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Editorial on the Research Topic
 Strategies for Modulating T Cell Responses in Autoimmunity and Infection



T-cell differentiation and effector functions are shaped by the integration of different signals from the environment. The process initiated when the T-cell receptor is engaged is then modulated by activating (costimulatory molecules and cytokines) and inhibitory (checkpoint receptors and cytokines) signals, which have a direct impact on the development or function of effector and/or regulatory T (Treg) cells (1, 2). In pre-clinical human or animal studies, the manipulation of T-cell function has been attempted via numerous different approaches, including (i) manipulation of metabolism (3), (ii) modulation of autophagy, (iii) regulation of epigenetic processes (4), (iv) agonistic or antagonistic therapies engaging cellular receptors (5), (v) the use of cytokines/chemokines to skew immune response profiles, (vi) the expansion/depletion of certain cell type (i.e., depletion of Tregs or expansion of effector T cells specific for a certain pathogen) (6), and (vii) the use of diverse immunomodulating natural or synthetic compounds that could regulate any of the above mentioned aspects of the immune response (7), among others. The goal of the current Research Topic is to highlight some of these approaches and to focus on the diverse ways of modulating T-cell function or frequency in health and disease.

Within this eBook, some authors addressed the potential of diverse strategies, such as manipulating metabolic pathways, autophagy processes, and/or modification of the redox cellular milieu with an impact on T-cell function. Cluxton et al. proposed that the fundamental difference in metabolic requirements of human Tregs and Th17 cells could be used in order to modulate inflammatory responses in human diseases. Similarly, Liang et al. work focused on the effect of sulforaphane (SFN), a compound derived from certain vegetables, as a modulator of the extracellular redox milieu. They observed that SFN induced a pro-oxidative state, consequently inhibiting Th17-related cytokines via targeting of STAT3. They finally stated that SFN could be a novel option for treatment of inflammatory/autoimmune diseases, such as rheumatoid arthritis. Continuing with the importance of metabolism in mediating T-cell function, Nicoli et al. suggested in their review that antigen-presenting cells could be metabolically manipulated through TLR4, TLR9, or STING to induce metabolic and/or autophagy changes in order to subsequently impact on CD8+ T cell responses, while Merkley et al. revisited the influence of autophagy over T-cell responses by modulating several aspects of antigen-presenting cells' function and the impact of this modulation over T-cell signaling, survival, cytokine production, and metabolism.

The impact of post-transcriptional modifications on T-cell responses was explored in a very nice study by Hao et al.. They unraveled, in a rat model of autoimmune hepatitis, the major role of glycosylation on Treg differentiation and the impact of this deficiency on disease development. They demonstrated that deficiency in O-GlcNAc glycosylation affects the Notch function, a signaling pathway previously reported to promote the differentiation and survival of Tregs. As a result, impaired Treg differentiation allowed for increasing CD4+ T cell infiltration in the liver, indicating that modulation of O-GlcNAc glycosylation in this model could be a target for immunotherapy. In a related disease model, Kroger et al. enumerated the various immunotherapies aimed at controlling autoimmunity in type I diabetes, including among other modulation of regulatory T cells and cytokines.

A more traditional approach used by several authors within this eBook consists of underscoring how signaling through various receptors modifies cellular functions in T cells. For instance, Holgado et al. have described for the first time the role of CD32, a low-affinity Fc-gamma receptor, as promoter of human CD4+ T-cell responses that consequently increases cell proliferation and creates a wide pattern of cytokines triggered by polyclonal stimulation, thus enhancing inflammatory responses. Additionally, the work of Jogdand et al. explored the relevance of ICOS signaling in the context of the blood stage of Plasmodium berghei ANKA infection. In this setting, they observed that depletion of ICOS+ cells from infected mice induced longer survival and lower parasitemia. Also, they observed that ICOS+ T cells also expressed IFN-γ and the transcription factor Tbet; both positively correlated with ICOS expression, therefore suggesting a positive regulation loop between ICOS expression and T-cell function. Abderrazak et al. observed in their manuscript that VLA-2 integrin signaling protected T cells from methotrexate-induced apoptosis (a drug used for rheumatoid arthritis treatment), and “rescued” cells producing IL-17 and IFN-γ contributing to the perpetuation of inflammation and the development of methotrexate resistance seen in rheumatoid arthritis. Finally, Tosello Boari et al. demonstrated the importance of IL-17 cytokines and their receptor IL-17RA in a model of chronic infection with Trypanosoma cruzi. In their work, the authors demonstrated that signaling through IL-17RA is required for the maintenance of effector function in CD8+ T cells in a cell-intrinsic manner. In fact, deficiency in IL-17RA rendered CD8+ T cells more dysfunctional, and blockade of PD-L1, a checkpoint inhibitor currently targeted in many cancer models, partially restored the effector function of these cells. In line with this topic, Panagioti et al. discussed in their review article the various T-cell inducing vaccines used in protection against chronic infections, particularly in viral infections.

Chemokines and/or cytokines themselves could serve as therapeutic targets. In their work, Ushio et al. used a murine model for Sjögren's syndrome as a way to understand the role of CCL22 in this autoimmune disease. They observed that CCL22-producing tissue-resident macrophages may control autoimmune lesions by enhancing the migratory capacity of CD4+ T cells to the affected tissue as well as by inducing IFN-γ production of T cells. Another example of how cytokines and their downstream effects could be used as targets for immunotherapy is addressed in the work of Min et al.. The authors clearly showed the relevance of the Type I IFN/IL-10 axis in the induction of antigen-specific T-cell function and the generation of T-cell memory in a mouse model for scrub typhus, an infectious disease caused by the intracellular bacteria Orientia tsutsugamushi. Their work contributes to a better understanding of the mechanisms behind the short longevity of antigen-specific adaptive immunity observed during this human infection (8).

A different approach proposed by some authors consists of expanding effector cells or limiting the function of regulatory cells with the aim to improve immune responses against pathogens. Salido et al. expanded in vitro CD8+ T cells from HIV+ subjects on combination antiretroviral therapy (cART). Their ultimate goal was to explore new strategies aimed at modulating CD8+ T lymphocytes to achieve functional cure of HIV infections. They observed that expanded cells were polyfunctional, skewed toward an effector phenotype, and that PD-1 expression was clustered in HIV-specific effector memory CD8+ T cells, which had the highest cytokine-producing capacity. Antiviral activity was also enhanced in these cells, indicating that, despite being dampened in subjects on cART, the HIV-specific CD8+ T-cell response could be selectively stimulated and expanded in vitro. On the other hand, the work of Araujo Furlan et al. explored the role of Tregs during Trypanosoma cruzi infection and the impact of Treg frequency over pathology. They observed that massive accumulation of effector immune cells resulted in a diminished frequency of Tregs and inversely correlated with the magnitude of the immune response as well as with emergence of acute immunopathology. After transfer of Tregs, CD8+ T-cell function was affected and parasite control in blood and tissues was diminished, highlighting the relevance of Tregs over cytotoxic immunity against the parasite. Another important population of T cells that was reviewed by Shiromizu et al. consists of γδ T cells, whose role during autoimmunity and infection has been analyzed in depth in their work. They have also revised concepts about the mechanisms that modulate γδ T-cell function, giving the framework to consider the modulation of these cells as a tool to control pathological immune responses.

Collectively, the wide spectrum of original papers and reviews presented in this eBook have provided a comprehensive overview of potential strategies aiming to convert a pathological immune response into a protective one through the control or reprogramming of specific T-cell subsets. The insights outlined here will hopefully help shape future therapeutics for the treatment of infectious and autoimmune diseases.
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For many years, the focus of prophylactic vaccines was to elicit neutralizing antibodies, but it has become increasingly evident that T cell-mediated immunity plays a central role in controlling persistent viral infections such as with human immunodeficiency virus, cytomegalovirus, and hepatitis C virus. Currently, various promising prophylactic vaccines, capable of inducing substantial vaccine-specific T cell responses, are investigated in preclinical and clinical studies. There is compelling evidence that protection by T cells is related to the magnitude and breadth of the T cell response, the type and homing properties of the memory T cell subsets, and their cytokine polyfunctionality and metabolic fitness. In this review, we evaluated these key factors that determine the qualitative and quantitative properties of CD4+ and CD8+ T cell responses in the context of chronic viral disease and prophylactic vaccine development. Elucidation of the mechanisms underlying T cell-mediated protection against chronic viral pathogens will facilitate the development of more potent, durable and safe prophylactic T cell-based vaccines.
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INTRODUCTION

Our bodies are persistently exposed to various pathogens present in the environment. The immune system is fortified with physical barriers and with diverse immune cell populations that play an integral role in protection against disease. Long-term immune responses are mediated by antigen-specific lymphocytes and antibodies that are formed upon pathogen entry. Memory B and T cells are numerically and functionally superior to their naïve precursors cells that are present before infection, and upon encounter with the same pathogen memory immune cells are able to induce a more rapid and powerful recall response (i.e., immunological memory) (1, 2).

The majority of prophylactic vaccines against viral infections have focused on the induction of neutralizing antibodies. Indeed, potent antibody inducing vaccines against virally induced diseases are available. Nevertheless, they fail to provide long-term efficacy and protection against a number of chronic viral infections. Studies in mice, non-human primates, and humans provide evidence that effective prophylactic vaccines against chronic (low level and high level) replicating viruses [i.e., herpesviruses, human immunodeficiency virus (HIV), and hepatitis C virus (HCV)] should engage strong cellular T cell immunity (3–5). The development of T cell-eliciting prophylactic vaccines has gained increasing attention, although such vaccines are not always able to provide sterilizing immunity. Despite various promising vaccines that are capable of stimulating robust T cell responses, the critical factors of T cell-mediated immune protection against these chronic infections have not been clearly defined. Often, the memory response provoked by vaccines is not sustained and frequently diminishes over time (6, 7). Thus, more knowledge is required to tailor the vaccine’s capacity to induce durable CD4+ and/or CD8+ T cell responses of appropriate magnitude and quality to effectively contribute to pathogen clearance. Elucidating the mechanisms through which antigen-specific T cell populations mediate long-term protection against viruses at body surfaces and (lymphoid) tissues remains an important goal, and will facilitate the development of more effective and safe prophylactic T cell-eliciting vaccines. Here, we review determinants and mechanistic factors of effective T cell populations implicated in the vaccine efficacy against chronic viral infections, and discuss how this knowledge can be utilized to maximize the possibility of creating effective vaccine platforms for persistent viral infections.



THE COMPLEXITY OF THE ANTIGEN-SPECIFIC T CELL RESPONSE DURING INFECTION

The antigen-specific interactions between T cells and DCs resulting in activation may initially be short lived, before stabilizing and may last up to 12 h. During this period, T cells receive their necessary activating signals (8, 9). For proper activation of naïve CD4+ and CD8+ T cells, cognate antigenic signals through the TCR (signal 1), costimulatory signals (signal 2) and signals provided by inflammatory cytokines (signal 3) are required (10, 11). Expression of particular chemokine receptors such as CCL19 and CCL21 enhance immune responses by stimulating the interactions between T cells and DCs during antigen presentation (12–15). In addition, the secretion of chemokines by activated DCs and CD4+ T cells enhances CD8+ T cell accumulation and help attract rare antigen-specific T cells (16, 17). The activation of T cells results in alteration of the expression of various molecules including integrins, selectins, and chemokine receptors, leading to the modulation of key intracellular signaling events that promote proliferation, differentiation, and migration of T cells to inflamed tissues (18–20).

After resolution of the infection, the majority (90–95%) of the effector T cells are eliminated due to programmed cell death and only a small, yet diverse pool of memory cells remains (21, 22). Traditionally, memory T cells were classified into two major categories based on their proliferation capacity, phenotypic features, and migration potential (23). Effector-memory T (TEM) cells are identified based on combined expression and/or lack of certain cell surface markers including KLRG1hi/CD44hi/CD127lo/CD62Llo. These cells have limited proliferation capacity upon TCR triggering but rapidly produce effector molecules and cytokines such as IFN-γ and TNF (24, 25). Central-memory T (TCM) cells are distinguished by the expression of KLRG1lo/CD44hi/CD127hi/CD62Lhi surface markers, exhibit a superior proliferation capacity and produce cytokines that are directly associated with better secondary expansion such as interleukin (IL)-2. Secondary lymphoid organs are the main homing sites of TCM cells whereas TEM cells are more dominantly present in (non-lymphoid) tissues (26–29). Both TCM and TEM cells can circulate, whereas a recently discovered new category of T cells present in tissues lacks migratory capacity. These cells, named tissue-resident memory T (TRM) cells, permanently reside in peripheral tissues, even after the infection is cleared. TRM cells are present in most organs and tissues and can be defined based on the expression of CD69hi/CD62Llo/CD44hi and other surface markers (e.g., CD11a, CD38, CD49a, CD103, and CXCR3) (30–33). However, the composition of these markers depends on tissue-specific cues, and expression levels vary in different tissues. Besides these three main memory T cell subsets, a small subset of memory T cells exists that exhibit advanced stem cell like qualities and proliferation capacities compared with other T cell subsets (34). These memory T cells, which were designated stem cell memory T cells (TSCM cells), display a phenotype highly similar to naïve T cells (TN cells), being KLRG1lo/CD44lo/CD127hi/CD62Lhi/CD69lo, but also co-express stem cell antigen (Sca-1), the β chain of the IL-2 and IL-15 receptor (CD122 and IL-2Rβ), and the chemokine receptor CXCR3 (34–39). Some studies reported that T cells with an early stage of differentiation can be induced by vaccines (40, 41) but whether this induction is important for vaccine efficacy is unclear. Thus, whether sufficient amounts of TSCM-like T cells able to elicit protection can be generated by vaccines needs further exploration. Notably, humans and mice have broadly analogous T cell biology, and the above described subsets (i.e., TCM, TEM, TRM, and TSCM cells) have been described in both species and share similar characteristics.

Live attenuated as well as synthetic or subunit vaccines are able to elicit TCM, TEM, and TRM cells (30, 32). With respect to live attenuated vaccines, the vaccine-induced T cell subsets can be highly similar to those subsets that develop upon infection (42). However, live vaccines have disadvantages (e.g., transformation to a virulent form and requires refrigeration), which prompts the development of inactivated, synthetic, or subunit vaccines. T cell subsets that develop upon immunization with those vaccines are highly dependent on the addition of adjuvants and on the route of administration (43).



THE MAGNITUDE OF THE T CELL RESPONSE IS IMPORTANT FOR OPTIMAL PROTECTION

The magnitude of viral-specific T cell responses is highly dictated by the infectious dose and route of infection (44). Higher infectious dosages lead generally to higher peak values of effector T cells, and correspondingly larger amounts of memory T cells in the circulation are found. However, if the immune system is overwhelmed and virus replication remains at a high level, this eventually leads to exhaustion of T cells and poor memory formation (45).

Given the frequently observed correlation between the magnitude of T cell responses and establishment of immunity during infections, simply determining the magnitude of the vaccine-elicited T cell response may already serve as a predictor of efficacy in vaccination settings. A number of studies have shown a direct association between the vaccine-elicited T cell response size and the ability for virus control (5, 46–48). Several parameters directly impact the magnitude of the vaccine-induced T cell response. In the case of live (attenuated) viruses, the size of the initial dose of the inoculum correlates to the magnitude of the vaccine-specific T cell response until a threshold is reached (49). To reach similar levels as that elicited by virulent virus, inoculum sizes are generally higher for replication-deficient or single-cycle viral vectors. For synthetic vaccines, however, the saturation threshold may not be reached because of lack of sufficient inflammatory signals. However, recent discoveries in adjuvant development and synthetic (nano)particles provide promising approaches to augment T cell responses (50–52). Besides the initial inoculum dosage, booster vaccine regimens increase the magnitude of the T cell response (43, 53, 54) and are likely essential for the majority of vaccine platforms including live vaccines (55). In this regard, vaccines that prime with DNA or adenoviral vectors and boost with modified vaccinia Ankara are excellent demonstrations that underline the supremacy of prime-boost vaccination regimens (4, 56–64).



MEMORY T CELL INFLATION PROVOKED BY RECOMBINANT VACCINES

An alternative mechanism leading to a durable increased magnitude of memory T cells, described as memory “inflation” (65, 66), is observed for certain viral-specific responses following infection by cytomegalovirus (CMV). Here, antigen-specific T cells specific to a subset of viral peptides show an unusual response, whereby they expand gradually over time and are maintained at high frequencies as TEM-like populations—as opposed to the standard expansion and contraction kinetic of conventional memory cells. Critically, and unlike exhausted CD8 T cells that develop during other persistent infections these inflationary responses maintain their effector functions, tissue homing ability and can provide protection against pathogen rechallenge. Memory inflation has also been observed for CMV-specific antibodies, whose levels gradually increase over time (67). Although the rules that determine the onset of memory inflation have not been fully defined, it is clear that for inflation to occur viral antigen must persist long term, a criterion fulfilled by CMV infection through periodic episodes of reactivation from its latent state. Memory T cell inflation appears to require T cell costimulation (68, 69), yet is less dependent on the immunoproteasome (70). Modifying the context of the peptide can convert a classical response to an inflationary one (71).

Recombinant CMVs may provide important vectors for vaccines, although they are highly complex viruses containing multiple immune evasion genes. Nevertheless, in experimental models engineered mouse cytomegalovirus (MCMV)-based vaccine vectors containing foreign viral sequences (e.g., derived from influenza virus, lymphocytic choriomeningitis virus, Ebola virus, herpes simplex virus, and respiratory syncytial virus) provide long-lasting protection (42, 71–73). In rhesus macaques, a recombinant CMV vector expressing simian immunodeficiency virus (SIV) antigens induced in addition to MHC class I-restricted CD8+ T cell responses also MHC class II-restricted and HLA-E-restricted CD8+ T cell responses (74, 75). These unconventional responses are likely to arise because of the restrictions placed on normal antigen presentation by the attenuated CMV vectors used. More work is needed to identify which of these populations is critical for protection, and whether this protection correlates to magnitude, breadth, or effector mechanism.

Memory inflation is not exclusively induced by CMV. Similar phenomena have been observed with other viruses, e.g., Epstein–Barr virus (EBV), herpes simplex virus-1, parvovirus B19, murine polyoma virus, and adenoviral vectors (66, 76). The latter is of interest with respect to vaccine-induced responses. In mouse models, adenovirus-based vectors can lead to induction of inflationary responses, which closely resemble those induced by natural CMV infections (77, 78). Moreover, in this vaccine platform, it is possible to generate inflationary responses against otherwise non-inflationary epitopes by constructing “minigenes,” in which only the CD8 T cell epitope of interest is inserted into the vector and expressed, thus bypassing antigen processing requirements (79). Adenoviral vectored vaccines have been developed against many pathogens, including EBV, HCV, HIV, malaria, and Ebola (4, 64, 80–82), and the responses elicited by these vectors in human volunteers are sustained over time. The HCV-specific responses induced in healthy CMV+ volunteers after immunization with a chimpanzee adenovectored-HCV vaccine shared similar phenotype and functionality to their CMV-specific memory populations as well as to inflating memory cells induced after AdHu5 and MCMV infection in mice (78).



THE BREADTH OF THE INDUCED T CELL RESPONSE IMPACTS ON PROTECTION

An increased breadth of the vaccine-induced T cell response has been found beneficial against many chronic viral pathogens (5, 54, 83–86). Induction of T cells with multiple antigen-specificities correlates with advanced killing capacity for control of HCV or even complete eradication during primary infection with HCV and superior protection upon reinfection (80, 86, 87). Analysis of CD8+ T cell responses in untreated HIV-infected individuals showed that an increasing breadth of Gag-specific responses is associated with decreased viremia (88).

Successful induction of potent and broad T cell responses has been reported for DNA plasmid vaccines (89, 90) and adenovirus serotype 26 vector-based vaccines (91). The latter approach incorporated a combination of subdominant and dominant epitopes of rhesus macaques SIV in prime-boost vaccination schedules. In parallel with these findings, the efficacy of synthetic long peptide (SLP)-based vaccines to protect against MCMV was significantly improved by combinations of SLPs that increased the breadth of the antigen-specific T cell response (5). These findings indicate that cytotoxic CD8+ T cell populations consisting of a broad repertoire of specificities are better capable to effectively kill virus-infected cells compared with T cell pools with a single specificity. Possible explanations are that T cells of diverse specificity results in enhanced killing of virus-infected cells (compared with T cells with one specificity) or that viral escape mechanisms become restricted. Moreover, an increase in recognition of multiple epitopes may also contribute to protection against infection with heterologous viruses via cross-reactive responses (92). Vaccine efficacy is expected to be also dictated by the TCR clonotypes within a polyclonal antigen-specific T cell population, since immune escape during viral infection is linked to conserved TCR motifs while diverse clonotypic repertoires without discernible motifs are not associated with viral escape (93, 94). Hence, the importance of the diversity in the antigen-specific T cell repertoire (with respect to recognition of multiple antigens and diversity in clonotypes specific for the same epitope) should be taken into account while designing prophylactic T cell-based vaccines.

As discussed earlier, both the magnitude and breadth of the T cell response is of importance. However, it should be noted that simply determining the magnitude in the blood is not always valuable, as vaccine efficacy depends also on the type of memory T cell and its location. For example, a direct association between protection and the frequency of the T cells in the circulation does not always exist (95). Actually, depending on the route of infection, T cells present in the mucosal surfaces or in the tissues (TEM and/or TRM) play a dominant role in controlling the infection, and sufficient numbers in these areas rather than in the circulation are likely required to form a robust frontline defense against, e.g., HIV-1 (30, 96). Competition between antigens (e.g., the cellular processing and presentation machinery) is also an important consideration (5), highlighting that antigen selection is not simply a case of “the more the better.” Furthermore, not all antigen-specific T cell populations have the same efficacy on a per-cell basis. For example, T cell populations specific for CMV antigens that invoke inflationary responses show superior protective capacity (5). Selection of the correct but also the appropriate quantity of antigens will ultimately steer the immune response and is thus a very critical step of the vaccine development process. Especially, antigens provoking antigen-specific T cell populations with enhanced magnitude, breadth, and diversity in the clonotypic repertoire should be tested and subsequently selected for inclusion when designing vaccine vectors or synthetic vaccines. Furthermore, there is evidence that, besides the quantity and breadth, specific features of antigen-specific T cell populations such as their cytokine polyfunctionality and metabolic properties are also of crucial importance for vaccine efficacy, and this will be further discussed in the next sections.



CYTOKINE POLYFUNCTIONALITY OF T CELLS AS PARAMETER OF VACCINE EFFICACY

Cytokine production is an important effector mechanism of T cell-mediated immunity. Upon most viral and bacterial infections protective T cell immunity consists of CD4+ and CD8+ T cells with a “Th1” cytokine profile that is characterized by (co-)production of IFN-γ, TNF, and IL-2 (97).

The frequency of IFN-γ-producing T cells has been widely used as a parameter to assess vaccine-induced responses. In terms of effector function, IFN-γ has been shown to play a role in the clearance of various viral infections (98). However, there are many examples showing that the magnitude of the IFN-γ secreting T cell response is not a sufficient immune correlate of protection. Single positive IFN-γ-producing T cells can comprise a relatively large fraction of the total cytokine-producing CD4+ and CD8+ T cell population after immunization. However, such T cells have a limited capacity to be sustained as memory T cells (99). Hence, prophylactic vaccines that elicit a high proportion of single IFN-γ-producing T cells would likely not be protective and provide a clear example for why the quality of the response is far more useful in assessing long-term protection than just measuring the frequency of IFN-γ-producing T cells. Instead, studies characterizing (vaccine-elicited) T cell responses against HIV, HBV, HCV, CMV, influenza, and Leishmania revealed a strong correlation between the protection level and the induction of high frequencies of polyfunctional T cells [e.g., coproducing IFN-γ, TNF, and IL-2 (4, 80, 100–107)]. Importantly, some of these studies showed that measuring the magnitude of IFN-γ-producing CD4+ and CD8+ T cells alone was not sufficient to predict protection, and provided evidence that measuring the quality of the CD4+ and CD8+ T cell response, vis-à-vis polyfunctional T cells, is required.

The supremacy of the polyfunctional T cells may relate to the superior survival properties of these cells (81, 99, 108) and to a higher level of target killing (109). This may be related to a higher IFN-γ production on a per-cell basis by polyfunctional cells compared with monofunctional cells (110), and to the capacity of TNF that is like IFN-γ also capable of mediating the killing of virus-infected cells (111–113). Moreover, reciprocal production of IFN-γ and TNF leads to synergistic actions (114).

Furthermore, the other cytokine in the panel, IL-2, is decisive as well. Studies analyzing the production of IL-2 and IFN-γ by CD4+ and CD8+ T cells from individuals infected with HIV showed that long-term non-progressors, or individuals on anti-retroviral treatment, had increased frequencies of T cells expressing IL-2 only or both IL-2 and IFN-γ, whereas individuals with high viral loads (progressors) have increased frequencies of T cells producing IFN-γ only (95). Although IL-2 has no direct antiviral function, it promotes proliferation and secondary expansion of antigen-specific T cells (115–120). In addition, IL-2 increases expression of the effector molecules perforin and granzyme, which mediate cytolytic function (121, 122). IL-2 signals may also enhance NK cell activity that could contribute to the early control of infection following challenge (99, 123–126). Taken together, we conclude that cytokine polyfunctionality is of major importance for the efficacy of T cell-based vaccines (Figure 1), hence dissecting how cytokine polyfunctionality is regulated during the programming of T cells is of interest and may reveal potential strategies to improve vaccine-mounted T cell responses.


[image: image1]
FIGURE 1 | Several mechanisms account for the optimal protection of (vaccine-elicited) polyfunctional cytokine-producing CD4+ and CD8+ T cells. (1) Secretion of more IFN-γ on a per-cell basis. (2) T cells secreting both IFN-γ and TNF have enhanced effector activity compared with T cells that secrete IFN-γ alone. (3) Autocrine interleukin (IL)-2 production promotes the secondary expansion of memory T cells. Hence, IL-2, TNF, and IFN-γ provide a relatively simple set of cytokines that can be used to define a vaccine-elicited response against specific infections that require T cells for protection. CD28 signals are required for sufficient T cell priming during the primary phase of an infection, while OX40 (CD134) and 4-1BB (CD137) gain importance during the late effector and memory stages of antigen-specific T cells either by providing pro-survival signals or by enhancing the quality of the memory T cells (127, 128). CD27 stimulation is important during both early and late phases after infection (68). T cell costimulation via CD28 and tumor necrosis factor receptor family members (CD27, OX40, and 4-1BB) can provide signals to enhance autocrine IL-2 production.




IMPROVING VACCINATION BY TARGETING T CELL METABOLISM?

The transition of naïve T cells to active effector cells and memory T cells involves dynamic and coordinated metabolic modifications (129). This reprogramming of the cellular metabolism is not a consequence of activation but is linked to the differentiation and activation processes and reflects the fuel and substrates necessary to support the differentiation stages of a T cell (130, 131). Both naïve T cells and memory T cells rely primarily on oxidative phosphorylation (OXPHOS) and fatty acid oxidation (FAO) for fuel. This reflects the low level yet persistent need for energy as such cells are generally long-lived. Effector T cells on the other hand have particularly high energetic and synthesis demands. These cells have enhanced glycolysis and employ the mitochondrial tricarboxylic acid cycle to support their demand for de novo proteins, lipids, and nucleic acids synthesis. It is becoming increasingly clear that metabolic reprogramming plays a critical role in T cell activation, differentiation, and function. The distinct metabolic demands of different T cell subsets make them exquisitely sensitive to pharmacologic inhibitors of metabolism (132). These different metabolic requirements of T cell subsets provide us with a promising therapeutic opportunity to selectively tailor (vaccine-induced) immune responses. Thus, targeting T cell metabolism affords the opportunity to additionally regulate vaccine-induced responses.

Metabolic reprogramming occurs simultaneously with T cell activation and is facilitated by mTOR (mammalian target of rapamycin) (133). mTOR activation promotes glycolysis, fatty acid synthesis, and mitochondrial biogenesis. As such, targets upstream and downstream of the mTOR signaling pathway are potential therapeutic targets. Rapamycin, although known as an “immunosuppressive” drug due to its ability to slow down T cell proliferation, promote robust responses to vaccination by enhancing CD8+ T cell memory formation (134). Correspondingly, deletion of the mTORC1 inhibitory protein TSC2 leads to enhanced mTORC1 activity and increased effector function (135). Targeting of TSC2 or other molecules in the mTOR pathway might accordingly enhance immunity.

Targeting of glycolysis to inhibit immune responses in the setting of autoimmune disease and transplantation rejection is evolving, and this strategy is also used to enhance antitumor immunity by promoting long-lived memory cells ex vivo (136). Whether this can be used in vaccination strategies remains to be examined. Although most studies have focused on the critical role of glycolysis in promoting effector T cell generation and function, it has become clear that mitochondrial-directed metabolism also plays an important role. Memory T cells rely for their energy upon OXPHOS and FAO. Because these metabolic pathways are dependent on mitochondria, the abundance and the organization of the mitochondria are instrumental for development of fit memory cells (137). Alterations in the mitochondrial biogenesis can influence the differentiation of T cells, thereby providing opportunity to augment T cell-mediated immunity (138, 139). The transcription factor PGC1α promotes mitochondrial biogenesis and function (140). Hence, pharmacologically or genetically enhancing PGC1α represents a potential strategy for improving vaccine-induced T cell responses. In ex vivo systems, it has already been shown that enforced overexpression of PGC1α, leads to improved metabolic fitness and effector cytokine function of CD8+ T cells (141). Finally, the immediate uptake of amino acids such as glutamine and leucine is critical for proper metabolic reprogramming of T cells. This is accompanied with the upregulation of amino acid transporters involved in glutamine (SLC1A5) and leucine (SLC7A5/SLC3A2 heterodimer) (142, 143). Whether in vivo targeting of the above described metabolic processes is possible remains to be examined and may depend on the specificity of metabolic inhibitors/enhancers as they could affect many cells of the body. The future will tell if indeed metabolic targeting is possible to enhance vaccines. Nevertheless, the metabolic profiles of (vaccine-induced) T cells are surely of interest and correlate to vaccine-mediated immunity (144).



