired by diminishing their capacity to synthesize important cytokines (such as IL-4/IL-21) while not promoting the development of an alternatively polarized T cell type. These results suggest a complex but critical role of PD-1 in Tfh cells. However, despite the above findings, the role of PD-1 in Tfh cells during chronic viral infection remains unclear. Whether the expression of PD-1 on Tfh cells equals exhaustion or whether this is part of their normal regulation and functional differentiation during persistent infection have not yet been fully discovered.

Most of the aforementioned knowledge about CD4+ T cell response during chronic viral infection has been obtained from studies in which animals are infected with a single virus. While valuable for identification of basic principles, this is not reflective of human biology, since human beings undergo repeated viral infections throughout their life span, most notably, multiple herpesviruses. The γ-herpesviruses (Gammaherpesviruses), including EBV (Epstein-Barr virus) and KSHV (Kaposi's sarcoma-associated herpesvirus), are associated with lymphoproliferative diseases and lymphomas and with the majority establishing latency in B lymphocytes (138). In mouse models, intranasal infection of mice with the murine γ-herpesvirus (MHV-68, shares biological and genetic homology with EBV) results in an acute lytic infection in the lung, followed by the establishment of lifelong latency in memory B cells, dendritic cells, and macrophages (104, 139–141). Barton et al. (142) demonstrated that both the proportion and total number of IFNγ+, TNFα+, and IL-2+ CD4+ T cells was increased in mice infected with MHV68 followed with LCMV-Armstrong re-challenge compared to that in mice solely infected with LCMV on day 8 post infection. This result reminded us that MHV68 latency may provide micro-environment in which effector CD4+ T cell responses get enhanced during subsequent infection. Another study confirmed that signals from Tfh cell is critical for B cell latency during MHV68 infection. They found that the absence of these signals lead to a significant reduction in the number of MHV68 latently infected B cells (143). However, whether Tfh cells are selectively up-regulated during MHV68 chronic infection has not yet been fully illustrated. Apart from its fundamental role in supporting B cell latency in MHV68 infection, CD4+ T cells may also control MHV68 replication in a CD8+ T cell dependent or independent manner (138, 144). Recently, several groups (104, 145) identified a specialized group of cytotoxic T cells that expressed high level of the chemokine receptor CXCR5 (Tfc, Follicular cytotoxic T cells), which selectively entered B cell follicles and eradicated infected Tfh cells and B cells during HIV/SIV or EBV infection, respectively. Given that Tfh and Tfc cells have a similar histological location, it will be of interests to determine whether these two subsets have interaction or crosstalk during chronic viral infection.

Collectively speaking, further dissection of unique molecular mechanisms underlying differentiation and functionality of Tfh cells in chronic viral infection will provide opportunities for harnessing this population to prevent and treat chronic viral infection.



PERSPECTIVE

Currently, the transcriptional regulation of the ontogeny and development of Tfh cell has been extensively investigated. However, the field just starts to dissect the complexities of cellular metabolism within Tfh cell as well as its epigenetic signatures, particularly, in the scenario of viral infections. It is well-acknowledged that the differentiation of Tfh cells is accompanied by unique metabolic alterations required to meet their cellular bioenergetic demands. During acute viral infection, Tfh cells exhibited a relatively quiescent metabolic state when compared to Th1 lineage, characterized by reduced glucose uptake and mitochondrial respiration, as well as lowered maximal respiratory capacity and extracellular acidification. However, despite Tfh cells showing reduced metabolic capacity, they still require glycolysis as well as oxidative phosphorylation to provide sufficient energy and substrates for their specific function (20). Zeng et al. (49) found that mTOR, combining metabolic signals and transcriptional activity, plays as a central control station in Tfh differentiation. Activated by costimulatory molecule ICOS, mTOR acts to drive glycolysis and lipogenesis and subsequently promotes Tfh cell responses during acute viral infection. Given that GC-Tfh cells have a different localization compared to outside Tfh cells. They may have distinct metabolic features influenced by unique cellular and nutritional contact within each microenvironment. Moreover, it is possible that memory Tfh cells differs from effector Tfh cells in metabolism as described in effector vs. memory CD8+ T cells. Whether and how cellular metabolism influence the formation of memory Tfh cells still need further investigation.

Besides metabolic issues, the differentiation of Tfh cells as well as other CD4+ T helper (Th) cells are firmly correlated with specific epigenetic modifications (146, 147). By generating T cell-specific UTX (ubiquitously transcribed tetratricopeptide repeat, X chromosome) deficient mice, Cook et al. (148) found that during chronic but not acute, virus infection, Tfh differentiation were significantly impaired in UTX deficient mice, which in turn leads to suboptimal formation of germinal center and production of virus-specific IgG. Mechanistically, the absence of UTX leads to the upregulation of H3K27 methylation which further results in decreased expression of IL-6R alpha and other Tfh lineage-related genes. Nishizawa et al. (149) demonstrated that Bcl-6 is highly expressed in angioimmunoblastic T-cell lymphoma (AITL) and peripheral T-cell lymphomas (PTCL) containing tumor cells with Tfh features. In their research, hypermethylation of the Bcl6 locus followed by Bcl-6 upregulation, combined with TET2 mutations, was thought to be the key event for lymphoma development which may result in biased Tfh differentiation and eventually contribute to AITL/PTCL development in patients. Apart from these achievements, there are still important gaps in our knowledge of the epigenetic features of Tfh cells. Further studies will be required to draw a comprehensive epigenetic landscape of Tfh cells and identify potential candidate chromatin modifiers that participate in Tfh development. Understanding these issues and dissecting the underlying regulatory mechanisms will advance our knowledge of Tfh cells and shed lights on designing new strategies against those diseases associated with Tfh abnormalities.
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The role of interleukin-1 in the regulation of humoral responses is poorly documented, in contrast to its role in inflammation. Recent findings suggest there is an interleukin-1 axis in the follicular T cell control of B cell responses, involving interleukin-1 receptors (IL-1R1 and IL-1R2) and receptor antagonists (IL-1Ra). Here, we revisit the literature on this topic and conclude that targeting the interleukin-1 pathway should be a valuable therapeutic approach in many diseases involving excessive production of (auto)antibodies, such as autoimmune diseases or allergy.
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INTRODUCTION

Interleukin-1 (IL-1) is known as the key cytokine of innate immune responses and has been described as the “quintessential inflammatory cytokine” (1). IL-1 is predominantly produced by monocytes and macrophages (2, 3) following an external stimulus such as through Toll-Like Receptor (TLR) activation. IL-1 pleiotropic functions have so far mainly been linked to inflammation, orchestrating a first line of defense against pathogens (4). IL-1 has systemic effects that trigger fever, cortisol production, and liver stimulation (with production of C-reactive and complement proteins) and local effects on innate and adaptive immune cell stimulation. The effects of IL-1 on innate immunity have been extensively studied and reviewed (4, 5). Those on adaptive immunity have been ascribed to a general amplification of T-cell responses (6) and to modulation of T cell plasticity toward Th17 cell differentiation (7, 8). Except for the known role of IL-1 in adjuvanticity (9), the involvement of IL-1 in the regulation of humoral response is poorly documented. Indeed, a thorough check of the literature, including multiple PubMed queries such as various combinations of “interleukin-1,” “IL-1,” “IL-1Ra,” “IL-1R1,” “IL-1R2,” “Tfh,” “Tfr” “follicular cells,” “humoral immunity,” “antibody production,” “autoantibody production,” and “germinal centers” did not identify relevant publications. We review here recent findings that highlight a key role of IL-1 in the regulation of follicular helper and follicular regulatory T cells, thereby controlling B cell responses.



THE IL-1 ACTIVATION PATHWAY

IL-1ß is part of a wide family of cytokines (IL-1α, IL-1ß, IL-18, IL-33, IL-36), receptor antagonists (IL-1Ra, IL-36Ra, IL-38) and the anti-inflammatory IL-37. The IL-1 activation pathway has been reviewed elsewhere (10). Briefly, IL-1 is produced as an inactive precursor, pro-IL-1ß, in response to pathogen-specific signals. This stimulation of innate immune cells induces the formation of the inflammasome, a molecular scaffold composed of many molecules such as NLRP3 (11). This key system activates caspase 1 (also called ICE for Interleukin-1 Converting Enzyme), an enzyme able to cleave pro-IL-1ß (12). It is worthy of note that the mechanism of IL-1ß secretion is not the conventional endoplasmic reticulum and Golgi route (13), but is not well understood yet and may depend on many parameters, such as stimulus strength and IL-1 requirement (14).

The signaling pathway following the interaction of IL-1 with its agonist receptor IL-1R1 has been described to be the same as many other signaling pathways, such as those triggered by the interaction of pathogenic components with TLR or of IL-33 with its receptor (10, 15). The first step consists of the recruitment of MyD88 to the receptors (16), and the cascade that follows—called the “canonical pathway”—which leads to the final activation of NF-kB. This ultimately activates the expression of pro-inflammatory genes such as cytokines, chemokines and adhesion molecules (17).

IL-1R2 and IL-1Ra regulate the IL-1ß / IL-1R1 interaction. IL-1R2 has an extracellular domain structurally similar to that of IL-1R1 but which lacks the intracellular domains allowing signaling. It thus acts as a decoy receptor, capturing the IL-1ß and thereby preventing IL-1R1 stimulation (18). IL-1R2 is expressed at high levels by macrophages, neutrophils and B-cells (19). IL-1Ra is a cytokine that inhibits IL-1 function by binding to IL-1R1 without producing any agonist effects, thereby preventing IL-1 binding (20, 21).



IL-1 AND THE REGULATION OF TFH AND TFR CELLS

Antibody production by plasma cells is tightly regulated by follicular helper T (Tfh) cells. Help by Tfh cells is essential for the differentiation of B cells into antibody-producing plasma cells (22, 23). In contrast, follicular regulatory T (Tfr) cells negatively control humoral immune responses (24, 25). These cells are thought to be derived from regulatory T (Treg) cells (26, 27). Their mechanisms of action are poorly known and they are thought to act by regulating the help provided by Tfh cells to B cells. However, recent findings have shown that few Tfr cells are located within the germinal centers (GCs) of LNs, where Tfh cells and plasma cells interact. Most Tfr cells are found surrounding the GCs and are likely not in contact with Tfh cells (28).

In contrast to Treg cells from which they are derived, we observed that Tfr cells do not respond to interleukin-2 (IL-2) (29). This led us to reexamine their phenotype thoroughly. In contrast to Treg cells and to previous description of the Tfr-cell phenotype, we showed that Tfr cells do not express IL-2Ra (CD25), the essential component of the high-affinity IL-2R. This is important because most previous investigations of Tfr cell biology actually reported the biology of mixtures of Tfr and Treg cells. The stringent characterization of Tfr cells allowed us to reveal a striking distribution of IL-1 receptor expression on Tfh and Tfr cells. We observed that Tfh cells express the IL-1R1 agonist receptor while Tfr cells express both the IL-1R2 decoy receptor and the antagonist IL-1Ra. The lack of CD25 expression by Tfr cells and this distribution of IL-1 receptors have also been observed by others (30, 31).

This striking distribution of the agonist receptor on Tfh cells and of the antagonist receptors/inhibitors on Tfr cells led us to hypothesize and explore a possible IL-1 axis in the regulation of humoral responses. We observed that, in vitro, IL-1ß activated the production of IL-4 and IL-21 by Tfh cells. These cytokines have been shown to be crucial for the T-cell help to B cells (32). This cytokine production was suppressed by Tfr cells to the same extent as by recombinant IL-1Ra (Anakinra), indicating that the suppressive effect was likely dependent on the blocking of IL-1 by IL-1R2 on the surface of Tfr cells, or on IL-1Ra produced by Tfr cells. Eventually, we showed that, in vivo, IL-1ß induced proliferation of Tfh cells while Anakinra significantly reduced the proportion of Tfh cells.

Altogether, we revealed an IL-1 axis regulating the germinal center responses (29) and suggested the existence of a dual regulation of T cells in secondary lymphoid organs, one between Treg and effector T cells regulated by IL-2 outside GCs and the other between Tfh and Tfr cells regulated by IL-1 inside GCs.



IL-1 AND REGULATION OF THE HUMORAL RESPONSE (FIGURE 1)

There are no or few experiments that have investigated a direct link between IL-1 and antibody production. However, revisiting the literature, there are actually many observations indirectly supporting the involvement of an IL-1 axis in the control of humoral immunity (summarized in Table 1). First, IL-1 administration during an immunization enhanced humoral responses and led to greater antibody production (9, 38, 39), a phenomenon referred to as the “adjuvanticity of IL-1,” which was mostly thought to act by stimulation of innate immune cells that in turn would stimulate helper T cells to help B cells better. Interestingly, this observation is itself indirectly supported by the fact that many adjuvants used for immunization, such as the widely used alum, trigger enhanced IL-1 production (34). Similarly, stimulation by pathogens, which ultimately triggers antibody production, is also a strong IL-1 enhancer (35). Altogether, it appears that there is some positive correlation between production of IL-1 during immunization and the efficacy of the resulting B cell response.
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FIGURE 1. IL-1 and the regulation of the humoral response. (1) Immunization enhances IL-1 production. (2) IL-1 stimulates tfh cells through the IL-1R1, can be captured by IL-1R2 on Tfr cells, and IL-1Ra produced by Tfr cells can block the action of IL-1 on IL-1R1. (3) IL-1 stimulates IL-4/IL-21 production by Tfh cells through its binding to IL-1R1. (4, 5) IL-4/IL-21 helps B cells to become either memory B cells or antibody-producing plasma cells.





Table 1. Experiments supporting a correlation between IL-1 production during immunization and resulting antibody production.
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Experiments using genetically modified mice not expressing the IL-1 gene or its receptors further support the importance of an IL-1 axis in the control of humoral responses. Following appropriate stimulation, IL-1-deficient mice produced significantly reduced amounts of antibodies compared to wild-type mice (36, 37). Conversely, mice deficient in the expression of IL-1Ra, an antagonist of the IL-1R1 receptor, showed increased antibody production in the same conditions (36, 37). In these studies, the effect of IL-1 on humoral immunity enhancement was shown to act through induction of co-stimulatory molecules on T cells, such as CD40L and OX40 (37), which were later found to be highly expressed on the surface of Tfh cells (40) (Table 1).



IL-1 AND THE PATHOPHYSIOLOGY OF HUMORAL RESPONSES

Some evidence for the involvement of IL-1 in the humoral response can also be found by looking at diseases associated with excessive levels of antibodies and/or pathogenic antibodies.


Autoimmune Diseases

Autoantibody production is common in autoimmune diseases and frequently contributes to their pathophysiology. Much evidence of the involvement of IL-1 in the control of autoantibody production can be found in the recent literature.

One of the interesting models for the study of this role is Myasthenia Gravis (MG), a disease caused by a pathogenic anti-acetylcholine receptor (AChR) IgG1 (41). (i) IL-1ß gene polymorphisms have been found in association with MG, suggesting a possible pathogenic role of this cytokine in the disease (42); (ii) Anakinra reduced the clinical symptoms of mice with experimental autoimmune MG (EAMG) and suppressed the pathogenic anti-AChR IgG1 (41); (iii) inhibition of proteins involved in the production of IL-1ß, such as caspase-1, can regulate the humoral response in EAMG (43). In the classification by McGonagle and McDermott (44), MG is more an autoimmune than an auto-inflammatory disease. This suggests that the consequences of blocking IL-1 in this disease should mostly be due not to the blocking of IL-1 inflammatory effects, but to the contribution of IL-1 to the regulation of antibody production.