COSTIMULATION EMPOWERS T CELL-ELICITING VACCINES

Targeting costimulatory and inhibitory receptors on the cell surface of T cells has shown efficacy in various preventive and therapeutic preclinical vaccination settings. Costimulatory signals transduced via the CD28 family members CD28 and ICOS and via the tumor necrosis factor receptor (TNFR) family members CD27, 4-1BB, and OX40 play dominant roles in orchestrating the required “signal 2” for optimal T cell proliferation and survival (127). While CD28 and CD27 are constitutively expressed on naïve T cells, ICOS, 4-1BB, and OX40 are upregulated upon T cell activation (127, 145). Collaboration between costimulatory molecules was expected (127, 146) and confirmed in experimental models (147).

Enforced engagement of costimulatory molecules results in enhanced T cell activation, expansion, survival, and establishment of long-term memory (148–154), and has thus the potential to serve as effective immunomodulatory components of prophylactic vaccines against chronic viruses (127, 151, 155). Indeed, this has already been observed for DNA and adenovirus-based vector vaccines in which enforced expression of costimulatory ligands stimulating CD27, 4-1BB, and OX40 leads to increased T cell expansion, enhanced cytotoxic activity and antibody responses (156, 157). Strikingly, agonistic antibodies to OX40 combined with synthetic peptide vaccines prompt robust effector and memory CD4+ and CD8+ antiviral T cell responses, thereby enhancing the prophylactic vaccine efficacy against lytic MCMV infection (153). Chronic viral infections are characterized by accumulation of functionally impaired antigen-specific CD8+ T cells. Studies have shown that activation via 4-1BBL alone or in combination with CD80 can enhance the generation of primary CD8+ T cell responses and induce expansion of the antigen-specific CD8+ T cells from this pool of impaired T cells (145, 158). Similarly, 4-1BB stimulation has been shown to enhance the generation of primary CD8+ T cell responses (148, 159, 160) and synergizes with attenuated vaccinia virus vectors to augment CD8+ T cell responses (148).

Targeting of inhibitory molecules on T cells, such as PD-1 and CTLA-4, has been shown to restore the effector function of (over)activated T cells in settings of chronic viral infections and cancer (161–164). Inhibitor blockade with monoclonal antibodies in combination with therapeutic vaccines synergizes in reinvigorating antitumor and antiviral T cell responses (165, 166). Targeting of inhibitory pathways during primary immunization with prophylactic vaccines may advance the vaccine efficacy as well (167, 168).

Although the use of antibodies targeting costimulatory and inhibitory molecules as immunostimulatory modalities in vaccine approaches can facilitate antigen-specific T cell responses, the use of such Abs, however, is associated with toxicity as demonstrated in rodents and in clinical settings (164, 169–171). Nevertheless, given the potential benefit to significantly increase the effectiveness of vaccines, both the efficacy and safety of targeting costimulation is currently extensively examined in various immunotherapeutic approaches against persistent viral infections. Examining the timing and/or the dosing is in this respect an important aspect, not only to prevent unwanted side effects but also to improve effectiveness. However, mass deployment of antibodies to improve vaccines may be too expensive, hence alternative methods able to target costimulatory and inhibitory molecules are desired.

CD28-mediated costimulation modulates T cell metabolism via activation of PI3K pathways, and this is essential to control effector cytokine production (172, 173). Moreover, CD28 signaling leads to PI3K-dependent upregulation of surface GLUT1 to facilitate enhanced glucose influx (172). This upregulation of GLUT1 is critical for T cell function, as genetic deletion of GLUT1 markedly inhibits effector T cells (174). Concomitant with increased expression of glucose transporters is the upregulation of key glycolytic enzymes (175). The inhibitory receptor PD-1 also regulates metabolic activity including glycolytic and mitochondrial processes (139, 176). TNFR family members are also able to metabolically program T cells (177, 178). Another important property of T cell costimulation is its effect on improving the T cell cytokine polyfunctionality. For example CD28 but also the TNFR family members are able to promote IL-2 production (153, 179–181), thereby directly improving the cytokine polyfunctionality (Figure 1). The TCR affinity also impacts polyfunctionality (182), and likely the collective signals of the TCR and costimulatory receptors are programming the polyfunctional status of T cells. In conclusion, targeting of T cell costimulation can impact the important quantitative (magnitude, breadth) and qualitative (cytokine polyfunctionality and metabolic fitness) determinants of vaccine-induced T cells, and provides thus major opportunities for further exploration in future vaccine designs.



CONCLUSION AND PERSPECTIVES FOR VACCINE DESIGN

The design of vaccines that imprint T cells with the ability to protect against persistent viral pathogens has gained remarkable progress. An understanding of the appropriate initial programming signals is a key step, as is how the route of priming or boosting influences the development of effective memory T cells. A combination of several metrics such as the type of the memory T cell, breadth, polyfunctional quality, and metabolic characteristics demonstrate a valid toolbox to define when a vaccine-elicited T cell response is protective. Information about the anatomic location, activation, and differentiation of memory T cells in lymphoid compared with non-lymphoid organs could be very valuable as well. Costimulatory signaling pathways mediate important T cell memory properties (e.g., programming of cytokine polyfunctionality and metabolism) and may serve as interesting targets for vaccine improvement. Insight into these pathways may identify the requisite pathways and potentially other targets to improve T cell-based immunotherapy. Coupling this to the identification of the best correlates of protection for persistent viral pathogens will foster the development of more effective vaccination regimes.
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The lethality of blood stage Plasmodium berghei ANKA (PbA) infection is associated with the expression of T-bet and production of cytokine IFN-γ. Expression of inducible costimulator (ICOS) and its downstream signaling has been shown to play a critical role in the T-bet expression and IFN-γ production. Although earlier studies have examined the role of ICOS in the control of acute blood-stage infection of Plasmodium chabaudi chabaudi AS (a non-lethal model of malaria infection), its significance in the lethal blood-stage of PbA infection remains unclear. Thus, to address the seminal role of ICOS in lethal blood-stage of PbA infection, we treated PbA-infected mice with anti-ICOS antibody and observed that these mice survived longer than their infected counterparts with significantly lower parasitemia. Anti-ICOS treatment notably depleted ICOS expressing CD4+ and CD8+ T cells with a concurrent reduction in plasma IFN-γ, which strongly indicated that ICOS expressing T cells are major IFN-γ producers. Interestingly, we observed that while ICOS expressing CD4+ and CD8+ T cells produced IFN-γ, ICOS−CD8+ T cells were also found to be producers of IFN-γ. However, we report that ICOS+CD8+ T cells were higher producers of IFN-γ than ICOS−CD8+ T cells. Moreover, correlation of ICOS expression with IFN-γ production in ICOS+IFN-γ+ T cell population (CD4+ and CD8+ T cells) suggested that ICOS and IFN-γ could positively regulate each other. Further, master transcription factor T-bet importantly involved in regulating IFN-γ production was also found to be expressed by ICOS expressing CD4+ and CD8+ T cells during PbA infection. As noted above with IFN-γ and ICOS, a positive correlation of expression of ICOS with the transcription factor T-bet suggested that both of them could regulate each other. Taken together, our results depicted the importance of ICOS expressing CD4+ and CD8+ T cells in malaria parasite growth and lethality through IFN-γ production and T-bet expression.
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INTRODUCTION

Malaria is a major cause of mortality in millions of infected individuals every year, especially children from developing countries. Among all human Plasmodium strains, infection with Plasmodium falciparum is the leading cause of death involving severity, cerebral manifestation, and multi-organ dysfunction. To some extent, murine infection of Plasmodium berghei ANKA (PbA) can be correlated to human P. falciparum infection corresponding to parasite growth, lethality, or severity and immune response (1). As human malaria studies are restricted to only clinical observations, modulation of T cell immune response in murine models can provide a better insight to ameliorate malaria pathology and vaccine design (2, 3). The role of T cells in malaria infection, however, has been controversial as studies have shown both its critical role in protection from the malaria parasite and its direct role exacerbating malaria pathogenesis. As an example, CD4+ T cells play a major role in the clearance of parasite Plasmodium chabaudi chabaudi blood stage infection (4). However, during lethal PbA infection, both CD4+ and CD8+ T cells are involved in cerebral manifestation. Moreover, depletion of both the T cells by antibodies before or during infection ameliorated pathology (5). Thus, these studies among others suggested that T cells play both protective as well as pathological roles during malaria infection.

In both human and murine malaria, CD4+ and CD8+ T cells are producers of IFN-γ, which have been shown to play crucial protective and pathological roles (6, 7). During lethal malaria infection, extraneous administration of IFN-γ led to the dose-dependent protection of BALB/c mice (8). In contrast, another study suggested that IFN-γ produced by CD4+ T cells enhanced CD8+ T cell accumulation in the brain leading to augmented cerebral malaria (9). Moreover, suppressing IFN-γ production from T-bet positive CD4+ T cells efficiently hampered parasite clearance (10). Also, studies with T-bet knockout mice have demonstrated the role of T-bet in regulating parasite burden as well as its role in pathogenesis during experimental cerebral malaria (11). Taken together, these studies indicated that both IFN-γ and T-bet play a role in malaria parasite growth and lethality.

Along with antigenic stimulation, signaling through CD28 plays a critical role in T cell-mediated immunity in clearance of acute blood-stage P. chabaudi infection (12). Inhibiting CD28 signaling by blocking CD86 with anti-CD86 antibody preferentially differentiated T cells toward IFN-γ producing Th1 cells and inhibited the Th2 cytokine IL-4. This Th1 cytokine IFN-γ controlled acute parasite infection but did not play a role in limiting chronic malaria infection. Thus, blockade of CD28 signaling suggested that IL-4 production during malaria infection required CD28 signaling whereas augmentation of IFN-γ illustrated the involvement of other co-stimulatory molecules (13). Moreover, P. chabaudi infection in the CD28 knock out mice also demonstrated that redundant CD28 signaling pathway with other costimulatory molecules might play a role in IFN-γ production (14). Thus, these studies suggested that IFN-γ production during malarial infection could involve other co-stimulatory molecules.

Inducible costimulator (ICOS), a CD28 homolog, plays a critical role in T cell proliferation, differentiation, cytokine secretion, cell–cell interaction, and B cell maturation (15–21). Depending on the nature of antigen and chronicity of infection, ICOS signaling mediates differential effector CD4+ T cell response. As an example, during Schistosome mansoni infection, Th2 and Tfh response were observed whereas, during Toxoplasma gondii and Mycobacterium tuberculosis infection (Mtb), it was a Th1 response (22–24). In contrast, during non-lethal blood stage P. chabaudi chabaudi infection, in the absence of ICOS, enhanced Th1 response led to reduced peak parasitemia (20). In case of CD8+ T cells, ICOS signaling played a role in its activation, expansion, and enhanced secondary response (21, 25). A substantial defect in antigen-specific CD8+ T cells along with hampered CD4+ T cells response was observed during Salmonella infection in ICOS knockout mice (26). Moreover, during late stage of Mtb, ICOS deficiency was associated with reduced Mtb-specific CD8+ T cell response (27). Taken together, these studies strongly suggest that ICOS plays a critical role in CD4+ and CD8+ T cell response in both intra and extracellular infection. However, during lethal intracellular blood-stage of PbA infection, the role of ICOS in T cell response (CD4+ and CD8+) remains unclear.

In this study, we examined the role of ICOS in parasite growth and lethality during lethal PbA infection in BALB/c mice. We characterized ICOS expression and found that both CD4+ and CD8+ T cells express higher ICOS in the PbA-infected mice. Upon depletion of ICOS-expressing T cells by anti-ICOS antibody treatment, we observed prolonged survival of mice with lower parasitemia, suggesting a positive role for ICOS expressing T cells in PbA parasite growth. Further, we report that these T cells are major producers of IFN-γ as correlated with reduced plasma IFN-γ cytokine level and depleted percentage of ICOS expressing T cells upon anti-ICOS treatment. We found both CD4+ and CD8+ T cells expressed transcription factor, T-bet, which is already known to be involved in malaria pathogenesis. Collectively, our study demonstrates that ICOS expressing CD4+ and CD8+ T cells are involved in malarial parasite growth and lethality through IFN-γ production and T-bet expression.



MATERIALS AND METHODS


Ethics Statement

The use of animals and animal procedures were approved by the Institutional Animal Ethics Committee, Institute of Life Sciences, Bhubaneswar, India in accordance with the “Committee for the Purpose of Control and Supervision of Experiments on Animals (CPCSEA).”



Mice, Antibodies, Kits, Reagents, and Malaria Parasite

Male BALB/c mice (6–8 weeks old) used for this study were maintained under pathogen-free condition at institutional animal house facility. Anti-mouse antibodies Alexa Fluor 700-CD8 (Clone 53-6.7), APC-cy7-CD19 (Clone 1D3), APC-cy7-CD45R/B220 (Clone RA3-6B2), were procured from BD Biosciences (San Jose, CA, USA), FITC-CD4 (clone GK 1.5), FITC CD278 (7E.17G9), APC-CD278 (Clone-C398.4A), PerCP-Cy 5.5-CD4 (clone RM4-5), PE-Cy7-IFN-γ (clone XMG 1.2), PE-T-bet (clone eBio 4B10), Alexa Fluor 700-CD8 (53-6.7) were from eBioscience (San Diego, CA, USA), Brilliant violet 605 TCR Vb (clone H57-597), APC-CD278 (clone C398.4A), Anti-CD49b (clone DX5) were from BioLegend (San Diego, CA, USA). Purified antibodies Anti-mouse CD278 ICOS (clone 7E.17G9), Anti-Rat IgG2b isotype control, and anti-CD16/32 were procured from BioXcell (West Lebanon, USA). Dynabeads untouched mouse CD4+ T cell isolation kit was procured from Life Technologies AS (Oslo, Norway) and CD8+ T cell negative selection kit was from Stem cell technologies (Vancouver, BC, Canada). Phorbol 12-myristate 13-acetate (PMA), Ionomycin, Brefeldin A was procured from Sigma-Aldrich (St. Louis, MO, USA). Malarial parasite P. berghei ANKA (MRA-671, MR4, ATCC, Manassas, VA, USA) was obtained from MR4 repository, ATCC, Manassas, VA, USA.



Parasite Infection

Plasmodium berghei ANKA parasitized red blood cells were stored in liquid nitrogen. The parasitic infection was initiated by thawing P. berghei ANKA parasite stabilate and intraperitoneally (i.p.) injecting into a donor mouse. After initial expansion of parasites in the donor mouse, blood was collected from tail vein bleed and serially diluted in PBS. Infection was then induced in experimental mice by intravenous (i.v.) injection of 1 × 104 P. berghei ANKA parasitic RBCs. After 3 days of infection, percent parasitemia was enumerated by thin blood films stained with modified Giemsa stain (Sigma-Aldrich, St. Louis, MO, USA).



In Vivo Depletion of ICOS-Positive T Cells

On day 1 of PbA infection, ICOS positive T cells were depleted by administering a single dose of anti-CD278 monoclonal antibody (clone 7E.17G9) and its isotype control (rat IgG2b) at 0.2 mg dose, via intraperitoneal (i.p.) injection in 200 μl DPBS. Specific depletion of ICOS positive T cells was analyzed by flow cytometry as shown in figure (Figure 3H).



Determination of Plasma Cytokines

On day 3, day 5, and day 7, day of PbA infection, murine blood was collected in 15% acid citrate dextrose anticoagulant and centrifuged at 1,000 g for 10 min. The collected plasma was stored in −80°C until assayed for cytokines. Cytokine from stored plasma was quantified using the Milliplex mag mouse cytokine/chemokine kit as per the manufacturer’s protocol (Millipore, Billerica, MA, USA). The samples were acquired in Bio-plex200 system, and the concentration of cytokines was calculated using Bio-Plex manager software with a five-parameter curve-fitting algorithm applied for standard curve calculation.



Intracellular Cytokine Staining

For measuring T cell secreted cytokines, the negatively selected splenic CD4+ T cells (purity was >93%) and splenocyte (for CD8+ T cell analysis) from uninfected and PbA-infected mice were cultured in RPMI 1640 complete medium [RPMI 1640 (# P04-16500), PAN-Biotech GmbH, Germany] supplemented with 10% FBS US origin (#1302-P100402, PAN-Biotech GmbH, Germany), 50 μM 2-ME, 100 U/ml penicillin and 100 μg/ml streptomycin (# P4333-100 ml, Sigma-Aldrich, USA) and stimulated by 20 ng/ml PMA/1 μg ionomycin for 5 h after with Brefeldin A added in the last 2.5 h of stimulation. Stimulated cells were stained with dead cell discrimination dye for 20 min on the ice and then washed and stained for surface markers. Surface stained cells were fixed with Fixation/permeabilization buffer of BD Biosciences for 20 min at room temperature.



Intracellular Transcription Factor Staining

FoxP3 transcription factor staining kit protocol (eBiosciences, San Diego, CA, USA) was used for intracellular transcription factor staining. In brief, T cells were stained for desired surface markers after dead cell discrimination and blocking with CD16/32 (2.4 G) antibody. After 20 min of incubation, the cells were washed twice and then fixed and permeabilized at room temperature for 20 min as recommended by the manufacturer. The cells were then washed twice with permeabilization buffer and then stained with transcription factor antibody cocktail for 20–30 min at room temperature.



Statistical Analysis

Non-parametric Mann–Whitney test was used for comparisons between two groups. One-way ANOVA with Bonferroni’s Multiple Comparison Test was used for multiple comparisons having three or more groups. Two-way ANOVA with Bonferroni posttest was used for comparing weight lost. A log-rank (Mantel–Cox) test was used to determine the significance of survival of PbA-infected mice with or without anti-ratIgG2b and anti-ICOS treatment. Graphs depict mean values ± SEM. p-value < 0.05 (*p < 0.05; **p < 0.01; ***p < 0.001) was considered significant. All graphs were prepared with Prism 5.0 (GraphPad, La Jolla, CA, USA) software.




RESULTS


Anti-ICOS Administration Slows P. berghei ANKA Growth and Prolonged Mice Survival

To understand the possible involvement of ICOS in the lethality of blood stage PbA infection, we first established parasite infection in BALB/c mice by intravenous injection of 1 × 104 parasitic RBCs. To one group of PbA-infected mice, a single dose of anti-ICOS was given while to another group, rat-anti-IgG2b antibody was injected. On every alternate day starting from day 3, percent parasitemia was ascertained from Giemsa-stained thin blood smear prepared from tail vein blood. On Day 3, the mean parasitemia in untreated (0.0875 ± 0.025%), anti-ICOS (0.1%), and anti-rat IgG2b (0.1%) treated mice were found to be similar, indicating that infection in all the groups started equally. On Day 5 of infection, we observed lowered percent parasitemia albeit non-significant in anti-ICOS treated mice (2.125 ± 0.478%) when compared to untreated (3.62 ± 0.643%) and rat IgG2b-treated (3.5 ± 0.408%) mice. Statistically significant lower parasitemia in anti-ICOS treated (4.16 ± 0.372, p-value < 0.001) as compared to untreated PbA group (10.916 ± 1.067) (Figure 1A) was established on day 7. Lowered parasitemia in anti-ICOS-treated mice suggested that ICOS indeed played a significant role in parasite growth. Further, analyzing for the survival of the mice, anti-ICOS treated mice survived significantly longer than the rat IgG2b treated and rat IgG2b treated mice survived longer than the non-treated one (Figure 1B). Eventually, anti-ICOS treated mice died with hyperparasitemia. Next, we analyzed percent weight loss; a pathological marker in anti-ICOS treated and untreated mice during PbA infection. On day 5 and day 7 of PbA infection, significantly reduced percent weight loss was observed in anti-ICOS treated mice as compared to PbA-infected mice (Figure 1C). The above results indicated that ICOS plays a significant role in PbA parasite growth and pathogenesis.
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FIGURE 1 | Inducible costimulator (ICOS) positively regulates Plasmodium berghei ANKA parasite growth and pathogenesis. BALB/c mice (n = 6/group) were infected with i.v. injection of 1 × 104 P. berghei ANKA and on day 1 of infection treated with a single dose of anti-ICOS (200 μg) or isotype control (200 μg). (A) Percent parasitemia calculated from Geimsa-stained tail vein blood. (B) Percent survival of mice from Plasmodium berghei ANKA infection with anti-ICOS treatment and isotype control. (C) Percent weight loss a marker of immunopathology. Data represent one of the two independent experiments. Bar represent mean ± SEM. Statistics: Mann–Whitney test, two-way ANOVA with Bonferroni posttest was used for comparing weight loss. Log-rank (Mantel-Cox) test applied for significance of percent survival, p-value <0.05 (*p < 0.05; **p < 0.01; ***p < 0.001) considered significant.


It is well known that regulation of pro-inflammatory (IFN-γ, TNF-α, IL-6, IL-17) and anti-inflammatory (IL-10, IL-4) cytokines play a pivotal role in malaria parasite growth, protection, and/or pathogenesis (28–32). Moreover, previous studies in blood stage infection of PbA have determined the crucial role of IFN-γ in immunopathology and death. However, during acute non-lethal blood-stage malaria infection, IL-27-mediated IL-10 production from IFN-γ-producing CD4+ T cells has been shown to play an essential role in protection from immune pathology (33). Thus, we scored for plasma cytokine IFN-γ, IL-4, IL-10, IL-17, IL-6, IL-27, and TNF-α during PbA infection in BALB/c mice with and without anti-ICOS treatment. In plasma samples of PbA-infected mice, significantly higher IFN-γ levels were observed as compared to other tested cytokines (Figure 2A). The ratio of cytokines in infected to uninfected samples (fold change) also suggested that IFN-γ production was higher than other tested cytokines between the groups (Figure 2B). Moreover, significantly higher IFN-γ was observed on day 5 and 7 of PbA infection as compared to day 3 (Figure 2C). Interestingly, significantly reduced plasma IFN-γ level was found after anti-ICOS treatment (Figure 2D). Also, non-significant changes in the levels of cytokine IL-10 (Figure 2E), IL-4 (Figure 2F), and no difference in the levels of other tested cytokines were observed (data not shown). Altogether, this suggested the critical involvement of ICOS in malaria parasite growth and lethality might be through IFN-γ production.
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FIGURE 2 | Th1 cytokine IFN-γ is highly produced during PbA infection. Plasma was collected on indicated days from anti-inducible costimulator (ICOS), anti-ratIgG2b, untreated PbA infected and uninfected (control) mice (N = 3/group). The collected plasma was analyzed for cytokine IFN-γ, IL-4, IL-10, IL-6, TNF-α, IL-27, and IL-17E with bioplex ELISA. (A) Th1 cytokine IFN-γ is significantly increased as compared to Th2 (IL-4), Treg (IL-10), TNF-α, and IL-6 in Plasmodium berghei ANKA (PbA)-infected mice. (B) Percent cytokine change as compared to uninfected mice. (C) Kinetics of IFN-γ during PbA infection. (D) Reduction in plasma IFN-γ production by anti-ICOS treatment. (E) Plasma level of IL-10 (F) plasma level of IL-4. Data represent one of the two independent experiments. Bar represent mean ± SEM. Statistics: Mann–Whitney test, one-way ANOVA with Bonferroni’s Multiple Comparison Test, p-value <0.05 (*p < 0.05; **p < 0.01; ***p < 0.001) considered significant.




ICOS Expression During Blood Stage P. berghei ANKA Infection

To investigate the role of ICOS and cells associated with its expression for PbA lethality, we scored ICOS expression on lymphocytes. On day 3 and day 6 of PbA infection, mice were sacrificed and their spleens analyzed for surface markers to identify ICOS expression on CD4+, CD8+, NK, NKT, and B cells by flow cytometry. After gating out doublets and dead cells (Figure 3A), we observed higher ICOS expression on CD4+ and CD8+ T cells (Figure 3B). Minimal ICOS expression was found on B cells, NK cells, and NKT cells in PbA infected and uninfected mice (data not shown) that did not vary with progressive infection. On day 6 of infection, however, we observed an increased percentage of ICOS-positive CD4+ and CD8+ T cells as compared to uninfected mice (Figures 3C–E). A significant increase in mean fluorescent intensity for ICOS on CD4+ and CD8+ T cells suggested that expression of ICOS at protein level per cell was also higher on day 6 of PbA infection (Figures 3F,G). Anti-ICOS treatment significantly reduced the percentage of ICOS-positive CD4+ and CD8+ T cells (Figures 3H–J) while ICOS MFI on non-depleted T cells from anti-ICOS treated mice was significantly lower (Figures 3K,L) than untreated and RatIgG-treated mice. Moreover, we observed significant depletion in percent activated (CD44hiCD62Llo) as well as total ICOS expressing CD44hiCD62Llo CD4+ T cells upon anti-ICOS treatment (Figures 3M,N). Further, we observed non-significant depletion in percent activated (CD44hiCD62Llo) CD8+ T cells and a significant depletion in ICOS expressing CD44hiCD62Llo CD8+ T cells (Figures 3O,P). However, anti-Rat IgG2b administration non-significantly reduced ICOS expressing CD4+ and CD8+ T cells (Figures 3I,K,N,P). Collectively, the above data indicated that PbA growth and lethality might be associated with ICOS expressing CD4+ and CD8+ T cells.
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FIGURE 3 | Both CD4+ and CD8+ T cells express inducible costimulator (ICOS) during Plasmodium berghei ANKA (PbA). A single cell suspension of splenic cells from uninfected and PbA infected (N = 3/group) were stained with surface staining with antibodies to anti-TCR-vb, anti-CD4, anti-CD8a, CD19/B220, CD278 (ICOS) after dead cell staining with fixable blue dead cell stain. (A) Gating strategy for selection of live cells after doublet and dead cell discrimination. This gating strategy was used for all flow cytometry analysis. (B) Representative gating strategy for selecting CD4+ and CD8+ T cells and ICOS expression. (C) Representative counter plot showed ICOS expression by CD4+ and CD8+ T cells on day 3 and day 6 of PbA infection. (D) Percentage ICOS expressing CD4+ T cells. (E) Percentage ICOS expressing CD8+ T cells. (F) Expression of ICOS on CD4+ T cells. (G) Expression of ICOS on CD8+ T cells. (H) Representative counter plot showed depletion of ICOS expressing CD4+ and CD8+ T cells upon anti-ICOS treatment. (I) Percentage depletion of ICOS expressing CD4+ T cells. (J) Percentage depletion of ICOS expressing CD8+ T cells. (K) ICOS expression on non-depleted CD4+ T cells. (L) ICOS expression on non-depleted CD8+ T cells. (M) Percentage activated (CD44hiCD62LLo) CD4+ T cells. (N) Total number of ICOS expressing activated (CD44hiCD62LLo) CD4+ T cells. (O) Percentage activated (CD44hiCD62LLo) CD8+ T cells. (P) Total number of ICOS expressing activated (CD44hiCD62LLo) CD8+ T cells. Data represent one of the three independent experiments. Bar represent mean ± SEM. Statistics: Mann–Whitney test, one-way ANOVA with Bonferroni’s Multiple Comparison Test, p-value <0.05 (*p < 0.05; **p < 0.01; ***p < 0.001) considered significant.





IFN-γ-Producing CD4+ T Cells Are Highly ICOS Positive at Protein Level

Higher ICOS expression on T cells and increased plasma IFN-γ production suggested that ICOS expressing T cells may be the source and major producers of IFN-γ. Thus, to quantify IFN-γ production by ICOS expressing CD4+ T cells, on day 6, we negatively isolated CD4+ T cells from uninfected and PbA infected BALB/c mice and stimulated them with PMA/ionomycin. The stimulated cells were analyzed for ICOS and IFN-γ co-expression by staining cells with anti-ICOS, anti-IFN-γ antibodies after dead cell discrimination and Fc blocking (Figure 4A). As expected, we found a significant increase in the percentage of ICOS+IFN-γ+ CD4+ T cells from PbA-infected mice as compared to uninfected mice (Figure 4B). Increased integrated mean fluorescent intensity for IFN-γ depicted that IFN-γ production was significantly higher in CD4+ T cell from infected mice than in uninfected mice at the protein level (Figure 4C). We further analyzed ICOS expression on IFN-γ positive and IFN-γ negative CD4+ T cells from PbA-infected mice. We found that ICOS expression per cell (as scored with mean fluorescent intensity) was significantly higher on IFN-γ+ cells than the negative ones (Figure 4D). Moreover, anti-ICOS treatment significantly reduced percentage as well as total ICOS+IFN-γ+ CD4+ T cells (Figures 4E,F). Taken together, our data for CD4+ T cells suggest that ICOS may play a role in IFN-γ production based on correlation of ICOS expression and IFN-γ production. It also clearly indicated that all IFN-γ-producing CD4+ T cells were ICOS positive but all ICOS-positive CD4+ T cells were not IFN-γ producers.
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FIGURE 4 | Higher inducible costimulator (ICOS) expression on IFN-γ producing T cells. Negatively isolated CD4+ T cells and single cell splenocyte from Plasmodium berghei ANKA infected and uninfected mice (N = 5/group) were stimulated by Phorbol 12-myristate 13-acetate/Ionomycin for 5 h with Brefeldin A at last 2.5 h. Stimulated CD4+ T cells were stained with anti-ICOS and anti-IFN-γ after dead cell discriminator staining and Fc blocking. The stimulated single cell splenocytes were stained with anti-TCR-vb, anti-CD8a, anti-ICOS, and IFN-γ. (A) Representative counter plot show co-expression of ICOS and IFN-γ by CD4+ T cells. (B) Percentage increase in ICOS+IFN-γ+ CD4+ T cells. (C) Increased expression of IFN-γ in CD4+ T cells. (D) ICOS expression on IFN-γ+ and IFN-γ− CD4+ T cells. (E) Anti-ICOS treatment reduced percentage ICOS+IFN-γ+ CD4+ T cells. (F) Anti-ICOS treatment depleted total number of ICOS+IFN-γ+ CD4+ T cells after anti-ICOS treatment. (G) Representative counter plot show expression of ICOS and IFN-γ in CD8+ T cells. (H) Percentage IFN-γ positive CD8+ T cells in ICOS+ and ICOS− population. (I) Expression of IFN-γ by ICOS+ and ICOS− CD8+ T cells. (J) ICOS expression on IFN-γ+ and IFN-γ− CD8+ T cells. (K) Anti-ICOS treatment reduced percentage ICOS+IFN-γ+ CD8+ T cells. (L) Anti-ICOS treatment depleted total number of ICOS+IFN-γ+ CD8+ T cells. Data represent one of the two independent experiments. Bar represent mean ± SEM. Statistics: Mann–Whitney test, one-way ANOVA with Bonferroni’s multiple comparison test, p-value <0.05 (*p < 0.05; **p < 0.01; ***p < 0.001) considered significant.