Thyroid gland autoimmune disorders also appear informative. (i) A recent large-scale study found an association with the IL-1 RN (gene encoding the IL-1Ra) receptor antagonist variable number of tandem repeats (VNTR) polymorphism in Hashimoto Thyroiditis (HT) patients (45); (ii) increased percentages of circulating Tfh cells have been found in patients with autoimmune thyroid disorders, with a positive correlation between the percentages of circulating Tfh cells and the serum concentrations of anti-TSH receptor-Ab/thyroperoxidase-Ab/thyroglobulin-Ab (46); (iii) a study suggested that both promoter and exon polymorphisms of IL-1β gene have a significant role in the risk of developing Graves' disease (GD) (47); (iv) although no significant differences in IL-1β levels were found between serum from patients with HT or GD and normal controls. IL-1β mRNA and protein levels in peripheral blood mononuclear cells of HT patients were found to be significantly higher than those of patients with GD, which were in turn higher than the level in normal controls; (v) IL-1β mRNA was also increased in thyroid gland tissue from patients with HT compared to those with GD, and this was accompanied by increased local infiltration of monocytes into thyroid tissues; correlation analysis validated the association of high IL-1β levels with the pathogenesis of HT and led to the suggestion that IL-1β may be an active etiologic factor in the pathogenesis of HT and thus represent a new target for novel diagnostics and treatment (48).

Rheumatoid or systemic diseases could also be studied from this point of view. For instance, in rheumatoid arthritis, anti-CCP antibodies were more frequently found in the rheumatoid arthritis subgroup with high levels of cytokines, including IL-1 (49). In systemic lupus erythematosus (SLE) models, mice deficient in the IL-1ß gene were found to be resistant to induction of experimental SLE and developed lower levels of anti-dsDNA antibodies, as compared to control mice (50). Bay11-7082—a broad-spectrum inhibitor with anti-inflammatory activity against multiple targets (51)—reduced autoantibody production and renal immune complex deposition in MRL/lpr mice via inhibiting NLRP3 inflammasome and NF-κB activation (52). Compared to wild-type mice, caspase-1−/− mice had significant reductions in both anti-dsDNA and anti-RNP autoantibody titers, abrogation of a type I IFN signature and were protected from both renal immune complex deposition and kidney inflammation (53). A few studies reported efficacy of IL-1 blockers in SLE patients (54–56), with documented decrease in anti-dsDNA antibody levels (54, 55).

In multiple sclerosis (MS), some antibodies may be involved in the pathophysiology of some form of the disease via demyelination (57). Among these antibodies, autoantibodies directed against lipids present in myelin (58), myelin oligodendrocyte glycoprotein (MOG) (59) or myelin basic protein (60) could be pathogenic, possibly through antibody deposition and complement activation, which are frequently found in chronic active lesions (61). Supporting this, new brain lesions were reduced in MS patients receiving rituximab, an anti-CD20 drug that depletes B cells (62). Therapeutic plasma exchange has also been used to treat the disease, with success in the MS pattern involving prominent immunoglobulin and complement (63). On the other hand, IL-1ß expression in the central nervous system and in blood has been shown to be associated with disease activity, though direct mechanisms have not been established (64). IL-1R1-deficient mice were resistant to experimental autoimmune encephalomyelitis (EAE) (65), the mouse model of MS. Furthermore, treatment with IL-1Ra has some protective effect on rat EAE as it reduces the duration and severity of the disease (66). Altogether, this could be suggestive of an effect of the IL-1 axis on the disease through limitation of pathogenic antibody production in MS.

In celiac disease, individuals develop an immune reaction to gluten, mainly composed of IgA antibodies. Polymorphism of IL-1 has been associated with susceptibility to celiac disease (67) and IL-1ß is associated with the disease, though its mechanism of action is unknown (68). Finally, we recently showed that the TCR repertoires of Tfh and Tfr cells from spleens of immunised mice were surprisingly diverse and mostly composed of mildly expanded clonotypes suggesting a major bystander activation during the immune response in the GCs (69). It remains to investigate the contribution of IL-1 to this bystander activation and its possible relation to autoantibody formation.



Hypersensitivity and Allergy

Allergy also appears of interest in supporting the involvement of IL-1 in antibody production. In 2012, preliminary results suggested that IL-1ß was involved in the development of antigen-specific Tfh cells in the airways (70). Since these results, it has been shown that exposure to IL-1ß in conjunction with ovalbumin leads to significant increases in the levels of specific anti-OVA IgE and IgG (71, 72). Mice that are deficient in the IL-1R1 receptor and sensitized to peanut for 4 weeks showed a large decrease in serum levels of peanut-specific IgE antibodies, as well as anti-peanut IgG1 antibodies. Numbers of Tfh and GC B cells were also dramatically decreased in IL-1R1−/− mice compared to wild-type mice (73). The role of IL-1 in the pathogenesis of allergies was also suggested by studies showing, for instance, that administration of IL-1Ra to pigs reduced IgE production. Finally, in humans, polymorphisms of IL-1-related genes have been associated with susceptibility to allergic rhinitis (74).




LESSONS FROM THERAPEUTIC TRIALS

Different molecules targeting IL-1 have been or are currently being developed. Among them are monoclonal antibodies directed against IL-1 (Canakinumab, Gevokizumab for instance), a human recombinant IL-1Ra (Anakinra) or a soluble decoy receptor (Rilonacept) (75). Despite widespread use of these IL-1 inhibitors in patients with autoimmune disease, very little has been reported concerning a modification of the humoral response. The only possibly relevant findings are of an increased incidence of infection compared with placebo, but no data have been presented that could support a link with regulation of humoral responses (76).



CONCLUSIONS–PERSPECTIVES

The notion that an IL-1 axis might control humoral immune responses by Tfh and Tfr cells is just emerging. Although it was well known that IL-1 has an important role in immune responses that lead to antibody production, this role was mostly assigned to direct stimulation of an innate immune response, which in turn would control the T and B cell response independently of IL-1. The discovery of a peculiar distribution of IL-1 receptors and IL-1 antagonists on Tfh and Tfr cells led us to revisit the role of IL-1 in the control of antibody production. It is now clear that most Tfh cells from the GCs express IL-1R1 and that in a pure in vitro system the addition of IL-1 directly stimulates Tfh to produce the two main B-cell activation cytokines. Furthermore, IL-1 alone expands Tfh in vivo. Thus, a direct role of IL-1 in the activation of Tfh cells appears important for antibody production.

The role of Tfr in controlling this regulation is less well documented. Tfr cells express IL-1R2 and IL-1Ra and are thus equipped to interfere with IL-1-mediated activation of Tfh cells. Recent work has localized most Tfr cells around and not inside GCs, which would be compatible with a role in capturing/neutralizing IL-1 before it can act on Tfh cells (27). Further studies, notably assessing mice knockout for the different receptors on specific cell populations should clarify the mechanistic aspects of the IL-1 axis in Tfr/Tfh cell control of antibody production.

Meanwhile, an existing and large body of evidence indicates that targeting the IL-1 pathway should be an important, although so far ignored, therapeutic approach to many autoimmune diseases. It could work not just by reducing inflammation, which can be fueled by the antibody response, but also by directly reducing this antibody response, thus playing both sides for greater efficacy. By reducing inflammation, it can also improve the efficacy of Tregs which suppressive ability is decreased in high inflammatory context (77–80). We believe that these results should stimulate the investigation of the regulation of IL-1 in many experimental models, from autoimmunity and inflammation to allergy. Furthermore, given the availability of many drugs targeting the IL-1 pathway, and acknowledging that our experimental models of diseases do not reflect human settings of diseases well, innovative clinical trials should play a role in further elucidation of the IL-1 pathway and its therapeutic potential.
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P2RX7 Deletion in T Cells Promotes Autoimmune Arthritis by Unleashing the Tfh Cell Response
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Rheumatoid arthritis (RA) is an autoimmune disease that affects ~1% of the world's population. B cells and autoantibodies play an important role in the pathogenesis of RA. The P2RX7 receptor is an ATP-gated cation channel and its activation results in the release of pro-inflammatory molecules. Thus, antagonists of P2RX7 have been considered to have potential as novel anti-inflammatory therapies. Although originally identified for its role in innate immunity, P2RX7 has recently been found to negatively control Peyer's patches (PP) T follicular helper cells (Tfh), which specialize in helping B cells, under homeostatic conditions. We have previously demonstrated that PP Tfh cells are required for the augmentation of autoimmune arthritis mediated by gut commensal segmented filamentous bacteria (SFB). Thus, we hypothesized that P2RX7 is required to control autoimmune disease by keeping the Tfh cell response in check. To test our hypothesis, we analyzed the impact of P2RX7 deficiency in vivo using both the original K/BxN autoimmune arthritis model and T cell transfers in the K/BxN system. We also examined the impact of P2RX7 ablation on autoimmune development in the presence of the gut microbiota SFB. Our data illustrate that contrary to exerting an anti-inflammatory effect, P2RX7 deficiency actually enhances autoimmune arthritis. Interestingly, SFB colonization can negate the difference in disease severity between WT and P2RX7-deficient mice. We further demonstrated that P2RX7 ablation in the absence of SFB caused reduced apoptotic Tfh cells and enhanced the Tfh response, leading to an increase in autoantibody production. It has been shown that activation of TIGIT, a well-known T cell exhaustion marker, up-regulates anti-apoptotic molecules and promotes T cell survival. We demonstrated that the reduced apoptotic phenotype of P2rx7−/− Tfh cells is associated with their increased expression of TIGIT. This suggested that while P2RX7 was regulating the Tfh population by promoting cell death, TIGIT may have been opposing P2RX7 by inhibiting cell death. Together, these results demonstrated that systemic administration of general P2RX7 antagonists may have detrimental effects in autoimmune therapies, especially in Tfh cell-dependent autoimmune diseases, and cell-specific targeting of P2RX7 should be considered in order to achieve efficacy for P2RX7-related therapy.
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INTRODUCTION

Rheumatoid arthritis (RA) is an autoimmune disease that causes chronic inflammation of the joints and affects ~1% of the world's population. Genetics play an important role in RA and the disease concordance rate between monozygotic twins with RA is ~15%, (1, 2). This suggests that other factors are also critically involved in RA pathogenesis, including smoking, gender, and a more recently discovered factor, the composition of the gut microbiota (3–6). Autoantibodies (auto-Abs) play critical roles in the pathogenesis of RA as they contribute to immune complex formation and complement activation, leading to tissue damage in the joints (7–12). T follicular helper (Tfh) cells are a subset of CD4+ T cells that co-expresses high levels of the inhibitory co-receptor PD-1 and the chemokine receptor CXCR5 (13–15). The function of Tfh cells is to help germinal center B cells produce high-titer, high-affinity, isotype-switched antibodies (Abs) and differentiate into long-lived plasma cells. Therefore, an excessive Tfh cell response can lead to over-productive auto-Ab responses and autoimmune conditions including RA (16).

High concentrations of extracellular ATP, such as those released by dying cells, can act as a danger signal by binding to the P2RX7 purinergic receptor, an ATP-gated cation channel (17). This activates the NLRP3 inflammasome pathway, which ultimately leads to the maturation and release of the pro-inflammatory cytokines IL-1β and IL-18 (18). Therefore, P2RX7 has been targeted as a means of developing anti-inflammatory therapies in many autoimmune diseases (19). However, studies examining the function of P2RX7 in autoimmunity using P2RX7 deficient mouse models suggest a complicated role for P2RX7, as P2RX7 deficiency can either suppress or exaggerate disease phenotypes (20–22). In the context of rheumatoid arthritis, there have been several clinical trials using P2RX7 antagonists as a means of reducing inflammation (19, 23, 24). However, while early results appeared to support the beneficial effects of such treatment, P2RX7 antagonists failed to improve arthritic symptoms in two recent RA clinical trials (23, 24). Understanding the mechanisms by which P2RX7 impacts autoimmunity will provide the knowledge required to properly target P2RX7 for therapeutic purposes. This is an urgent task, since despite some initial setbacks, enthusiasm for P2RX7 antagonist therapy remains strong, as evidenced by the numerous ongoing clinical trials with new P2RX7 agonist and antagonist compounds (17, 19, 25).

Interestingly, although originally identified for its crucial role in the innate immune response (19), P2RX7 has recently been found to also play key roles in regulating T cell populations. A pioneer report has shown that P2RX7 activation negatively controls Tfh cell numbers in Peyer's Patches (PPs), a type of gut-associated lymphoid tissue, to promote host-microbiota mutualism under homeostatic conditions (26). Additionally, P2RX7 drives Th1 cell differentiation and controls the follicular helper T cell population to protect against Plasmodium chabaudi malaria (27). However, the role of P2RX7 in the Tfh cell response under autoimmune conditions is not known. Importantly, with regard to inflammatory arthritis, a study found that 2 of 9 patients with systemic juvenile idiopathic arthritis had loss-of-function variants in P2rx7 (28). Therefore, we hypothesized that P2RX7 deficiency enhances autoimmune disease by increasing the Tfh cell response. We have previously demonstrated that the gut microbiota constituent segmented filamentous bacteria (SFB) promote autoimmune arthritis via inducing PP Tfh cells (29). Therefore, we also examined the impact of P2RX7 ablation on autoimmune development in the presence of gut microbiota SFB.

Here, we use the K/BxN [KRN T cell receptor (TCR) transgenic mice on the C57/BL6 (B6) background x NOD] model to test our hypothesis. The K/BxN model is a murine autoimmune arthritis model in which KRN T cells recognize glucose-6-phosphate isomerase (GPI), the self-antigen presented by MHC class II I-Ag7 from NOD mice (30). These activated T cells can in turn activate B cells to produce anti-GPI auto-Abs. K/BxN mice share many clinical and histologic features with human RA patients (31). As in many human autoimmune diseases including RA, auto-Abs play important pathological roles in K/BxN disease development (31). An advantage of the K/BxN model is that it has an easily distinguishable initial T-B cell interaction phase and a later effector phase involving innate immune players that allows for a straightforward analysis of the immune response (32–34). Thus, the intrinsic role of T cells can be easily dissected out by using the K/BxN T cell transfer model. This is done by transferring K/BxN T cells into T cell-deficient mice that express MHC II I-Ag7 (30, 35). This approach allows for the examination of T cell-specific P2RX7 contributions and avoids many confounding effects from genetic modification of whole animals. Here we demonstrated that P2RX7 deficiency in the whole mouse caused augmented autoimmune arthritis, but SFB colonization does not further exacerbate disease in P2RX7-deficient K/BxN mice, as it does in wild type (WT) K/BxN mice. Interestingly, the arthritis enhancement in SFB(–) mice was reproducible simply by deleting P2RX7 in T cells, which led to an enhanced Tfh cell response. Thus, unlike the anti-inflammatory effect of P2RX7 blockade in innate immunity reported previously, our results indicated that P2RX7 deletion in T cells actually enhances autoimmunity by unleashing the Tfh cell response.



MATERIALS AND METHODS


Mice

KRN TCR transgenic mice in the C57BL/6 (B6) background (KRN), TCRα−/−.B6, and TCRα−/−.NOD mice were originally obtained from the mouse colony of Drs. Diane Mathis and Christophe Benoist at the Jackson Laboratory (Jax). K/BxN mice were generated by crossing KRN mice to NOD mice (All K/BxN experimental mice are the F1 offspring of KRN and NOD parents). P2rx7−/−.B6 and P2rx7−/−.NOD mice were purchased from Jax. P2rx7−/−.B6 were crossed to KRN mice to generate P2rx7−/−.KRN mice. P2rx7−/−.K/BxN mice were generated by crossing P2rx7−/−.KRN (in B6 background) to P2rx7−/−.NOD mice. TCRα−/−.BxN mice were generated by crossing TCRα−/−.B6 with TCRα−/−.NOD mice. TCRα−/−.BxN mice thus bear the NOD MHC class II, I-Ag7, for self-Ag presentation. Age- and gender-matched K/BxN mice between 5 and 7 weeks old were used in experiments. The K/BxN autoimmune model is a T cell receptor transgenic model, therefore, its disease development is robust and occurs in 100% of the F1 (KRNxNOD) offspring, regardless of gender (32). Additionally, we compared arthritis development between male and female K/BxN mice and found no significant difference in disease severity (Supplementary Figure 1). For transfer experiments, mice were given transfer cells at 6 weeks old, and analysis was performed 2 weeks after transfer. Ankle thickness was measured with a caliper (J15 Blet micrometer) as described previously (36). All mice were housed at the SPF animal facility at the University of Arizona. All experiments were conducted in accordance with the guidelines of the University of Arizona Institutional Animal Care and Use Committee Protocol number 11-278.



Antibodies and Flow Cytometry

For surface staining, fluorophore-conjugated mAbs specific for CD4 (RM4-5), CD19 (6D5), CD25 (PC61), CD11c (N418), CD11b (M1/70), Gr-1 (RB6-8C5), CD45 (30-F11), TCRβ (H57-597), PD-1 (RMP1-30), CD8α (53-6.7), CD3 (17A2), and TIGIT (1G9) were obtained from BioLegend. Abs recognizing CXCR5 (2G8) were from BD Pharmingen. Abs recognizing P2RX7 (Hano43) were from Novus Biologicals. For intranuclear staining, buffers from a Foxp3 Staining Buffer Set (eBioscience) were used to stain with Abs recognizing Bcl-6(K112-91, BD Pharmingen) and Foxp3 (FJK-16s, eBioscience). For the cell death assay, cells were stained with Live/Dead® Yellow Dye (LifeTechnologies) and then surface markers, and Annexin V binding accomplished using the Annexin V/Dead Cell Apoptosis Kit (LifeTechnologies) according to the manufacturer's instructions. Cells were run on an LSRII (BD Biosciences), and analyses were performed with FlowJo (TreeStar) software.



ELISA

Anti-GPI Ab titers were measured as described (36). Briefly, ELISA plates were coated with recombinant mouse GPI at 5 μg/ml, and diluted mouse sera were added. Subsequently, plates were washed and alkaline-phosphatase (AP)-conjugated anti-mouse IgG Abs (Jackson ImmunoResearch) were added. After the final wash, AP substrate was added and titers were quantified as optical density values via an ELISA reader. Ab titers were expressed as arbitrary units, which were calculated from serial dilutions of sample serum and defined as the reciprocal of the highest dilution that gave an above background O.D. value set as 0.15.



Cell Transfer and Serum Transfer

T cells were transferred as described previously (35). Briefly, splenic CD4+ T cells (5x105) were enriched by CD4-conjugated MACS beads from K/BxN or P2rx7−/−.K/BxN mice and adoptively transferred by retro-orbital (r.o.) injection into 6 week old SFB(–) or SFB(+) Tcra−/−.BxN recipients. SFB status was manipulated by gavaging recipient mice with SFB prior to cell transfer. At the indicated time point after transfer, tissues from recipient mice were harvested for flow cytometry analysis and sera were collected for ELISA.



Microbiota Reconstitution and Quantification

Our SPF mouse colony was derived as previously described (29). SFB(–) Tcra−/−.BxN mice were weaned at 21 days old and rested for 1 day. Then, mice were orally gavaged for 3 consecutive days starting at 22 days old. SFB(–) mice were the ungavaged littermate controls. The SFB colonization status was examined 10 days after the first gavage by SFB-specific 16S rRNA quantitative PCR (36). To determine the change in SFB induced by transfer of P2rx7−/−.K/BxN T cells, fecal samples were also collected at the time of analysis, 2 weeks after the T cell transfer, and SFB colonization was examined by quantitative PCR.



Statistical Analysis

Asterisks indicate statistical significance. Differences were considered significant when P < 0.05 by Student's t-test (two-tailed, unpaired, with Welch's correction) or one-way analysis of variance (ANOVA) followed by Tukey's multiple comparisons. To compare ankle thickening, the area under the curve (AUC) was calculated for each mouse within an experimental set followed by a Student's t-test between the groups (Prism 6, Graph-Pad Software). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.




RESULTS


P2RX7 Deficiency Enhances Autoimmune Arthritis Development

We first determined the role of P2RX7 in the spontaneous K/BxN autoimmune arthritis model. Genetic P2RX7 deletion (P2rx7−/− mice) in other autoimmune models has generated results ranging from suppression, to no change, to exacerbation of the autoimmune response compared to WT controls (20–22). It is worth mentioning that some of these studies were not using fully backcrossed mice and alternative P2RX7 functions due to allelic differences among common inbred strains have been reported (37–40). Due to the complexity of P2RX7, the WT K/BxN and P2rx7−/−.K/BxN used in this study were in a fixed B6xNOD background. We found enhanced arthritis development in P2rx7−/− compared to WT K/BxN mice at an early age, 4–6 weeks old (Figure 1A). In the K/BxN autoimmune arthritis model, disease development is driven largely by anti-GPI auto-Abs (30). Therefore, we examined the anti-GPI auto-Ab titer in P2rx7−/− compared to WT K/BxN mice. The increased susceptibility to disease development in P2rx7−/− mice corresponded with an increased auto-Ab response (Figure 1B). In the K/BxN model, therefore, complete P2RX7 deficiency promoted an enhanced auto-Ab response, provoking early disease onset compared to WT controls. There was no significant change in T cell development in the thymus and we also did not find any difference in peripheral immune populations including CD4+ T cells and CD19+ B cells in spleen and PPs between K/BxN and P2rx7−/−.K/BxN mice (Table 1). Furthermore, no difference was found in the innate populations including Gr-1+CD11b+ neutrophils and CD11c+ or CD11b+ antigen presenting cells in spleen between K/BxN and P2rx7−/−.K/BxN mice (Table 1).
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FIGURE 1. P2RX7 deficiency leads to enhanced disease development in the SFB(–) K/BxN model. (A) Ankle thickness was followed over time for K/BxN and P2rx7−/−.K/BxN mice between ~3.5 and 6 weeks of age. Data are shown as change in ankle thickness compared to first measurement. N = 9–14/group, 6 assays combined. (B) Anti-GPI auto-Ab titers in serum obtained from the end point of each experiment were measured by ELISA. N = 4–8/group, 6 assays combined. Error bars represent SEM. *p < 0.05.





Table 1. Comparison of major cell groups in K/BxN and P2rx7−/−.K/BxN mice.
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Differing Impacts of P2RX7 Deficiency on Systemic and PP Tfh Responses

Next, we aimed to determine the cellular mechanism that caused the increased arthritis in P2rx7−/−.K/BxN mice. P2RX7 deficiency has been shown to increase PP Tfh cells in C57BL/6 (B6) mice, leading to an increase in IgA production in the PPs (26). PP Tfh cells also play an important pathological role in the development of arthritis in the K/BxN model, and an increase in PP Tfh cells can lead to Tfh migration to systemic sites, driving auto-Ab production (29). Because of this, we examined whether P2RX7 deficiency causes an enhancement of the Tfh response in both the gut and systemic sites, leading to exacerbation of disease and auto-Ab production in the K/BxN model. As defined in previous publications, we identified Tfh cells by high PD-1 and CXCR5 expression in CD4+ T cells (29, 41–45). We observed strong PP Tfh induction in P2rx7−/−.K/BxN mice, analogous to what has been shown in P2RX7-deficient C57/BL6 mice [Figure 2A; (26)], however, there was no difference in the number of Tfh cells in the spleen between P2rx7−/− and WT K/BxN mice (Figure 2A). Because one of the major consequences of P2RX7 activation is triggering cell death, and P2RX7 controls the PP Tfh population by inducing cell death (26), we examined whether differing levels of cell death in P2RX7-deficient splenic and PP Tfh cells explain the different responses to P2RX7 deletion in these tissues. Consistent with previous reports, P2rx7−/−.K/BxN PP Tfh cells had a significant reduction in cell death, as shown by decreased Annexin V staining (among intact cells that excluded Live/Dead Yellow, a membrane-impermeable dye) compared to WT K/BxN Tfh cells (Figure 2B). This method of measuring cell death has been shown to reliably distinguish early apoptotic cells from cells in late-stage cell death (46). However, the difference in percentage of apoptotic splenic Tfh cells between WT and P2RX7 deficient mice is less compared to that of PP Tfh cells (Figure 2B); i.e., the average ratio of WT to P2rx7−/−.K/BxN apoptotic Tfh cell percentage in the spleen (2.53) is less compared to the PPs (16.37). This indicates that PP Tfh cells are more sensitive to P2RX7-mediated apoptosis than splenic Tfh cells. To determine whether the increase in PP Tfh cells is a Tfh-specific effect, we also examined PD-1lo/−CXCR5lo/− CD4+ T cells, a population referred to as “non-Tfh cells,” (29, 41). Our data demonstrated that there is no change in number or frequency of the non-Tfh PP population (Supplementary Figure 2A). While there is a decrease in apoptosis in the P2RX7 deficient non-Tfh population, it is again less than the decrease in apoptosis of the Tfh population (Supplementary Figure 2A vs. Figure 2B). We hypothesized that different expression levels of P2RX7 might explain the differences in Tfh cell induction and Tfh cell death we detected in the spleen compared to the PPs. Indeed, while P2RX7 expression on Tfh cells from both organs exceeded P2RX7 expression on non-Tfh cells, P2RX7 expression was much higher (>2-fold) on PP Tfh cells than splenic Tfh cells (Figure 2C). Differential expression of Bcl-6 could also potentially help explain the increased Tfh population in P2rx7−/−.K/BxN compared to WT K/BxN mice. Expression of the transcription factor Bcl-6 in CD4+ T cells is both necessary and sufficient to drive CD4+ T cell differentiation into Tfh cells, and thus Bcl-6 is considered a master regulator of Tfh differentiation (47–49). However, when we examined Bcl-6 expression in splenic and PP non-Tfh cells, we found no difference in expression levels between P2rx7−/− and WT K/BxN mice (Figure 2D). Taken together, these data suggested that P2RX7 controls the Tfh cell population by inducing cell death, however lower P2RX7 expression levels on splenic Tfh cells limit the ability of P2RX7 to control the Tfh cell population in this systemic site.
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FIGURE 2. P2RX7 deletion induces the Tfh cell response in PPs but not spleen of the SFB(–) K/BxN mice. (A) Splenocytes and PP cells from 5 to 6 week old K/BxN and P2rx7−/−.K/BxN mice were stained with Abs against CD4, CD19, PD-1, and CXCR5. Values in the representative plots indicate the percentage of Tfh cells in total CD4+ T cells. Compiled graphs of the number of Tfh cells are also shown as mean + SEM. N = 17–18/group, 8 independent assays combined. (B) Tfh cells from spleen and PPs of K/BxN and P2rx7−/−.K/BxN mice were analyzed for Annexin V binding among Live/Dead Yellow− cells. Representative plots and compiled graphs are shown. Ratios calculated by dividing the average of the K/BxN (WT) group by the average of the P2rx7−/−.K/BxN (KO) group. N = 6–7/group, 4 independent assays combined. (C) P2RX7 expression was detected by flow cytometry on non-Tfh and Tfh cells from spleen and PPs of K/BxN and P2rx7−/−.K/BxN mice. Representative plots and compiled graphs are shown. N = 8–9/group, 3 independent assays combined. (D) Bcl-6 expression was detected by flow cytometry on non-Tfh cells from spleen and PPs of K/BxN and P2rx7−/−.K/BxN mice. Representative plots and compiled graphs are shown. N = 13–17/group, 6 independent assays combined. Error bars represent means + SEM. *p < 0.05, **p < 0.01, ****p < 0.0001.





T Cell-Intrinsic P2RX7 Deficiency Enhances Arthritis Development and Increases the PP Tfh Cell Response

To dissect whether the enhanced Tfh cell response and arthritis severity observed in P2RX7 deficiency of the whole K/BxN mouse is mediated by a T cell-intrinsic effect of P2RX7, we used the K/BxN T cell transfer system (Figure 3A). In this system, arthritis is generated by transferring K/BxN T cells into TCRα−/−.BxN (T cell deficient B6xNOD) mice, which allows the transferred K/BxN T cells to recognize GPI peptide presented on MHC II I-Ag7 and develop arthritis (30, 50). P2rx7−/− or WT K/BxN CD4+ T cells were transferred into TCRα−/−.BxN mice as described previously (29). We found that mice that received P2rx7−/−.K/BxN T cells developed worse arthritis and had increased anti-GPI auto-Abs, indicating amplified autoimmunity compared to mice that received WT K/BxN T cells (Figures 3B,C). Additionally, we found that mice receiving P2rx7−/−.K/BxN T cells demonstrated a trend toward an increase in splenic Tfh cells, and a significant increase in PP Tfh cells compared to mice receiving WT K/BxN T cells (Figure 3D). We found no change in non-Tfh cells in PPs between mice that received WT K/BxN or P2rx7−/−.K/BxN T cells (Figure 3D, Supplementary Figure 2B). Thus, as in total P2RX7 deletion, our data suggested that T cell-intrinsic P2RX7 deficiency significantly enhanced the Tfh response in the PPs. However, unlike the total P2RX7 deletion, there was a trend toward an increase in splenic Tfh cells in the spleen. Consistent with our data from the whole-mouse P2RX7 knockout system, we also found that Tfh cell apoptosis was significantly inhibited in both the spleen and PPs in mice that received P2rx7−/− T cells compared to those that received WT T cells (Figure 3E). Also, similar to the whole-mouse knockout, the difference in average percentage of apoptotic splenic Tfh cells between WT and P2RX7-deficient mice (ratio of WT to KO = 6.85) is less compared to that of PP Tfh cells (ratio of WT to KO = 11.00). Interestingly though, the gap between the ratios of spleen and PP in the T cell transfer model (6.85 and 11.0, Figure 3E) was less when compared to the whole mouse model (2.53 and 16.37, Figure 2B). Additionally, we found that WT non-Tfh cells do not undergo cell death to the same extent as do WT Tfh cells (Figure 3E). Furthermore, the difference in apoptosis between WT and P2rx7−/− non-Tfh cells was much less (the average ratio of WT to P2rx7−/− apoptotic non-Tfh cell frequency was 1.51 in the spleen and 3.90 for PPs) compared to Tfh cells in both spleen and PPs (Figure 3E). These results suggested that Tfh cells are more sensitive to P2RX7-mediated apoptosis than non-Tfh cells, with the largest apoptotic difference between WT and P2rx7−/− group occurring in PP Tfh cells.
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FIGURE 3. P2rx7−/− T cells enhance autoimmunity in the SFB(–) K/BxN T cell transfer model. (A–E) CD4+ T cells were isolated from either WT K/BxN or P2rx7−/−.K/BxN donors and transferred to TCRα−/−.BxN recipients. (A) Schematic for T cell transfer. (B) Arthritis development was followed by ankle measurements starting at the day of transfer (day 0). Values are shown as averages of the change in ankle thickness for each individual compared to its first measurement. N = 20–24/group, 5 assays combined. (C) Auto-Ab titer as determined by ELISA against GPI. N = 20–24/group, 5 assays combined. (D) Representative plots and compiled graphs of Tfh and non-Tfh cell numbers in spleen and PPs. N = 15–18/group, 4 assays combined. (E) Representative plots of Tfh and non-Tfh cells stained for Annexin V and Live/Dead Yellow and compiled graphs of Live/Dead Yellow− Annexin V+ Tfh or non-Tfh cells as a percentage of total Tfh or non-Tfh cells in spleen and PPs. WT = K/BxN, KO = P2rx7−/−.K/BxN. Ratios determined by dividing the average of the WT group by the average of KO group. N = 8–11/group, 3 assays combined. *p < 0.05 **p < 0.01 ****p < 0.0001.