ICOS Expressing CD8+ T Cells Are Higher IFN-γ Producers

To ascertain the role of ICOS in the production of IFN-γ by CD8+ T cells during PbA infection, we stimulated single cell splenocyte with PMA/ionomycin. The stimulated cells were stained with anti-TCR-Vb, anti-CD8a, anti-ICOS, and anti-IFN-γ antibodies. After gating TCR-Vb and CD8+, we observed four populations including ICOS+IFN-γ−, ICOS+IFN-γ+, ICOS−IFN-γ+, and ICOS−IFN-γ− CD8+ T cells (Figure 4G). We observed that all ICOS-expressing CD8+ T cells were not IFN-γ producers and all IFN-γ producers were not ICOS expressing (Figure 4G). Additionally, we found a significant increase in percent ICOS+IFN-γ+ CD8+ T cells in PbA-infected mice as compared to both the CD8+ T cell populations (ICOS−IFN-γ+, ICOS+IFN-γ+) of uninfected mice (4H). Moreover, in PbA-infected mice, the percentage of ICOS+IFN-γ+ CD8+ T cells was significantly higher than the ICOS−IFN-γ+ population (Figure 4H). Increased mean fluorescence intensity of IFN-γ in ICOS+ CD8+ T cells than ICOS− depicted that ICOS expressing CD8+ T cells were higher IFN-γ producers (Figure 4I). Moreover, ICOS expression in PbA-infected mice was higher on ICOS+IFN-γ+ CD8+ T cells than ICOS+IFN-γ− CD8+ T cells as determined by the increased mean fluorescent intensity (Figure 4J). In addition, we found anti-ICOS treatment significantly reduced percentage as well as total ICOS+IFN-γ+ CD8+ T cells (Figures 4K,L). Taken together, the above results suggested that during PbA infection, IFN-γ was produced by ICOS+ and ICOS− CD8+ T cells; however, ICOS+ CD8+ T cells were higher producers of IFN-γ than the ICOS− ones.



T-Bet Expressing CD4+ and CD8+ T Cells Have Higher ICOS

The master transcription factor T-bet importantly involved in regulating IFN-γ has been shown to play a paradoxical role during blood-stage malaria infection. As an example, in non-lethal blood stage infection, transcription factor T-bet plays a role in parasite growth wherein T-bet knock out mice infected with Plasmodium yoelii yoelii exhibited lower parasitemia (34). Conversely, during PbA infection, while T-bet regulated parasite burden, it also promoted ECM pathology (11). Moreover, T-bet expression critically depends on ICOS expression and its downstream signaling (35). Therefore, we hypothesized that ICOS expressing CD4+ and CD8+ T cells promote PbA parasite growth through T-bet expression. Thus, we analyzed co-expression of ICOS and T-bet by CD4+ and CD8+ T cells during blood stage PbA infection. To ascertain ICOS and T-bet co-expression, we negatively isolated CD4+ T cells and stimulated with PMA/ionomycin for 5 h. The stimulated CD4+ T cells were stained with anti-ICOS and anti-T-bet antibody. We observed low (Lo), intermediate (Int), and high (Hi) ICOS+T-bet+ and ICOS+T-bet− CD4+ T cell population (Figure 5A) in PbA-infected mice. Percent ICOS+T-bet+ (Lo), ICOS+T-bet+ (Int) CD4+ T cells were significantly higher than ICOS+T-bet+(Hi) in uninfected mice. Whereas in PbA infected mice, percent ICOS+T-bet+(Hi) and ICOS+T-bet+(Int) were significantly higher than ICOS+T-bet+(Lo) of PbA. Percent ICOS+T-bet+ (Hi,Int,Lo) CD4+ T cells of infected mice was higher than ICOS+T-bet+ (Hi,Int,Lo) of the uninfected (Figure 5B). We observed significantly higher T-bet expression in CD4+ T cells from PbA-infected mice as compared to the uninfected (Figure 5C). Also, we analyzed ICOS expression on T-bet-positive CD4+ T cells from infected and uninfected mice. We observed significantly higher ICOS expression on T-bet(Int, Hi) positive CD4+ T cells of PbA-infected mice as compared to T-bet+ (Hi,Int,Lo) of uninfected and T-bet (low) of infected mice (Figure 5D). ICOS expression was significantly higher in T-bet+ (Hi) than T-bet− CD4+ T cells of PbA-infected mice (Figure 5E). Thus, our data suggested that all T-bet expressing CD4+ T cells were ICOS positive, but all ICOS-positive CD4+ T cells were not expressing T-bet.
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FIGURE 5 | Higher inducible costimulator (ICOS) expression on T-bet-positive T cells. Negatively isolated CD4+ T cells and single cell splenocyte from Plasmodium berghei ANKA infected and uninfected mice (N = 3/group) were stimulated by Phorbol 12-myristate 13-acetate/ionomycin for 5 h. Stimulated CD4+ T cells were stained with anti-ICOS and anti-T-bet antibodies after dead cell staining and Fc blocking. The stimulated single cell splenocytes were stained with anti-TCR-vb, anti-CD8a, anti-ICOS, and T-bet. (A) Representative counter plot show co-expression of ICOS and T-bet by CD4+ T cells. (B) Percentage increase in ICOS+T-bet+ CD4+ T cells. (C) Increased expression of T-bet in ICOS+CD4+ T cells. (D) Increased ICOS expression on T-bet positive CD4+ T cells. (E) ICOS expression on T-bet+ and T-bet− CD4+ T cells. (F) Representative counter plot show expression of ICOS and T-bet in CD8+ T cells. (G) Percentage T-bet positive CD8+ T cells in ICOS+ and ICOS- population. (H) Expression of T-bet by ICOS+CD8+ T cells. (I) ICOS Expression on T-bet expressing CD8+ T cells. (J) ICOS expression on T-bet+ and T-bet− CD8+ T cells. Data represent one of the two independent experiments. Bar represent mean ± SEM. Statistics: Mann–Whitney test, one-way ANOVA with Bonferroni’s multiple comparison test, p-value < 0.05 (*p < 0.05; **p < 0.01; ***p < 0.001) considered significant.



Similar to CD4+ T cells, we determined the role of ICOS for T-bet expression in CD8+ T cells during PbA infection. The splenocytes were stimulated as described earlier and stained with TCR-Vb, CD8a, ICOS, and T-bet antibodies. After gating TCR-vb and CD8+, we observed four populations; ICOS+T-bet+ (Hi), ICOS+T-bet+ (Lo), ICOS+T-bet− (Hi), and ICOS+T-bet− (Lo) of CD8+ T cells (Figure 5F). A significant increase in percent ICOS+T-bet+(Hi) CD8+ T cells was observed as compared to ICOS+T-bet+ (Lo) of infected mice. Also, it was higher than the uninfected (ICOS+T-bet+ (Hi, Lo)) CD8+ T cell population (Figure 5G). Expression of T-bet at protein level per cell was significantly higher in ICOS+T-bet+ (Hi) than ICOS+T-bet+ (Lo) in PbA infected mice and ICOS+T-bet+ (Hi), ICOS+T-bet+ (Lo) CD8+ T cells in uninfected mice (Figure 5H). Also, we analyzed ICOS expression on T-bet positive cells from uninfected and PbA infected mice and found that ICOS expression was higher on ICOS+T-bet+ (Hi) (Figure 5I). Moreover, ICOS expression on T-bet positive CD8+ T cells was higher than T-bet negative cells in infected mice (Figure 5J). Thus, our data suggested that all T-bet expressing CD8+ T cells were ICOS positive, but all ICOS positive CD8+ T cells were not expressing T-bet. Taken together, our data indicated that the transcription factor T-bet was expressed by ICOS positive CD4+ as well as CD8+ T cells during PbA infection.




DISCUSSION

Most symptoms such as fever, anemia, and cerebral manifestations occur during the asexual erythrocytic or blood-stage malaria parasite infection and have been shown to be strongly associated with IFN-γ production by various cells. The produced IFN-γ is involved in modulation of parasite growth leading to protection as well as pathology (7, 8, 29, 36–38). In experimental allergic encephalomyelitis, IFN-γ-mediated immunopathology is associated with ICOS expression and its signaling (39). Further, impaired IFN-γ production and reduced CD4+ and CD8+ T cell response was observed in ICOS-deficient patients leading to immunodeficiency and autoimmunity (40, 41). Moreover, during non-lethal blood-stage malaria infection, ICOS plays an essential role as a regulator of IFN-γ production and also in distributing parasite-specific CD4+ T cells to both lymphoid and non-lymphoid organs (20, 42). Thus, these studies suggested that ICOS could play a role in IFN-γ production during infectious and autoimmune diseases (43). ICOS signaling regulate transcription factor T-bet, which is also involved in regulation of malaria parasite growth and pathogenesis (11, 34, 35). Taking these studies into consideration, we tried to demonstrate the role of ICOS in parasite growth and lethality through T-bet expression and IFN-γ production, during lethal blood stage of PbA infection. Thus, in our initial experiment, the depletion of ICOS-expressing cells resulted in significantly lowered parasitemia and prolonged mice survival, suggesting that ICOS positive cells are required for PbA growth. Lowered parasitemia due to substantial slowing of parasite maturation, was observed during intraerythrocytic P. berghei ANKA infection in Rag(−/−) (lacks T and B cells and mount weak inflammatory response) mice (44). Thus, in our study, we speculate that impaired T cell response leading to diminished parasitemia might be associated with parasite maturation. Further, reduced percent weight loss (a marker of pathology) in anti-ICOS treated mice as compared to untreated suggested that ICOS expressing cells are also involved in PbA pathology. The role of ICOS in parasite growth and pathology, thus, led us to further characterize its expression during PbA infection.

During blood-stage malarial infection, helper CD4+ and cytotoxic CD8+ T cells contribute to both protection and pathology (45–48). For activation of both T cells, ICOS expression, and its downstream signaling is critical (21, 40, 41, 49, 50). Consistent with this, in our experiment during blood stage PbA infection, ICOS may be involved in the activation of splenic CD4+ and CD8+ T cells as both these cells express significantly higher ICOS. A study involving depletion of these T cells with antibodies prevented pathology of experimental cerebral malaria (5). Similarly, in this study, upon anti-ICOS administration, depletion of ICOS expressing CD4+ and CD8+ T cells led to lower parasitemia, longer survival, and ameliorated pathology. Thus our study suggested that depletion of ICOS expressing CD4+ and CD8+ T cell was sufficient to control parasite growth and lethality as compared to total T cell depletion.

IFN-γ has been known to play a critical role in lethality during P. berghei ANKA infection (9) and consistent with these earlier findings, increased plasma IFN-γ production in our study may be correlated with its role in PbA pathogenesis. Lowered parasitemia, reduced IFN-γ, and increased survival upon anti-ICOS treatment suggest that ICOS plays a role in PbA growth and lethality through IFN-γ production. Further, characterization of CD4+ and CD8+ T cells for IFN-γ production showed that both these cells were indeed IFN-γ producers. Moreover, depletion of ICOS-expressing CD4+ and CD8+ T cells and reduction of plasma IFN-γ upon anti-ICOS treatment suggested that in blood stage of PbA infection, ICOS expressing CD4+ and CD8+ T cells were the major producers of IFN-γ. Further, earlier studies also demonstrated the role of ICOS in modulating cytokines of naïve and activated T cells. Moreover, during Mycobacterium tuberculosis, ICOS signaling controlled antigen-specific protective IFN-γ production and the produced IFN-γ, in turn, regulated ICOS expression (24). Similarly, in our study, higher ICOS expression on IFN-γ producing T cells and higher IFN-γ production in ICOS expressing T cells suggested that both ICOS and IFN-γ could regulate each other.

On similar line master transcription factor T-bet has shown to be involved in malaria parasite growth and pathogenesis. For example, lower parasite burden was observed in T-bet knock out (Tbx21−/−) mice than T-bet wild-type mice suggesting that T-bet promotes malaria parasite growth (34). In another study, T-bet regulated PbA growth but has also been shown to promote the pathogenesis of ECM (11). Interestingly, ICOS expression and its downstream signaling have been shown to be critical for T-bet expression (35). In our study, ICOS expressing CD4+ and CD8+ T cells, which were involved in PbA growth has also been shown to co-express T-bet. Our results also demonstrated that ICOS and T-bet might regulate each other’s expression as correlated with higher ICOS expression on T-bet positive cells and vice versa.

The malaria parasite has evolved with multiple mechanisms such as changing shapes, motility, metabolic requirement, and immune evasion strategies to survive inside the host (51). In correlation with this, we demonstrated that malaria parasite utilizes ICOS-expressing T cells for their growth through T-bet expression and IFN-γ production. Other studies have depicted that altering ICOS signaling leads to modulated T cell response, which in turn is involved in infection clearance, tumor regression, and ameliorated pathology (52–54). Thus, modulation of ICOS expression and its signaling might be helpful in altering parasite growth and lethality, which might be valuable in preventing severe malaria in humans.
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Type 1 diabetes (T1D) is an autoimmune disease that is generally considered to be T cell-driven. Accordingly, most strategies of immunotherapy for T1D prevention and treatment in the clinic have targeted the T cell compartment. To date, however, immunotherapy has had only limited clinical success. Although certain immunotherapies have promoted a protective effect, efficacy is often short-term and acquired immunity may be impacted. This has led to the consideration of combining different approaches with the goal of achieving a synergistic therapeutic response. In this review, we will discuss the status of various T1D therapeutic strategies tested in the clinic, as well as possible combinatorial approaches to restore β cell tolerance.
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INTRODUCTION

Type 1 diabetes (T1D) is an autoimmune disease marked by the dysfunction and/or destruction of the insulin-producing β cells found in the pancreatic islets of Langerhans (1–4). T1D most often arises in children but also develops in adults. To compensate for impaired β cell function, T1D individuals require daily insulin therapy. Despite insulin administration, however, establishing optimal glycemic control long-term is often problematic resulting in a number of complications, including retinopathy, nephropathy, vasculopathy, and neuropathy. This morbidity coupled with an increasing incidence of T1D world-wide, underscores an urgent need for effective immunotherapies for T1D prevention and treatment.

The goal of an immunotherapy is threefold: (1) selectively suppress ongoing autoimmunity, (2) reestablish self-tolerance long-term, and (3) preserve acquired immunity. This review will focus on the different strategies of immunotherapy being tested experimentally and in the clinic to suppress β cell autoimmunity, and prevent clinical onset and/or treat T1D.



IMMUNOPATHOLOGY OF T1D

The loss of β cell tolerance involves both genetic and ill-defined environmental factors (5–16). A strong genetic association with specific human leukocyte antigen haplotypes, coupled with several variants of genes expressed by β cells, T cells, and other immune effectors underscore the complexity of the autoimmune response of T1D (17–23). β cell autoimmunity is typically viewed as a chronic inflammatory response characterized by the progressive infiltration of the pancreatic islets with various immune effectors (24). In the nonobese diabetic (NOD) mouse, a spontaneous model of T1D, islet infiltration is initiated at an early age by macrophages and dendritic cells (DC), CD4+ and CD8+ T cells, and B cells. This insulitis initially exhibits benign properties with little effect on β cell viability or function. However, at a late preclinical stage, an ill-defined qualitative change occurs within the islet infiltrate, which promotes efficient β cell destruction leading to the onset of overt diabetes. In NOD mice and other rodent models of T1D, pathogenic β cell-specific CD4+ and CD8+ effector T cells (Teff) are essential drivers of autoimmunity. Diabetogenic CD4+ and CD8+ T cells target several β cell autoantigens and related peptide epitopes, including proinsulin/insulin, glutamic acid decarboxylase 65 (GAD65), chromogranin A (ChgA), zinc transporter 8 (ZnT8), glucose-6-phosphatase catalytic subunit-related protein (IGRP), and hybrid insulin peptides (HIPs) among others (25–34). It is thought that early in the disease process only few β cell autoantigens and epitopes are targeted by T cells. However, over time additional epitopes within a given autoantigen as well as new autoantigens are recognized. Furthermore, chronic inflammation negatively affects β cells in part by generating neo-autoantigens, such as HIPs, via post-translational modification events (32–39). These neo-autoantigens further diversify the diabetogenic response. Together this epitope spread effectively amplifies the β cell-specific T cell response (28, 40–42).

Analyses of human cadaveric T1D pancreases have also demonstrated islet infiltrates consisting of CD8+ T cells and macrophages, and to a lesser extent CD4+ T cells, and B cells (29, 31, 43–52). However, T1D pancreases have been reported that lack T cell infiltrates suggesting that the immunopathology of human T1D is heterogeneous (53, 54). The prevalence of T cell-independent subsets of T1D is unclear, and thought to be primarily associated with adult T1D onset. On the other hand, evidence indicates that the rapid and severe T1D that develops in children and adolescents is T cell-mediated (44). For instance, recent reports show that childhood onset is marked by a broader and more aggressive β cell-specific T cell response compared to adult T1D (29, 31, 43–52, 55–57). Multiple β cell autoantigens are recognized by human CD4+ and CD8+ T cells found in peripheral blood, as well as the islets of T1D subjects; many of which are also targeted in the NOD mouse diabetogenic response (e.g., insulin, GAD65, IGRP, and ZnT8) (4, 25, 28, 57).

Pathogenic β cell-specific CD4+ and CD8+ Teff in NOD and human T1D typically exhibit a type 1 or T helper 1 (Th1) phenotype marked by IFNγ production (47, 58, 59). IL-17-producing CD4+ Th17 cells have also been implicated in mediating β cell destruction (60–62). Differentiation and expansion of pathogenic Teff are in part attributed to aberrant peripheral immunoregulation (63–68). An impaired pool of thymic-derived FoxP3-expressing immunoregulatory T cells (Foxp3+Treg) has been linked to T1D (68–70). In general, Foxp3+Treg play an essential role in maintaining peripheral self-tolerance through cytokine and contact-dependent mechanisms of suppression (71). Decreased survival of islet-resident Foxp3+Treg is thought to be a key factor in promoting the progression from benign to pathogenic insulitis in NOD mice (69). Failure to maintain islet Foxp3+Treg numbers in NOD mice is due to insufficient local levels of IL-2, a critical cytokine needed for Foxp3+Treg survival, fitness, and function (69, 72–74). FOXP3+Treg from T1D subjects have defective IL-2 receptor (R) signaling which limits fitness and function of FOXP3+Treg (66, 75). Additionally, production of the proinflammatory cytokine IL-21, which is critical for T1D development, can inhibit IL-2 expression by T cells which negatively impacts Foxp3+Treg viability and function (76). Human T1D is also marked by deficiencies in non-FoxP3-expressing adaptive (a) Treg. For example, the frequency of β cell-specific IL-10-secreting Tr1 cells is reduced in T1D versus healthy subjects (77–79). In both NOD and human T1D, Teff exhibit a reduced sensitivity to Treg-mediated suppression, which further permits expansion of the diabetogenic Teff pool (63, 64).

Dysregulation among antigen-presenting cells (APC), such as DC, macrophages, and B cells, has also been reported to contribute to T1D (80–85). Although detection of autoantibodies is a key indicator of β cell autoimmunity, B cells are thought to play a critical role in the development of T1D by functioning primarily as an APC (86–88). APC exhibiting proinflammatory properties also skew differentiation of naïve β cell-specific T cells toward pathogenic Teff, as well as amplify islet inflammation and β cell destruction. For instance cytokines, such as IFNγ, TNFα, and IL-1β secreted by islet APC are cytotoxic to β cells in vitro (89). The culmination of the adaptive and innate effector immune response within the islets results in β cell destruction/dysfunction and elevated blood glucose levels (Figure 1).
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FIGURE 1 | The progression and treatment of β cell autoimmunity. Top panel: In general, overt diabetes results from the gradual loss of functional insulin-producing β cells due to the inflammatory environment driven by infiltrating self-reactive T cells and antigen-presenting cells (APC). Although β cell-specific T cell clones are detected in both healthy and type 1 diabetes (T1D) susceptible individuals, a number of factors promote T1D development in the latter population. Decreased efficiency of negative selection in the thymus allows for the increased escape of β cell-specific T cell clones into the periphery. In the periphery, β cell-specific T cells are stimulated in the pancreatic lymph nodes (PLN) by APC derived from the islets, leading to effector T cells (Teff) differentiation due to suboptimal Foxp3+Treg suppression. These pathogenic Teff then infiltrate the islets and drive inflammation leading to reduced β cell function and/or survival. Bottom panel: Several distinct therapeutic interventions have been tested for the prevention or treatment of T1D. The major approaches have included: administration of β cell autoantigens, expansion of Foxp3+Treg, Ab therapies that alter T cell responses, therapeutic reagents that tolerize APC function, neutralization of proinflammatory molecules, or treatments that expand or enhance β cell function and/or survival. Some of these approaches have had clinical, albeit limited, success. Future therapeutic interventions should look toward refinement in the specificity of these treatments, and the development of combinatorial therapies targeting multiple arms of the immune system, as T1D is a multi-pronged autoimmune disease.


Aberrant peripheral immunoregulation has been the focus of most T1D immunotherapies. Different strategies have attempted to selectively suppress the pathogenic proinflammatory events that affect β cells, while reestablishing protective immunoregulation that persists long-term without altering acquired immunity (Figure 1). Achieving these goals in the clinic, however, has proven to be highly challenging.



IMMUNOTHERAPY OF T1D

The progression of T1D affords three windows of therapeutic intervention to alter disease outcome (90, 91). The first is during the prodromal stage of T1D, which may persist for a number of years. At-risk individuals with ongoing β cell autoimmunity, identified by serum autoantibodies specific for various β cell autoantigens, are candidates for prevention of clinical onset of T1D (90–92). The second window of intervention is at the time of clinical onset. The goal here is to suppress β cell autoimmunity, rescue residual β cell mass, and ideally reverse clinical diabetes. Early studies provided proof of principle that sufficient β cell mass exists at the time of diagnosis to reverse diabetes (93, 94). Administration of the immunosuppressive drug cyclosporine A (CsA) induces remission in new onset children. However, CsA results in severe kidney toxicity, and once therapy is halted, patients develop recurrent diabetes (95, 96). The third window of intervention is in long-standing T1D patients to protect residual β cell function. Evidence indicates that after T1D onset low but sustained C-peptide levels are observed (93, 94). Therefore, maintenance of a small amount of functional β mass may aid in the control of glycemia as well as limit morbidity.

Two general approaches of immunotherapy have been tested experimentally and in the clinic for the prevention and treatment of T1D. The first approach entails manipulating the autoimmune response independent of β cell specificity. Typically, antibodies (Ab) targeting specific immune effectors or effector molecules have been employed for this approach. The second approach makes use of β cell antigen-specific strategies. Here, β cell autoantigens or corresponding peptides are administered under various conditions. In the following sections, we will discuss different strategies of immunotherapy that are included in these two general approaches, highlighting related strengths and weaknesses (Figure 1).



ANTIGEN-INDEPENDENT IMMUNOTHERAPIES

Ab and cytokines have been administered to modulate or block the function of immune effector cells and/or molecules. The general approach is advantageous, since pathogenic effectors can be targeted en masse, often resulting in rapid and robust outcomes in experimental settings. However, the limited specificity of these therapeutics can lead to unwanted systemic effects impacting acquired immunity for instance. Nevertheless, a sizable body of work has demonstrated clinical efficacy for certain Ab therapies, whereas promising early results are being seen with cytokine- and cell-based strategies.


Antibody-Based Therapies

Arguably, the most effective strategy to clinically alter T1D progression has been to target diabetogenic Teff with anti-CD3 monoclonal Ab (mAb) (97, 98). In new onset NOD mice anti-CD3 mAb therapy reverses diabetes in part by driving apoptosis of islet-infiltrating Teff. Engulfment of the apoptotic T cells induces TGF-β secretion by APC that promotes differentiation of Foxp3+Treg. Once established this pool of induced (i) Foxp3+Treg mediate long-lasting β cell tolerance (99–101). In addition, peripheral Teff exhibit reduced IFNγ production, and increased markers of exhaustion and anergy (102). Interestingly, anti-CD3 mAb therapy given at a preclinical stage fails to prevent diabetes onset in NOD mice (98, 103). This indicates that a given immunotherapy may be effective only at particular stages of T1D progression.

For clinical trials, humanized anti-CD3 mAb hOKT3γ1 (Ala-Ala) (teplizumab) or CCHAglyCD3 (otelixizumab) have been engineered to prevent binding to Fc receptor, and minimize proinflammatory cytokine release by APC (97, 100, 104–112). Anti-CD3 mAb therapy administered to new onset T1D patients reduces the rate of loss of β cell function in the majority of individuals (113). The mechanism of protection is ill-defined, although expansion of CD8+ Treg and CD8+ Teff exhibiting an exhausted phenotype has been reported (109). Despite this efficacy, diabetes reversal is not achieved, and protection of residual β cell mass is short-term, lasting up to 4 years in some individuals (113). Furthermore, anti-CD3 mAb binding can activate T cells resulting in cytokine release and unwanted inflammation, albeit transient. Moreover, the transient depletion of T cells systemically by anti-CD3 mAb is linked to recurrent viral infections (100, 104). Nevertheless, these findings provide direct evidence that progression of β cell autoimmunity can be modulated by targeting T cells. However, further refinement of the approach is required to enhance β cell protection while minimizing effects on acquired immunity. This may in part be achieved by using anti-CD3 mAb in combination with other therapeutics (114–116). For instance, treatment of NOD mice with anti-CD3 mAb and the β cell trophic growth factor prolactin, increases both diabetes reversal and β cell proliferation relative to anti-CD3 mAb alone (116).

The aim of Ab-based combinatorial strategies is to establish a synergistic or additive effect to enhance both efficacy and safety. An increased tolerogenic response may permit reduced dosing and, therefore, minimize unwanted complications with a given therapeutic. One combinatorial strategy being tested in the clinic is the application of antithymocyte globulin (ATG) and granulocyte colony stimulating factor (G-CSF). Low dose ATG induces apoptosis and transiently depletes T cells, whereas G-CSF promotes mobilization of aTreg and induction of tolerogenic DC. In preclinical studies, ATG alone induces ~30% remission in newly diabetic NOD mice, whereas the combination of ATG and G-CSF increases diabetes reversal >twofold (117). Initial phase I clinical results for low dose ATG plus G-CSF therapy given to recent onset T1D patients indicate that β cell function can be maintained up to 2 years in a group of responders (118). This protective effect correlates with quantitative and qualitative changes in the conventional T cell pool, coupled with an increase in the frequency of FOXP3+Treg (118).

Although most T1D immunotherapies have targeted T cells, success has also been demonstrated by altering the B cell response in various autoimmune diseases including T1D, both in mice and humans (88, 119, 120). As previously mentioned, serum autoantibodies indicate B cells also target β cell antigens, including GAD65 and insulin, which serve as a biomarker for individuals with an increased risk for developing T1D (90–92). NOD mice lacking B cells are protected from insulitis and diabetes onset (86, 87). Several molecules, such as CD20, CD22, BAFF, and BCMA have been targeted to modulate the B cell pool (121–125). In different murine models of T1D, anti-CD20 mAb suppresses the progression of β cell autoimmunity as well as reverses diabetes onset, by promoting Foxp3+Treg and regulatory B cell populations (121, 122). In recent onset T1D patients, anti-CD20 mAb (Rituximab), which has also been used in the treatment of rheumatoid arthritis (RA), transiently depleted B cells and prolonged β cell function (126, 127). However, this protective effect was only transient, diminishing after 1 year, suggesting brief deletion of B cells alone is not sufficient to restore β cell tolerance.