P2RX7 is also associated with increased cell death in T regulatory cells (Tregs) in WT B6 mice (51, 52). To verify that changes in Treg numbers were not responsible for the increased autoimmunity we observed in the P2rx7−/−.K/BxN mice, we examined the Treg population in the K/BxN model. We found that there was no significant change in Treg cell numbers in P2rx7−/−.K/BxN compared to WT K/BxN mice (Figure 4A). We also examined P2RX7 protein levels in splenic and PP Tregs by flow cytometry with non-Tfh and Tfh cells as control groups. We confirmed that Tfh cells had much higher P2RX7 levels than non-Tfh cells, as in Figure 2C. Splenic Tregs expressed low P2RX7 at levels comparable to the non-Tfh cells (Figure 4B). Importantly, while PP Tregs expressed P2RX7 at higher levels, it was still lower than P2RX7 expression on splenic Tfh cells, which as a population, display no difference in cell numbers between WT and P2rx7−/−.K/BxN mice. This may explain why, analogous to the splenic Tfh cells, there was also no difference in PP Treg numbers between WT and P2rx7−/−.K/BxN mice (Figure 4B). This is supported by the results of another group, who found that P2RX7 mRNA, while expressed in Tregs, has the highest expression in Tfh cells (26). We additionally found that there was no significant change in Treg numbers in the K/BxN transfer model in mice that received P2rx7−/− T cells compared to those that received WT T cells (Supplementary Figure 3). Based on these results, we concluded that Treg depletion is not a driving force in the increased autoimmunity in P2RX7 deficiency.
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FIGURE 4. Treg numbers do not differ between SFB(–) K/BxN and P2rx7−/−.K/BxN mice. (A) Representative plots and compiled graphs of Treg numbers in spleen and PPs of K/BxN and P2rx7−/−.K/BxN mice. N = 5–11/group, 3 assays combined. (B) P2RX7 surface expression was detected by flow cytometry on non-Tfh, Tfh, and Treg populations from spleen and PPs of K/BxN mice. N = 7/group. Error bars represent SEM. ***p < 0.001 ****p < 0.0001.





SFB Do Not Further Exacerbate Autoimmune Arthritis in P2rx7−/− Mice

Because Tfh cells have been shown to affect the gut microbiota and vice versa (26, 29), we examined whether a disease enhancing gut microbiota might combine with loss of P2RX7 to induce even greater arthritis development. To address this question, we used the gut commensal SFB, which we have previously demonstrated to exacerbate arthritis in the K/BxN system (29, 36). When we colonized K/BxN and P2rx7−/−.K/BxN mice with SFB [SFB(+) hereafter], we found that while P2rx7−/− mice trended toward faster arthritis development than WT mice, the WT mice rapidly achieved the same level of arthritis (Figure 5A). When we analyzed anti-GPI auto-Ab titers at the experiment endpoint (~age 6 weeks old), we found no difference between SFB(+) WT and P2rx7−/− mice (Figure 5B). We hypothesized that one explanation for the lack of difference between WT and P2rx7−/− mice in the SFB(+) condition could be that, as demonstrated by another group, P2RX7 actively regulates IgA levels by controlling the Tfh population, permitting symbiosis with commensal gut microbes, and in P2rx7−/− mice, SFB levels decrease due to unregulated IgA production (26). Indeed, when we performed our standard SFB level analysis 10 days after SFB gavage (~age 32 days old) by quantitative PCR in P2rx7−/−.K/BxN compared to WT K/BxN mice, we found a decrease in SFB (Figure 5C). However, the decreased SFB colonization levels in P2rx7−/−.K/BxN mice were still high enough to induce enhanced autoimmunity in our model based on previous results (29).
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FIGURE 5. SFB colonization negates the difference in disease severity between WT and P2rx7−/− mice in the original K/BxN model and K/BxN T cell transfer model. (A–G) K/BxN mice (A–C) or TCRα−/−. BxN mice (D–G) were gavaged with SFB 1–2 days after weaning. (A) Ankle thickness was followed over time for K/BxN and P2rx7−/−.K/BxN mice between ~3.5 and 6 weeks of age. Data are shown as change in ankle thickness compared to first measurement. Error bars represent SEM. N = 7–17/group, multiple litters combined. (B) Anti-GPI auto-Ab titers in serum obtained from mice 5–7 weeks old were measured by ELISA. N = 8–11/group, 5 assays combined. (C) SFB level 10 days after gavage was determined by quantitative PCR on 16S rDNA, normalized to a standardized positive control. N = 5–12/group, 5 assays combined. (D–G) SFB(+) TCRα−/−.BxN recipients were given either K/BxN or P2rx7−/−.K/BxN CD4+ cells retro-orbitally at 6 weeks of age. (D) Ankle thickness was followed beginning at day of transfer for TCRα−/−.BxN mice transferred with either K/BxN or P2rx7−/−.K/BxN CD4+ cells. Data are shown as change in ankle thickness compared to first measurement. Error bars represent SEM. N = 12/group, 3 assays combined. (E) Anti-GPI auto-Ab titers in serum obtained from the end point of each experiment were measured by ELISA. N = 12/group, 3 assays combined. (F) SFB level determined by quantitative PCR on 16S rDNA, normalized to a standardized positive control. Feces were collected at end point of each experiment (14 days after T cell transfer which was equivalent to 5 weeks after SFB gavage). N = 23–24/group, 5 assays combined. (G) Representative plots and compiled graphs of spleen and PP Tfh numbers. N = 11/group, 3 assays combined. **p < 0.01.



To further address the interactions of SFB and P2RX7, we used T cell-specific P2RX7 deletion and asked how the gut microbiota might affect the PP Tfh response. P2rx7−/− or WT K/BxN T cells were transferred into TCRα−/−.BxN mice pre-colonized with SFB (see Figure 3A). Unlike in mice that were not colonized with SFB [SFB(–) hereafter], SFB(+) TCRα−/−.BxN mice that received P2rx7−/− T cells displayed no change in arthritis development or auto-Ab titer (Figures 5D,E compare Figures 3B,C). These data demonstrated, similarly to what we had observed in the complete knockout model, that P2RX7 deficiency had no additive effect on disease when combined with SFB colonization. Additionally, we found that unlike in P2RX7 deficiency in the whole organism, in our T cell transfer model, T cell-specific P2RX7 deficiency did not change the SFB level after transfer (Figure 5F). As this study was done in the transfer model, to measure the transferred T cells effects on SFB colonization, we analyzed SFB level at a much later stage (two weeks after transfer which was equivalent to 5 weeks after SFB gavage) compared to the whole mouse deletion (measured 10 days after SFB gavage, Figure 5C), and thus their SFB levels had declined from initial levels, as has been noted in our previous reports (44). Nevertheless, unlike in whole mouse deletion (Figure 5C), T cell-specific P2RX7 deletion does not further reduce the SFB level (Figure 5F). This suggests that P2RX7 deficiency in T cells alone is not enough to inhibit SFB colonization levels, at least in the K/BxN arthritis model. When we further examined Tfh cells in SFB(+) transfer mice, we found that although there was a slight upward trend in Tfh numbers in mice that received P2rx7−/− T cells compared to those that received WT cells, there was no significant difference in either the spleen or the PPs (Figure 5G).



Up-Regulation of TIGIT Corresponds With a Reduction in Apoptosis in P2rx7−/− Tfh Cells

Because we observed enhanced Tfh cell responses and reduced apoptotic Tfh cells in mice with both complete and T cell-intrinsic P2RX7 deficiency under SFB(–) conditions, we next investigated the molecular mechanism whereby P2RX7 exerted its pro-apoptotic effect in SFB(–) mice. In chronic infections and cancer, T cells are exposed to persistent antigens, causing T cell dysfunction, a state called “exhaustion” (53, 54). An important characteristic of exhausted T cells is that these T cells do not undergo cell death, but instead become inactive and unresponsive to stimulation (55). Indeed, activation of TIGIT, a well-known T cell exhaustion marker, up-regulates anti-apoptotic molecules and promotes T cell survival (56). Because of the reduced apoptosis in Tfh cells derived from P2rx7−/−.K/BxN mice, we asked whether P2RX7 deficiency in T cells might reduce apoptotic Tfh cells by modulating TIGIT. To investigate this question, we examined the expression levels of TIGIT on P2rx7−/− or WT K/BxN T cells transferred into SFB(–) TCRα−/−.BxN mice (57). We found an increase in TIGIT expression on both splenic and PP P2rx7−/−.K/BxN Tfh cells compared to WT K/BxN T cells (Figures 6A,B). To further determine the role of TIGIT up-regulation in P2RX7-deficient Tfh cells, we examined cell death between TIGIT+ and TIGIT− Tfh cells. We found that splenic and PP TIGIT+ Tfh cells, in both mice that received WT and those that received P2rx7−/− T cells, were associated with a decrease in apoptosis, as detected by Annexin V staining among Live/Dead Yellow negative cells, compared to TIGIT− Tfh cells (Figures 7A,B). In P2rx7−/− TIGIT− Tfh cells, which were already far less susceptible to cell death than WT TIGIT− Tfh cells, the expression of TIGIT was associated with a further reduction in the apoptotic Tfh cell population both in the spleens and in the PPs.
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FIGURE 6. TIGIT is increased on P2rx7−/− Tfh cells in the SFB(–) K/BxN transfer model. (A,B) Representative histograms and compiled graphs of TIGIT expression on (A) splenic or (B) PP Tfh cells from WT or P2rx7−/−.K/BxN CD4+ cells transferred into TCRα−/−.BxN mice. Compiled graphs show TIGIT+ Tfh as a percentage of total Tfh cells. N = 7–9/group, 2 assays combined. **p < 0.01 ****p < 0.0001.
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FIGURE 7. TIGIT expression on Tfh cells is associated with decreased apoptosis in the SFB(–) K/BxN transfer model. (A,B) WT or P2rx7−/−.K/BxN CD4+ cells were transferred into TCRα−/−. BxN recipients. Shown are representative plots and compiled graphs of Live/Dead Yellow− Annexin V+ staining as a percentage of either TIGIT+ or TIGIT− Tfh cells. N = 11–14/group, 3 assays combined. *p < 0.05 **p < 0.01 ****p < 0.0001.






DISCUSSION

P2RX7 has garnered a lot of interest in recent years as a potential therapeutic target for autoimmune arthritis and many other diseases (17, 19, 25). However, the results have been inconsistent and sometimes contradictory. We aimed to further elucidate the role of P2RX7 in autoimmunity by using the spontaneous autoimmune arthritis K/BxN model, along with adoptive transfers to limit the effects of P2RX7 deficiency specifically in T cells. We found that P2RX7 deficiency in the original K/BxN model led to worsened arthritis and higher auto-Ab titers. In addition, examination of Tfh cells revealed the differential impact of P2RX7 in systemic and mucosal tissues: while splenic Tfh cells changed little, PP Tfh cells increased in the absence of P2RX7, despite the fact that Tfh cells in both organs experienced a disruption of cell death. We further found that T cell-intrinsic P2RX7 ablation is sufficient to generate an autoimmune-exacerbation effect similar to that of P2RX7 deficiency in the whole mouse, i.e., an increase in arthritis, auto-Ab titers, and PP Tfh cell numbers. Many P2RX7 antagonists were designed for anti-inflammatory purposes (19). Our finding that P2RX7 deficiency mediated autoimmune arthritis counters these anti-inflammatory purposes, as we demonstrated that P2RX7 deficiency enhances rather than reduces autoimmune arthritis. We believe the conflicting beneficial or detrimental effects of P2RX7 inhibition could be based on the various etiopathogenesis in different diseases. For example, P2RX7 inhibition would likely enhance those autoimmune diseases that are mediated by auto-Abs and Tfh cells such as is seen here in the K/BxN model and in EAE models reported previously (21). In contrast, diseases that are mediated by innate immune players may be ameliorated by P2RX7 inhibition, which targets the IL-1 and IL-18 pathways (19).

Interestingly, when we colonized mice with SFB in either our K/BxN or T cell transfer model, we found that SFB colonization negated the difference observed between WT and P2RX7-deficient mice. We have previously reported that SFB enhanced the PP Tfh cell response in WT K/BxN mice and the K/BxN T cell transfer model, and PP Tfh cells are required for SFB-mediated arthritis enhancement (29). SFB-mediated disease enhancement can also be demonstrated when compared arthritis and anti-GPI titers between SFB (-) and (+) WT K/BxN mice in the current study (Figures 1A,B vs. Figures 5A,B). Thus, we suspect the lack of disease difference between SFB (+) WT and P2RX7-deficient mice is most likely because SFB do not further increase the PP Tfh cell response in P2RX7 deficient mice (compare Figure 3D and Figure 5G). We speculate that the lack of arthritis difference between WT and KO groups in the SFB (+) condition could be due to an overlapping effect between SFB and P2RX7 deficiency in enhancing arthritis development. More studies will be required to determine the exact mechanism of whether and how SFB may inhibit P2RX7 signaling to enhance Tfh cell responses and arthritis development. Our data also suggested that gut microbiota composition may account for some of the disparities in P2RX7 effects in previous studies. Notably, microbe-host interactions where the host impacts the microbiota have also been observed in regard to P2RX7 deficiency. For example, P2RX7 deficiency has been previously demonstrated to trigger an enhanced PP Tfh cell response, leading to greater IgA production by B cells to inhibit SFB colonization (26). This effect likely requires the combination of T cell-specific and B cell-specific P2RX7 deficiency, as we found that SFB colonization was reduced with whole-mouse but not T cell-intrinsic P2RX7 deficiency. Our T cell transfer data showing no difference in arthritis (Figure 5D) and SFB level (Figure 5F) between P2RX7-deficient and WT groups indicate that lower SFB levels in whole-mouse P2RX7 deficiency (Figure 5C) was not solely responsible for the lack of arthritis difference between WT and P2rx7−/− mice in SFB(+) condition (Figures 5A,D) when compared to SFB(–) condition (Figures 1A, 3B). Future studies will be required to understand the mechanisms involved in microbiota-mediated autoimmunity in the absence of P2RX7.

Notably, we identified a significant increase in TIGIT expression on P2rx7−/− Tfh cells. As mentioned earlier, activation of TIGIT up-regulates anti-apoptotic molecules and promotes T cell survival (56). In P2rx7−/− TIGIT− Tfh cells, which were already far less susceptible to cell death than WT TIGIT− Tfh cells, the expression of TIGIT was associated with a further reduction of the apoptotic Tfh cell population both in the spleens and in the PPs (Figure 8). These data suggested that P2RX7 can promote cell death in the Tfh population through a TIGIT-independent mechanism (Figure 8). Our data further suggested that P2RX7 could potentially promote cell death in the Tfh population by down-regulating TIGIT and inhibiting TIGIT's anti-apoptotic effect. Clearly, more future studies need to be done to address the apoptotic regulation by P2RX7 and TIGIT. TIGIT has historically been viewed as an inhibitory molecule, which signals via ITIM domains to inhibit T cell activation (56, 57). However, more recent work has identified TIGIT+ Tfh cells as drivers of the immune response (58, 59). TIGIT, though it has been associated with T cell exhaustion, may have other roles as well. A pathogenic role for TIGIT has been implicated by two other groups, one of which demonstrated that a pathogenic subset of Tfh cells circulating in human RA patients' blood can be identified in part by enhanced expression of TIGIT (59), and the other of which demonstrated increased B cell costimulatory activity in a TIGIT+ subset of Tfh cells, which is inhibited by anti-TIGIT blocking antibodies (58).
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FIGURE 8. Model of interactions between P2RX7 and TIGIT, and their impact on cell death. (A) P2RX7 promotes apoptosis in PP Tfh cells to regulate Tfh numbers. P2RX7 may also regulate TIGIT expression on Tfh cells. TIGIT, conversely, may inhibit apoptosis to promote Tfh cell survival. (B) In the absence of P2RX7, apoptosis is disrupted, allowing the expansion of the PP Tfh population. In addition, the absence of P2RX7 leads to greater TIGIT expression, which may further down-regulate apoptosis.