The depleting effects of a given Ab make dosing problematic, as well as limit the frequency of treatments. On the other hand, nondepleting (ND) Ab provide a strategy to modulate the function of Teff and other immune cells without systemic cell depletion. Human IgG4 is intrinsically ND due to a decreased capacity to fix complement and bind to Fc receptor, and, therefore, is well suited for this purpose. Other IgG isotypes can be engineered accordingly to establish a ND property. A striking example of altering the activity of β cell-specific Teff is observed with the application of ND anti-CD4 and -CD8α Ab. A short-course of ND anti-CD4 and -CD8α Ab induces remission in the majority of new onset diabetic NOD mice without affecting systemic T cell numbers (128–131). Induction of remission is due to Ab-mediated crosslinking of the CD4 and CD8 molecules, which reduces TCR signaling as well as upregulates additional signaling pathways (128, 131–133). The result is suppressed expression of proinflammatory cytokines by Teff combined with the induction of a promigratory phenotype that drives pancreatic egress of Teff (128, 133).

ND Ab and immunoglobulin (Ig) fusion molecules can also serve to block the function of key surface effector molecules. For instance, CTLA-4-Ig (Abatacept)-mediated blockade of the CD80 and CD86 co-stimulatory molecules inhibits APC function and alters the Teff pool in recent onset T1D patients. Abatacept therapy administered monthly for 24 months extends β cell function up to 30 months (134, 135). Examination of peripheral blood shows a decrease in the central memory CD4+ T cell population with a concomitant increase in naïve T cells in Abatacept-treated individuals, supporting the notion that Teff expansion is limited (135).

Inhibiting cytotoxic pathways with ND blocking Ab offer another option to protect β cell viability. NOD mice deficient in Fas lack islet-infiltrating effector cells and fail to develop T1D (136, 137). Ab blockade of FasL between 2 and 4 weeks of age prevents T1D in NOD mice. Interestingly, FasL blockade results in the presence of protective IL-10-producing B cells in the pancreas of NOD mice after treatment (138). These results suggest the targeting the Fas–FasL pathway may be a viable therapeutic avenue for the treatment of clinical T1D.

In addition to directly targeting immune effector cells, Ab or Ig-fusion molecules have been used to neutralize secreted effector molecules, such as proinflammatory cytokines. Neutralization of TNFα with several antagonists including mAb (infliximab, adalimumab) and a recombinant TNFα receptor fusion protein, etanercept, have been widely used to treat the autoimmunity driving RA (139). Although TNFα is directly cytotoxic to β cells, its role in the pathogenesis of T1D is controversial. In NOD mice, for instance, TNFα accelerates the progression of β cell autoimmunity when given at a young but not older age (140, 141). In a 24-week clinical study, anti-TNFα therapy in human T1D patients was seen to reduce levels of glycated hemoglobin A1C (HbA1c), a marker indicative of blood glucose values over a 3-month period, as well as increase C-peptide levels suggesting preservation of β cell function (142). In a case report, treatment with infliximab was also found to reduce HbA1c levels, increase insulin secretion, and alleviate insulin resistance in a T1D patient also diagnosed with Crohn’s disease (143). Anti-TNFα therapy, however, fails to prevent the development of T1D in at-risk patients, and may in fact accelerate disease progression (144). These results further underscore how efficacy (or lack of) is dependent on the stage of disease progression at which a given therapeutic is administered.

IL-21 is an appealing cytokine to target and suppress β cell autoimmunity. IL-21 is chiefly produced by T follicular helper cells (Tfh) and Th17 cells, and has diverse roles that include regulating B cell and CD8+ Teff function (145–147). The emerging role for both Tfh and Th17 cells in the progression of T1D, and the protective phenotype seen in NOD mice deficient of IL-21 suggests that neutralizing human IL-21 is a promising approach (60, 148–152). Indeed, neutralization of IL-21 with an IL-21R-Ig prevents diabetes in NOD mice (153).



Cytokine-Based Immunotherapies

Administration of cytokines offers an approach to reestablish peripheral immunoregulation and β cell tolerance. One such strategy currently being investigated is administration of low dose IL-2 (65, 154–156). Conventional CD4+ and CD8+ T cells but not Foxp3+Treg are producers of IL-2, which plays a central role in driving both pro- and anti-inflammatory responses (157, 158). IL-2 for instance is needed for conventional T cell activation and expansion, and IL-2 drives proinflammatory responses by other immune effectors (158). IL-2 also plays an essential role in Foxp3+ Treg survival, expansion, and suppressor function (159–161). Constitutive expression of the high affinity IL-2R (CD25) allows Foxp3+Treg to out-compete conventional T cells for limiting amounts of IL-2. The latter provides rationale for using low dose IL-2 to preferentially affect Foxp3+Treg versus conventional T cells (154). Indeed, low dose IL-2 has been effective in the clinic for the treatment of graft-versus-host disease, and systemic vasculitis (162, 163). In NOD mice, low-dose IL-2 prevents clinical onset and reverses diabetes via an expanded pool of Foxp3+ Treg in the islets and draining pancreatic lymph nodes (69, 164, 165). Similarly, low-dose IL-2 in combination with rapamycin in recent onset T1D patients increases the frequency of Foxp3+Treg in blood (166). However, these patients also exhibit an accelerated rate of β cell loss (166), suggesting an enhanced pathogenic response, and highlighting the key problem of administering a cytokine with pleiotropic effects (167, 168).

Different strategies are being developed to enhance the efficacy of IL-2 (and other cytokines), while avoiding unwanted systemic effects (169, 170). One approach is to promote selective binding of IL-2 to Foxp3+Treg via IL-2-Ab complexes (IL-2C) (170–172). Targeting particular epitopes on IL-2 with anti-IL-2 Ab can favor binding to the high affinity IL-2R constitutively expressed by Foxp3+Treg (173). Administration of IL-2C readily expands Foxp3+Treg in mice and prevents autoimmunity (170–172). While promising, polyclonal expansion of Foxp3+Treg by IL-2C may compromise protective immunity against pathogens.

An additional strategy to minimize the systemic effects of IL-2 while expanding β cell-specific Foxp3+Treg is to target cytokine expression to β cells in vivo. Adeno-associated virus (AAV) vectors have been used to deliver and target expression of an insulin promoter-driven IL-2 transgene (AAViP-IL2) to β cells in vivo (72–74, 174). In general, AAV vectors are appealing for in vivo gene delivery due to limited immunogenicity, lack of integration into the genome, and efficient transduction of non-proliferating cells (175). Notably, treatment of NOD mice at a late preclinical T1D stage with AAViP-IL2 results in the expansion of islet-resident Foxp3+Treg, suppression of β cell-specific Teff, and prevention of diabetes onset (72–74). AAV vectors can be further exploited by co-delivering genes encoding other anti-inflammatory cytokines (e.g., IL-10, TGFβ1, and IL-35) and/or pro-survival proteins to enhance both the tolerogenic effect and maintenance of β cell mass in vivo (72, 174, 176–179).



Foxp3+Treg-Mediated Therapy

An alternative strategy to manipulate the Foxp3+Treg population in vivo is to transfer Foxp3+Treg that have been expanded in vitro (180–182). The approach is effective in preventing diabetes onset in NOD mice (183). However, in vitro expansion of a homogeneous and stable pool of Foxp3+Treg, particularly when starting from relatively few cells, has been technically difficult. Expansion protocols are being devised using drugs such as rapamycin to prevent outgrowth of Teff, as well as DNA methyltransferase and histone deacetylase inhibitors to enhance Foxp3+Treg stability (184, 185). Despite these hurdles, clinical studies have shown Foxp3+Treg therapy is well tolerated and therapeutic efficacy is observed for various diseases (180, 181). Furthermore, a phase I trial has demonstrated that in vitro-expanded Foxp3+Treg persist long-term and exhibit a stable phenotype when transferred back into T1D subjects (180). Notably, loss of C peptide is also limited in some patients. These results provide justification for additional clinical studies to directly assess the efficacy of Foxp3+Treg transfer for T1D treatment.



Microbiome Interventions in T1D

In recent years, the importance of the gut microbiota in maintaining the normal function of the immune system has emerged (186). Reports have documented that changes in gut microbiota can markedly influence T1D development, and that differences in the colonizing microflora contributes to variations in T1D onset among NOD mouse colonies (187, 188). Toll-like receptors (TLRs) play a crucial role in the innate immune system’s recognition of common bacterial and viral components. TLR signaling triggers APC maturation and production of proinflammatory mediators (189). One of the major TLR signaling adaptor molecules driving APC maturation is MyD88, which activates several downstream signaling pathways (190). NOD mice lacking MyD88 expression and housed under normal specific-pathogen-free conditions exhibit a reduced T1D incidence. In contrast, MyD88-deficient NOD mice housed in germ-free conditions develop robust diabetes (16). Interestingly sex differences in the gut microbiota also influence T1D susceptibility. For example, young female NOD mice receiving gut microbiota from male NOD mice exhibit a reduced T1D incidence (191). These results demonstrate that the gut microbiota can have a protective role against autoimmunity, and specifically T1D. Furthermore, differences in the biodiversity of the gut microbiome are seen between T1D patients and healthy individuals (192–196). Similarly, the microbiome within the gut of T1D infants fails to diversify during development in comparison to healthy individuals, potentially due to hyperglycemia (197). Here, changes in the production of microbial metabolites such as short-chain fatty acids found in the colonic lumen and peripheral blood are thought to impact immunoregulatory networks. Indeed, a recent study showed that diets that enhance production of acetate and butyrate by the gut microbiome, effectively prevent diabetes in NOD mice (198). Increased acetate is seen to reduce β cell-specific Teff, whereas elevated butyrate expands Foxp3+Treg. Together these results indicate an association between modified gut microbiota and compromised self-tolerance. Manipulating the gut microbiota may prove to be an effective adjuvant therapy to limit the progression of β cell autoimmunity in at-risk individuals.




ANTIGEN-DEPENDENT IMMUNOTHERAPIES

The goal of antigen-based therapies is to selectively tolerize the autoreactive Teff pool and induce or expand autoantigen-specific Treg (199–202). The approach is appealing, since β cell antigen vaccination is expected to have no effect on acquired immunity. Teff are tolerized via whole antigen or peptide by various mechanisms, including: (i) clonal anergy, (ii) clonal deletion, or (iii) exhaustion. This has classically been achieved by administration of high doses of soluble antigen or peptide. On the other hand, antigen vaccination has been used to induce differentiation of naïve β cell-specific T cells into aTreg, including iFoxp3+Treg. Depending on the conditions of antigen vaccination, distinct subsets of aTreg can be induced. Expanding the aTreg pool is advantageous, since local cytokine-mediated suppression is independent of Teff antigen-specificity; this bystander-mediated suppression also can downregulate the activity of proinflammatory APC. Success of either tolerizing Teff or inducing/expanding Treg is dictated by multiple factors including dose, the frequency, and route of antigen vaccination. Also important is the context in which the antigen is delivered. Antigen administration in the context of an adjuvant, microparticles, or DC can significantly alter the nature of the T cell response. The most critical factor determining efficacy, however, is the identity of the autoantigen (or peptide) used for vaccination. To effectively block the progression of β cell autoimmunity, prevalent, or immunodominant Teff clonotypes need to be targeted. Ongoing efforts defining the specificity of islet-resident Teff are expected to identify immunodominant Teff clonotypes (31). Furthermore, promising antigen-based immunotherapies are exploiting advancements in targeted drug delivery systems to effectively tolerize Teff and promote Treg-mediated suppression.


β Cell-Autoantigen Vaccination

Early clinical studies have highlighted the difficulty in establishing a protective, β cell-specific T cell response via autoantigen vaccination (203). The Diabetes Prevention Trial-type 1 tested parenteral insulin delivery via intravenous (i.v.), subcutaneous (s.c.), and oral routes in at-risk individuals (202, 204–206). No significant difference, however, was detected in the frequency and onset of diabetes in the treatment and control cohorts. Similarly, phase II and III studies of s.c. vaccination of aluminum hydroxide (alum)-formulated GAD65 to new onset T1D patients had no marked effect on C-peptide secretion over time (207, 208). Alum as an adjuvant is included due to a potent capacity to induce IL-4-secreting Th2 cells, which in turn can block the differentiation of pathogenic IFNγ-producing Teff (209, 210).

Additional studies have tested insulin and proinsulin peptides to restore β cell tolerance in human T1D patients. An altered-peptide ligand of the insulin B chain 9–23 epitope administered s.c. to recent onset T1D subjects reduces peptide-specific IFNγ-secreting Teff, while elevating Th2-like aTreg (211, 212). Nevertheless, no clinical benefit was detected, suggesting that altering insulin B chain-specific Teff reactivity alone is insufficient to induce robust β cell tolerance. Clinical trials assessing intradermal vaccination of a natural peptide derived from proinsulin (C19-A3) have also been carried out (213, 214). Vaccination with low (30ug) versus high (300 μg) doses of C19-A3 increases the frequency of peptide-specific CD4+ Tr1 cells in long-standing T1D subjects (213). A similar increase in CD4+ Tr1 cells is detected in newly diagnosed T1D subjects vaccinated with C19-A3 (214). Notably, FOXP3+ Treg are also increased, and evidence suggests that residual β cell function is preserved in some individuals (214). Treatment with a pool of peptides derived from additional β cell autoantigens may promote a more robust tolerogenic effect on Teff, as well as enhance induction and/or expansion of the aTreg pool.



Strategies to Enhance the Efficacy of β Cell-Autoantigen Vaccination

As noted above the context of autoantigen vaccination is critical for determining the nature and magnitude of the induced T cell response, and in turn therapeutic efficacy. Various strategies are being developed to better “tailor” the antigen-specific T cell response. One such approach has been the application of plasmid DNA (pDNA) vaccination. Injection of soluble pDNA or via gene gun delivered pDNA-coated particles results in significant levels of transgene expression lasting several weeks in vivo (215, 216). Co-vaccination of pDNA encoding β cell autoantigens and anti-inflammatory cytokines both induces protective β cell-specific aTreg, and prevents diabetes onset in NOD mice (174, 217–220). In a T1D clinical trial, patients received intramuscular injections of pDNA encoding proinsulin over a 12-week period. C-peptide levels were maintained up to 3 months after treatment, which corresponded with a reduced frequency of proinsulin-specific CD8+ T cells in peripheral blood (221). Notably, the frequency of CD8+ T cells specific for foreign antigen remained unperturbed, illustrating a key strength of β cell-autoantigen vaccination.

An additional approach to enhance the efficacy of β cell-autoantigen vaccines is the use of small molecule particles (222, 223). Typically, injected β cell antigens and other soluble reagents have a short half-life in vivo, which can be greatly enhanced by encapsulation into a particle. Particles are generated using different compounds, including poly(lactide-co-glycolide) and acetalated dextran (222, 224). The particle size and composition can be readily manipulated to determine cellular uptake and cargo release in vivo (225). Some studies have included cell-specific Ab or ligands to target particles to a desired cell population, and avoid off-target effects (222, 226–228). However, most treatments utilize the natural phagocytic function of DC and macrophages to engulf the injected particles. In this way, a tolerogenic APC phenotype can also be established in vivo by encapsulating various immunomodulatory agents such as the aryl hydrocarbon receptor ligand 2-(1′H-indole-3′-carbonyl)-thiazole-4-carboxylic acid methyl ester, rapamycin, dexamethasone, cytokines, and/or antisense oligodeoxynucleotides (222, 223, 229–232). These APC upon presenting the loaded antigen more readily tolerize Teff and/or induce aTreg (229–232).

As opposed to delivering a cargo to APC, nanoparticles have also been used as surrogate APC (233, 234). Here the surface of nanoparticles is complexed with MHC class II (MHCII) molecules tethered to a β cell-derived peptide (234). These MHCII-peptide-coated nanoparticles promote differentiation of CD4+ Teff into Tr1 cells that are readily expanded, and in turn drive diabetes remission in NOD mice (234). Another approach has exploited the tolerogenic properties of apoptotic cells. Uptake of apoptotic bodies by immature DC and macrophages blocks subsequent APC maturation and promotes upregulation of TGFβ1 (235). Accordingly, i.v. injection of 1-ethyl-3-(3 dimethylaminopropyl) carbodiimide (ECDI) fixed splenocytes loaded with autoantigen suppresses experimental autoimmune encephalomyelitis, a murine model of multiple sclerosis (MS) (236). Currently, this approach is being tested in clinical trials in which MS patients receive an i.v. transfusion of ECDI-fixed peripheral blood mononuclear cells loaded with MS-relevant peptides recognized by CD4+ T cells (237, 238).




SUMMARY

Type 1 diabetes is a complex disease driven by pathogenic adaptive and innate responses leading to the dysfunction and destruction of β cells (1–4). Although disease immunopathology is heterogeneous, T cells are considered to be the key mediators of β cell destruction/dysfunction for the majority of cases of human T1D (57). Consequently, T cells have been the focus of most strategies of immunotherapy. Suppression of pathogenic β cell-specific T cell reactivity in the islets long-term, while preserving acquired immunity is the ultimate goal for a given immunotherapy (Figure 1). Achieving this goal in the clinic, however, has been elusive. To date, the most effective strategies have been broadly acting on the majority if not all T cells although protection has also been demonstrated by targeting B cells (88, 100, 119, 120, 239). Efficacy, however, is short-lived. Furthermore, systemic depletion and unwanted effects on protective immunity seen with anti-CD3 mAb therapy for instance, limit dosing and repeated application for efforts to extend β cell protection. On the other hand, antigen-based immunotherapy, such as β cell protein/peptide or particle vaccination, must contend with what is likely to be a high degree of diversity in the β cell-specific T cell response among T1D individuals and T1D subsets (199–201). Therefore, the ability to tolerize a sufficient number of disease-driving self-reactive T cell clones residing in the islets will be challenging. The most effective approach may reside in combining strategies functioning via distinct mechanisms. ND Ab specific for CD4 and CD8, for example, can be used to purge pathogenic Teff residing in the islets (128, 133). This would then be followed by an antigen-based strategy in which the need to establish a sufficiently sized pool of aTreg becomes less stringent. A novel combinatorial approach recently described utilizes IL-2C and MHC class II-peptide tetramers. This combination expands the frequency of Foxp3+Treg in a peptide-specific manner that results in prevention of diabetes in NOD mice (240).

Further studies defining common biomarkers of T1D will be critical in designing treatment protocols for individual patients, as well as for monitoring the effects of a given immunotherapy. Current advancements in large-scale genomic and proteomic analyses are making identification of these types of markers a reality, in addition to “matching” at risk or T1D patients with the most appropriate immunotherapy.
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Despite the various roles of type I interferon (type I IFN) responses during bacterial infection, its specific effects in vivo have been poorly characterized in scrub typhus caused by Orientia tsutsugamushi infection. Here, we show that type I IFNs are primarily induced via intracellular nucleic acids sensors, including RIG-I/MAVS and cGAS/STING pathways, during O. tsutsugamushi invasion. However, type I IFN signaling did not significantly affect pathogenesis, mortality, or bacterial burden during primary infection in vivo, when assessed in a mice model lacking a receptor for type I IFNs (IFNAR KO). Rather, it significantly impaired the induction of antigen-specific T cells and reduced memory T cell responses. IFNAR KO mice that recovered from primary infection showed stronger antigen-specific T cell responses, especially Th1, and more efficiently controlled bacteremia during secondary infection than wild type mice. Enhanced IL-10 expression by macrophages in the presence of type I IFN signaling might play a significant role in the suppression of antigen-specific T cell responses as neutralization or knock-out (KO) of IL-10 increased T cell responses in vitro. Therefore, induction of the type I IFN/IL-10 axis by O. tsutsugamushi infection might play a significant role in the suppression of T cell responses and contribute to the short longevity of cell-mediated immunity, often observed in scrub typhus patients.
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INTRODUCTION

Type I interferons (type I IFNs), including IFN-α and IFN-β, have diverse effects on innate and adaptive immune responses during viral and bacterial infections (1–3). Even though the antiviral role of type I IFNs has been well-established (1), they are now known to have a myriad of effects in infectious diseases and other immuno-pathological conditions, directly and/or indirectly through the induction of inflammatory mediators (2, 4, 5). In particular, the effect of type I IFN signaling induced during bacterial infection is associated with various downstream beneficial or detrimental consequences for the host depending on the type of bacterial pathogen (3, 6). Therefore, it is critical to distinguish the specific pathogen type- and context-dependent effects of the type I IFN responses to understand the underlying mechanisms of immune modulation during bacterial infection, as well as to design preventive and therapeutic measures for each specific infectious disease.

Expression of type I IFNs by bacterial infection can be initiated by recognition of pathogen-associated molecular patterns (PAMPs), such as nucleic acids, cell wall components, and lipoproteins derived from invading pathogens. These bacterial PAMPs induce type I IFN responses through multiple signaling pathways of various pattern recognition receptor (PRR) systems, including Toll-like receptors (TLRs)-myeloid differentiation factor 88 (MyD88)/TIR domain-containing adaptor-inducing IFN-β (TRIF), retinoic acid-inducing gene-I (RIG-I)-mitochondrial antiviral-signaling protein (MAVS), and the cyclic GMP-AMP synthase (cGAS)-stimulator of IFN genes (STING) pathways (3, 7). All these pathways eventually turn on type I IFNs gene expression, as well as other pro-inflammatory cytokines, via activation of transcription factors, IFN-regulatory factors (IRFs) and nuclear factor-κB (NF-κB) (2). Secreted type I IFNs bind to, and signal through a heterodimeric receptor, composed of IFNAR1 and IFNAR2 (2). Downstream signaling of IFNAR1 and IFNAR2 activates transcription factors, STAT1, STAT2, and IRF9, to form the IFN-stimulated gene factor 3 (ISGF3) complex, which binds to IFN-stimulated response elements (ISREs) in gene promoters, leading to induction of a large number of IFN-stimulated genes (ISGs) (2). Depending on the type of stimulus, the strength and durability of type I IFN production may vary and positively or negatively influence innate immune cell activation and regulation of adaptive immune responses. The reasons and molecular details for the dual actions of type I IFNs in bacterial infections remain poorly understood (8).

Scrub typhus is an acute febrile illness caused by infection with Orientia tsutsugamushi (9). This bacterium is an obligate intracellular pathogen transmitted from infected chigger mites to humans (10). The disease is currently a growing threat in Asia and the western Pacific region due to its rising incidence and continuous local outbreaks. In addition, scrub typhus is also emerging in unexpected geographical regions such as South America and Africa (11, 12), where disease endemicity has not been previously reported. Even though early diagnosis followed by appropriate antibiotic therapy can efficiently control the febrile illness, several problems, including relatively high mortality in untreated patients or after delayed diagnosis (13), potential antibiotic resistance (14), recurrent infection in highly endemic areas (15), and growing urbanization primarily due to ecological changes of mite vectors (16), pose challenges in the endemic area. Moreover, an effective vaccine for human infection is not yet available despite continuous efforts since the 1940s (17, 18).

O. tsutsugamushi infects human when chiggers feed on tissue fluid and disseminates systemically, targeting multiple organs such as the lung, kidney, liver, brain, and spleen (19). The intracellular pathogen has tropism for dendritic cells, monocytes/macrophages, and endothelial cells (10), where it replicates in the cytosol and induces multiple inflammatory mediators. Additionally, systemic O. tsutsugamushi infection in humans causes neutrophilia and CD4 T lymphopenia in the acute phase, followed by proliferation of CD8 T cells with activated phenotype during convalescent phase (20). Such potent immuno-pathological changes in innate and adaptive immune system might be associated with clinical presentations of scrub typhus such as eschar, fever, rash, lymphadenopathy, systemic vasculitis, and multi-organ failure often observed in fatal cases. It is also notable that adaptive immunity generated by primary infection generally rapidly wanes and does not last longer than a few years after infection (21). Particularly, cellular immunity, including CD4 and CD8 T cells specific to O. tsutsugamushi antigens, quickly decline from 1 year after infection (21). The short longevity of antigen-specific adaptive immunity might be attributable to limited memory responses, as observed in early vaccine studies using whole bacterial antigens as well as in human patients. Nevertheless, the underlying mechanisms of the short immune memory are poorly understood and remain to be elucidated for developing protective and long-lasting immunity.

Several studies have reported that O. tsutsugamushi induces type I IFN responses in monocytes/macrophages and dendritic cells in vitro (22, 23), as well as in peripheral blood mononuclear cells from scrub typhus patients (24). In addition, expression of type I IFNs induced by O. tsutsugamushi infection in dendritic cells is significantly higher than those by other intracellular bacteria, including Coxiella burnetii and Brucella abortus, both of which reside in vacuolar compartments (23). Since the effect of type I IFNs on the intracellular replication of O. tsutsugamushi is generally marginal (25), further studies are required to determine the exact role of type I IFNs in O. tsutsugamushi infection. Here, we investigate the signaling pathways involved in induction of type I IFNs by O. tsutsugamushi using several genetic knock-out (KO) systems and search for the potential effects of type I IFN signaling on bacterial pathogenesis as well as on antigen-specific adaptive immunity using mutant mice lacking a receptor subunit for type I IFNs, IFNAR1.



MATERIALS AND METHODS


Ethics Statement

Animal experiments were approved by the Seoul National University Institutional Animal Care and Use Committee (SNU IACUC, Permit No. SNU-100414-1) and performed in strict accordance with the recommendations in the National Guide Line for the care and use of laboratory animals.



Mice

Type I IFN receptor α-chain knock-out (IFNAR KO) 129/SvEv mice (26) were kindly provided by Dr. Heung Kyu Lee (Korea Advanced Institute of Science and Technology) and backcrossed with C57BL/6J more than seven generations. Splenocytes and bone marrow cells from MyD88-, TRIF- [MyD88 KO (27), TRIF KO (28)], and IL-10-deficient C57BL/6 mice were provided by Dr. Jong-Hwan Park in Chonnam National University. MAVS knock-out [MAVS KO (29)] mice on C57BL/6 background were generously provided by Dr. Shizuo Akira (Osaka University). IFNAR KO and wild type C57BL/6 mice (Orient Bio, Seongnam, South Korea) were housed and maintained in the specific pathogen-free facility at Seoul National University College of Medicine.



Cell Culture

L929 mouse fibroblast cells were obtained from American Type Culture Collection (Rockville, MD, USA) and cultured in complete Dulbecco's modified Eagle's medium (DMEM, Gibco, Grand Island, NY, USA) containing 10% (vol/vol) heat-inactivated fetal bovine serum (FBS, Gibco), 100 μg/ml of streptomycin, 100 U/ml of penicillin in humidified 5% CO2 atmosphere at 37°C. Mouse embryonic fibroblasts (MEF) were isolated from wild type and various KO mice. Embryos were isolated at E13.5 and were chopped and treated with 0.5% Trypsine-EDTA for 5 min at 37°C. Isolated MEF cells were cultured in humidified 5% CO2 atmosphere at 37°C. MEF cells derived from RIG-I or STING-deficient mice were kindly provided by Dr. Jae U. Jung (University of Southern California). Bone marrow-derived macrophages (BMDMs) were generated from the bone marrow of 6- to 12-week-old wild type or various KO C57BL/6 mice as previously described (30). Briefly, bone marrow cells were flushed out of femurs and tibias with serum-free DMEM, filtered through a nylon cell strainer (70-μm Nylon mesh; BD Biosciences, San Jose, CA, USA), and washed twice with serum-free DMEM. The cells were then cultured for 4 days in complete DMEM containing 10% L929 cell culture media as a source of M-CSF. Bone marrow-derived dendritic cells were also generated from the bone marrow cells by culturing them with complete Iscove's Modified Dulbecco's Medium (IMDM, Gibco) supplemented with 10% FBS, recombinant mouse GM-CSF (1.5 ng/ml; PeproTech, Rocky Hill, NJ, USA) and mouse IL-4 (1.5 ng/ml; PeproTech), penicillin (100 units/ml), streptomycin (100 μg/ml), gentamicin (50 μg/ml), L-glutamine (2 mM), and β-mercaptoethanol (50 nM; Gibco Invitrogen) for 6 days (31). Differentiated BMDCs were harvested using the CD11c microbeads kit (MACS, Gladbach, Germany).



Preparation of Orientia tsutsugamushi and Infection Study

O. tsutsugamushi Boryong strain was purified using a modified Percoll gradient purification method (17). O. tsutsugamushi was propagated in L929 cells. At 3–4 days post-infection, infectivity was determined using an indirect immunofluorescence assay. When an infection rate of >90% was achieved, the cells were harvested by centrifugation at 500 × g for 4 min. The cell pellet was resuspended with 6.5 ml of Tris-sucrose (TS) buffer (33 mM Tris-Cl [pH 7.4], 0.25 M sucrose) and the cells were homogenized using 100 strokes of a Polytron homogenizer (Wheaton Inc., Millville, NJ, USA) followed by centrifugation at 200 × g for 5 min. The supernatant was then mixed with 40% Percoll (Pharmacia Fine Chemicals, Uppsala, Sweden) in TS buffer and centrifuged at 25,000 × g for 60 min. The bacterial band was collected and centrifuged at 77,000 × g for 30 min. The bacterial pellet was washed three times in TS buffer, resuspended in DMEM and stored in liquid nitrogen until use. The infectivity titer of the inoculum was determined as previously described (17). For infection assays, cell cultures in 24 well plate were infected with 2.5 × 106 infected-cell counting unit (ICU) (17) of O. tsutsugamushi (~4 bacteria/cell). In every infection study, we confirmed that more than 90% of the cells were infected with O. tsutsugamushi after 2 h of incubation. Fifty percent of lethal dose (LD50) were determined in wild type C57BL/6J.



Histopathologic Analysis of Infected Tissues

All the isolated tissues were fixed in 4% paraformaldhehyde (Sigma-Aldrich, St. Louis, MO, USA) and embedded in paraffin. Tissue sections (10 μm thickness) were stained with hematoxylin and eosin. Stained lung tissue sections were scanned and scored at the pathology core facility of Seoul National University College of Medicine, following standard procedures. We used a 0–4 scoring system: grade 0, normal; grade 1, widening of alveolar septa with scattered inflammatory cells in focal areas of pulmonary parenchyma and focal inflammatory cells around bronchovascular bundles (<10% of lung); grade 2, widening of alveolar septa with scattered inflammatory cells in multifocal areas of pulmonary parenchyma and around bronchovascular bundles (10–50% of lung); grade 3, widening of alveolar septa with diffuse inflammatory cell infiltrates present in the pulmonary parenchyma and bronchovascular bundles (more than 50% of lung); grade 4, grade 3 criteria plus area of atelectasis.



Determination of Bacterial Load

Bacterial loads of infected tissues were assessed by quantitative real-time PCR (qRT-PCR) as previously described (32). Briefly, DNA was extracted from the tissue samples using a DNeasy Kit (Qiagen, Gaithersburg, MD, USA), and the bacterial load was determined by using a primer set derived from the 47 kDa gene: p47 forward (5′-AACTGATTTTATTCAAACTAATGCTGCT-3′), p47 reverse (5′-TATGCCTGAGTAAGATACATGAATGGAATT-3′), and detecting probe (5′-6FAM-TGGGTAGCTTTGGTGGACCGATGTTTAATCT-TAMRA-3′). Bacterial loads were normalized to total μg of DNA per ml for the same sample and expressed as the number of 47 kDa gene copies per μg of total DNA.



RNA Purification and Quantitative Reverse Transcriptase PCR (qRT-PCR)

Total RNA was extracted from cells using Trizol reagent (Sigma-Aldrich, St. Louis, MO, USA) according to the manufacturer's instruction. Approximately 1 microgram of total RNA was reverse transcribed by Eco-dry cDNA Synthesis kit containing poly-dT primer (Clonetech, Mountain View, CA, USA). The quantification of cDNA was performed with gene specific primers using Power SYBR green PCR Master Mix (Applied Biosystems, Grand Island, NY, USA) and processed using the ABI 7500 (Applied Biosystems). The primer sequences are as follows: β-actin (forward: GTGACGTTGACATCCGTAAAGA, reverse: GCCGGACTCATCGTACTCC), IFN-β3 (forward: ATGGTGGTCCGAGCAGAGAT, reverse: CCACCACTCATTCTGAGGCA), and TNF-α3 (forward: TCCCCAAAGGGATGAGAAGTT, reverse: GTTTGCTACGACGTGGGCTAC). The relative level of gene expression was calculated by the 2−dCt or the ddCt method (33), where β-actin transcripts was used for normalization. The qRT-PCR data represent the average of three independent experiments.



Cytokine Assay

The concentrations of cytokines in sera from infected mice or cell cultures were measured using mouse cytokine/chemokine magnetic bead panel 96-well plate assay according to the manufacturer's instructions (Merck Millipore, Darmstadt, Germany). The cytokines analyzed in this study are tumor necrosis factor (TNF-α), interferon-γ (IFN-γ), interleukin-2 (IL-2), IL-4, IL-6, IL-10, IL-1β, and IL-12(p70). Concentration of secreted IFN-β in cell culture supernatants were determined by ELISA (R&D systems, Minneapolis, MN, USA) according to the manufacturer's instruction.



Enzyme-Linked Immunosorbent Assay (ELISA)

The level of antibodies specific to TSA56 in the sera of infected mice was analyzed ELISA as previously described (34). Immunoassay plates (96-well plates; Nunc, Rochester, NY, USA) were coated with 100 μl of purified antigen at a concentration of 5 μg/ml at 4°C overnight. The plates were then blocked for 2 h at room temperature with PBS containing 1% BSA. Hundred microliters of serum samples serially diluted in two-fold were incubated for 2 h at room temperature. After washing with PBS containing 0.05% Tween20 (PBST), horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG (Santa Cruz Biotechnology, Santa Cruz, CA, USA) was added and incubated for 2 h at room temperature. Wells were washed with PBST and incubated with 3,3′,5,5′-tetramethylbenzidine (TMB) peroxidase substrate solution (KPL, Gaithersburg, MD, USA) for 10 min. The reactions were stopped by addition of 1 M phosphoric acid solution. Absorbance was measured at 450 nm using a microplate reader (Beckman Coulter Inc., Fullerton, CA, USA).



Type I IFN Bioassay

Cell-culture supernatants from stimulated cells or sera from infected mice were incubated with L929 cells containing a stable IFN-stimulated response element-luciferase reporter plasmid [ISRE-luc (35)] for 4 h. The reporter cells were lysed in Passive Lysis Buffer (Promega, Madison, WI, USA) for 30 min at room temperature, mixed with firefly luciferin substrate (Promega), and measured on a luminometer (Becman coulter, Fullerton, CA, USA).



Cytokine Neutralization Assay

Splenocytes (2 × 106 cells/24-well) isolated from IFNAR KO mice were infected with O. tsutsugamushi for 1 day and further incubated in the presence of tetracycline (0.3 μg/ml) for 3 days. Neutralizing monoclonal antibodies, such as anti-IL-1β (clone B122, eBioscience, San Diego, CA, USA), anti-IL-6 (clone MP5-20F3, eBioscience), and anti-IL-10 (clone JES5-2A5, Biolegend, San Diego, CA, USA), as well as isotype control antibody (murine IgG1, Biolegend), were added to the culture media (10 μg/ml each/24-well) of the infection assays. Cells were then stimulated with 10 μg of TSA56 for an additional 18 h and 1 μg of Golgiplug (BD Bioscience) for the final 6 h in humidified CO2 atmosphere at 37°C. Harvested splenocytes were stained with specific antibodies and analyzed by flow cytometry as described below.



Flow Cytometry

Spelnocytes were stained with antibodies against the indicated surface molecules after blocking on ice for 30 min with ultra-block solution containing 10% rat sera, 10% hamster sera, 10% mouse sera (Sigma, St. Louis, MO, USA), and 10 μg/ml of anti-CD16/32 (2.4G2; BD Pharmingen, Franklin Lakes, NJ, USA). Anti-CD44 (IM7, from Biolegend), CD3 (145-2CD11), CD4 (RM4-5), CD69 (H1.2F3), CD8 (53-6.7) (from eBioscience), CD62L (MEL-1, from BD Pharmingen) antibodies, and annexin V (BD Pharmingen) conjugated to differential fluorescent dyes were used for flow cytometric analysis. Cells were also stained with 7-AAD (BD Pharmingen) for dead cell exclusion in some experiments. For intracellular detection of IFN-γ and TNF-α, splenocytes (1 × 106 cells) were stimulated with 10 μg of purified TSA56 antigen and 1 μg Golgiplug (BD Bioscience) for the final 6 h in humidified CO2 atmosphere at 37°C. Stimulated cells were then stained with the indicated surface markers. Surface-stained cells were fixed and permeabilized with Fixation and Permeabilization Solution (BD Bioscience), followed by incubation with anti-IFN-γ (XMG1.2; BD Pharmingen) and TNF-α (MF6-XT22, Affymetrix, Cleveland, OH) antibodies. Fluorescence intensities of the stained molecules were examined on a FACS Fortessa II flow cytometer (BD Biosciences). Data were analyzed using Flowjo software (Tree Star, Ashland, OR, USA). Gating strategies for the flow cytometric analysis are summarized in Figure S1 (Supplementary data).



Statistical Analysis

The data was analyzed using Graph Pad Prism 5.01 software (GraphPad Software, La Jolla, CA, USA). Statistical analysis was performed using two-tailed Student's t-test with 95% confidence interval or one-way analysis of variance (ANOVA) followed by Newman-Keuls t-test for comparisons of values among different groups. Data are expressed as the mean ± standard deviation. Statistical analysis on survival rates were performed using the Mantel-Cox Log Rank test. A p-value of < 0.05 was considered statistically significant.




RESULTS


Induction of Type I IFN Responses by O. tsutsugamushi Infection

To confirm the induction of type I IFNs by O. tsutsugamushi, non-phagocytic MEFs and phagocytic BMDMs were infected in vitro with O. tsutsugamushi and the relative levels of IFN-β transcripts were assessed by quantitative real-time PCR. The results demonstrated a rapid upregulation of mRNA expression of IFN-β, as well as TNF-α, in MEFs and BMDMs with peak responses at 4 h after infection (Figures 1A,B). Secretion of type I IFNs from the infected cells was further confirmed by type I IFN bioassay using L929 cells harboring ISRE-luc after stimulation with culture supernatants collected from infected cells at the indicated times (Figures 1A,B, middle). Secreted IFN-β from infected BMDMs was also detectable by ELISA at 18 h after infection (Figure 1C). In addition, we also observed a gradual increase of type I IFN activity in the sera of infected mice, as measured type I IFN bioassay (Figure 1D). These results clearly demonstrate that type I IFN responses are significantly upregulated during O. tsutsugamushi infection in vitro and in vivo.
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FIGURE 1. Induction of type I IFN by O. tsutsugamushi infection. Mouse embryonic fibroblasts (MEFs, A) and bone marrow-derived macrophages (BMDMs, B) were infected with O. tsutsugamushi and harvested at the indicated time points. Total RNA was isolated from the infected cells and the relative levels of IFN-β (left) and TNF-α (right) transcripts, normalized with β-actin mRNA, were determined by qRT-PCR. Type I IFN bioactivity (middle) was also analyzed in L929 cells containing a stable ISRE-luciferase reporter plasmid after stimulation with culture supernatants collected at the indicated times. (C) Secreted IFN-β from infected BMDMs was analyzed by ELISA after 18 h of infection. U.I., uninfected; OT, O. tsutsugamushi-infected. (D) Mice were infected with 5 × LD50 of O. tsutsugamushi and type I IFN bioactivity in plasma collected at the indicated times was determined in L929 cells containing a stable ISRE-luciferase reporter plasmid. Data represent mean ± SD of three independent experiments. Statistical significance was determined by one-way analysis of variance (ANOVA) followed by Newman-Keuls t-test for comparisons with uninfected control. ***p < 0.001, **p < 0.01. RLU, relative luciferase unit.





Role of Intracellular Nuclear Acid Sensor Pathways in the Induction of Type I IFN Responses by O. tsutsugamushi Infection

Induction of type I IFNs by the intracellular bacterial pathogen may be mediated by various innate pattern-recognition receptors (PRRs) during the infection process. In order to assess the potential role of diverse PRRs for the induction of type I IFNs in O. tsutsugamushi infection, we infected MEFs derived from KO mice lacking MAVS, RIG-I, or STING, and their wild type littermates (Figure 2A). Expression of IFN-β transcripts was severely impaired in MEFs deficient in intracellular nucleic acid sensors and adaptor compared to wild type MEFs. In addition, secretion of type I IFNs after the bacterial infection was abrogated in all the three KO MEFs, as measured by type I IFN bioassays (Figure 2A, middle). It is also notable that expression of TNF-α mRNAs was also drastically suppressed in all the KO MEFs upon bacterial infection, suggesting a significant role of RIG-I/MAVS and STING signaling pathways in non-phagocytic host cells. Since the potential role of other PRRs, including TLRs, for the induction of inflammatory cytokines during the bacterial infection has been reported (36), we examined the expression of type I IFN and TNF-α in professional phagocytic BMDMs lacking MyD88 or TRIF, the essential adaptors for TLR signaling. As seen in Figure 2B, expression of type I IFN was generally intact in BMDMs derived from the two different KO mice and comparable to that of wild type phagocytes. However, expression of TNF-α mRNAs was impaired in MyD88-deficient cells, but not in BMDMs lacking TRIF, indicating a specific role of MyD88 for the induction of TNF-α in professional phagocytes. Taken together, the induction of type I IFN responses during O. tsutsugamushi infection might be primarily associated with the RIG-I/MAVS and STING signaling pathways, with minor contribution by TLR signaling mediated by MyD88 and/or TRIF adaptors.
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FIGURE 2. Induction of type I IFN by O. tsutsugamushi infection through RIG-I/MAVS and STING. (A) MEFs derived from wild type (WT), MAVS-deficient (MAVS KO), RIG-I-deficient (RIG-I KO), or STING-deficient (STING KO) mice were infected with O. tsutsugamushi and the relative expression of IFN-β and TNF-α mRNA, as well as type I IFN bioactivity, were analyzed at 4 h after infection as describe in Figure 1. (B) BMDMs derived from wild type (WT), MyD88-deficient (MyD88 KO), or TRIF-deficient (TRIF KO) mice were infected with O. tsutsugamushi and the relative expression of IFN-β and TNF-α mRNA, as well as type I IFN bioactivity, were determined at 4 h after infection as described in Figure 1. Data represent mean ± SD of three independent experiments. Statistical significance was determined by two-tailed Student's t-test with 95% confidence interval for comparisons of values between wild type and KO cells after infection with O. tsutsugamushi. ***p < 0.001. RLU, relative luciferase unit. White box, uninfected (U.I.); black box, infected (Inf.).





Role of Type I IFN Signaling in Pathogenesis and Bacterial Burden During O. tsutsugamushi Infection in vivo

In order to assess the effect of type I IFN responses on the pathogenesis of O. tsutsugamushi infection, we first evaluated the survival rate of wild type and mutant mice deficient in a receptor subunit for IFN-α and IFN-β (IFNAR KO) after intraperitoneal infection with fatal dose (5 × LD50) of O. tsutsugamushi (Figure 3A). Both the wild type and IFNAR KO mice similarly succumbed to O. tsutsugamushi infection within 3 weeks after infection. The survival rate of the IFNAR KO mice was not significantly different from wild type mice even when infected with lower (1 × LD50) or higher (100 × LD50) dose of the intracellular pathogen (Figure S2 in Supplementary data). Nevertheless, we consistently observed that IFNAR KO mice more rapidly lost weight than wild type mice, but without statistical significance (Figure 3A, right). Since the lung and spleen are the primary target organs in the mouse infection model for scrub typhus (32), we also measured the bacterial loads and observed histopathologic changes in the infected organs of lethally infected mice at various time points (Figures 3B–D and Figure S3 in Supplementary data). The bacterial burden in the lungs of infected mice gradually increased in both mice groups (Figure 3B). Pathologic examination of the lungs revealed that pulmonary lesions and interstitial pneumonia progressed similarly in wild type and IFNAR KO mice (Figures 3C,D). Even though the bacterial burdens and pathological changes in the lungs of IFNAR KO mice seem to be slightly more severe than wild type mice, those differences were not statistically significant. The spleens were also gradually enlarged with disintegration of follicular structures (Figure S3). The histological changes and the bacterial loads observed in the spleens of infected mice were also not significantly different between wild type and IFNAR KO mice (Figure S3). These results suggest that type I IFN signaling induced by O. tsutsugamushi infection does not significantly affect bacterial proliferation in vivo and the pathologic process of acute lethal infections.
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FIGURE 3. Effect of type I IFN signaling on mortality, pathogenesis, and bacterial loads in in vivo infection of O. tsutsugamushi. (A) Wild type (black circle) and IFNAR-deficient (white circle) mice (n = 10) were intraperitoneally infected with 5 × LD50 of O. tsutsugamushi and survival rate and weight changes (relative to initial body weight on day 0) were monitored for a month. (B) Bacterial loads in the lungs of infected mice (wild type or IFNAR KO, n = 3/group) were assessed by qRT-PCR using primer sets detecting the p47 gene of O. tsutsugamushi. The infected tissues were collected at the indicated days after infection. (C) Lung tissue sections collected from mice at the indicated days after infection were stained with hematoxylin and eosin and representative scanned images are presented (see also Figure S2). Bar, 300 μm. (D) Pathological scores of infected lungs (D9: n = 5, D12: n = 8) are presented. Red lines, mean.





Enhanced T Cell Responses and Memory Against O. tsutsugamushi Antigen in the Absence of Type I IFN Signaling

To evaluate whether type I IFN signaling affects immune responses against the bacterial pathogen, we infected wild type and IFNAR KO mice with a lethal dose (5 × LD50) of O. tsutsugamushi and examined various inflammatory cytokines in the plasma (Figure 4A). The inflammatory cytokines including IFN-γ, IL-6, 1L-10, and TNF-α gradually increased in both mice groups as the disease progressed. Interestingly, the plasma levels of IFN-γ in IFNAR KO mice were significantly higher than those of wild type mice at 12 days after infection, while responses of other inflammatory cytokines were similar between wild type and IFNAR KO mice (Figure 4A). This result prompted us to assess antigen-specific T cell responses in the infected mice since IFN-γ is a hallmark cytokine for Th1 response. We first measured the changes in the fraction of Th1 cells in the infected mice at 12 days after infection. Although the overall fractions of CD4+ T cells of both mice groups were similar and significantly reduced by ~35% among spleen lymphocytes at 12 days after infection, T-bet+/CD44+ activated Th1 cells in the spleens of IFNAR KO mice were significantly higher than those of wild type mice (Figure 4B). Furthermore, the proportion of IFN-γ-secreting Th1 cells was also upregulated among activated (CD44+) T cell populations upon stimulation with TSA56, a major outer membrane antigen of O. tsutsugamushi (Figure 4C). These results clearly indicate that generation of antigen-specific Th1 lymphocytes were significantly enhanced in the absence of type I IFN signaling during acute bacterial infection.
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FIGURE 4. Enhanced IFN-γ, Th1, and CD8 T cell responses by O. tsutsugamushi infection in the absence of type I IFN signaling. (A) Levels of cytokines in plasma collected at the indicated days after infection in wild type or IFNAR KO mice (n = 8/group) were determined. IL-2, IL-4, and IL-12p70 were barely detectable throughout the infection period (data not shown). Red line, mean; ***p < 0.001. (B) Proportion of T-bet+CD44+ activated Th1 cells among CD4 T cells were analyzed in spleens of wild type and IFNAR KO mice infected by O. tsutsugamushi. Representative images of flow cytometric results are presented (upper) and proportion of CD4 T cells (lower left) and activated Th1 cells (lower right) are summarized (n = 3/group). Data represent mean + SD of three independent experiments. **p < 0.01. U.I., uninfected; OT (D12), infected with O. tsutsugamushi for 12 days. (C) Splenocytes were collected from wild type and IFNAR KO mice at 12 days after infection with O. tsutsugamushi and production of IFN-γ and/or TNF-α in activated (CD44+) CD4 T cells were analyzed by flow cytometry. Representative flow cytometric results are presented (left) and the percentile of cytokine positive cells among the activated T cell subsets are summarized (right graph) in the absence and presence of TSA56 antigen. Data represent mean + SD from wild type (n = 5) or IFNAR KO (n = 8) mice. **p < 0.01. Blue box, IFN-γ-positive; red box, TNF-α-positve; yellow box, IFN-γ and TNF-α-positive.



In order to investigate whether enhanced T cell responses in the absence of type I IFN signaling during the acute phase of infection is linked to stronger memory T responses, we challenged the mice with lethal doses (5 × LD50) of O. tsutsugamushi and treated them with tetracycline at 2 weeks after the initial infection. We confirmed the clearance of the bacterial pathogens by quantitation of bacterial genes in the lungs and spleens of infected mice and by observing mice morbidity during the third week after the pathogen challenge. At 6 weeks after the initial challenge with O. tsutsugamushi, splenocytes were collected from the cured mice and assessed for antigen-specific memory T cells by flow cytometry (Figure 5A). We observed there was no significant difference in the relative frequencies and absolute counts of T cells between wild type and IFNAR KO mice (Table S1). However, the proportion of IFN-γ-secreting CD4 T cells (average: 9.2%, n = 5) among memory T cells (CD62L−/CD44+/CD4+) in IFNAR KO mice was three times higher than that of wild type mice (average: 2.8%, n = 5) when cells were stimulated with TSA56 (Figure 5A). Antibody (IgG) responses specific to TSA56 antigen were similar between wild type and IFNAR KO mice (Figure 5B). These results indicate that type I IFN responses induced by O. tsutsugamushi infection specifically suppress antigen-specific Th1 responses, but do not significantly affect humoral immunity against the bacterium. To assess the potential protective role of enhanced cellular memory against O. tsutsugamushi, we challenged the cured mice with lethal doses (5 × LD50) of O. tsutsugamushi at 6 weeks after initial infection and observed the morbidity of infected mice. Both wild type and IFNAR KO mice showed no significant difference in morbidity and weight changes and all the mice were protected from the second challenge. However, O. tsutsugamushi was transiently detected in the lungs of several wild type mice at days 4 and 7 after infection, whereas the bacterial gene was barely detected in IFNAR KO mice after the second challenge (Figure 5C). These results suggest that enhanced T cell memory in IFNAR KO mice more efficiently protect them from systemic bacteremia after the second challenge than wild type mice.
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FIGURE 5. Enhanced T cell memory responses by O. tsutsugamushi infection in the absence of type I IFN signaling. (A) Splenocytes were collected from cured wild type and IFNAR KO mice at 6 weeks after initial infection with O. tsutsugamushi and production of IFN-γ and/or TNF-α in activated (CD44+) CD4 T cells were analyzed by flow cytometry. Mice were cured with tetracycline during the second week of lethal infection. Representative flow cytometric results are presented (left) and the percentile of cytokine positive cells among the activated T cell subsets are summarized (right graph) in the absence and presence of TSA56 antigen. Data represent mean + SD from wild type or IFNAR KO (n = 5) mice. **p < 0.01. Blue box, IFN-γ-positive; red box, TNF-α-positve; yellow box, IFN-γ and TNF-α-positive. (B) Anti-TSA56 antibody (IgG) responses were analyzed in plasma from wild type (closed circles) and IFNAR KO (open circles) mice at 6 weeks after initial infection with O. tsutsugamushi. Optical densities (O.D.) of serially diluted samples (n = 3/group) were determined by ELISA. Red line: baseline O.D. + 3 × SD of plasma (n = 3, 1:100 diluted) from uninfected mice. (C) Bacterial loads in the lungs of infected mice (wild type or IFNAR KO, n = 5/group) were assessed by qRT-PCR using primer sets detecting the p47 gene of O. tsutsugamushi. Mice were again infected with O. tsutsugamushi at 6 weeks after the initial infection and the infected lungs were collected at the indicated days after the second infection and analyzed. Red line, mean.





Enhanced Expression of IL-10 by Type I IFN Response Is Associated With Suppression of T Cell Responses During the Acute Phase of Infection

To reveal the underlying mechanisms involved in the suppression of T cell responses by type I IFN responses during the acute phase of bacterial infection, we performed in vitro infection assays using antigen-presenting phagocytes, BMDMs and BMDCs, from wild type and IFNAR KO mice and measured the levels of inflammatory cytokines produced upon O. tsutsugamushi infection (Figure 6A). Among the cytokines expressed by BMDMs infected with O. tsutsugamushi, the levels of IL-6 and IL-10 were significantly reduced in cells lacking IFNAR at 36 h after infection when compared to those of wild type macrophages. The production levels of IL-1β and TNF-α were similar in both primary phagocytic cells. In contrast, we observed significantly higher expression levels of IL-1β by IFNAR KO BMDCs than wild type dendritic cells when infected with the bacterial pathogen, whereas secretion of IL-6, IL-10, and TNF-α were similar in both dendritic cell groups. Expression of IL-12 (p70) was barely detectable in phagocytic cells infected with O. tsutsugamushi (data not shown). To further delineate the potential roles of the cytokines differentially expressed during the priming of naïve T cells, splenocytes prepared from IFNAR KO mice were infected with O. tsutsugamushi for 1 day, treated with tetracycline from the second day, and further incubated for 2 more days. Then, we assessed the percentile of IFN-γ or TNF-α producing CD4 or CD8 T cells by flow cytometry at 4 days after initial infection. In order to assess the potential effect of the inflammatory cytokines during in vitro T cell priming, we added specific monoclonal antibodies that neutralize the cytokines to the infection culture (Figure S4 in Supplementary data). Addition of isotype control antibody, anti-IL-1β, IL-6, or IL-10 antibodies did not significantly affect the generation of T cells expressing IFN-γ or TNF-α during in vitro infection and T cell priming. However, anti-IL-10 antibody slightly, but not significantly, enhanced the IFN-γ producing CD4 and CD8 T cell fraction when compared to other groups, suggesting that neutralization of IL-10 produced by O. tsutsugamushi infection may further increase the generation of antigen-specific T cells during the priming stage in the absence of type I IFN signaling. To further confirm the role of secreted IL-10 in T cell priming, we isolated splenocytes from IL-10 KO mice, infected them with O. tsutsugamushi, and analyzed the number of IFN-γ or TNF-α producing T cells as described above. Both CD4 and CD8 T cell populations secreting TNF-α were significantly increased when wild type splenocytes were infected with O. tsutsugamushi (p < 0.01, Figure 6B). The proportion of CD4 T cells secreting TNF-α or IFN-γ and CD8 T cells producing IFN-γ were further elevated in infected IL-10 KO splenocytes (p < 0.001), indicating that expression of IL-10 during naive T cell priming upon infection suppresses the generation of T cell responses.
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FIGURE 6. Enhanced expression of IL-10 in macrophages infected with O. tsutsugamushi in the absence of type I IFN signaling and its role in T cell responses. (A) Levels of cytokines in culture supernatants of BMDMs or BMDCs infected with O. tsutsugamushi at the indicated times were analyzed. Phagocytic cells were differentiated from bone marrow cells from wild type (black box) and IFNAR KO (white box) mice and infected with the bacteria (~4 bacteria/cell). Data represent mean + SD from three independent experiments. **p < 0.01; ***p < 0.001. (B) Splenocytes were collected from wild type and IL-10 KO mice infected with O. tsutsugamushi, and analyzed for production of IFN-γ and/or TNF-α in CD4 (upper) or CD8 T (lower) cells by flow cytometry. Splenocytes (2 × 106 cells/24-well) isolated from IL-10 KO mice were infected with O. tsutsugamushi for 1 day and further incubated in the presence of tetracycline (0.3 μg/ml) for 3 more days. Then, they were stained with specific antibodies and assessed by flow cytometry. Data represent mean + SD from three independent experiments. ***p < 0.001 for IFN-γ-positive T cells. Blue box, IFN-γ-positive; red box, TNF-α-positive; yellow box, IFN-γ and TNF-α-positive. U.I., uninfected; Inf., infected.



Taken together, macrophages infected with O. tsutsugamushi are the primary source of IL-10, which suppresses the generation of antigen-specific T cells, especially Th1 and CTLs, during the acute phase of infection. Type I IFN responses generated by O. tsutsugamushi infection enhances IL-10 secretion from macrophages, thereby impairing the initial priming of T cell responses as well as their long-term memory.




DISCUSSION

It was previously reported that induction of type I IFNs in monocyte/macrophages by O. tsutsugamushi is completely abrogated by heat-inactivation of the pathogen (22, 24). Considering that only live O. tsutsugamushi escapes into the cytosol from vesicular compartments or autophagosomes of non-phagocytic and phagocytic host cells within a few hours after infection (31, 37, 38), active evasion from the vesicular compartments of host cells and subsequent exposure to intracellular PRRs is likely a critical opportunity for inducing type I IFNs. Our current results indicate that the RIG-I/MAVS and STING pathways are required for the induction of type I IFNs, but signaling adaptors for TLR pathways, MyD88 and TRIF, are dispensable in phagocytic cells (Figure 2). Since the cytosolic innate sensor systems detect nucleic acids from invading pathogen, active evasion from host trafficking vesicles and sequential release of nucleic acids from the bacteria may be the stimuli of cytosolic intracellular sensors. The ligand is possibly bacterial RNA, DNA, and/or cyclic dinucleotides (3). We also confirmed the role of cyclic GMP-AMP (cGAMP) synthase (cGAS), which detects cytosolic DNA and synthesizes cGAMP to stimulate STING, in expression of type I IFNs by knocking down cGAS in MEFs (Figure S5 in Supplementary data). The involvement of the RIG-I/MAVS and cGAS/STING pathways in the induction of type I IFNs has been well-characterized in another intracellular pathogen, Listeria monocytogenes, that replicates in the cytosol of host cell (39, 40). Live L. monocytogenes actively escapes from phagosomes by expressing a cytolysin, listeolysin O (LLO), which disrupts the vacuolar membrane (41), and LLO-deficient L. monocytogenes fails to induce type I IFNs (39). Bacterial RNA and/or DNA can be released into cytosol either by an active secretion system or by bacteriolysis, which is recognized by RIG-I or IFI16/cGAS sensors, respectively (39, 40). IFI16 and cGAS co-localize with the bacterial DNA in the cytoplasm and are selectively recruited to DNA-activated STING signalosomes (40). Additionally, the downstream signaling components in RIG-I/MAVS and cGAS/STING pathways are physically and functionally interconnected, although distinct classes of receptors are responsible for RNA and DNA sensing (7). For example, the absence of STING expression is renders RIG-I unable to induce type I IFNs in response to cytoplasmic dsRNA (42) and Japanese encephalitis virus infection (43). Involvement of STING in transmitting RIG-I signaling might be mediated by the formation of the RIG-I/MAVS/STING complex upon intracellular pathogen infection (7). Conversely, knockdown of MAVS in host cells markedly reduces phosphorylation of TBK-1 and type I IFNs induced by cytoplasmic DNA (44). These may explain why the absence of one of the signaling components in either pathway abrogates the expression of type I IFNs by O. tsutsugamushi infection (Figure 2).

Second question is how nucleic acids of O. tsutsugamushi are released from the pathogen. It is interesting to note that mRNA expression of IFN-β peaked at 4 h after infection and decreased thereafter in both MEFs and BMDMs (Figure 1), suggesting a transient activation of type I IFNs during the early stage of intracellular invasion. Transient induction of IFN-β transcripts, peaking at 6 h after infection, in J774A.1 macrophages infected with O. tsutsugamushi was also observed in a previous study (22). Considering that escape of the intracellular pathogen from endocytic vesicles into the cytosol generally occurs within 2 h after infection (37), type I IFN transcripts might be transiently induced by O. tsutsugamushi during cytoplasmic invasion, but marginally generated during replication in the cytoplasm. Stimulation of nucleic acids-sensing pathways might be reduced during the subsequent cytoplasmic replication stage either by intermittent release of nucleic acids from the cytoplasmic bacteria or by active suppression of the signaling pathways. The true mechanisms induced by O. tsutsugamushi remain to be elucidated.