Consistent with previous results from another group (26), we found an induction of the PP Tfh population and little change in the splenic Tfh response in P2rx7−/−.K/BxN mice compared to K/BxN mice. One explanation for the difference between the mucosal and systemic sites could be the much higher P2RX7 expression in PP compared to splenic Tfh cells (>2-fold), as detected in the whole-mouse model. This would make PP Tfh cells more sensitive to P2RX7-induced cell death than splenic Tfh cells, as the ratio of WT to P2rx7−/−.K/BxN apoptotic Tfh cells in the spleen compared to the PPs is 2.53 and 16.37, respectively, indicating greater P2RX7-mediated apoptosis in the PPs than the spleen. We have further confirmed the PP Tfh induction phenotype using P2rx7−/−.K/BxN T cells in the transfer model. Interestingly, T cell-intrinsic P2RX7 deficiency induced the PP Tfh response and it almost significantly induced the Tfh cell response in the spleen as well. This corresponded with the increased ratio of WT to P2rx7−/−.K/BxN apoptotic Tfh cells in spleen of T cell-specific deletion experiments when compared to that of whole mouse deletion experiments (2.53). These results suggested that P2RX7 deficiency in T cells alone allow T cells to be more sensitive to P2RX7-mediated deletion in systemic sites. Finally, regardless of the system, there were higher ratios of WT to P2rx7−/−.K/BxN apoptotic Tfh cells in PPs compared to the spleen. This may be due to the unique environment of the PPs, because commensal bacteria can serve as a major source of intestinal luminal ATP to activate P2RX7 (60, 61).

Similarly to Tfh cells, P2RX7 has generally been associated with increased cell death in Tregs (51, 52). Thus, the effect of P2RX7 deficiency on Tregs would likely increase Treg cell numbers, and would be unlikely to explain the increase in autoimmunity observed in P2rx7−/−.K/BxN mice. In the K/BxN autoimmune model, we did not observe a difference in Treg cell number between WT and P2rx7−/− groups. Thus, it appears that in WT B6 mice, Tregs are more sensitive to P2RX7-induced apoptosis than the Tregs under autoimmune conditions. P2RX7 inhibits mTOR, which is a critical regulator of Tfh cells (62, 63). Activation of mTORC1 and mTORC2 expands Tfh and depletes regulatory T cells (64). Due to limitations on the scope of this study, we did not investigate the role of mTOR in P2RX7-medaited apoptosis. Undoubtedly, more studies will be required to address this important question.

In conclusion, contrary to the expected anti-inflammatory effect of P2RX7 inhibition through down-regulating innate immune responses (19), T cell-specific P2RX7 inhibition effectively enhanced K/BxN inflammatory arthritis. This effect was associated with an enhancement of the mucosal (but not systemic) Tfh cell response. These data suggest that non-selective P2RX7 antagonists may not be very effective in ameliorating autoimmune diseases, which may explain the failures in previous P2RX7-antagonist clinical trials with RA. Interestingly, a recent report suggests that P2RX7 is required for the establishment, maintenance and functionality of long-lived memory CD8+ T cell populations but not short-lived effector CD8+ T cells (65). These findings suggest that activation of P2RX7 by extracellular ATP can generate a variety of, or even opposite, outcomes based on the cell type (66). Our results illustrate a valuable lesson that cell-specific targeting of P2RX7 should be considered in order to achieve efficacy for P2RX7-related therapy.
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Follicular helper T cells (TFH cells), known as the primary “helpers” of the germinal center (GC) reaction, promote the humoral immune response to defend against various pathogens. Under conditions of infection by different types of pathogens, many shared transcription factors (TFs), such as Bcl-6, TCF-1, and Maf, are selectively enriched in pathogen-specific TFH cells, orchestrating TFH cell differentiation and function. In addition, TFH cells also coexpress environmentally associated TFs as their conventional T cell counterparts (such as T-bet, GATA-3, or ROR-γt, which are expressed in Th1, Th2, or Th17 cells, respectively). These features likely indicate both the lineage-specificity and environmental adaption of the TFH cell responses. However, the extent to which the TFH cell response relies on these environmentally specific TFs is not completely understood. Here, we found that T-bet was specifically expressed in Type I TFH cells but not Type II TFH cells. While dispensable for the early fate commitment of TFH cells, T-bet was essential for the maintenance of differentiated TFH cells, promoting their proliferation, and inhibiting their apoptosis during acute viral infection. Microarray analysis showed both similarities and differences in transcriptome dependency on T-bet in TFH and TH1 cells, suggesting the distinctive role of T-bet in TFH cells. Collectively, our findings reveal an important and specific supporting role for T-bet in type I TFH cell response, which can help us gain a deeper understanding of TFH cell subsets.
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INTRODUCTION

Because of the complexity and diversity of pathogens, organisms have developed highly organized and well-adapted immune systems to eliminate invaders. To defend against different microorganisms, the immune system elicits optimal responses according to the species of invader (1). For example, intracellular microbes induce type I immune response, which consists of IFN-γ-producing group1 innate lymphoid cell (ILC) lineages (including natural killer cells and ILC1s) (2–4), CD4+ type I T helper cells (TH1) (5, 6), and CD8+ type I cytotoxic T cells (TC1) mediated responses (7, 8); venoms or helminthes induce type II immune response, which includes IL-4-producing ILC2s (9–11), TH2 cells (6, 12), and TC2 cells (7, 13); and extracellular fungi or bacteria induce type III immune response, which comprises IL-17-producing ILC3s (14, 15), TH17 cells (16–18), and TC17 cells (19, 20). This phenomenon reflects the high plasticity and environmental dependency of immune cells.

As a CD4+ helper T cell subset specialized to “help” the germinal center (GC) reaction (21, 22), follicular helper T cells (TFH cells) have been reported to play important roles in type I immune response (23–27), type II immune response (28–32), and type III immune response (33–35). TFH cells express high levels of CXCR5, which is required for their localization in lymphoid follicles (21, 22, 36–40). In the light zone of GCs, they provide crucial signals to antigen-specific B cells and promote somatic hyper mutation, class switch recombination (CSR), and affinity maturation of GC B cells through cellular interactions and cytokine secretion (41–45). In addition, TFH cells also facilitate the differentiation of memory B cells and long-lived plasma cells from GC B cells (21, 22, 46).

TFH cells share similar differentiation processes during different types of immune responses; during the initiation phase of TFH cell differentiation, the expression of some TFs (such as Bcl-6, Ascl2, Maf, and TCF-1) is regulated in certain activated CD4+ T cells, which promotes CXCR5 expression (47–51). Next, CXCR5+Bcl-6+TFH precursor cells migrate to the T-B border zone, where they receive more differentiation signals from activated B cells (52). After this engagement, the reinforced expression of Bcl-6 regulates surface markers, which promote the migration of the TFH cells into GCs, where they provide helper signals to B cells (53, 54). Despite these similarities, TFH cells are also endowed with some unique characteristics for responding to distinct microenvironment associated with different types of microbial infection. Previous studies showed that TFH cells also express lineage-specific TFs like their conventional counterparts when defending against different types of pathogens, such as T-bet, GATA-3, or ROR-γt in type I, II, or III immune responses, respectively (28, 55–60). The production of IFN-γ, IL4, or IL17 driven by these specific TFs in TFH cells can help B cells switch to the optimal class of antibody to clear the microbes (25, 29, 33, 61–66). However, the extent to which TFH cells rely on these TFs for their differentiation or maintenance is not clear.

The transcription factor T-bet was originally discovered as a lineage marker of TH1 cells because it can establish TH1 differentiation and inhibit polarization of other CD4+ T cell subsets such as TH2 or TH17 cells (67–69). Later, it was also found to be extensively expressed by multiple different lymphocyte lineages during type I immune response, including both innate and adaptive immune cell subsets (70–72). For example, T-bet has been reported to promote the early differentiation and terminal maturation of NK cells (73–75). It has also been found that T-bet can promote IFN-γ production in ILCs and γδ T cells (4, 76, 77). Moreover, T-bet expressed by DCs can enhance their TH1-priming capacity (78). In NKT cells, T-bet can upregulate CD122 levels and promote survival (74, 79). In addition, T-bet is required for optimal terminal differentiation and granzyme B secretion in CD8+ T cells (80, 81). Moreover, T-bet expressed by B cells can promote the survival of memory B cells and enhance IgG2 switching (66, 82). Together, these facts highlight T-bet as the master regulator of type I immune response. In type I immune response, activated antigen-specific CD4+ T helper cells mainly differentiate into TH1 and TFH cell subsets (27, 83). Most studies have focused on the role of T-bet in TH1 differentiation and have generally considered T-bet to be a suppressor of TFH differentiation (72, 84–86). However, the exact role of T-bet in the TFH cell response is not well-understood.

In this study, using a combined conditional/inducible knockout system, we investigated the putative role of T-bet in regulating the response of virus-specific TFH cell in acute viral infection. We found the constitutive expression of T-bet in TFH cells during acute viral infection. A great reduction in the magnitude of the TFH cell response was observed when T-bet expression was deficient. Furthermore, microarray analysis showed significant differences in function- and proliferation-related genes between WT and Tbx21−/− TFH cells. In addition, TFH and TH1 cells showed different levels of T-bet dependency in their lineage-specific expression patterns. Thus, our findings demonstrate the crucial and specific role of T-bet in type I TFH cell responses, which suggests that modulation of T-bet expression in TFH cells may be a powerful therapeutic method for the treatment of infectious diseases and autoimmune diseases.



MATERIALS AND METHODS


Mice and Treatment

C57BL/6J (CD45.1+ and CD45.2+), CD4cre transgenic, Ifng−/− and Tbx21fl/fl mice were purchased from Jackson Laboratory. ERT2cre transgenic mice were kindly provided by Yisong Wan (University of North Carolina). SMARTA (CD45.1+) mice were a kind gift from Rafi Ahmed (Emory University). All these strains had a C57BL/6J background. All mice were housed and bred under specific-pathogen-free (SPF) conditions. All mouse experiments were performed following the guidelines of the Institutional Animal Care and Use Committees of Army Medical University. All mice were infected/immunized at 6–10 weeks of age. Lymphocytic choriomeningitis virus (LCMV, Armstrong strain) was provided by Rafi Ahmed (Emory University). A total of 2 × 105 plaque-forming units of LCMV (Armstrong strain) were injected intraperitoneally to establish an acute viral infection model in mice. The Listeria monocytogenes-expressing LCMV-gp61-80 was created from vector strain 1. A total of 1 × 107 colony-forming units of recombinant bacteria were injected intravenously to establish a mouse bacterial infection model. NP-KLH (100 μg; N-5060-25; Biosearch Technology) was emulsified 1:1 with Aluminum hydroxide gel (Alum) (21645-51-2; InvivoGen) and was injected subcutaneously to establish a protein immunization model in mice. Tamoxifen (1 mg; T5648; Sigma-Aldrich) was diluted with sunflower oil and injected intraperitoneally into ERT2cre-Tbx21fl/fl or ERT2cre-Tbx21fl/fl mice to induce gene deletion at the indicated timepoints.



Flow Cytometry and Antibodies

Stained cells were analyzed by flow cytometry with a FACS Canto II flow cytometer (BD Bioscience). Flow cytometry data were analyzed with FlowJo software (Tree Star). LCMV-GP66 tetramer staining was described previously (51). CXCR5 staining has also been described previously (47). Surface staining was performed in PBS containing 2% fetal bovine serum (weight/volume). Staining for intracellular IgG2c, Bcl2, and IFN-γ was performed using a Cytofix/Cytoperm Fixation/Permeabilization Kit (554714; BD Bioscience). Staining for intranuclear TCF-1, T-bet and FOXP3 was performed with a Foxp3/Transcription Factor Staining Buffer Set (00-5523; eBioscience). For intracellular cytokine production analysis, before surface and intracellular staining, cells were stimulated with GP61-80 peptide for 5 h at 37°C, 5% CO2 in the presence of GolgiPlug (BD Bioscience), GolgiStop (BD Bioscience), and DNase I (Sigma-Aldrich). For in vivo incorporation of BrdU, mice were given BrdU (1.5 mg of BrdU in 0.5 ml of DPBS) intraperitoneally 3 h before staining. BrdU staining was performed with a BrdU Flow Kit (559619; BD Bioscience) according to the manufacturer's instructions. Annexin V staining was performed with an Annexin V Apoptosis Detection Kit I (559763; BD Bioscience) according to the manufacturer's instructions. The antibodies and reagents used in flow cytometry staining are listed in Table S1.



Enzyme-Linked Immunosorbent Assay

LCMV-specific IgG and IgG2c were titrated with LCMV lysates and the secondary antibodies HRP-conjugated goat anti-mouse IgG (1036-05; SouthernBiotech) and HRP-conjugated goat anti-mouse IgG2c (1078-05; SouthernBiotech) as previously described (87).



Adoptive Cell Transfer

To examine the LCMV-specific TFH cell response, 1 × 106 (for analysis before day 3 or after day 30) or 2 × 105 (for analysis between day 3 and day 30) sorted naïve or retrovirus-transduced CD45.1+ SMARTA cells (WT or Tbx21−/−) were adoptively transferred into naïve or infection-matched CD45.2+ mice (WT or Tbx21−/−) according to the requirements of the experiments. After being allowed to rest for one day, the cell-transferred hosts were infected intravenously with 2 × 106 plaque-forming units (for analysis at day 3 or earlier) or infected intraperitoneally with 2 × 105 plaque-forming units (for analysis at day 5 or later).



Mixed Bone Marrow Chimera

To determine the intrinsic role of T-bet, bone marrow cells collected from CD45.2+ Tbx21−/− mice and CD45.1+ WT mice were mixed at a ratio of 3:7 and transferred intravenously into lethally irradiated (5.5 Gy, twice) naïve WT CD45.1+ mice (5 × 106 cells/mouse). After at least 8 weeks of bone marrow reconstitution, the recipients were infected with LCMV.



Quantitative RT-PCR

To compare gene expression in LCMV-specific TH1 cells and TFH cells differentiated from naïve WT and Tbx21−/− SMARTA cells, SLAMhiCXCR5− and SLAMlowCXCR5+ SMARTA cells were sorted from recipient mice and directly lysed with TRIzol LS reagent (10296; Life Technologies). Total RNA was extracted with isopropyl ethanol and reverse-transcribed with a RevertAid H Minus First Strand cDNA Synthesis Kit (K1632; Thermo Scientific). Quantitative PCR of cDNA was carried out with a QuantiNova SYBR Green PCR Kit (208054; Qiagen) on a CFX96 Touch Real-Time System (Bio-Rad). The sequences of Tbx21 primers used in RT-qPCR are listed here: Tbx21 (F)-5′ CAATGTGACCCAGATGATCG 3′; Tbx21(R)-5′ CAATGTGACCCAGATGATCG 3′. Expression was calculated normalized to Hprt.



Microarray and Analysis

For the isolation of LCMV-specific TH1 cells and TFH cells, SLAMhiCXCR5− and SLAMlowCXCR5+ SMARTA cells were sorted from recipient mice adoptively transferred with WT or Tbx21−/− SMARTA cells at day 6 post LCMV infection. For the isolation of naïve CD4+ T cells, CD44−CD62L+CD4+ T cells were sorted from naïve WT C57BL/6J mice. The cells were sorted directly into TRIzol LS reagent (10296; Life Technologies). Total RNA was extracted with isopropyl ethanol and submitted to the CapitalBio Corporation for microarray analysis. Gene set enrichment analysis (GSEA) was performed as described previously (88). Clustering analysis was performed and heat maps were constructed using Cluster 3.0 with a hierarchical average linkage method, and the results were visualized using Java TreeView software. Pathway enrichment analysis was performed using KOBAS 3.0 (89).



Immunofluorescence Staining

Spleen tissues were snap frozen in O.C.T. compound (4583; SAKURA) and stored at −80°C until frozen sectioning. The tissues were cut into 10 μm-thick cryosections and fixed with ice-cold acetone. The sections were rehydrated and blocked with 5% rat serum and 3% BSA with 0.1% Tween and stained with fluorescent-labeled antibodies and reagents, including CD4 (RM4-5; BioLegend), IgD (11-26c.2a; BioLegend), GL7 (GL7; BD Bioscience), and DAPI (R37606; Invitrogen). Images were obtained with an EVOS FL Imaging System (ThermoFisher).



Statistical Analysis

Statistical analysis was performed with Prism 6.0. Differences between groups were analyzed with paired (for bone marrow chimera experiments) or unpaired two-tailed t-tests. A p-value <0.05 was considered significant.




RESULTS


The Transcription Factor T-Bet Is Selectively Expressed in Type I but not Type II TFH Cells

Previously, it has been reported that T-bet is expressed in mouse TFH cells in LCMV infection model (27), which belongs to type I immune response. However, whether TFH cells express T-bet in other type I immune response models or in type II immune responses is not clear. Thus, we first examined the expression of T-bet in Listeria monocytogenes (LM) infection, NP-KLH immunization and LCMV infection models. Based on the expression of CD44 and CXCR5, FOXP3−CD4+ T cells were divided into three subsets, CD44+CXCR5+, CD44+CXCR5−, and CD44−CXCR5− cells, which were referred to as TFH, non-TFH and naïve CD4+ T cells, respectively (Figures 1A–C). At day 8 after immunization, we observed that TFH cells and non-TFH cells generated from the LCMV/LM infection model expressed much higher levels of T-bet than naïve CD4+ T cells (Figures 1D,E). In addition, we noticed that TFH cells expressed less T-bet than non-TFH cells in the LCMV/LM infection model (Figures 1D,E), which is consistent with published data (27). However, in the NP-KLH immunization model, there is nearly no detectable T-bet expression in both TFH cells and non-TFH cells (Figure 1F). These data demonstrated that T-bet is selectively expressed in TFH cells derived from type I rather than type II immune responses, suggesting that unlike common transcription factors such as TCF1 or Bcl6, T-bet may be an immune response type-dependent feature of TFH cells.
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FIGURE 1. Transcription factor T-bet is selectively expressed in Type I but not Type II TFH cells. (A–F) WT C57BL/6 mice were infected with LCMV, LM, or immunized with NP-KLH. Lymphocytes of Spleen (for LCMV and LM infection) or draining lymph nodes (for NP-KLH immunization in alum) were isolated and analyzed for T-bet expression in TFH cells at day 8 post infection/immunization. (A–C) Representative flow cytometry of TFH cells (CD44+CXCR5+), Non-TFH cells (CD44+CXCR5−) and Naïve CD4+ T cells (CD44−CXCR5−) in LCMV (A), LM (B), infection or NP-KLH (C) immunization model. Numbers adjacent to outlined areas indicate percent of each subset in parent subset. (D–F) Representative Flow cytometry of T-bet expression in TFH cells, Non-TFH cells and Naïve CD4+ T cells (left) and the summary of T-bet expression by calculating the mean fluorescence intensity (MFI) of T-bet in each cell subsets (right) during LCMV (D), LM (E) infection, or NP-KLH (F) immunization in alum. (G,H) WT SMARTA cells (CD45.1+) were transferred into WT naïve C57BL/6 mice (CD45.2+) and the splenocytes were analyzed for T-bet expression of virus-specific TFH and TH1 cells at day3, 6, 10, 40, 90, and 160 post LCMV infection. (G) Representative Flow cytometry of T-bet expression in TFH cells (CD45.1+CXCR5+), TH1 cells (CD45.1+CXCR5−) and Naïve CD4+ T cells (CD45.2+CD44−). (H) Kinetics of T-bet expression of TFH and TH1 cells by calculating the MFI of T-bet in each subset followed by normalization to the T-bet MFI of Naïve CD4+ T cells. ns, not significant; *P < 0.05, **P < 0.01,****P < 0.0001 (unpaired two-tailed t-test). Data are representative of two independent experiments with 3–5 mice per group (error bars, SEM).



Next, focusing on the expression of T-bet in type I TFH cells, we investigated the expression kinetics of T-bet in LCMV-specific TFH cells using a SMARTA cell adoptive transfer system. SMARTA cells express LCMV-gp66-specific TCRs, so they can recognize and respond to LCMV and other LCMV-gp66 epitope-carrying microbes (90). We purified naïve ly5.1 SMARTA cells from spleen tissue, transferred them into naïve C57BL/6J recipient mice, and infected the recipient mice with the LCMV strain Armstrong. At different time points post infection, we measured the expression of T-bet in donor SMARTA TH1 and TFH cells. At day 3 post infection, T-bet expression in TFH and TH1 cells was ~2- and 4-fold higher, respectively, than that in naïve CD4+ T cells (Figures 1G,H). At day 6 post infection, T-bet expression in TFH and TH1 cells was upregulated to nearly 8- and 24-fold, respectively, compared to that in naïve CD4+ T cells (Figures 1G,H). At day 10 post infection, T-bet expression in TFH and TH1 cells had decreased back to levels ~6- and 13-fold higher than those in naïve CD4+ T cells (Figures 1G,H). At day 40, 90, and 160 post infection, T-bet expression in TFH and TH1 cells had further decreased and remained ~4- and 6-fold higher, respectively, than that in naive CD4+ T cells (Figures 1G,H). Taken together, these data indicate that TFH and TH1 cells share a dynamic similarity in their T-bet expression patterns: T-bet expression sharply increases in the early effect phase, gradually falls back in the contraction phase, and is stably maintained at a certain level in the memory phase. Meanwhile, consistently lower levels of T-bet were observed in TFH cells than in TH1 cells throughout the entire response.



T-Bet Is Required for TFH Cell Expansion During Acute Viral Infection

To investigate whether T-bet is required for optimal TFH cell responses during acute viral infection, we generated a CD4cre-Tbx21fl/fl strain of mice (called Tbx21−/− mice here) by crossing transgenic CD4cre mice with Tbx21fl/fl mice to selectively knock out the Tbx21 gene (encoding the T-bet protein) in T cells. These Tbx21−/− mice showed normal T cell development in vivo (Figures S1A,B). At day 8 post LCMV Armstrong infection, the RT-qPCR and flow cytometry results showed that TH1 and TFH cells from Tbx21−/− mice did not express T-bet (Figures 2A,B). In addition, we observed a significant decrease in the frequency and number of polyclonal CD44+CXCR5+ TFH cells in the spleens of Tbx21−/− mice (Figure 2C). To determine whether this phenotype was caused by deficient clonal expansion or abnormal differentiation, we used the gp66 tetramer to measure antigen-specific CD4+ T cells. The results showed that fewer gp66-specific CD4+ T cells were present inTbx21−/− mice (Figure 2D), indicating that clonal expansion of gp66-specific Tbx21−/− CD4+ T cells was heavily affected. Consistent with the decreased number of gp66-specific CD4+ T cells, the number of gp66-specific TFH cells was also greatly decreased in Tbx21−/− mice (Figure 2E). Furthermore, we observed a mild increase in the frequency of gp66-specific Tbx21−/− TFH cells (Figure 2E), which was consistent with a report that T-bet inhibits TFH cell differentiation in vitro (84). Together, these data suggest that T-bet is required for TFH cell response mainly by promoting clonal expansion during acute viral infection.
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FIGURE 2. T-bet is required for TFH cell expansion during acute viral infection. WT and Tbx21−/− mice were infected with LCMV. Splenocytes were isolated and analyzed by flow cytometry and RT-qPCR at day 8 post infection. (A) Summary of T-bet expression (showed as MFI) of TFH cells (CD44+CXCR5+) and TH1 cells (CD44+CXCR5−) in WT and Tbx21−/− mice. (B) T-bet gene expression relative to Hprt mRNA of sorted TFH and TH1 cells from WT and Tbx21−/− mice was assessed by RT-qPCR. (C–E) Representative Flow cytometry of TFH cells (CD44+CXCR5+) (C), tetramer-positive CD4+ T cells (D), and tetramer-positive TFH cells (E) in WT and Tbx21−/− mice (left), and the summary of percentages and number of these cell subsets (right). Numbers adjacent to outlined areas indicate percent of each cell subset in parent subset. ns, not significant; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 (unpaired two-tailed t-test). Data are representative of three independent experiments with 3–5 mice per group (error bars, SEM).





Optimal Germinal Center Response Requires T-Bet Expression in TFH Cells

Based on the critical role of TFH cells in “helping” GC response, we next investigated whether T-bet deficiency in TFH cells would influence the germinal center response. At day 8 post LCMV Armstrong infection, we observed severely affected GC formation in the spleens of Tbx21−/− mice (Figure 3A). Loss of T-bet expression in TFH cells strongly reduced the frequency of GC B cells and plasma cells (Figures 3B,C). In addition, Tbx21−/− mice showed less IgG2c class switching in plasma cells (Figure 3D) as well as much lower LCMV-specific IgG and subtype IgG2c titers in serum (Figures 3E,F) than WT mice. These data further verified the vital role of T-bet in promoting the TFH cell response and antibody IgG2 class switching.
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FIGURE 3. Optimal germinal center response requires T-bet expressed in TFH cell. WT and Tbx21−/− mice were infected with LCMV. Spleens were harvested at day 8 post infection. (A) Representative Immunofluorescent staining of splenic B cell follicular with GL-7 (green), anti-IgD (blue), and anti-CD4 (red). (B,C) Representative flow cytometry of GC B cells (FAS+PNA+) (B) and plasma cells (CD138+B220low) (C) (left) with its percentages (right) in WT and Tbx21−/− mice. (D) Representative flow cytometry of IgG2c+ plasma cells (left) with its percentages (right) in WT and Tbx21−/− mice. Numbers adjacent to outlined areas indicate percent of each cell subset in parent subset. (E,F) Serum of WT and Tbx21−/− mice were collected and tested for anti-LCMV IgG (E) and anti-LCMV IgG2c (F) by enzyme-linked immunosorbent assay (ELISA). *P < 0.05, ***P < 0.001, ****P < 0.0001 (unpaired two-tailed t-test). Data are representative of two independent experiments with 3–5 mice per group (error bars, SEM).





T-Bet Is not Required for Type II TFH Cell Response

The observation of a compromised type I TFH response in Tbx21−/− mice during acute viral infection led us to investigate whether T-bet plays an important role in type II TFH cell response. Thus, we tested the TFH and GC responses of Tbx21−/− mice in a protein immunization model. At day 8 post NP-KLH immunization, we observed similar frequencies and numbers of TFH cells in Tbx21−/− mice and control mice (Figure S2A). In addition, we did not find any reductions in the frequency or number of GC B cells as well as plasma cells in Tbx21−/− mice (Figures S2B,C). These results are consistent with the observation that T-bet is not expressed in CD4+ T cells during type II immune response. Together with the crucial role of T-bet in regulating type I TFH cell response during acute viral infection, these results confirm that T-bet is an environmentally specific regulator of type I TFH cell response.



T-Bet Promotes TFH Cell Expansion in a T Cell Intrinsic Manner

In the CD4cre-induced Tbx21 knockout system, both CD4+ and CD8+ T cells lost their capacity to express T-bet. In addition, a deficient GC response might reciprocally amplify the impairment of the TFH cell response in Tbx21−/− mice. To further clarify the cell-intrinsic role of T-bet in regulating the TFH cell response, we set up bone marrow chimeras by reconstituting lethally irradiated WT (ly5.1+) recipient mice with a 3:7 ratio mixture of bone marrow cells from Tbx21−/− (ly5.2+) and WT (ly5.1+) donor mice, respectively (Figure 4A). Chimera mice were infected with LCMV Armstrong after successful bone marrow reconstitution (Figures S3A,B). At day 8 post infection, we still observed a largely decreased frequency of gp66-specific CD4+ T cells and polyclonal TFH cells in Tbx21−/− (ly5.2+) mice compared to control mice (Figures 4B,C). Similar to what we found in Tbx21−/− mice, the frequency of gp66-specific TFH cells was slightly increased in Tbx21−/− cells of chimera mice (Figure 4D). Moreover, the Tbx21−/−: WT ratios of polyclonal TFH cells, gp66-specific CD4+ T cells and gp66-specific TFH cells were markedly decreased relative to that of total CD4+ T cells (Figures 4B–D). These data confirmed the intrinsic role of T-bet in regulating the TFH cell response during acute viral infection.
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FIGURE 4. T-bet promotes TFH cell expansion in a T cell intrinsic manner. (A) Setup of Bone marrow chimera mice. Bone marrow cells from WT (CD45.1+) and Tbx21−/− (CD45.2+) mice were mixed in 7:3 ratio and adoptively transferred into lethally irradiated recipient WT (CD45.1+) mice. After bone marrow reconstitution, recipients were infected with LCMV (Armstrong strain). Spleens were harvested at day8 post infection. (B–D) Representative flow cytometry of TFH cells (CD44+CXCR5+) (B), tetramer-positive CD4+ T cells (C) and tetramer-positive TFH cells (D) in WT and Tbx21−/−. Bone marrow derived cells (left), and the summary of percentages and ratio (by comparing the T-bet−/−: WT ratio in target cells and total CD4+ T cells) of these cell subsets (right). Numbers adjacent to outlined areas indicate percent of each cell subset in parent subset. **P < 0.01, ***P < 0.001, ****P < 0.0001 (paired two-tailed t-test). Data are representative of two independent experiments with 6 or 9 chimera mice.





T-Bet Promotes TFH Cell Maintenance by Regulating Proliferation and Apoptosis

It was clear that the deficiency of the TFH cell response in Tbx21−/− mice was mainly caused by the greatly reduced magnitude of the TFH cell response. To investigate the kinetics of virus-specific TFH cell expansion in Tbx21−/− mice, we transferred the same number of WT or Tbx21−/− SMARTA cells into naïve recipient mice and then infected host mice with LCMV Armstrong. From day 2 post infection, we detected a continuous slightly higher frequency of TFH cells in the Tbx21−/− SMARTA group than in the WT group (Figures 5A,B). At day 2 and day 5 post infection, we did not observe any differences in the numbers of Tbx21−/− and WT SMARTA TFH cells (Figures 5A,B). To our surprise, the number of Tbx21−/− SMARTA TFH cells decreased sharply at day8 post infection (Figures 5A,B). Besides, the reduction in the virus-specific TFH cell population in Tbx21−/− mice might not have been caused by impaired early activation of CD4+ T cells (Figures S4A,B). Taken together, the results suggest the possibility that the loss of TFH cells in Tbx21−/− mice was mainly caused by reduced maintenance at the late phase of the anti-viral immune response.
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FIGURE 5. T-bet promotes TFH cell maintenance. (A,B) WT or Tbx21−/− SMARTA cells (CD45.1+) were transferred into naïve WT mice (CD45.2+), which would be infected with LCMV. Splenocytes were isolated and analyzed for TFH response at day2, 5 and 8 post infection. Flow cytometry of TFH cells derived from transferred SMARTA cells (A), and the summary of the percentages and numbers of those cells (B). (C,D) WT and iT-bet−/− mice were treated with Tamoxifen for 3 days before or after LCMV infection. Spleens were harvested at day 9 post infection. (C) Flow cytometry of TFH cells (left) with its number (right) in mice treat with Tamoxifen before infection (day−3 to−1). (D) Flow cytometry of TFH cells (left) with its number (right) in mice treat with Tamoxifen after infection (day 5–7). (E) Setup of CD4+ T cell transfer experiment. CD4+ T cells were purified form spleens of iT-bet−/− mice (CD45.2+) without Tamoxifen treatment and adoptively transferred into infection-matched recipient mice (CD45.1+). At day 8–10 post infection, recipient mice were treated with Tamoxifen or vehicle. Spleens were harvested at day 14 post infection. (F) Representative flow cytometry of TFH cells (left) and summary of TFH cell number (right) in Tamoxifen treated mice (iTbx21−/−) and vehicle treated mice (WT) was showed here. (G) Setup of TFH co-transfer experiments. WT SMARTA cells (CD45.1+CD45.2+) and Tbx21−/− SMARTA cells (CD45.1−CD45.2+) were transferred into naïve B6 mice (CD45.1+CD45.2−) separately before infecting recipients with LCMV. At day 6 post infection, WT SMARTA TFH cells and Tbx21−/− SMARTA TFH cells were FACS sorted and mixed (about 1:1), then co-transferred into infection-matched B6 mice (CD45.1+CD45.2−). Spleens were harvested and analyzed for transferred TFH cells at day 9 post infection. (H) Flow cytometry of sorted SMARTA TFH cells before (day 6 p.i.) and after (day 9 p.i.) co-transfer (left). The percentage of Tbx21−/− SMARTA TFH cells in total donor TFH cells and the number of WT and Tbx21−/− SMARTA TFH cells at day 9 post infection were summarized (right). Numbers adjacent to outlined areas in (A,C,D,F,H) indicate percent of each cell subset in parent subset. ns, not significant; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 (unpaired (B–D,F) or paired (H) two-tailed t-test). Data in (C,D,F) are representative of two independent experiments with 3–5 mice per group (error bars, SEM).