We also examined the potential role of type I IFN responses in in vivo pathogenesis of O. tsutsugamushi by infecting IFNAR KO mice (Figure 3 and Figures S2, S3). It is clear that the absence of type I IFN responses did not significantly affect the mortality of C57BL/6 mice (Figure 3A and Figure S2). The bacterial burdens in the lungs and spleens of infected mice were slightly higher in IFNAR KO mice, when compared to those of wild type, but not statistically significant (Figure 3B and Figure S3). In addition, the pathological changes of the lungs and spleens of IFNAR KO mice infected with O. tsutsugamushi, as well as weight changes, were not significantly different from those of wild type mice. Previously, it was reported that type I IFN induced by Rickettsia prowazekii or Rickettsia conorii suppresses the bacterial growth in vitro infection models (45, 46). However, type I IFN-mediated inhibition of O. tsutsugamushi replication in vitro varies but never becomes very pronounced (25). It was also shown that Addition of exogenous IFN-α/β (300–450 IU/ml), did not significantly affect the replication of O. tsutsugamushi Karp strain in MEFs derived from BALB/c and C3H mice, and Gilliam strain in C3H cells. A 50% decrease of plaque inhibition of Gilliam in BALB/c cells was achieved only with IFN-α/β concentrations over 300 IU/ml and the sensitivity of the Gilliam strain to IFN-α/β was at least 300-fold less than that of Encephalomyocarditis virus (25). Given that the concentration of IFN-β induced by BMDMs infected with O. tsutsugamushi Boryong strain, belonging to the Karp genogroup (47), is ~30 pg/ml (Figure 1C, its concentration in plasma of infected mice was always below detection limit throughout the infection period) and 1 IU/ml of type I IFNs generally equals a few pg/ml range (48), physiological levels of type I IFNs induced by O. tsutsugamushi infection may not be sufficient to inhibit its replication in vitro and in vivo. Indeed, when we assessed replication of O. tsutsugamushi in BMBMs, there was no significant difference between wild type and IFNAR KO cells (data not shown). Therefore, endogenous type I IFN responses may have only marginal or no direct effects on the bacterial replication, but cytokine responses may critically indirectly influence inflammatory and/or antigen-specific immune responses.

When we assessed the levels of inflammatory cytokines in the sera of infected mice, the concentrations of IFN-γ, IL-6, IL-10, and TNF-α gradually increased in wild type mice, whereas IL-2, IL-4, and IL-12p70 were barely detectable throughout the infection period (Figure 4A and data not shown). Although the cytokine responses in IFNAR KO mice were similar to wild type, the level of IFN-γ was further elevated upon infection with O. tsutsugamushi, suggesting enhanced Th1 responses in the absence of type I IFN signaling. This phenotype was confirmed by a significant increase of T-bet+CD44+ Th1 cell proportion, as well as IFN-γ-secreting activated CD4 T cells, among CD4 T cell population in IFNAR KO mice; however, the levels of CD4 T cell subsets were similarly decreased in both wild type and the mutant mice, potentially via cellular apoptosis, as we observed in scrub typhus patients previously (Figures 4B,C and Table S2) (20). The initial increase of antigen-specific Th1 responses were correlated with significant enhancement of memory T cells, and functionally associated with improved sterile immunity upon secondary bacterial challenge in IFNAR KO mice (Figure 5). Interestingly, TSA56-specific memory antibody (IgG) levels was not affected by the absence of type I IFN signaling, suggesting a specific role in downregulation of cell-mediated immunity, and no effect in humoral immune responses. Elevation of Th1 responses or systemic IFN-γ expression in the absence of type I IFN signaling have also been reported in mice models infected with Ehrlichia (49, 50), Anaplasma (51), Chlamydia (52), Brucella (53), and various other intracellular pathogens (3), but the negative effect of type I IFN responses on IFN-γ expression is either beneficial or detrimental to the host, depending on the pathogen. IFNAR KO mice were more resistant to fatal ehrlichiosis than wild type mice (49, 50), whereas Ananaplasma phagocytophilum infection was more highly pathogenic in STAT1 KO mice compared to wild type (51). In the case of primary lethal infection with O. tsutsugamushi, the magnitude of Th1 responses enhanced by the absence of type I IFN signaling may not be sufficient to provide protective cellular immunity. It was previously reported that CD8 T cell responses are required to protect against lethal infections with O. tsutsugamushi, but they also elicit specific pathologic tissue lesions in the liver and lung (54). Nevertheless, suppression of Th1 responses by type I IFNs during primary infection is clearly associated with reduced memory responses of antigen-specific T cells and may restrict sterile immunity against recurrent bacterial infection (Figure 5).

Finally, we tried to elucidate the underlying basis of how type I IFN responses induced by O. tsutsugamushi inhibit T cell responses. Among the various potential mechanisms exerted by type I IFNs, elevated IL-10 expression mediated by type I IFN signaling in infected macrophages might be one of the key factors in suppressing T cell responses (Figure 6) (2). The suppressive role of type I IFN/IL-10 during the generation of adaptive T cell immunity has been well-established in various infections (2, 55, 56). For example, IFNAR KO mice are less susceptible to L. monocytogenes infection since the intracellular pathogen induces massive apoptotic cell death of lymphocytes by type I IFN sensitization, subsequently leading to IL-10-mediated immunosuppression (55), which can reduce effector Th1 and/or CTL responses and the generation of memory CD4 and CD8 T cells (56, 57). Consistently, IL-10 KO mice are more resistant to L. monocytogenes infection, with enhanced control of bacterial replication in spleens and livers (55). In this study, we found that macrophages infected with O. tsutsugamushi massively produce IL-10 and wild type BMDMs (~7.0 ng/ml) secrete 2.7 times more IL-10 compared to that of mutant BMDMs lacking IFNAR (~2.6 ng/ml) at 36 h after infection, whereas the levels of IL-10 from BMDCs were generally <10 pg/ml in wild type and IFNAR KO cells (Figure 6A). Although the mechanisms by which type I IFNs promote IL-10 expression in macrophages are not fully understood, a recent study revealed central role of autocrine type I IFNs in increased production of IL-10 and increased IL-10 mRNA stability in macrophages, which is accompanied by increased STAT1 and IRF3 activation (58). The enhanced and prolonged expression of IL-10 is dependent on type I IFN-induced late ERK1/2 phosphorylation (58). Consistent with this, a previous study reported biphasic activation (an initial peak within 10–30 min and persistent activation from 2 to 8 h after infection) of ERK1/2 in murine macrophages supports positive feedback expression of IL-10 by induced type I IFNs (22). We also observed reduced IL-6 expression in IFNAR KO BMDMs at 36 h after infection and enhanced IL-1β secretion in BMDCs lacking IFNAR (Figure 6A). Even though the specific roles and regulatory mechanisms of reduced IL-6 expression in macrophages and enhanced IL-1β expression in dendritic cells during O. tsutsugamushi infection in the absence of type I IFN signaling needs to be further defined (2), our pilot study using specific neutralizing antibodies against the cytokines revealed that neutralization IL-10 enhances IFN-γ expression in T cells, whereas antibodies against IL-1β or IL-6 failed to do so (Figure S4). In addition, splenocytes derived from IL-10 KO mice produced significantly higher levels of IFN-γ when compared to those from wild type mice when infected with O. tsutsugamushi (Figure 6B). These clearly confirm the suppressive role of IL-10 in naïve T cell priming during bacterial infection. Enhanced expression of IL-10 by O. tsutsugamushi infection is consistent in in vitro and in vivo experiments, as well as studies in scrub typhus patients (10). Moreover, the potential role of IL-10 in the modulation of inflammatory responses and in wide spread tissue damage has also been documented during O. tsutsugamushi infection (59, 60).

Taken together, type I IFN responses induced by O. tsutsugamushi infection via intracellular nucleic acid sensor pathways in infected host cells contribute to enhanced production of IL-10, which in turn down-modulates antigen-specific T cells and their memory responses. We propose that the type I IFNs/IL-10 axis might play a critical role in suppressing the cellular immunity during acute phase infection, as well as the short longevity of T cell responses, often observed in scrub typhus patients.



AUTHOR CONTRIBUTIONS

C-KM and N-HC designed the experiments; C-KM, H-IK, N-YH, YK, E-KK, NY, YJ, and K-SI performed the experiments; C-KM, J-IY, YJ, K-SI, M-SC, and N-HC analyzed the results; C-KM, YJ, and N-HC wrote the manuscript; All authors read and approved the final manuscript.



FUNDING

This study was supported by the Basic Science Research Program through the National Research Foundation of Korea (NRF) funded by the Ministry of Science, ICT & Future Planning (2013R1A2A2A01007299). C-KM, H-IK, N-YH, YK, and NY received a scholarship from the BK21-plus education program provided by the National Research Foundation of Korea. The funders had no role in study design, data collection, and analysis, decision to publish, or preparation of the manuscript.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2018.02022/full#supplementary-material



REFERENCES

 1. Crouse J, Kalinke U, Oxenius A. Regulation of antiviral T cell responses by type I interferons. Nat Rev Immunol. (2015) 15:231–42. doi: 10.1038/nri3806

 2. McNab F, Mayer-Barber K, Sher A, Wack A, O'Garra A. Type I interferons in infectious disease. Nat Rev Immunol. (2015) 15:87–103. doi: 10.1038/nri3787

 3. Snyder DT, Hedges JF, Jutila MA. Getting “inside” type I IFNs: type I IFNs in intracellular bacterial infections. J Immunol Res. (2017) 2017:9361802. doi: 10.1155/2017/9361802

 4. Niewold TB. Type I interferon in human autoimmunity. Front Immunol. (2014) 5:306. doi: 10.3389/fimmu.2014.00306

 5. Lee M, Rhee I. Cytokine signaling in tumor progression. Immune Netw. (2017) 17:214–27. doi: 10.4110/in.2017.17.4.214

 6. Murira A, Lamarre A. Type-I interferon responses: from friend to foe in the battle against chronic viral infection. Front Immunol. (2016) 7:609. doi: 10.3389/fimmu.2016.00609

 7. Zevini A, Olagnier D, Hiscottt J. Crosstalk between cytoplasmic RIG-I and STING sensing pathways. Trends Immunol. (2017) 38:194–205. doi: 10.1016/j.it.2016.12.004

 8. Kovarik P, Castiglia V, Ivin M, Ebner F. Type I interferons in bacterial infections: a balancing act. Front Immunol. (2016) 7:652. doi: 10.3389/fimmu.2016.00652

 9. Cho NH, Kim HR, Lee JH, Kim SY, Kim J, Cha S, et al. The Orientia tsutsugamushi genome reveals massive proliferation of conjugative type IV secretion system and host-cell interaction genes. Proc Natl Acad Sci USA (2007) 104:7981–6. doi: 10.1073/pnas.0611553104

 10. Diaz FE, Abarca K, Kalergis AM. An update on host-pathogen interplay and modulation of immune responses during Orientia tsutsugamushi infection. Clin Microbiol Rev. (2018) 31:e00076-17. doi: 10.1128/CMR.00076-17

 11. Maina AN, Farris CM, Odhiambo A, Jiang J, Laktabai J, Armstrong J, et al. Q fever, scrub typhus, and rickettsial diseases in children, Kenya, 2011-2012. Emerg Infect Dis. (2016) 22:883–6. doi: 10.3201/eid2205.150953

 12. Weitzel T, Dittrich S, Lopez J, Phuklia W, Martinez-Valdebenito C, Velasquez K, et al. endemic scrub typhus in South America. N Engl J Med. (2016) 375:954–61. doi: 10.1056/NEJMoa1603657

 13. Taylor AJ, Paris DH, Newton PN. A systematic review of mortality from untreated scrub typhus (Orientia tsutsugamushi). PLoS Negl Trop Dis. (2015) 9:e0003971. doi: 10.1371/journal.pntd.0003971

 14. Mathai E, Rolain JM, Verghese GM, Abraham OC, Mathai D, Mathai M, et al. Outbreak of scrub typhus in southern India during the cooler months. Ann N Y Acad Sci. (2003) 990:359–64.

 15. Koralur MC, Singh R, Varma M, Stenos J, Bairy I. Scrub typhus reinfection. Trop Doct. (2017) 48:69–72. doi: 10.1177/0049475517740310

 16. Park SW, Ha NY, Ryu B, Bang JH, Song H, Kim Y, et al. Urbanization of scrub typhus disease in South Korea. PLoS Negl Trop Dis. (2015) 9:e0003814. doi: 10.1371/journal.pntd.0003814

 17. Ha NY, Sharma P, Kim G, Kim Y, Min CK, Choi MS, et al. Immunization with an autotransporter protein of Orientia tsutsugamushi provides protective immunity against scrub typhus. PLoS Negl Trop Dis. (2015) 9:e0003585. doi: 10.1371/journal.pntd.0003585

 18. Ha NY, Shin HM, Sharma P, Cho HA, Min CK, Kim HI, et al. Generation of protective immunity against Orientia tsutsugamushi infection by immunization with a zinc oxide nanoparticle combined with ScaA antigen. J Nanobiotechnol. (2016) 14:76. doi: 10.1186/s12951-016-0229-2

 19. Moron CG, Popov VL, Feng HM, Wear D, Walker DH. Identification of the target cells of Orientia tsutsugamushi in human cases of scrub typhus. Mod Pathol. (2001) 14:752–9. doi: 10.1038/modpathol.3880385

 20. Cho BA, Ko Y, Kim YS, Kim S, Choi MS, Kim IS, et al. Phenotypic characterization of peripheral T cells and their dynamics in scrub typhus patients. PLoS Negl Trop Dis. (2012) 6:e1789. doi: 10.1371/journal.pntd.0001789

 21. Ha NY, Kim Y, Min CK, Kim HI, Yen NTH, Choi MS, et al. Longevity of antibody and T-cell responses against outer membrane antigens of Orientia tsutsugamushi in scrub typhus patients. Emerg Microbes Infect. (2017) 6:e116. doi: 10.1038/emi.2017.106

 22. Koo JE, Yun JH, Lee KH, Hyun JW, Kang HK, Jang WJ, et al. Activation of mitogen-activated protein kinases is involved in the induction of interferon beta gene in macrophages infected with Orientia tsutsugamushi. Microbiol Immunol. (2009) 53:123–9. doi: 10.1111/j.1348-0421.2008.00098.x

 23. Gorvel L, Textoris J, Banchereau R, Ben Amara A, Tantibhedhyangkul W, von Bargen K, et al. Intracellular bacteria interfere with dendritic cell functions: role of the type I interferon pathway. PLoS ONE (2014) 9:e99420. doi: 10.1371/journal.pone.0099420

 24. Tantibhedhyangkul W, Prachason T, Waywa D, El Filali A, Ghigo E, Thongnoppakhun W, et al. Orientia tsutsugamushi stimulates an original gene expression program in monocytes: relationship with gene expression in patients with scrub typhus. PLoS Negl Trop Dis. (2011) 5:e1028. doi: 10.1371/journal.pntd.0001028

 25. Hanson B. Comparative susceptibility to mouse interferons of Rickettsia tsutsugamushi strains with different virulence in mice and of Rickettsia rickettsii. Infect Immun. (1991) 59:4134–41.

 26. Muller U, Steinhoff U, Reis LF, Hemmi S, Pavlovic J, Zinkernagel RM, et al. Functional role of type I and type II interferons in antiviral defense. Science (1994) 264:1918–21. doi: 10.1126/science.8009221

 27. Adachi O, Kawai T, Takeda K, Matsumoto M, Tsutsui H, Sakagami M, et al. Targeted disruption of the MyD88 gene results in loss of IL-1- and IL-18-mediated function. Immunity (1998) 9:143–50.

 28. Yamamoto M, Sato S, Hemmi H, Hoshino K, Kaisho T, Sanjo H, et al. Role of adaptor TRIF in the MyD88-independent toll-like receptor signaling pathway. Science (2003) 301:640–3. doi: 10.1126/science.1087262

 29. Sun Q, Sun L, Liu HH, Chen X, Seth RB, Forman J, et al. The specific and essential role of MAVS in antiviral innate immune responses. Immunity (2006) 24:633–42. doi: 10.1016/j.immuni.2006.04.004

 30. Weischenfeldt J, Porse B. Bone Marrow-Derived Macrophages (BMM): isolation and applications. CSH Protoc. (2008) 2008:pdb.prot5080. doi: 10.1101/pdb.prot5080

 31. Choi JH, Cheong TC, Ha NY, Ko Y, Cho CH, Jeon JH, et al. Orientia tsutsugamushi subverts dendritic cell functions by escaping from autophagy and impairing their migration. PLoS Negl Trop Dis. (2013) 7:e1981. doi: 10.1371/journal.pntd.0001981

 32. Shelite TR, Saito TB, Mendell NL, Gong B, Xu G, Soong L, et al. A hematogenously disseminated Orientia tsutsugamsushi-infected murine model of scrub typhus. PLoS Negl Trop Dis. (2014) 8:e2966. doi: 10.1371/journal.pntd.0002966

 33. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time quantitative PCR and the 2(T)(-Delta Delta C) method. Methods (2001) 25:402–8. doi: 10.1006/meth.2001.1262

 34. Ha NY, Choi MS, Cho NH. Molecular characterization of sca genes found in Orientia tsutsugamushi genome. J Bacteriol Virol. (2013) 43:155–8. doi: 10.4167/jbv.2013.43.2.155

 35. Uze G, Dimarco S, Mouchelvielh E, Monneron D, Bandu MT, Horisberger MA, et al. Domains of interaction between alpha-interferon and its receptor components. J Mol Biol. (1994) 243:245–57. doi: 10.1006/jmbi.1994.1651

 36. Gharaibeh M, Hagedorn M, Lilla S, Hauptmann M, Heine H, Fleischer B, et al. Toll-like receptor 2 recognizes Orientia tsutsugamushi and increases susceptibility to murine experimental scrub typhus. Infect Immun. (2016) 84:3379–87. doi: 10.1128/IAI.00185-16

 37. Chu H, Lee JH, Han SH, Kim SY, Cho NH, Kim IS, et al. Exploitation of the endocytic pathway by Orientia tsutsugamushi in nonprofessional phagocytes. Infect Immun. (2006) 74:4246–53. doi: 10.1128/IAI.01620-05

 38. Ko Y, Choi JH, Ha NY, Kim IS, Cho NH, Choi MS. Active escape of Orientia tsutsugamushi from cellular autophagy. Infect Immun. (2013) 81:552–9. doi: 10.1128/IAI.00861-12

 39. Abdullah Z, Schlee M, Roth S, Mraheil MA, Barchet W, Bottcher J, et al. RIG-I detects infection with live Listeria by sensing secreted bacterial nucleic acids. EMBO J. (2012) 31:4153–64. doi: 10.1038/emboj.2012.274

 40. Hansen K, Prabakaran T, Laustsen A, Jorgensen SE, Rahbaek SH, Jensen SB, et al. Listeria monocytogenes induces IFN beta expression through an IFI16-, cGAS- and STING-dependent pathway. EMBO J. (2014) 33:1654–66. doi: 10.15252/embj.201488029

 41. Cossart P, Vicente MF, Mengaud J, Baquero F, Perezdiaz JC, Berche P. Listeriolysin-O is essential for virulence of Listeria monocytogenes - direct evidence obtained by gene complementation. Infect. Immun. (1989) 57:3629–36.

 42. Chen LL, Yang L, Carmichael GG. Molecular basis for an attenuated cytoplasmic dsRNA response in human embryonic stem cells. Cell Cycle (2010) 9:3552–64. doi: 10.4161/cc.9.17.12792

 43. Nazmi A, Mukhopadhyay R, Dutta K, Basu A. STING mediates neuronal innate immune response following Japanese encephalitis virus infection. Sci Rep. (2012) 2:347. doi: 10.1038/srep00347

 44. Suzuki T, Oshiumi H, Miyashita M, Aly HH, Matsumoto M, Seya T. Cell type-specific subcellular localization of phospho-TBK1 in response to cytoplasmic viral DNA. PLoS ONE (2013) 8:e83639. doi: 10.1371/journal.pone.0083639

 45. Turco J, Winkler HH. Interferon-alpha-beta and Rickettsia prowazekii - induction and sensitivity. Ann NY Acad Sci. (1990) 590:168–86. doi: 10.1111/j.1749-6632.1990.tb42219.x

 46. Colonne PM, Eremeeva ME, Sahni SK. Beta interferon-mediated activation of signal transducer and activator of transcription protein 1 interferes with Rickettsia conorii replication in human endothelial cells. Infect Immun. (2011) 79:3733–43. doi: 10.1128/IAI.05008-11

 47. Kim G, Ha NY, Min CK, Kim HI, Yen NTH, Lee KH, et al. Diversification of Orientia tsutsugamushi genotypes by intragenic recombination and their potential expansion in endemic areas. Plos Negl Trop Dis. (2017) 11:e0005408. doi: 10.1371/journal.pntd.0005408

 48. Benson N, de Jongh J, Duckworth JD, Jones HM, Pertinez HE, Rawal JK, et al. Pharmacokinetic-pharmacodynamic modeling of alpha interferon response induced by a Toll-like 7 receptor agonist in mice. Antimicrob Agents Chemother. (2010) 54:1179–85. doi: 10.1128/AAC.00551-09

 49. Zhang Y, Thai V, McCabe A, Jones M, MacNamara KC. Type I interferons promote severe disease in a mouse model of lethal ehrlichiosis. Infect Immun. (2014) 82:1698–709. doi: 10.1128/IAI.01564-13

 50. Yang Q, Stevenson HL, Scott MJ, Ismail N. Type I interferon contributes to noncanonical inflammasome activation, mediates immunopathology, and impairs protective immunity during fatal infection with lipopolysaccharide-negative ehrlichiae. Am J Pathol. (2015) 185:446–61. doi: 10.1016/j.ajpath.2014.10.005

 51. Choi KS, Scorpio DG, Dumler JS. Stat1 negatively regulates immune-mediated injury with Anaplasma phagocytophilum infection. J Immunol. (2014) 193:5088–98. doi: 10.4049/jimmunol.1401381

 52. Nagarajan UM, Prantner D, Sikes JD, Andrews CWJr, Goodwin AM, Nagarajan S, et al. Type I interferon signaling exacerbates Chlamydia muridarum genital infection in a murine model. Infect Immun. (2008) 76:4642–8. doi: 10.1128/IAI.00629-08

 53. de Almeida LA, Carvalho NB, Oliveira FS, Lacerda TL, Vasconcelos AC, Nogueira L, et al. MyD88 and STING signaling pathways are required for IRF3-mediated IFN-beta induction in response to Brucella abortus infection. PLoS ONE (2011) 6:e23135. doi: 10.1371/journal.pone.0023135

 54. Hauptmann M, Kolbaum J, Lilla S, Wozniak D, Gharaibeh M, Fleischer B, et al. Protective and Pathogenic Roles of CD8+ T Lymphocytes in Murine Orientia tsutsugamushi Infection. PLoS Negl Trop Dis. (2016) 10:e0004991. doi: 10.1371/journal.pntd.0004991

 55. Carrero JA, Calderon B, Unanue ER. Lymphocytes are detrimental during the early innate immune response against Listeria monocytogenes. J Exp Med. (2006) 203:933–40. doi: 10.1084/jem.20060045

 56. Tian Y, Mollo SB, Harrington LE, Zajac AJ. IL-10 regulates memory T cell development and the balance between Th1 and follicular Th cell responses during an acute viral infection. J Immunol. (2016) 197:1308–21. doi: 10.4049/jimmunol.1502481

 57. Biswas PS, Pedicord V, Ploss A, Menet E, Leiner I, Pamer EG. Pathogen-specific CD8 T cell responses are directly inhibited by IL-10. J Immunol. (2007) 179:4520–8. doi: 10.4049/jimmunol.179.7.4520

 58. Howes A, Taubert C, Blankley S, Spink N, Wu X, Graham CM, et al. Differential production of type I IFN determines the reciprocal levels of IL-10 and proinflammatory cytokines produced by C57BL/6 and BALB/c macrophages. J Immunol. (2016) 197:2838–53. doi: 10.4049/jimmunol.1501923

 59. Soong L, Mendell NL, Olano JP, Rockx-Brouwer D, Xu G, Goez-Rivillas Y, et al. An intradermal inoculation mouse model for immunological investigations of acute scrub typhus and persistent infection. PLoS Negl Trop Dis. (2016) 10:e0004884. doi: 10.1371/journal.pntd.0004884

 60. Tsai MH, Chang CH, Tsai RK, Hong YR, Chuang TH, Fan KT, et al. Cross-regulation of proinflammatory cytokines by interleukin-10 and miR-155 in Orientia tsutsugamushi-infected human macrophages prevents cytokine storm. J Invest Dermatol. (2016) 136:1398–407. doi: 10.1016/j.jid.2015.11.034

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

Copyright © 2018 Min, Kim, Ha, Kim, Kwon, Yen, Youn, Jeon, Inn, Choi and Cho. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	
	ORIGINAL RESEARCH
published: 09 October 2018
doi: 10.3389/fimmu.2018.02089






[image: image2]

Deficient O-GlcNAc Glycosylation Impairs Regulatory T Cell Differentiation and Notch Signaling in Autoimmune Hepatitis


Xiaohua Hao1, Yufeng Li1, Jianwen Wang1, Jiali Ma1, Shuli Zhao2, Xiaohui Ye1, Lingling He1, Junru Yang1, Meixin Gao1, Fan Xiao1 and Hongshan Wei1*


1Beijing Ditan Hospital, Capital Medical University, Beijing, China

2Central Laboratory of Nanjing First hospital, Nanjing Medical University, Nanjing, China

Edited by:
Gustavo Javier Martinez, Rosalind Franklin University of Medicine and Science, United States

Reviewed by:
Yeonseok Chung, Seoul National University, South Korea
 Marta A. Toscano, Instituto de Biología y Medicina Experimental (CONICET), Argentina

* Correspondence: Hongshan Wei, drwei@ccmu.edu.cn

Specialty section: This article was submitted to Autoimmune and Autoinflammatory Disorders, a section of the journal Frontiers in Immunology

Received: 26 April 2018
 Accepted: 24 August 2018
 Published: 09 October 2018

Citation: Hao X, Li Y, Wang J, Ma J, Zhao S, Ye X, He L, Yang J, Gao M, Xiao F and Wei H (2018) Deficient O-GlcNAc Glycosylation Impairs Regulatory T Cell Differentiation and Notch Signaling in Autoimmune Hepatitis. Front. Immunol. 9:2089. doi: 10.3389/fimmu.2018.02089



Post-translational modifications such as glycosylation play an important role in the functions of homeostatic proteins, and are critical driving factors of several diseases; however, the role of glycosylation in autoimmune hepatitis is poorly understood. Here, we established an O-GlcNAc glycosylation-deficient rat model by knocking out the Eogt gene by TALEN-mediated gene targeting. O-GlcNAc glycosylation deficiency overtly aggravated liver injury in concanavalin-A induced autoimmune hepatitis, and delayed self-recovery of the liver. Furthermore, flow cytometry analysis revealed increased CD4+ T cell infiltration in the liver of rats with O-GlcNAc glycosylation deficiency, and normal differentiation of regulatory T cells (Tregs) in the liver to inhibit T cell infiltration could not be activated. Moreover, in vitro experiments showed that O-GlcNAc glycosylation deficiency impaired Treg differentiation to inhibit the Notch signaling pathway in CD4+ T cells. These finding indicate that O-GlcNAc glycosylation plays a critical role in the activation of Notch signaling, which could promote Treg differentiation in the liver to inhibit T cell infiltration and control disease development in autoimmune hepatitis. Therefore, this study reveals a regulatory role for glycosylation in the pathogenesis of autoimmune hepatitis, and highlights glycosylation as a potential treatment target.

Keywords: O-GlcNAc glycosylation, autoimmune hepatitis, treg cells, EOGT, notch signaling pathway


INTRODUCTION

Autoimmune hepatitis (AIH) is a typical immune-mediated liver disease characterized by hepatocellular inflammation and immune-mediated destruction of the hepatic parenchyma, resulting in liver failure, cirrhosis and death (1). Although understanding of the specific triggers initiating the series of events in AIH development and progression is still at its rudimentary stage, multiple clinical and basic science studies have suggested that T lymphocytes likely act as primary drivers of autoimmune responses via the innate and adaptive immune systems (2, 3). Indeed, during the development of AIH, the main population of infiltrated immune cells is largely composed of CD4+ and CD8+ T lymphocytes, whose intrahepatic accumulation is associated with increased histological severity of hepatitis (4).

The liver is often considered a unique site of immune tolerance (5), and functions to systemically inhibit autoimmune responses against ectopic antigens (6). Although the specific mechanisms underlying immune tolerance in the liver remain unclear, regulatory T cells (Tregs) are known to mediate hepatic immune tolerance (6). Tregs are central to the regulation of self-tolerance and maintenance of tissue homeostasis by preventing the activation and expansion of auto-reactive T lymphocytes that contribute to autoimmune diseases, and limiting immune responses in allergic diseases, infections, transplantation, graft-vs.-host disease, and cancer (7–9). Experimental evidence suggests that AIH with immunoregulatory dysfunction is characterized by decreased amounts of Tregs and FOXP3 expression levels (10, 11). Meanwhile, reduction of Treg amounts has been described in peripheral blood with a parallel increase of Treg frequency along with effector cell numbers in the inflamed liver tissue (12). Therefore, regulating Treg activation and expansion appears to be essential for self-systematic inhibition of AIH.