To more carefully investigate the influence of T-bet on TFH cell maintenance at the late phase of infection, we generated ERT2cre-Tbx21fl/fl mice (iTbx21−/−) by crossing Tbx21fl/fl mice with ERT2cre transgenic mice, in which Tbx21 gene knockout could be induced by tamoxifen treatment. We treated mice with tamoxifen at 1–3 days before or 5–7 days after LCMV infection to induce T-bet deletion before or after TFH cell commitment, respectively. Under both of these circumstances, we observed a lower abundance of TFH cells in iTbx21−/− mice at day 9 post infection (Figures 5C,D). In addition, iTbx21−/− CD4+ T cells were purified and adoptively transferred into infection-matched recipient mice at day 7 post LCMV infection (Figure 5E). After 3 days of tamoxifen or vehicle administration (days 8–10), we observed a decreased number of donor TFH cells in mice treated with tamoxifen than in control mice at day 14 post infection (Figure 5F). These results suggest that T-bet is required for the TFH cell response even after TFH commitment.

Furthermore, to investigate the sharp decrease in the number of Tbx21−/− SMARTA TFH cells at the late effector phase, we sorted WT and Tbx21−/− SMARTA TFH cells from recipient mice at day 6 post LCMV Armstrong infection and adoptively transferred a 1:1 ratio mixture of WT and Tbx21−/− SMARTA TFH cells into infection-matched mice (Figure 5G). At day 9 post infection, we observed that the ratio of WT and Tbx21−/− SMARTA TFH cells had changed to ~4:1 (Figure 5H). Taken together, these results indicated that intrinsic expression of T-bet is essential for TFH maintenance at the late effector phase.

Next, to gain insight into the reason for the reduction in the TFH cell population, we measured the proliferation and apoptosis of SMARTA TFH cells. At day 2 post infection, we observed even higher proliferation and expression of the survival marker Bcl2 but comparable apoptosis in Tbx21−/− SMARTA TFH cells compared to WT cells (Figures 6A–C). However, at day 5 post infection, the proliferation rate of Tbx21−/− SMARTA TFH cells dropped quickly to a significantly lower level than that of WT cells (Figure 6A), which was consistent with the lower Bcl2 expression in Tbx21−/− SMARTA TFH cells (Figure 6C). At day 8 post infection, higher apoptosis rates and lower Bcl2 expression were found in Tbx21−/− SMARTA TFH cells than in WT cells (Figures 6B,C). These results suggested that T-bet controls the TFH cell maintenance ultimately by promoting proliferation at the mid phase and inhibiting apoptosis at the late effector phase.
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FIGURE 6. T-bet regulates TFH cell proliferation and apoptosis. WT or Tbx21−/− SMARTA cells (CD45.1+) were transferred into naïve WT mice (CD45.2+), which would be infected with LCMV. Splenocytes were isolated and analyzed for TFH response at day 2, 5, and 8 post infection. (A) Flow cytometry of BrdU incorporation in TFH cells (left), and summary of BrdU-incorporated cells percentage (right). Numbers adjacent to outlined areas indicate percent of each cell subset in parent subset. (B) Flow cytometry of Annexin-V and 7-AAD staining in TFH cells (left), and summary of Annexin-V+7-AAD− percentage (right). Numbers in quadrants indicate percent cells in each. (C) Flow cytometry of BCL-2 expression in TFH cells (left), and the summary of Bcl-2 expression (showed as MFI) of TFH cells. ns, not significant; **P < 0.01, ***P < 0.001, ****P < 0.0001 (unpaired two-tailed t-test). Data are representative of two independent experiments with 3–5 mice per group (error bars, SEM).





T-Bet Dependency of the TFH and TH1 Cell Transcriptomes

To investigate the molecular mechanisms regulated by T-bet in TFH and TH1 cell response, we sorted WT and Tbx21−/− SMARTA TFH and TH1 cells from recipient mice at day 6 post LCMV Armstrong infection after adoptive transfer, as well as naïve mice-derived CD4+ T cells, for gene expression profile analysis. The gene expression patterns differed greatly between WT and Tbx21−/− cell population at the genome-wide level (Figures 7A,B). We observed 822 upregulated and 899 downregulated genes in Tbx21−/− TH1 cells relative to WT TH1 cells (Figure S5A). Accordingly, we identified 151 upregulated and 367 downregulated genes in Tbx21−/− TFH cells (Figure S5B). Among these differentially expressed genes, 103-up and 223-down regulated genes were shared by Tbx21−/− TFH and TH1 cells (Figure 7C). Besides, PANTHER pathway enrichment analysis of the changed genes in Tbx21−/− TFH and TH1 cells also showed similar enrichment in many important pathways, such as DNA replication, Apoptosis, and Interferon-gamma signaling pathway, which account for the impaired maintenance of Tbx21−/− TFH cells (Figures S5C,D). To further figure out the downstream factors involved in the maintenance of differentiated TFH and TH1 cells controlled by T-bet, we did the gene set enrichment analysis focusing on cell proliferation and survival and found a reduction to a similar extent in an array of proliferation and survival relevant genes, such as Ccna2, Ccnb2, Aurkb, E2f1, E2f7, and E2f8 in both Tbx21−/− TH1 and TFH cells compared to their WT counterpart (Figure 7D), highlighting the shared regulatory pathway important for both TFH and TH1 proliferation and survival that is likely imprinted by the same Type-I microenvironment (58).
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FIGURE 7. T-bet dependency of the TFH and TH1 cell transcriptomes. (A) Clustering of genes based on their expression in WT TH1, WT TFH, Tbx21−/− TH1, and Tbx21−/− TFH cells. (B) Principal component analysis (PCA) of genes in the five cell populations listed in (A). (C) Venn diagram comparing the differentially expressed genes in TH1 and TFH cells. The red numbers represent upregulated genes, and the green numbers represent downregulated genes. (D) Heat map of genes related to cell proliferation in WT TH1, Tbx21−/− TH1, WT TFH, and Tbx21−/− TFH cells. (E) GSEA of WT and Tbx21−/− TH1 genes showing gene sets upregulated in TH1 cells relative to TFH cells (left) and gene sets upregulated in TFH cells relative to TH1 cells (right). (F) GSEA of WT and Tbx21−/− TFH genes showing gene sets upregulated in TH1 cells relative to TFH cells (left) and gene sets upregulated in TFH cells relative to TH1 cells (right). The gene sets used in GSEA include published data (GEO accession code GSE21379) and our microarray data (GEO accession code GSE122931). (G) Heat map of genes related to T cell differentiation and function in WT TH1, Tbx21−/− TH1, WT TFH, and Tbx21−/− TFH cells.



Despite these similarities, bioinformatics analysis of the microarray data also observed many differences in the dependency of T-bet in TFH and TH1 cell development. Principal component analysis (PCA) showed that after T-bet deletion, the gene expression profile of Tbx21−/− TH1 cells shifted toward that of TFH cells to some extent (Figure 7B). Then, we selected sets of genes that were upregulated in TFH cells (TFH-UP) compared with non-TFH cells or upregulated in TH1 cells (TH1-UP) compared with TFH cells based on both published data (91) (GEO accession code GSE21379) and our microarray data (GEO accession code GSE122931). Gene set enrichment analysis (GSEA) of TH1 cells showed that the TH1-UP gene set was enriched in WT TH1 cells, whereas the TFH-UP gene set was enriched in Tbx21−/− TH1 cells, which suggested to some extent that the gene-expression pattern of Tbx21−/− TH1 cells lost TH1 signature and change to TFH signature (Figure 7E). Similar to that of TH1 cells, GSEA of TFH cells showed that the TH1-UP gene set was enriched in WT TFH cells (Figure 7F). However, different from what we have observed in TH1 cells, genes in the TFH-UP gene set were enriched in WT TFH cells much more than in Tbx21−/− TFH cells, which suggested that the gene-expression pattern of Tbx21−/− TFH cells lost TH1 signature but also lost part of its TFH signature (Figure 7F). Through further assessed 48 genes known to be associated with T cell differentiation or function, we found a distinct T-bet dependency of the TFH and TH1 cell gene-expression pattern (Figure 7G). In TH1 cells, We found that the transcription levels of a set of important Th1 lineage associated genes like Il12rb2 (92) Cxcr3, Prdm1, Gzmb, Gzmk, Gzma, Cx3cr1, and Ifng were significantly decreased in Tbx21−/− Th1 cells than in WT TH1 cells. We also observed Prdm1 expression was lower in Tbx21−/− TH1 cells than in WT TH1 cells. In addition, the expression of Foxp3, Gata3, and Rorc, which are essential for Treg, TH2, and TH17 cell differentiation, respectively, was higher in Tbx21−/− TH1 cells than in WT TH1 cells (Figure 7G). On the other hand, the abundances of TFH lineage-specification associated genes, including Tox2, Id3, Bhlhe40, Il6st, Il6ra, and Tcf7 were much increased in Tbx21−/− TFH cells (Figure 7G), at least in part explaining the differential role of T-bet in regulating the program of TH1 and TFH differentiation. We compared the expression of Batf4 (93) and Irf4 in WT and Tbx21−/− TFH cells. As expected, we observed the dramatically decrease expression of Batf and Irf4 in Tbx21−/− TFH cells. Besides, the significant lower expression of Icos (94) was also detected in Tbx21−/− TFH cells compared to that in WT counterparts (Figure 7G). Whereas, expression of other TFH cell-relevant genes like Prdm1, Bcl6, and Cxcr5 was not significantly influenced by T-bet deletion (Figure 7G). The imbalanced impact of T-bet deletion on TH1 and TFH cells may interpret the mildly higher frequency of TFH cells than TH1 cells in antigen-specific CD4+ T cells that we observed (Figures 2E, 4D, 5A). Together, these data indicate both similarities and differences in transcriptome dependency on T-bet in TFH and TH1 cells during acute viral infection.



IFN-γ as a Candidate Downstream Target of T-Bet in Regulating TFH Cell Expansion

As a direct target of T-bet, it has been reported that IFN-γ could promote clonal expansion and survival of CD4+ T cells (95). Microarray analysis also showed that the interferon-gamma signaling pathway was severely impaired in TFH cells after T-bet deletion. In addition, we observed largely decreased IFN-γ production in ex vivo recalled Tbx21−/− TFH cells (Figures 8A,B). To investigate if IFN-γ could regulate TFH cell expansion, we compared the TFH cell responses in Tbx21−/− and Ifng−/− mice during LCMV Armstrong infection. At day 8 post infection, we found that the frequency and number of TFH cells were decreased in both Tbx21−/− and Ifng−/− mice (Figure 8C). In addition, T-bet expression was not affected by IFN-γ deletion (Figure 8D). Although not sufficient, these results suggest that IFN-γ might be a candidate target of T-bet in regulating TFH cell expansion.
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FIGURE 8. IFN-γ as a candidate downstream target of T-bet in regulating TFH cell expansion. (A) Flow cytometry of IFN-γ production in TFH cells (left), with the summary of IFN-γ percentages (right) derived from WT and Tbx21−/− mice at day 8 post LCMV infection. (B) Flow cytometry of IFN-γ production in WT and Tbx21−/− TFH cells (left), with the summary of IFN-γ percentages (right) derived from same bone marrow chimera mice at day 8 post LCMV infection. (C,D) WT, Tbx21−/− and Ifng−/− mice were infected with LCMV. Spleens were harvested at day 8 post infection. (C) Flow cytometry of TFH cells (left) with the summary of percentages and numbers (right) in these mice. (D) Flow cytometry of T-bet expression (left), and the summary of T-bet expression (showed as MFI) in TFH cells of WT, Tbx21−/−, and Ifng−/− mice. Numbers adjacent to outlined areas in (A–C) indicate percent of each cell subset in parent subset. ns, not significant; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 (unpaired two-tailed t-test). Data are representative of two independent experiments with 3–5 mice per group (error bars, SEM).






DISCUSSION

Follicular helper T cells (TFH cells) play critical roles in type I, II, and III immune responses, but how TFH cells adapt to different environments has remained largely unknown. In this study, we identified a key link between the transcription factor T-bet and type I TFH cell response during acute viral infection. We found that T-bet is specifically expressed in TFH cells originating from type I but not type II immune response. Tbx21−/− mice exhibited significant deficiency in the TFH cell response during acute viral infection. We observed a greatly decreased magnitude of the TFH cell response in Tbx21−/− mice compared to WT mice, although a slightly increased ratio of TFH cells was observed. Based on these results, we concluded that T-bet is required for optimal type I TFH cell response.

In addition to LCMV infection, type I TFH cells have also been discovered as TH1-biased TFH cells in simian immunodeficiency virus infection and TH1-polarized TFH cells in malaria infection (96, 97). Type I TFH cells not only express Bcl6, CXCR5, IL21, and PD-1 but also coexpress CXCR3 and IFN-γ. The secreted IFN-γ can help antibodies from B cells switch to the IgG2a/c class, which is essential for efficient elimination of viruses and other pathogens. Similar to the case in TH1 cells, the expression of TH1-associated molecules in type I TFH cells is also induced by the transcription factor T-bet. In addition, our research demonstrated the crucial role of T-bet in promoting TFH cell proliferation and maintenance. Based on the specialized role of type I TFH cells in defending against intracellular pathogens, we propose that this Th1-like effector TFH population be named TFH1.

During TH1 differentiation, it has been reported that T-bet attenuates the TFH cell-like phenotype in the late phase of TH1 specification by repressing the expression of Bcl6 and other molecules associated with TFH cell development (84). In addition, T-bet has been found to inhibit Tcf7 expression by directly binding with the Tcf7 gene promoter and suppress Bcl6 function by physically interacting with the Bcl6 protein (85, 86, 98). These in vitro results suggest that T-bet uses multiple mechanisms to inhibit TFH differentiation. However, evidence supporting the role of T-bet in regulating the TFH phenotype is not sufficient at the in vivo level. In our study, we clearly showed that the maintenance of TFH at the later effector phase is sharply impaired after T-bet deletion even though mildly increased early TFH differentiation was observed. Additionally, the constitutive expression of T-bet in type I TFH cells may suppress early TFH generation but sustain the clonal expansion of TFH cells at the late stage. Thorough understanding of the distinct role of T-bet in type I TFH cells at different stages necessitates further investigation in the future.