The development and maintenance of immunosuppressive function in Tregs are crucially controlled by FOXP3 expression; therefore, such regulation mainly aim to modulate FOXP3 protein expression (13). The transcriptional activity of FOXP3 is modulated by accessory extracellular signal activation and intracellular transcription factors (14–16), whose functions are precisely modulated by post-translational modifications (PTMs) (17). Various studies have demonstrated that FOXP3 is regulated by PTMs, including acetylation, ubiquitination and phosphorylation (17). Surface glycosylation is another PTM, which is ubiquitous in mammalian cells; it also regulates T cell development, trafficking and function (18). Recently, Cabral et al. (19) reported that surface glycosylation of Tregs is important in determining the Treg phenotype and suppressive potency. However, the role of glycosylation in modulating Treg development and activation in AIH is poorly understood.

Concanavalin A (Con A) is a plant lectin that is widely used for inducing acute immune-mediated hepatitis with an activated inflammatory response (20, 21). Indeed, Con A-induced AIH is a typical and well-established model for investigating T cell-mediated liver injury, closely mimicking the pathogenic mechanisms and pathological changes observed in AIH patients (22). In this study, we established a Con A-induced AIH rat model in which the Eogt gene was knocked out by the transcription activator-like effector nuclease (TALEN) technology. Eogt encodes a key enzyme for O-GlcNAc glycosylation and catalyzes the transfer of N-acetyl glucosamine to serine or threonine residues of target extracellular proteins (23). This knockout resulted in O-GlcNAc glycosylation deficiency, and was used to examine the effects of glycosylation on Treg activation and development, as well as the associated liver injury in AIH and underlying mechanisms.



MATERIALS AND METHODS


TALEN Construction

A pair of TALENs targeting exon 5 of the rat Eogt gene (GenBank accession number: NM_001009502.1) were created by Cyagen Biosciences Inc. Each TALEN binds to 18 bp of DNA, and binding sites are separated by a 14-bp spacer region as illustrated in Figure 1A. The TALENs were assembled using TALE Toolkit (Addgene, catalog # 1000000019) according to published protocols (24). Final constructs were produced in the pRP[TALEN]-Hygro-CMV backbone plasmid (Cyagen Biosciences Inc.).


[image: image]

FIGURE 1. Generation of Eogt1 knockout rats by TALEN-mediated gene targeting. (A) Schematic representation of the rEogt1 locus and rEogt1-TALEN design. Double-stranded DNA sequence of the rEogt1 locus that was targeted with TALENs. The TALEN binding sites are marked with red; (B) Agarose gel electrophoresis demonstrating products of the predicted size for the rEogt1 locus in 8 healthy offspring; (C) Representative genomic sequencing results of rEogt mutation around the target site. The black dotted line represents nucleotide deletions; (D) Western blot analysis of Eogt expression in the heart, liver, spleen, lung, kidney, thymus and lymph nodes of wild type and Eogt knockout rats; (E) Body weights in wild type and Eogt knockout rats on day 20 after birth. *p < 0.05, vs. WT control group.



The TALEN plasmids were linearized with SmaI and used as templates for in vitro transcription with mMessage mMachine T7 Ultra Kit (Ambion) according to the manufacturer's instructions. Capped, polyA-tailed mRNAs were cleaned up with a MEGAclear kit (Ambion). The mRNAs were precipitated, washed and resuspended at 1 μg/μL in DEPC-treated H2O. TALEN mRNAs were subsequently diluted in 0.1 × TE buffer at a final concentration of 10 ng/μL, aliquoted, and stored at −80°C until use for embryo injection.



Microinjection of TALENs in Fertilized Eggs

All animal-based experimental procedures were approved by the Institutional Animal Care and Use Committee, Peking University Health Science Center (SCXK: 2011-0012). Rats were bred and maintained in accordance with the Peking University Health Science Center guidelines for use of Laboratory Animals. Sprague Dawley (SD) rats (Charles River Laboratories) were housed under specific pathogen-free conditions under a 12/12 h light/dark cycle (7:00–19:00). Female embryo donors were superovulated with 25 IU of pregnant mare serum gonadotropin (Sigma) between 11:00 and 12:00, followed by administration of 25 IU of human chorionic gonadotropin (Sigma) 24 h later, and subsequently individually caged with a male stud rat. The following morning, donors were sacrificed, and embryos were collected from oviducts and cultured in M16 medium (Millipore) at 37°C in 5% CO2/95% air. Fertilized one-cell embryos were transferred to M2 medium (Millipore) for microinjection. TALEN mRNAs were injected into the cytoplasm using glass injection pipettes. Embryos that survived the injection procedure were surgically transferred to the oviduct of day-0.5 post coitum pseudopregnant recipient SD females that had successfully mated with vasectomized males.



Mutation Analysis

Offspring from injected embryos were screened for mutations in the Eogt locus by polymerase chain reaction (PCR) followed by DNA sequencing. Briefly, DNA was prepared from tail snips (~0.5 cm) using E.Z.N.A.® Forensic DNA Extraction Kit (Omega BioTek, USA) according to the manufacturer's instructions. A portion of the Eogt locus that overlaps with the TALEN spacer region was amplified by PCR with the forward primer 5′-GTTTGCCACCAGTCCTGTCTGAAG-3′ and reverse primer 5′-CGCTACCTTATACGGACAGTGGGA-3′. PCR reactions included Taq 2X Master Mix (New England Biolabs Inc., Ipswich, MA, USA), and the amplification program consisted of 95°C for 5 min, followed by 30 cycles of 95°C for 30 s 58°C for 30 s and 72°C for 30 s, with a final extension at 72°C for 5 min. Ten microliters of PCR products were analyzed on ethidium bromide-stained 1.5% agarose gels in Tris–borate–EDTA buffer.

In addition, Eogt PCR products from the founder rats were sequenced using the same primers described above. Positive founders were bred to the next generation, and the offspring were genotyped by PCR and DNA sequencing as described above.



Con A-Induced Autoimmune Liver Injury Model

Wild type (Eogt+/+) and Eogt knockout (Eogt−/−) SD rats (6–8 weeks old) were injected with Con A (Sigma-Aldrich) at 30 mg/kg body weight by the tail vein. The Eogt+/+ and Eogt−/− groups each had 60 healthy adult male SD rats, which were randomly divided into 5 groups. Con A treatment was used to trigger AIH in a few hours, leading to hepatic dysfunction within 24 h. At 0, 12, 24, 48, and 72 h after injection, the experimental rats were sacrificed, and peripheral blood, and liver, spleen, and thymus samples were collected for further analysis.



Liver Function Marker Analysis

Serum alanine aminotransferase (ALT) and aspartate aminotransferase (AST) levels in Eogt+/+ and Eogt−/− SD rats were detected on an Olympus AU 2700 analyzer (Olympus, Tokyo, Japan) according to the manufacturer's instructions.



Flow Cytometry Analysis of T Cell Subpopulations in Tissues

Over the last few decades, Tregs have been demonstrated to prevent CD4+ T lymphocyte-mediated inflammatory diseases, including AIH (25). To assess whether Tregs are regulated by Eogt deletion, the population of CD4+FoxP3+ cells (Tregs) was detected in the liver of Eogt+/+ and Eogt−/− rats after Con A injection by flow cytometry. For cell collection from the spleen, liver, and thymus, the organs were mechanically disrupted in a coffee grinder. Then, spleen and thymus cell suspensions were passed through a fine, 50-μm nylon mesh, and cells were collected by centrifugation at 300 × g for 5 min. Liver cell suspension was centrifuged at 50 × g for 3 min twice to eliminate hepatocytes; non-parenchymal cells in the liver were collected following Percoll gradient separation. Cells were collected from peripheral blood by centrifugation at 2,000 × g for 15 min. Erythrocytes were removed by treating splenic cells with red blood cell lysis buffer (0.15 M NH4Cl, 1.0 mM KHCO3, 0.1 mM EDTA, pH 7.2) for 5 min and washing twice with cold phosphate-buffered saline (PBS). The resulting cells (1 × 106) were resuspended in PBS and incubated with the following anti-rat antibodies for 30 min at 4°C: anti-CD3-PerCP (eBioscience), anti-CD4-FITC (eBioscience), anti-CD25-APC (BD Bioscience), anti-Foxp3-PE (BD Bioscience), and isotype control antibodies (eBioscience, San Diego, CA). After incubation, the cells were washed twice with fluorescence-activating cell sorter (FACS) washing buffer, and 4 × 105 cells were collected by FACS Vantage SE (FACSCalibur, Becton Dickinson, San Jose, CA, USA) and analyzed with the CellQuest software (CellQuest Pro, Becton Dickinson).



CD4+ T Cell Isolation and Con A Treatment

Con A-induced AIH is characterized by CD4+ T lymphocyte infiltration in the liver, and CD4+ T lymphocyte-mediated immune responses play an important role in the development and progression of AIH (26). Therefore, to assess whether loss of Eogt enhances CD4+ T lymphocyte infiltration to further aggravate Con A-induced hepatic dysfunction, we monitored the dynamic changes of the CD4+ T lymphocyte population in the liver. CD4+ T cells were positively selected from rat splenocytes on a magnetic-activated cell-sorting system (MACS; Miltenyi Biotec, Germany). High-purity CD4+ T cells were seeded in 96-well culture plates (5 × 105 cells/well) and cultured in RPMI 1640 (Gibco, Grand Island, NY, USA) with 10% fetal bovine serum, followed by the addition of 5 μg/mL Con A in 6 well plates. The experiment was repeated at least three times. The same concentration of PBS was added to control wells. All cells were collected after 0, 12, 24, 48, and 72 h for FACS analysis.



In vitro Treg Differentiation and Proliferation Assays

T cell subsets were obtained from single-cell suspensions of the spleen were prepared from 6-week-old rEogt+/+ or rEogt−/− SD rats. Briefly, the harvested spleens were gently processed by gentle extrusion through a metal mesh into cold PBS, and spleen lymphocytes were isolated from the Percoll interphase. The harvested cells were aliquoted and stained with different antibody combinations for sorting naïve CD4+ T cells (anti-CD4-PE, clone W3/25, BioLegend; anti-CD45RC-FITC, clone OX-22, Thermo Fisher Scientific) or Treg cells (anti-CD4-PE and anti-CD25-FITC), and subjected to flow cytometric sorting.

In Treg differentiation assays, the collected naïve CD4+T cells (CD4+CD45RC+) were resuspended in complete RPMI 1640 medium supplemented with 2 ng/ml Rat TGFβ1 (Sino Biological), 100 U/ml Rat IL-2 (R&D systems), 1 μg/ml CD28 mAb (clone JJ319, BioLegend), seeded in 24-well plates pre-coated with anti-CD3ε antibody (clone 1F4, BioLegend), and incubated at 37°C with 5% CO2 for 4 days. Treg differentiation was assessed by Q-PCR analysis of Foxp3 mRNA levels and CD25/Foxp3 staining levels in flow cytometry analysis.

The proliferative capacity of Tregs after rEogt gene knockout was assessed with Cell Counting Kit-8 (CCK-8) according to the manufacturer's instructions. Briefly, the purified Tregs (CD4+CD25+) were seeded at a density of 5 × 103 cells in 96-well plates in quadruplicate, and incubated for 48 h in complete RPMI 1640 medium with equal amounts of Con A (0, 2, and 4 μg/ml) and recombinant 100 U/ml Rat IL-2 (25 ng/ml, R&D Systems) in a humid atmosphere with 5% CO2 at 37°C. Afterward, the supernatants were pulsed with the CCK-8 solution (1/10), and the cells were incubated for another 2 h at 37°C. Absorbance at 450 nm was determined on a microplate reader (BioTek, MQX200). All experiments were repeated three times.



Quantitative Real-Time PCR

Total RNA was isolated with TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. A total of 1 μg RNA was used as a template for single-strand cDNA synthesis using oligo(dT) primers and TransScript®RT/RI Enzyme Mix (TransGen Biotech, Beijing, China). The resulting cDNA was amplified with TransStart® Top Green qPCR SuperMix (TransGen Biotech, Beijing, China) on an ABI Prism 7500 sequence detection system (Applied Biosystems, Foster City, CA, USA), programmed for 94°C for 30 s, followed by 40 cycles of 94°C for 5 s and 60°C for 30 s. Amplification results were analyzed with the ABI Prism 7500 software (Applied Biosystems), and expression levels of the genes of interest were normalized to the corresponding Gapdh results. The primer sequences are presented in Table 1.



Table 1. Primer sequence used in Q-PCR.
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Western Blot

The samples were lysed in a buffer containing 50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1% NP40, 0.25% Na-deoxycholate, and 1 mM phenylmethylsulfonyl fluoride. After centrifugation, protein samples were subjected to 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred onto polyvinylidene fluoride (PVDF) membranes (Roche, Mannheim, Germany). The membranes were then blocked in TBST (1 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.05% Tween-20) containing 5% skim milk for 60 min, and incubated overnight at 4°C with diluted primary antibodies against GAPDH, β-actin, NALP2 and EOGT (Abcam, Database link: Q5NDL2), as well as cleaved caspase 3, cleaved caspase 7 and RBPJ (Cell Signaling Technology). After 3 washes with TBST for 5 min, the membranes were incubated with secondary antibodies in blocking buffer at room temperature for 1 h. Finally, chemiluminescence was used for detection, and images were acquired by autoradiography.




IMMUNOPRECIPITATION

For immunoprecipitation of total Notch1, lymphocyte lysates were incubated with Notch1 antibody (clone mN1A, Santa Cruz Biotechnology) at 2 mg/ml for 2 h at 4°C, and further incubated with protein G-coupled Sepharose beads (20 μL) for 1 h. After 5 washes with ice-cold washing buffer, total protein was eluted with SDS-PAGE sample loading buffer, and separated by 7% SDS-polyacrylamide gel electrophoresis followed by transfer onto polyvinylidene difluoride membranes (Millipore, Burlington, MA, USA). Finally, immunoblotting for the detection of O-GlcNAc and Notch1 was performed using anti-O-GlcNAc (clone CTD110.6, BioLegend) and anti-NOTCH1 antibodies, respectively.


Luminex Multiplex Assays

A Luminex assay (Luminex®) was used to determine the serum levels of 20 cytokines, including several interleukins (ILs), chemokines, and cytokines: GM-CSF, IFN-γ, IL-1β, IL-2, IL-4, IL-5, IL-6, IL-10, IL-13, TNF-a, G-CSF, Eotaxin, GRO-a, IP-10, MCP-1, MCP-3, MIP-1a, MIP-2, RANTES, and TGF-β.



Statistical Analysis

Data are mean ± SEM, and were assessed by Student's t-test with the GraphPad Prism 5.01 software (San Diego, CA, USA). P < 0.05 was considered statistically significant.




RESULTS


Eogt Knockout Rats Produced by TALEN-Mediated Gene Inactivation

To generate Eogt knockout rats, we designed a TALEN that targets the rat Eogt gene in exon 5 (Figure 1A). After transfer of TALEN mRNA-injected fertilized eggs to the uterus of a recipient, eight healthy offspring were produced. PCR products of around 500 bp were amplified from each animal corresponding to the portion of the Eogt locus overlapping with the TALEN spacer (Figure 1B). DNA sequence analysis further revealed that the PCR products of two females had a 10-bp deletion (−10 bp) in the spacer region (Figure 1C).

To generate offspring homozygous for this deletion, these female founder rats were mated with wild-type SD males, and six of the F1 offspring harbored the −10 bp allele. Heterozygous F1 offspring were then interbred to produce an F2 offspring, and DNA sequence analysis indicated that four of the F2 offspring were homozygous for the −10 bp allele. Western blot analysis further confirmed the successful establishment of Eogt knockout rats (Eogt−/−) by the TALEN method, since the EOGT protein was detected in various tissues (heart, liver, spleen, lung, kidney, thymus and lymph nodes) of wild-type rats but not in any of the −10 bp animals (Figure 1D). Furthermore, body weights in Eogt−/− rats were significantly lower compared with those of Eogt+/+ animals on day 20 after birth (Figure 1E).



Con A-Induced Liver Injury Is Aggravated in Eogt−/− Rats

After Con A injection, both Eogt+/+ and Eogt−/− rats displayed hepatic dysfunction as evidenced by dynamic changes of ALT and AST levels (Figure 2A). At 12 h after Con A injection, serum ALT and AST levels were markedly increased in both groups; however, these levels were much higher in Eogt−/− rats. ALT and AST levels decreased from 12 to 24 h in Eogt+/+ rats, but remained high in Eogt−/− animals. From 24 to 72 h, ALT and AST levels were gradually restored to normal levels in both groups (Figure 2B).
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FIGURE 2. Knockout Eogt aggravates concanavalin-A induced liver injury. (A) Schematic outline of concanavalin-A (Con A) administration in Eogt+/+ and Eogt−/− rats. (B) ALT and AST levels in Eogt+/+ and Eogt−/− rats after Con-A injection at 0, 12, 24, 48, and 72 h; (C) Western blot analysis of cleaved caspases 3 and 7 in the liver of Eogt+/+ and Eogt−/− rats after Con-A injection at 0, 12, 24, and 48 h; (D) Western blot analysis of NALP2 protein levels in the liver of Eogt+/+ and Eogt−/− rats after Con-A injection at 0 and 12 h; (E) Quantification of NALP2 protein expression in (D). (F) Representative H and E staining of liver sections after Con-A injection at 0, 12, 24, and 48 h. *p < 0.05; **p < 0.01, vs. WT control group.



Western blot analysis further showed that the levels of apoptotic marker proteins, including cleaved caspases 3 and 7, were increased in the liver of Con A-treated Eogt+/+ rats (Figure 2C), with more pronounced increases observed in Eogt−/− rats, indicating that Eogt knockout aggravated hepatic dysfunction (Figure 2C). Moreover, Con A-induced liver dysfunction and apoptosis were accompanied with overtly increased NALP2 levels, indicating the activation of inflammatory responses in the liver; the alteration was 3-fold higher in Eogt−/− rats compared with Eogt+/+ animals (Figures 2D,E). Histological analysis confirmed that Con A-induced acute liver injury was more severe in Eogt−/− rats (Figure 2F).



Con A-Induced Eogt−/− Rats Show Abnormal Treg Activation

In Con A-treated Eogt+/+ rats, the percentage of liver CD4+ T lymphocyte was obviously increased in the first 12 h, and gradually decreased thereafter (Figure 3A). By contrast, Con A-treated Eogt−/− rats showed a continuous increase in liver CD4+ T lymphocytes over the first 24 h, which then declined to the normal level (Figure 3A). The frequencies of CD4+ T lymphocytes in peripheral blood were significantly decreased at 1 h after Con A injection in both Eogt+/+ and Eogt−/− rats (Figure 3B), with no difference between the two groups. However, the recovery rate of peripheral blood CD4+ T lymphocytes over the following 12–36 h was higher in Eogt+/+ rats (Figure 3B). There were no significant differences in the dynamic changes of CD4+ T lymphocytes in the spleen and lymph nodes between the two groups (Figures 3C,D).
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FIGURE 3. Abnormal activation of Tregs in Eogt−/− rats after Concanavalin-A treatment. (A–D). Flow cytometry analysis of CD4+ T cells in the Liver (A), Blood (B), Spleen (C) and Lymph nodes (D) of Eogt+/+ and Eogt−/− rats after Con-A injection at 0, 12, 24, and 48 h; (E) Flow cytometry assessment of CD4+FOXP3+ (Treg) cells in the Liver of Eogt+/+ and Eogt−/− rats after Con-A injection at 0, 12, 24, and 48 h; (F) Quantification of Tregs in (E). **p < 0.01; ***p < 0.001, vs. WT control group.



In line with a previous report (26), we found that the population of liver CD4+Foxp3+ cells (Treg) was increased from 11.48 ± 0.93% to 26.42 ± 1.80% 12 h after Con A treatment in Eogt+/+ rats, and returned to baseline levels at 24 and 48 h (Figures 3E,F). However, in Eogt−/− rats, the proportion of Tregs only increased slightly from 11.18 ± 1.15% to 13.67 ± 1.39% at 12 h after Con A treatment, which was significantly lower compared with that of Eogt+/+ animals (Figures 3E,F).



EOGT Knockout Inhibits the Generation of Itregs From CD4+CD45RC+ T Cells in vitro

To directly assess the role of EOGT on Treg proliferation and differentiation, we adopted flow cytometry to sort naive CD4+ T cells (CD4+CD45RC+) (Figures 4A,D) and CD4+CD25+ Tregs (Figures 4A,B) from rat spleens. Although Con A could promote Treg proliferation in the presence of IL-2, no statistically significant differences were observed between the WT and KO groups with or without Con A (Figure 4C). Next, we adopted an in vitro culture system where naive CD4+ T cells (CD4+CD45RC+) were differentiated into FoxP3+ Tregs upon anti-CD3 mAb stimulation in the presence of TGF-β1, rIL-2 and anti-CD28 mAb. However, Foxp3 mRNA levels and the percentage of inducible regulatory T cells (CD25+Foxp3+) in KO induction groups were significantly lower compared with those of WT induction groups (Figures 4E,F).
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FIGURE 4. Effects of EOGT knockout on Treg cell proliferation and differentiation. Flow cytometry for sorting naive CD4+ T cells (CD4+CD45RC+) (A,D) and CD4+CD25+ Tregs (A,B) from rat spleens; (C) CD4+CD25+ Tregs from Eogt+/+ and Eogt−/− rats treated with IL-2 without or with different Con A concentrations for 48 h; (E) Foxp3 mRNA levels and (F) percentages of regulatory T cells (CD25+Foxp3+) differentiated from naive CD4+ T cells (CD4+CD45RC+). Data are mean ± SD from three independent experiments. *P < 0.05; ***p < 0.001, vs. WT control group.





Eogt Suppression Alters the Serum Levels of Chemokines

Since many cytokines and chemokines play important roles in the development of autoimmune hepatitis diseases, we next determined the serum levels of select cytokines, including interleukins (ILs) and other inflammatory cytokines. Before Con A injection, serum RANTES and MIP-1α levels in Eogt−/− rats were significantly higher than those of Eogt+/+ animals (p < 0.05, Figures 5D,F). With autoimmune hepatitis associated with Con A, the serum levels of some inflammatory cytokines (IL-2/4/10, IFNγ and TGF-β) were altered to varying degrees. However, as shown in Figure 5, serum IL-1β (12, 48, and 72 h), IL-2 (12, 48, and 72 h), IL-4 (12 h), RANTES (24, 48, and 72 h), IFNγ (12 h) and MIP-1α (12, 48, and 72 h) levels in Con A-treated Eogt−/− rats were significantly higher compared with those of Con A-treated Eogt+/+ animals, while serum Eotaxin (12 h), IL-10 (48 and 72 h) and TGF-β (12 and 24 h) were significantly lower (p < 0.05 or 0.01). No variations of other cytokines in serum were observed (data not shown).
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FIGURE 5. Luminex multiplex analysis of cytokine levels in rat serum. Column charts respectively show serum levels of 9 cytokines in Eogt+/+ and Eogt−/− rats after Con-A injection at 0, 12, 24, 48, and 72 h. Data are mean ± SD from three independent experiments. *P < 0.05; **P < 0.01, vs. WT control group. (A) IL-1β, (B) IL-2, (C) IL-4, (D) Rentes, (E) IFN-r, (F) MIP-1α, (G) Extaxin, (H) IL-10, (I) TGF-β1.





EOGT Inhibits Treg Activation via the Notch Signaling Pathway

To further assess the relationship between EOGT-mediated glycosylation and Treg activation, we performed MACS to separate CD4+ T cells from Eogt+/+ and Eogt−/− rat spleens. Flow cytometry analysis confirmed that a purity for the isolated CD4+ T cells of 96.43 ± 2.67%. Next, we cultured the isolated CD4+ T cells under Con A stimulation (5 μg/mL), and detected the Treg population by FACS. After 12 h, the proportion of Tregs were increased from 7.37 ± 0.47% to 17.73 ± 1.35% in the Eogt+/+ CD4+ T population (Figures 6A,B), whereas this increase was significantly lower in the Eogt−/− CD4+ T cells, from 6.73 ± 0.62% to 12.10 ± 1.50% (Figures 6A,B). Notch signaling has been reported to promote the differentiation and survival of Tregs (27–29). Meanwhile, glycosylation of the extracellular domain of Notch is important for activating Notch signaling (30). To determine whether loss of Eogt suppresses Notch signaling to prevent Treg differentiation, cultured CD4+ T cells were collected after 6 h of Con A stimulation for gene expression analysis. Con A treatment did not alter the expression levels of Notch1 and Notch2 in Eogt+/+ and Eogt−/− CD4+ T cells (Figure 6C); meanwhile, Eogt knockout decreased Notch1 protein O-GlcNAcylation levels in lymphocytes in Eogt−/− rats (Figure 6E). However, the expression levels of Rbpj and Hes1, Notch signaling-activated genes, were markedly induced in Eogt+/+ CD4+ T cells but not in Eogt−/− counterparts (Figure 6D). Furthermore, Western blot demonstrated that Eogt knockout reduced the activation of RBPJ, the major transcriptional effector of Notch signaling (Figure 6F).
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FIGURE 6. Knockout of Eogt inhibits Treg differentiation via the NOTCH signaling pathway. (A) Flow cytometry analysis of CD4+FOXP3+ (Treg) cells in Eogt+/+ (n = 6) and Eogt−/− (n = 6) CD4+ T cells after in vitro treatment with Con A; (B) Quantification of Tregs in (A); (C) Quantitative PCR analysis of Nocth1 and Nocth2 in Eogt+/+ (n = 6) and Eogt−/− (n = 6) CD4+ T cells after in vitro treatment with Con A; (D) Quantitative PCR analysis of Rbpj and Hes1 in Eogt+/+ (n = 6) and Eogt−/− (n = 6) CD4+ T cells after in vitro treatment with Con A; Western blot analysis of O-GlcNAc and Notch1 levels in lymphocytes (E) and Rbpj expression amounts in Eogt+/+ (n = 6) and Eogt−/− (n = 6) CD4+ T cells after in vitro treatment with Con A (F). ***p < 0.001, vs. WT control group.






DISCUSSION

PTMs of proteins constitute one of the most effective methods to dynamically and rapidly regulate protein functions, and play important roles in several physiological and pathological processes; indeed, abnormalities of protein PTMs are both the causes and consequences of various diseases (31). In this study, the TALEN technology was applied to knock out the rat Eogt gene, which encodes the enzyme that catalyzes protein glycosylation, and demonstrated that this glycosylation deficiency could prevent Treg differentiation by suppressing Notch signaling, leading to CD4+ T lymphocyte infiltration that resulted in the aggravation of hepatic dysfunction in Con A-induced AIH.

AIH is the most typical autoimmune disease, and characterized by a T-cell-rich infiltrate (32). In the course of disease development, effector T cells from peripheral blood are recruited to the inflamed liver, leading to the apoptosis of hepatocytes. Then, activated Tregs suppress the proliferation and cytokine secretion of infiltrating effector T cells (33). Previous studies demonstrated a reduction of Treg frequency in peripheral blood from AIH patients (10, 11), suggesting that Tregs are recruited to the inflamed liver along with effector T cells to control inflammation (12). In line with these previous reports, this study demonstrated a rapid reduction of CD4+ T cells in peripheral blood and an accumulation of CD4+ T cells in the liver following Con A treatment; however, the frequency of Tregs in the liver was largely different between Eogt+/+ and Eogt−/− rats, with only a slight increase in the latter and a marked increase in the former. This in vivo finding might indicate that the recruited Tregs from peripheral blood only represent a small population of liver Tregs, and the main liver Treg population might instead originate from T cell differentiation in response to the hepatic microenvironment (34). We sorted Tregs (CD4+CD25+FoxP3+) from liver samples after Con A-induced autoimmune liver injury at 12 h, and compared the mRNA levels of CTLA-4 and GITR in CD4+CD25+Foxp3+ (Treg) cells. As shown in Figure S1, there were no significant differences in mRNA expression levels of CTLA-4 and GITR between the two subsets of WT and KO rats, suggesting that abnormal Treg activation caused by Eogt knockout could be independent of Tregs' functional makers.

In vitro and in vivo studies have demonstrated that T cell receptor signaling, cytokines, and other signaling pathways play important roles in the development and differentiation of Tregs in disease (35–37). In a liver with AIH, the presence of transforming growth factor-beta released from hepatocytes or other activated non-parenchymal cells could promote Treg differentiation (38, 39). We further showed that Con A also regulated the differentiation of Tregs from CD4+ T lymphocytes in vitro. Previous studies have shown that Con A-treated CD4+ T cells have significantly increased levels of Notch1 (40), and activation of the Notch signaling pathway has been detected in induced Tregs (41). Although Con A did not upregulate Notch1 in the CD4+ T cell population in the present study, Notch signaling was activated upon Con A stimulation, which promoted the differentiation of Tregs mediated by glycosylation. Protein structure analysis revealed that the extracellular domain of Notch contains epidermal growth factor-like repeats, representing a consensus site for O-glycosylation catalyzed by EOGT (42). In addition, EOGT-mediated Notch signaling pathway activation has been confirmed in Eogt−/− mice (42).

The current study had several limitations. First, due to the lack of well-established in vitro rat Treg cell-differentiation conditions, we could only refer to the reported method of in vitro mouse Treg differentiation from naïve T cells. Secondly, as many immune cells as possible should be assessed in other immune organs (bone marrow, peripheral blood, spleen and lymph nodes etc.) to explore the role of Eogt knockout in the immune system. Thirdly, because liver samples in this study were not properly preserved, we could not detect the CD69 activation marker and the cleaved Notch intracellular domain (NICD) on CD4+ T cells.