Notably, we did not observe any T-bet expression in type II TFH cells during protein immunization. Accordingly, Tbx21−/− mice showed normal TFH and GC responses during protein immunization. These results remind us that, unlike Bcl6 or Blimp1, the transcription factor T-bet is not a fundamental regulator of “all-weather” TFH cell responses under natural conditions. In other words, T-bet is a type I TFH cell-specific regulator, suggesting that diverse transcription factors are required for optimal TFH cell responses in different environments.

In addition, our microarray analysis results showed that there are not only many similar but also many different important changes in the TFH and TH1 cell transcriptomes that occur in a T-bet-dependent manner. On the one hand, Tbx21−/− TFH cells share many altered genes with TH1 cells, including genes enriched in signaling pathways involved in DNA replication, apoptosis and interferon-gamma signaling. On the other hand, many TFH differentiation-related genes were altered in different directions and to different degrees in Tbx21−/− TH1 and TFH cells. Four possible mechanisms might be involved in this scenario. First, some genes are regulated by T-bet in a redundant way, which means that the regulatory role of T-bet may be unnecessary if these genes have already been up- or downregulated by other transcription factors. Second, differences in chromatin accessibility between TFH and TH1 cells would lead to differences in the binding affinity of T-bet. Third, by interacting with different transcription factors, T-bet could differentially regulate gene expression in TFH and TH1 cells. Fourth, the post transcriptional modification of T-bet is different in TFH and TH1 cells, which might result in different or even opposite regulatory functions at the same gene loci. Further studies are needed to explore the exact mechanism underlying the contradictory effects of T-bet in regulating the development of TH1 and TFH cells.

Overall, this study revealed that T-bet, although slightly inhibiting TFH differentiation, mainly supports type I TFH cell response by promoting cell proliferation and apoptotic intervention to maintain the TFH cell response at the late effector phase during acute viral infection. These findings provide important insights into the transcription factor-mediated regulation of the environmental suitability of TFH cells.
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Molecule  Clone (company) Label Dilution

COR6 140706 (BD Biosciences) Alexa Fluor 847 1:200
CCR9 ©BioCW-1.2 (eBioscience) FITC 1:150
cp122 PO3.1 (eBioscience) PE 1:100
o127 ATR34 (eBioscience) APC 1:200
) 145-2C11 (BD Biosciences) ~ FITC 1:200

Pacific Blue 1:200
CD4 RM4-5 (BD Biosciences) APC 1:400

Alexa Fluor 750 1:300

Pacific Blue 1:300
cDa4 IM7 (eBioscience) FITC 1:200

APC 1:200
oD4s2 A20 (eBioscience) PeCy7 1:300
cDe9 H1.2F3 (BD Biosciences) FITC 1:200
CXCRS 2G8 (BD Biosciences) Biotin 1:100
IFNy XMGH1.2 (eBioscience) FITC 1:200

Pacific Blue 1:100
IL-10 JES5-16€8 (eBioscience) APC 1:200
IL-17A TC11-18H10 (eBioscience) FITC 1:100
IL-21 Polyclonal (R&D Systems) Biotin 1:100
IL-22 142928 (R&D Systems) PE 1:100
L4 BVDG-24G2 (eBioscience) FITC 1:100
IL9R 224325 (R8D Systemns) PE 1:200
PD-1 443 (BD Biosciences) FITC 1:100

PE 1:100
TNFa MP6-XT22 (BD Biosciences) PE 1:200

wdp7 DATK32 (BD Biosciences) PE 1:200
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Organ  Cell group K/BxN P2rx7~/= K/BXN

Thymus CD8, CD4 DN (% of TCRp+) 1467 & 1.92 1310214
CD8, CD4 DP (% of TCRp+) ~ 76.90 £ 2.86 7810+ 3.97
CD8 SP (% of TCRp+) 115£0.15 1.26+0.34
CD4 SP (% of TCRp+) 1.08%0.16 0.88+0.13

Spleen  CD4* (% of splenocytes) 310£022 3.47 £020
CD19* (% of splenocytes) 7332+ 1.15 71.42 £1.20
CD11c* (% of 10.14 +1.69 10084 162
CD19-TCRB-Gr-1-)
CD11b+ (% of 2805+2.25 30,59 + 4.22
CD19-TCRB-Gr-1-)
Gr-1+CD11b™ neutrophils 16.69 +0.22 21.82 +£347
(% of CD19-TCRB-)

PPs GD4+ (% of splenocytes) 311£032 3.69+£035

CD19+ (% of splenocytes) 66.48 % 1.420 59.37 4+ 1.861
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Experiment

IL-1 as an adjuvant

IL-1 as an adjuvant

Alum induces release of IL-1

Cholera toxin induces release of IL-1

IL-1a/B-deficient mice

IL-1Ra-deficient mice

IL-1 effects on CD40L.

Effect

Enhanced antibody response

Enhanced antibody response

Enhanced antibody response (alum

effect)

Enhanced antibody response

Reduced antibody production

Increased antibody production

Increased CD40L expression

Comment

Dose- and time-dependent adjuvanticity of interleukin 1 in vivo.
IL-1 given 2h after the priming dose of antigen enhanced antibody
response

IL-1 is an effective mucosal vaccine adjuvant when
coadministered with protein immunogens, and is as effective as
cholera toxin in inducing Ag-specific serum IgG

Gonsidering the immunostimulatory activities of these cytokines.
and the abillty of IL-1 to act as an adjuvant, the resuits suggest a
mechanism for the adjuvanticity of alum

Gholera toxin (CT) is a strong systeric and mucosal adjuvant that
greatly enhances IgG and IgA immune responses. It stimulates
IL-1 production

Primary and secondary antibody production against T-dependent
antigen was significantly reduced in IL-1a/8 =/~ mice after
immunization

Primary and secondary antibody production against T-dependent
antigen was significantly increased in IL-1Ra~/~ mice after
immunization

CD40L expression on T cells was affected in IL-1~/~ mice, and
the reduced Ag-specific B cell response in IL-1~/~ mice was
recovered by treatment with agonistic anti-CD40 mAb both in vitro
and in vivo. IL-1 enhances T cell-dependent Ab production by
augmenting CD4OL

References

©

(39)

(34)

(35)

(36,37)
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Patients. CD3+ CD4+ CD4+  CD8+ CD8+ CD19+ CD19+ cD3- CD3— CD19+ (%)

% %  cellslil % cellsliL %  cellsiil  CDS6+ CD56+
% cells/ul  CD21™ gD+ IgD+ Igb-  CD3g™  CDIg
cp27- cp27+ CD27+  CD24™"  CD24—
1 66 45 908 21 433 16 323 16 323 10 48 32 17 13 03
2 7 50 641 19 250 15 197 10 132 4 75 6 9 339 0.1
3 66 50 1,105 14 318 23 497 9 199 13 74 9 9 12 0
4 87 57 738 28 358 5 69 7 94 NA NA NA NA NA NA
5 7 45 803 31 378 11 197 1 197 6 67 5 15 NA NA
6 7 56 820 16 237 14 210 12 170 3 60 5 27 285 0
7 B 62 93 14 218 11 162 8 126 9 2 8 50 1.03 05
8 8 45 742 36 729 1 182 4 72 8 43 13 33 389 0
9 73 49 1,353 2 578 16 439 1" 315 19 51 13 24 22 01
10 2 4 802 2 458 16 313 10 193 7 61 9 19 553 0
11 65 42 729 20 338 5 o 2 454 10 59 6 25 33 0
12 % 51 509 2 209 15 152 8 7 7 59 6 18 689 02
13 7 45 485 27 269 16 169 10 102 8 53 4 31 87 0
14 68 51 NA 15 NA 21 NA NA NA NA NA NA NA 217 1.29
15 76 61 1,136 13 241 13 233 8 140 10 28 6 59 07 26
16 81 57 1,333 20 558 9 202 7 156 NA 6 8 20 572 0
17 66 47 677 18 257 6 88 2 354 19 46 17 27 293 037
18 73 49 768 19 329 14 219 13 203 7 54 7 27 NA NA
19 63 46 503 17 181 27 208 8 84 11 72 4 7 123 01
20 72 s 1,073 17 314 18 348 8 162 4 62 8 19 4 0
21 2 a7 533 34 482 16 222 8 109 6 70 10 14 627 04
22 80 54 94 24 396 9 158 7 114 11 22 8 55 161 008
23 82 50 1,485 27 844 10 307 7 209 9 58 13 18 558 015
24 82 52 359 27 182 9 63 6 40 15 28 1 41 224 1
25 80 57 1,249 20 a7 9 202 8 177 10 42 17 34 472 0.44
26 0 4 NA 21 NA 12 NA 10 NA 10 45 13 33 7.32 03
27 79 63 NA 14 NA 9 NA 9 NA 6 54 13 19 308 043
28 747 998 23 486 9 191 17 362 NA NA NA NA 7.2 0
29 87 6 1,091 16 263 10 159 3 47 NA NA NA NA 1.7 02
Referenceranges  53-83 30-50 490-1640 10-40 170-880 521  80-490 532 80-690 1-8 53-86 313 422 0963 01-15

T (CD3+, CD3+CD4+ and CD3+CD8+), NK (CD3-CD56+), and B (CD19+) cells were evaluated as percentages from total lymphocytes and as absolute counts (cels/ulL.. Percentages of CD21™, naive IgD+CD27—, non-switched
memory IgD+CD27+, switched memory IgD-CD27+, transitional CD38™"CD24™" and plasmablasts CD38"*CD24— B cell subpopulations (referred to total CD19+ B lymphocytes) of MS patients. NA, not available.
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. through cognate interaction

IL10-producing Tir cells Promote plasmablast differentiation and GC development (10)

PD-1+ Tir cells in mouse and PD-1° in human Abundant population that displays less suppressive activity preventing excessive (61, 86)
suppression of G reaction

PD-1 Tir cells in human Display greater suppressive activity (TGF", IL-10, CTLA-4") ©6)

Circulating Tir cells Display less suppressive capacity and home to GC upon recall contributing to faster memory (66)

T follicular helper cell response
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Study Patients (n)

Circulating Tih

Aroyo-Vila et al. 3 Expansion of cTh cells

(116)

Zhang 54 Expansionof cTh cells

etal. (117) Correlation with disease activy (values of
DAS 28)

Nakayamada 108 Expansion of cTi cells in patients with

etal. (118) active RA
Correlation with autoantioody titers
Abatacept treatment resulted in decrease
in the proportion of activated cTh cells

Wang et al.(119) 2 Expansion of cTh cells
Gorreation with disease activiy (values of
DAS 28)

Maetal. (120) 53 Expansion of CTih cells
Correlation with autoantibody titers (vel of
anti-CCP Ab)

Liuetal (121) 120 Expansion of cTh cells
Correlation with disease activiy (values
of DAS 28) and with the tters of
autoantibodies (ant-CCP AD levels)

Penatt et al. (122) 25 Lower frequencies of CTi cells ICOS+ in
patients with RA

Costantino 24 Nodiferences in CTi cels between

etal (124) patients with RA and healhy controls or
patients with undifierentiated arthrtis

Chakera et al. (125) 3 Nodiferencesin cTi cels between
patients with RA and healthy controls

Synovium tissues

Penatt et al. (122) 25 Inthe synovial compartment of RA
paients, envichment n Tih cells as
‘compared to patients with ostecarthrits

Chuetal, (129) 2 Localzation of ICOS+ T cels in the

RA synovium tissues, as compared to
‘osteoarthrits synovium or normal synovium
tissues where they are absent (triple-
fluorescence immunostaining and confocal
laser scanning)

Ab, antbody; Anti-CCP, antibodlies against cycic Girulinated peptides; CT cels,
circulating Tih cells; CXCRS, chemokine (C-X-C motf) receptor 5; DAS, disease actity
scors; ICOS, inducible co-stimulstor: RA, heumnaiod arthrits.
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Study Patients (n)

Circulating Tfh
He et al. (56) 26 Expansion of cTh cells
Simpson et a. (88) 46 Expansion of cT cells
No association with disease activty.
Correlation with the tters of autoantibodies
Terrer et al. (69) 25 Expansion of cTrh cells
Feng et al. (90) 42 Expansion of cTih cells
Correlation with disease activity and with the
titers of autoantibodies
Wang et al. (91) 2 Expansion of cThh cells
Yeng et al. (92) 30 Expansion of CTh cels in patients with
active SLE
Correlation with disease activity
Znang et al. (99) 29 Expansion of CT cells
Correlation with the titers of autoantibodies
Choi et al (94) 57 Expansion of cThh cells
Correlation with disease activity and with the
titers of autoantibodies
Szabo et al. (95) 2 Expansion of cThh cells
Correlation with the titers of autoantibodies
Umeda et al. (96) 64 Expansion of CThh cells
Xuetal. (97) 40 Expansion of CTih cells

Correlation with disease activity and with the
titers of autoantibodies

Huang et al. (98) 70 Expansion of cThh cells
Correlation with disease activty and with the
titers of autoantibodies

Le Cozetal. (99) 2 Expansion of cT? cells in patients with
active SLE. Decrease in Th1 cel subset
percentage

Tissue level

Liarski et al. (105) 42 Identifcation of functional Tih cells in lesions
of lupus nephiits. Close proximity between
8 cells and Th cels

Chang et al. (106) 68 Presence of T:8 cell aggregates or GCs
inthe tubuiointerstitial infitrate of lupus
nephritis

T cels, circulating T cells; GC, germinal center; SLE, systemic kupus.
erythematosus.
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PatientID  Age Lymphocytes CD3(%of CD3 CD4(%of CD4 IgG(g/) IgM(a/) Thrombocytopenia Allergy SwM B cells

(vears)  (x10) lympho)  (x10%)  lympho)  (x10%) (% of
B cells)
Patient 1 02 832 3 283 12 100 247 030 No No NA
Patient 2 06 184 19 035 15 028 6.64 038 No No NA
Patient 3 16 532 67 356 28 1.49 956 059 No No NA
Patient 4 16 191 62 1.18 45 086 398 051 Yes No NA
Patient 5 35 2.10 53 1.1 34 071 126 0.28 No No 84
Patient 6 45 NA 45 NA 23 NA 1.1 078 No No NA
Patient 7 52 349 54 1.88 34 119 755 022 No No 1.7
Patient 8 53 267 51 1.36 27 072 12 059 No No 66
Patient 9 55 255 72 184 43 110 977 083 No Yes NA
Patient 10 56 5.63 73 411 33 1.86 15 0.62 No No 10.7
Patient 11 7.0 190 40 076 22 042 955 065 No No 56
Patient 12 10.5 1.78 62 1.10 34 061 124 088 No No 142
Patient 13 11.0 277 58 161 2 072 17 111 Yes No 67
Patient 14 13.0 1.89 60 113 44 083 993 058 Yes Yes 99
Patient 15 145 1.68 67 113 40 0.67 17.7 162 Yes Yes NA
Patient 16 195 1.57 Il 11 43 0.68 10.1 041 No Yes 1.6
Patient 17 205 201 61 123 45 090 202 303 Yes No 13.3

Table describing patients with DiGeorge syndrome included in this study, including basic laboratory and clinical data.
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Disease Affected organ  Prevalence of  Reference®
ELS* (%)

Rheumatoid arthrits  Synovial joint 635 (13-17)

Rheumatoid arthrits  Lung it (18)

Systemic lupus Kidney 6 (19)

erythematosus

Sjogren's syndrome  Salivary glands 10-43 (20-23)

Myositis (adul) Muscle 0 ©4)

“Follicular dendiiic cells-positive or with clearly segregated T and B cel zones.
*Considering only studies with >15 patients.
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