In summary, this study demonstrated that EOGT plays a critical role in AIH by regulating Treg differentiation via Notch signaling. In EOGT-deficient rats, Treg differentiation was clearly impaired due to inactivated Notch signaling, resulting in abnormal infiltration of the T cell population into the liver, which aggravates hepatic injury. Therefore, this study revealed a regulatory role for glycosylation in the pathogenesis of AIH, highlighting a potential therapeutic target.
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IL-17RA-Signaling Modulates CD8+ T Cell Survival and Exhaustion During Trypanosoma cruzi Infection
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The IL-17 family contributes to host defense against many intracellular pathogens by mechanisms that are not fully understood. CD8+ T lymphocytes are key elements against intracellular microbes, and their survival and ability to mount cytotoxic responses are orchestrated by several cytokines. Here, we demonstrated that IL-17RA-signaling cytokines sustain pathogen-specific CD8+ T cell immunity. The absence of IL-17RA and IL-17A/F during Trypanosoma cruzi infection resulted in increased tissue parasitism and reduced frequency of parasite-specific CD8+ T cells. Impaired IL-17RA-signaling in vivo increased apoptosis of parasite-specific CD8+ T cells, while in vitro recombinant IL-17 down-regulated the pro-apoptotic protein BAD and promoted the survival of activated CD8+ T cells. Phenotypic, functional, and transcriptomic profiling showed that T. cruzi-specific CD8+ T cells derived from IL-17RA-deficient mice presented features of cell dysfunction. PD-L1 blockade partially restored the magnitude of CD8+ T cell responses and parasite control in these mice. Adoptive transfer experiments established that IL-17RA-signaling is intrinsically required for the proper maintenance of functional effector CD8+ T cells. Altogether, our results identify IL-17RA and IL-17A as critical factors for sustaining CD8+ T cell immunity to T. cruzi.
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INTRODUCTION

IL-17A and IL-17F were initially associated with the pathogenesis of autoinflammatory and autoimmune disorders (1). Nonetheless, the primary function of these cytokines is likely host protection against microbes. Indeed, mice deficient in IL-17A and/or IL-17F are highly susceptible to infection with a wide array of fungi and extracellular bacteria, as well as viruses and parasites (2, 3). We previously demonstrated that the IL-17 family of cytokines plays a critical role in host survival by regulating exuberant inflammation and immunopathology during infection with the protozoan Trypanosoma cruzi (4, 5). Additional data from our laboratory suggests that IL-17 plays additional protective roles against T. cruzi by modulating adaptive immunity.

The IL-17 family is comprised of 6 members, IL-17A to IL-17F, which have different cellular sources and expression patterns but often show overlapping activities. The cytokines signal through a receptor complex composed of at least two identical or different subunits of the IL-17R family (IL-17RA to IL-17RE). IL-17RA is the common signaling subunit used by at least four ligands: IL-17A, IL-17C, IL-17E, and IL-17F. IL-17 members regulate inflammation by recruiting and activating neutrophils, NK cells, and other cells of the innate immune system and by inducing several pro-inflammatory mediators (i.e., cytokines, chemokines, microbial peptides, and metalloproteinases). In addition, these cytokines play important roles during adaptive immune responses, including the modulation of germinal center reactions, as well as the regulation of Th1 and CD8+ cellular responses (6–9).

Infection with T. cruzi is known to cause Chagas disease, the third most frequent parasitic disease worldwide that is endemic in Latin America and is increasing globally due to migratory flows. Disease progression, from asymptomatic to severe cardiac and digestive forms, is linked to parasite heterogeneity and variable host immune responses. CD8+ T cell mediated immunity is essential for parasite control throughout the various stages of infection, although it is not sufficient for complete parasite elimination (10, 11). CD8+ T cell deficient mice are extremely susceptible to infection (12, 13), and strategies that improve specific CD8+ T cell responses result in increased host protection (11, 14, 15). This finding, coupled with the fact that parasite persistence correlates with disease severity in human and experimental models of T. cruzi infection (16, 17), have prompted efforts to better understand the mechanisms that promote anti-parasitic CD8+ T cell immunity.

The general features of protective CD8+ T cell responses (as defined with model viral and bacterial infections) consist of the generation and expansion of short-lived, highly functional effector populations with antimicrobial activities. After the pathogen has been cleared, most of the effector cells die and the few remaining cells differentiate into memory T cells, contributing to long-lived immunological protection (18). Persistently activated CD8+ T cells can become dysfunctional during certain chronic infections, which results in a hierarchical loss of effector functions and proliferation potential, as well as sustained expression of multiple inhibitory receptors. Severe exhaustion leads to pathogen-specific cells that are prone to deletion and have reduced ability to produce cytokines and degranulate. These exhausted CD8+ T cells fail to provide optimal protection and contribute to poor pathogen control (19). In addition to antigen-specific and co-stimulatory signals, which are the driving forces behind CD8+ T cell responses, various cytokines (i.e., IL-21, IL-2, IL-12) are required to provide the “third-signal” essential for protective CD8+ T cell immunity (20, 21).

Herein, we demonstrate that IL-17RA signaling is required for the maintenance of robust, specific CD8+ T cell responses that contribute to host resistance to T. cruzi. We show that absence of IL-17RA signaling during T. cruzi infection alters the transcriptional program of effector CD8+ T cells, and consequently affects their survival, effector function, and exhaustion. Our findings are relevant for gaining a better understanding of the role of the IL-17 family in the orchestration of protective immunity against infections.



MATERIALS AND METHODS


Mice

Mice used for experiments were sex- and age-matched (6 to 10 weeks-old). C57BL/6 mice were obtained from School of Veterinary, La Plata National University (La Plata, Argentina). IL-17RA KO mice were provided by Amgen Inc. (Master Agreement N° 200716544-002). IL-17A/IL-17F double KO mice (22) were kindly provided by Dr Immo Prinz. CD45.1 C57BL/6 mice (B6.SJL-Ptprca Pepcb/Boy) and CD8α KO mice (B6.129S2-Cd8atm1Mak/J) were obtained from The Jackson Laboratories (USA). CD45.1 × CD45.2 F1 WT mice bred in our animal facility. All animals were housed in the Facultad de Ciencias Químicas, Universidad Nacional de Córdoba.



Parasites and Experimental Infection

Bloodstream trypomastigotes of the Tulahuén strain of T. cruzi were obtained from BALB/c mice infected 10 days earlier. For experimental infection mice were inoculated intraperitoneally with 0.2 ml PBS containing 5 × 103 trypomastigotes (usual dose) or doses of 500 and 5 × 104 trypomastigotes when indicated. For infection of transferred CD8α knockout mice, parasite dose was 1,000 trypomastigotes.



Quantification of Parasite DNA in Tissues

Genomic DNA was purified from 50 μg of tissue (spleen, liver, and heart) using TRIzol Reagent (Life Technologies) following manufacturer's instructions. Satellite DNA from T. cruzi (GenBank AY520036) was quantified by real time PCR using specific Custom Taqman Gene Expression Assay (Applied Biosystem) using the primer and probe sequences described by Piron et al. (23). A sample was considered positive for the T. cruzi target when CT < 45. Abundance of satellite DNA from T. cruzi was normalized to GAPDH abundance (Taqman Rodent GAPDH Control Reagent, Applied Biosystem) and expressed as arbitrary units.



Cells and Culture

CD8+ T cells were isolated from the spleen by magnetic negative selection or cell sorting from pools of at least 3-5 mice. For magnetic cell purification the EasySep™ Mouse CD8+ T Cell Isolation Kit (Stemcell Technologies) were used according to the manufacturer's protocol. For cell sorting, spleen cell suspensions were surface stained and CD3+CD8+ T cells were sorted with a FACSAria II (BD Biosciences). During in vitro studies, CD8+ T cells (2 × 105) purified by magnetic selection were stimulated in 96-well plates coated with anti-CD3/anti-CD28 Abs (eBioscience, 2 and 1 μg/ml respectively) and incubated during 24 h in the presence of 100 ng/ml of recombinant IL-17A, IL-17F, IL-17C, and IL-17E (ImmunoTools, GmbH) and/or 50 ng/mL of IL-21 and TNF (ImmunoTools, GmbH). For camptothecin challenge, the drug was added in a concentration of 5 μM from the beginning of the culture.



Antibodies and Flow Cytometry

Cell suspensions were washed in PBS and incubated with LIVE/DEAD Fixable Cell Dead Stain (eBioscience) during 15 min at RT. Next, cells were washed and incubated with fluorochrome labeled-Abs for 20 min at 4°C (see below for details). To detect T. cruzi specific CD8+ T cells, H-2K(b) T. cruzi trans-sialidase amino acids 567-574 ANYKFTLV (TSKB20) APC-Labeled Tetramer (NIH Tetramer Core Facility) were incubated 20 min at 4°C before further surface staining with additional Abs. After further surface staining, cells were washed and acquired in a FACSCanto II (BD Biosciences). Blood was directly incubated with the indicated antibodies and erythrocytes were lysed with a 0.87% NH4Cl buffer previously to acquisition. For Ki-67 intranuclear staining, cells were first stained on surface, washed and then fixed, permeabilized and stained with Foxp3/Transcription Factor Staining Buffers (eBioscience) following eBioscience One-step protocol: intracellular (nuclear) proteins.

Flow cytometry and/or cell sorting was performed with a combination of the following Abs (BD Biosciences, Biolegend, eBioscience, Life Technologies, Santa Cruz Biotechnology or Cell Signaling): FITC/AF488-labeled anti-mouse: CD8 (53-6.7), anti-CD25 (7D4), CD69 (H1.2F3), CD44 (IM7), Bcl-2 (10C4), IgG (polyclonal goat), and anti-rat IgG (polyclonal goat); PE-labeled anti-mouse: Fas (Jo2), CTLA-4 (UC10-4B9), PD-1 (RMP1-30), Ki-67 (SolA15), IL-17RA (PAJ17R), CD120b (TR75-89), Bim (rabbit. C34C5), rabbit IgG control isotype (DA1E); PECy7-labeled anti-mouse: CD8 (53-6.7), PD-1 (RMP1-30), FAS (Jo2) and anti-CD25 (P61.5); PerCPCy5.5-labeled anti-mouse: CD3 (145-2C11), CD45.2 (104); PerCP-eFluor 710 labeled anti-mouse: TIGIT (GIGD7); APC-Cy7/AF780-labeled anti-mouse: CD45.1 (A20) and CD62L (MEL-14); Biotin-labeled anti-mouse: BTLA (8F4) and PE-labeled Streptavidin; unlabeled anti-mouse: Bcl-xL (rabbit, 54H7), Bcl-2-associated death promoter (BAD) (rabbit, C-20), Bax (rabbit, P-19).



Quantification of IL-21

The concentration of IL-21 in the plasma of in plasma of infected WT and IL-17RA KO mice was assessed by ELISA using paired specific Abs (eBiosciences) according to standard protocols.



Evaluation of Proliferation and Apoptosis

T. cruzi-infected WT and IL-17RA KO mice were given BrdU (1 mg/ml, Sigma-Aldrich)/1% sucrose in the drinking water (carefully protected from light) ad libitum. After 5 days, mice were sacrificed and spleen mononuclear cells were collected and stained with surface antibodies. Incorporated BrdU was detected with a BrdU Flow kit according to the manufacturer's specifications (BD Biosciences).

Apoptosis was determined by Annexin V and 7AAD staining according to the manufacturer's specifications (BD Biosciences). Mitochondrial depolarization (ψ) was measured by FACS using 50 nM TMRE (Invitrogen) as described (24). When indicated, 7AAD or LIVE/DEAD Fixable Aqua dead cell stain was used in combination to identify live, early apoptotic and late apoptotic/necrotic cells.



Determination of CD8+ T Cell Effector Function in vitro

Spleen cell suspensions were cultured during 5 h with medium, 5 μg/ml TSKB20 (ANYKFTLV) peptide (Genscript Inc.), 50 nM PMA plus 0.5 μg/ml ionomycin (Sigma-Aldrich) in the presence of Monensin and Brefeldin A (eBioscience). When indicated a PE-labeled anti-CD107a mAb (eBioscience, eBio1D4B) was included during the culture period. After culture, the cells were surface stained, fixed and permeabilized with BD Cytofix/Cytoperm and Perm/Wash (BD Biosciences) according manufacturer's instruction. Cells were incubated with FITC-labeled antibodies to IFNγ (eBioscience, XMG1.2) or Perforin-1 (eBoscience, eBioOMAK-D), PerCP/PerCP-eFluor 710 labeled antibody to TNF (Biolegend, MP6-XT22) or Granzyme A (eBiosciences, GzA-3G8.5) and/or APC/AF647-labeled antibody to TNF (Biolegend, MP6-XT22) or Granzyme B (Biolegend, GB11). Stained cells were acquired on FACSCanto II (BD Biosciences).



Adoptive Cell Transfer

Competitive adoptive transfer experiments were performed by i.v. injection of recipient CD45.1+/CD45.2+ WT mice (F1 hybrid obtained by crossing CD45.1+ and CD45.2+ WT mice) or CD8α knockout mice with a mixture 1:1 of CD8+ T cells purified from spleen of CD45.1+ WT mice and CD45.2+ IL-17RA KO mice. Total 5 × 106 cells and 15 × 106 cells were injected in WT and CD8α knockout recipients, respectively. Recipient mice were immediately infected and frequency of the injected CD45.1+ WT and CD45.2+ IL-17RA KO cells within the total T cell population were determined in blood, spleen and liver at different days pi.

To address the relevance of CD8+ T cell-intrinsic IL-17RA signaling for T. cruzi infection progression, CD8α knockout hosts were injected i.v. with the same number (7 × 106) of CD8+ T cells purified from spleen of WT or IL-17RA KO mice and immediately infected. Transfer of equal number of CD8+ T cells in both mouse groups was evaluated 1 day after injection by analyzing the frequency of CD8+ T cells in blood. The progression of the infection was followed by the quantification of parasitemia and survival. Infected non-transferred CD8α knockout mice were used as control.



Treatment With Neutralizing Anti- IL-17A and PD-L1 Abs

To block the PD-1/PD-L1 pathway, infected WT and IL-17RA KO mice were injected i.p. with 200 μg rat anti-mouse PD-L1 antibody (10F.9G2, BioXcell) or total rat IgG isotype control (Jackson Research) every 3 days from 15 dpi until sacrifice at day 21 dpi. Infection matched WT mice were assayed in parallel as controls.

For the in vivo neutralization of IL-17A, infected WT mice were injected i.p. with 200 μg rat anti-mouse IL-17 antibody (17F3, BioXcell) or rat total IgG1 isotype control (MOPC-21, BioXcell) every 3 days from day 13 dpi until sacrifice at 21 dpi. Infection-matched IL-17RA KO mice were assayed in parallel as controls.



Real-Time Quantitative PCR and DNA Microarray

RNA from total spleen tissue was purified using TRIzol Reagent (Life Technologies) following manufacturer's instructions. Oligo-dT and a MMLV reverse transcriptase kit (Invitrogen) were used for cDNA synthesis. IL-17RA, IL-17RC, and IL-17RD transcripts were quantified by real-time quantitative PCR on an ABI PRISM 7700 Sequence Detector (Perkin-Elmer Applied Biosystems) with Applied Biosystems predesigned TaqMan Gene Expression Assays and reagents according to the manufacturer's instructions. The following probes were used: Mm00434214_m1 for IL-17RA, Mm00506606_m1 for IL-17RC and Mm00460340_m1 for IL-17RD. For each sample, the mRNA abundance was normalized to the amount of 18S rRNA (Mm03928990_g1) and is expressed as arbitrary units (AU).

For gene-expression analysis, CD8+ T cells were purified by FACS from the spleen of non-infected and 22-day infected WT and IL-17RA KO mice and lysed with TRIzol reagent. Total RNA was extracted with the RNAeasy Mini Kit (Qiagen). RNA quality was verified in an Agilent Bioanalyzer and measured with a Nanodrop 1000 (Thermo Scientific). cDNA was hybridized on Affymetrix Mouse Gene 2.1 ST arrays as described elsewhere.



Analysis of Microarray Data

The microarray data from this publication have been deposited to the GEO database (https://www.ncbi.nlm.nih.gov/geo/) and assigned the identifier: GSE104886. Gene expression data was normalized using RMA algorithm on custom Brainarray CDF (v.22.0.0 ENTREZG). Plots of differential expressed genes in spleen CD8 T cells at day 0 post infection and day 22 post infection in WT and IL-17RA KO samples were defined using fold change [|log2FC| >log2(1.2)]. Bioinformatic analyses were performed with R software environment. Heatmaps were produced using Heatmapper (http://www.heatmapper.ca) and show gene expression of CD8+ T cells from WT and IL-17RA KO normalized by the average of the gene expression in non-infected counterparts, except specified. Gene Set Enrichment Analyses (GSEA) between the different spleen CD8 T cell samples were done using specific gene sets from the Molecular Signatures DB (MSigDB). Genes induced by the infection in WT and IL-17RA KO mice but showing significantly higher expression in IL-17RA KO mice were uploaded to Ingenuity Pahtway Analysis (Ingenuity® Systems, www.ingenuity.com) for the analysis of “Disease and bio-function,” “Canonical pathway,” and “Up-stream regulators.” It was considered significantly activated (or inhibited) with an overlap p ≤ 0.05 and an IPA activation Z-score as defined under each specific analysis category on the IPA website.



Statistics

Statistical significance of comparisons of mean values was assessed as indicated by a two-tailed Student's t test, two way ANOVA followed by Bonferroni's posttest and Gehan-Breslow-Wilcoxon Test using GraphPad software. P < 0.05 was considered statistically significant.




RESULTS


IL-17RA and IL-17A/IL-17F Deficiencies Compromise Parasite Control and Reduce the Magnitude of the Specific CD8+ T Cell Response During T. cruzi Infection

We previously showed that IL-17RA-signaling and IL-17-secreting B cells are required for host survival during T. cruzi infection by, at least in part, regulating innate immunity and inflammation (4, 5). In addition, histological data from these initial studies suggested that infected IL-17RA knockout (KO) mice exhibited increased parasite levels in tissues, but similar levels of parasitemia, compared with those of their infected wildtype (WT) counterparts (4). To confirm this and to study possible additional protective mechanisms mediated by IL-17, we evaluated tissue parasitism in infected WT and IL-17RA KO mice. As determined by the amounts of parasite DNA quantified in the spleen, we observed that T. cruzi infected IL-17RA KO mice controlled tissue parasitism similar to WT mice during the first 2 weeks of infection (Figure 1A). However, IL-17RA KO mice failed to reduce the parasite burden at later stages of infection, as attested by the increased parasite load in the spleen at 22 and 130 days post-infection (dpi) (Figure 1A). Furthermore, increased parasite levels were also detected in other organs, such as liver and heart (Figures 1B,C).
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FIGURE 1. Absence of IL-17RA signaling results in increased tissue parasitism and a reduced magnitude of parasite-specific CD8+ T cell responses. (A-C) Relative amount of T. cruzi satellite DNA in spleen (A), liver (B) and heart (C) of infected WT and IL-17RA KO (KO) mice determined at the indicated dpi. Murine GAPDH was used for normalization. Data are presented as mean ± SD, N = 5 mice. P values calculated with two-tailed T test. (D) Representative plots of CD8 and TSKB20/Kb staining in spleen, liver and blood of WT and KO mice at 22 dpi (WT-I and KO-I, respectively). A representative plot of the staining of splenocytes from non-infected WT mice (WT-N) is shown for comparison. (E) Percentage and cell numbers of TSKB20/Kb+ CD8+ T cells and (F) cell numbers of total CD8+ T cells determined in spleen of WT and IL-17RA KO mice at different dpi. Data shown as mean ± SD, N = 5−8 mice. P values calculated using two-way ANOVA followed by Bonferroni‘s post-test. (G) Experimental layout of IL-17 neutralization in infected WT mice injected with control isotype or anti-IL-17 Abs (WT-cAb and WT-aIL-17, respectively). (H) Representative plots of CD8 and TSKB20/Kb staining in spleen and liver infected control and treated WT mice. (I) Percentage of total and TSKB20/Kb+ CD8+ T cells infected control and treated WT mice. Results from infection-matched WT (WT-I) and KO mice (KO-I) are shown for comparison. Data are representative of five (A–F), and two (G–I) independent experiments.



Given that the aforementioned result suggested a deteriorated adaptive immune response, we focused on studying the role of IL-17RA in the development of parasite-specific CD8+ T cells. To this end, we examined the generation of CD8+ T cells specific for the immunodominant epitope TSKB20 (T. cruzi trans-sialidase amino acids 569-576 –ANYKFTLV–) (25) in infected IL-17RA KO and WT mice. We determined that the frequency of TSKB20-specific CD8+ T cells was reduced in the spleen, liver, and blood of infected IL-17RA KO mice at 20 dpi (Figure 1D). Kinetics studies showed that the frequency and absolute numbers of TSKB20-specific CD8+ T cells in the spleen of infected IL-17RA KO mice was similar to that of infected WT control mice up to 14 dpi, but these values dropped dramatically soon after (Figure 1E). Remarkably, total CD8+ T cell numbers at 20 dpi were also reduced in the spleen of infected IL-17RA KO mice (Figure 1F). In agreement with the notion that IL-17A and IL-17F are the major IL-17RA-signaling cytokines that modulate immune responses, IL-17A/IL-17F double knockout (DKO) mice also showed increased tissue parasitism in spleen and liver (Supplementary Figure 1A) and reduced frequency of parasite-specific CD8+ T cells in comparison to WT control mice (Supplementary Figure 1B).

Considering the kinetics of the TSKB20-specific CD8+ T cell immunity observed in infected IL-17RA KO mice (Figure 1E), along with our results showing that IL-17 production peaked around 14 dpi (4, 5), we speculated that IL-17RA signaling plays a role during the expansion and maintenance of parasite-specific CD8+ T cells after priming. To test this, we performed neutralization experiments in which infected WT mice were injected with anti-IL-17A antibodies (Abs) from 13 to 19 dpi (Figure 1G). A blockade of IL-17 signaling, specifically during the expansion/maintenance phase, resulted in a significant decrease in the frequency of TSKB20-specific T cells (Figure 1H). Indeed, mice treated with anti-IL-17 once the CD8+ T cell response was already established (from 13 to 19 dpi), showed a frequency of parasite-specific T cells comparable to that observed in infected IL-17RA KO mice that were devoid of IL-17 signaling throughout the entire infection period (Figure 1I).



Absence of IL-17RA Signaling During T. cruzi Infection Reduces the Survival of Total and Specific CD8+ T Cells

Considering the conventional kinetics of T cell responses (18), it was conceivable that the abortive CD8+ T cell response observed in infected IL-17RA KO mice could be a consequence of reduced cell expansion and/or increased contraction. To address the role of IL-17RA in CD8+ T cell proliferation, we assessed the in vivo incorporation of BrdU between 15 and 20 dpi, as these time points directly preceded the dramatic decrease in the numbers of specific CD8+ T cells in infected IL-17RA KO mice. The results depicted in Figure 2A demonstrate that the absence of IL-17RA does not compromise proliferation of CD8+ T cells during T. cruzi infection. Complementary studies of ex vivo detection of the Ki-67 antigen led to similar conclusions (Supplementary Figure 2A). We then tested a possible role of IL-17RA signaling in supporting CD8+ T cell survival. In comparison to their infected WT counterparts, total and TSKB20-specific CD8+ T cells from infected IL-17RA KO mice showed significantly higher frequencies of apoptotic cells as early as 10 dpi and also at later time points (20 dpi) (Figure 2B). Similar results were obtained by analyzing Annexin V+/7AAD- cells (Supplementary Figure 2B). In the same direction, total and parasite-specific CD8+ T cells from infected WT mice treated with anti-IL-17A Abs (Figure 1H) showed higher percentage of apoptotic cells than their counterparts from WT mice, and exhibited levels of apoptosis similar to that of infected IL-17RA KO mice (Supplementary Figure 2C).
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FIGURE 2. IL-17RA signaling during T. cruzi infection promotes survival of CD8+ T cells. (A) Representative dot plots of CD8 and TSKB20/Kb staining and representative histograms of BrDU in cell suspensions from the spleen of WT and KO mice at 0 dpi (WT-N) and 20 dpi (WT-I and KO-I) and within the indicated total and TSKB20/Kb+ CD8+ T cell gates. Numbers in the histograms indicate the frequency of BrDU+ cells from the corresponding colored group. Histograms are representative of one out of five mice. Bars in the statistical analysis represent data as mean ± SD, N = 5 mice. P values were calculated with two-tailed T test. (B) Representative histograms of TMRE staining in total (left) and TSKB20/Kb+ (right) CD8+ T cells from the spleen of WT and IL17RA KO mice at 10 dpi (top) and 20 dpi (bottom). Numbers indicate the frequency of TMRE- (apoptotic) cells in total and TSKB20/Kb+ CD8+ T cells from the corresponding colored group. Gray tinted histogram show staining in CD8+ T cells from non-infected WT mice (WT-N). Histograms are representative of one out of five mice. Bars in the statistical analysis represent data as mean ± SD, N = 5 mice. P values were calculated with two-tailed T test. (C, D) Representative histograms of TMRE (C) and BAD (D) stainings in cultures of purified CD8+ T cells activated with coated anti-CD3 and anti-CD28 in the presence of the indicated cytokines. Statistical analysis in (C) shows the frequency of TMRE- (apoptotic) cells in each biological replicate (N = 4 mice) and the mean ± SD. P values calculated with paired two-tailed T test (ns, not significant). Statistical analysis in (D) represent protein expression as the geometric mean of fluorescence intensity in each replicate (N = 4 mice). Lines link paired samples. P values calculated with paired two-tailed T test. Data in (A-D) are representative of three and two independent experiments, respectively.



Given the results described above, we evaluated whether cytokines that signal through IL-17RA were able to directly increase survival of activated CD8+ T cells. CD8+ T cells purified from the spleen of non-infected WT mice were activated for 24 h with plastic-coated anti-CD3 and anti-CD28 Abs in the presence of recombinant cytokines. The addition of IL-17A, but not IL-17F, IL-17C, or IL-17E, lead to a modest but significant reduction in the percentage of apoptotic activated CD8+ T cells (Figure 2C). Of note, the direct anti-apoptotic effect of IL-17 in CD8+ T cells was comparable to that of IL-21, a well-recognized survival factor for this population (26). We also determined that CD8+ T cells purified from the spleen of IL-17RA KO mice and activated in vitro were more susceptible to cell death (apoptosis and necrosis) induced by camptothecin (CPT) challenge than CD8+ T cells from WT mice (Supplementary Figure 2D). As expected based on the lack of IL-17RA expression, IL-17 was not able to reduce activation- or CPT-induced cell death in CD8+ T cells from IL-17RA KO mice. However, IL-17 also failed to reduce the cell death triggered by CPT in CD8+ T cells from WT mice. The differential effect of IL-17 in protecting CD8+ T cells from TCR- but not CPT-induced cell death may result from differences in the apoptotic signaling pathways triggered by these two treatments (27, 28). In an attempt to elucidate the mechanisms underlying the pro-survival effects of IL-17A against activation-induced apoptosis, we evaluated the expression of pro- and anti-apoptotic members of the Bcl-2 superfamily that are critically involved in the regulation of T cell death (29). We determined that IL-17A significantly downregulated the expression of Bad (Figure 2D). Little to no changes were observed in other members such as Bcl-xL, Bcl-2, Bim, and Bax (Supplementary Figure 2E). Altogether, these results indicate that IL-17A may promote CD8+ T cell survival by down-regulating pro-apoptotic factors in the Bcl-2 family.



Absence of IL-17RA Perturbs the Transcriptional Program of CD8+ T Cells Activated During T. cruzi Infection

To gain further insights into the role of IL-17RA signaling during T. cruzi infection, we determined the gene expression profiles of purified CD8+ T cells using Affymetrix microarrays. Using gene expression data normalized to the corresponding non-infected samples, we compared the transcriptional changes induced by infection in CD8+ T cells from IL-17RA KO mice vs. WT mice in a fold change/fold change plot. We identified 4287 genes that showed significant expression differences (greater than 1.2 fold; p < 0.05) and grouped these genes into different sets according to the differential expression patterns (Figure 3A). Remarkably, 1,647 genes (pink, orange and red sets) were expressed at higher level in CD8+ T cells from IL-17RA KO infected mice in comparison to WT counterparts, whereas 2,640 genes (light green, green and dark sets) were expressed at lower levels. To further evaluate the biological characteristics of the transcriptional landscape of CD8+ T cells from infected IL-17RA KO vs. WT mice, we performed gene-enrichment set analysis (GSEA) for the genes that were differentially expressed. After conducting a broad analysis using gene ontology, as well as immunological and curated databases, we decided to focus on specific gene sets (Molecular Signatures DB-MSigDB) related to CD8+ T cell function and differentiation, such as GSEA26495 and GSEA41867. This supervised analysis showed that IL-17RA KO CD8+ T cells were significantly enriched in six gene sets in which the most enriched CD8+ T cell gene sets in the significance order (size of FWER P values) were PD1hi vs. PD1low (p < 0.001) and Naïve vs. PD1low (p < 0.001) (Figure 3B). These results denoted that CD8+ T cells derived from IL-17RA KO mice infected with T. cruzi showed a phenotype with characteristics of dysfunctional and, surprisingly, naïve cells.
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FIGURE 3. Substantial differences in the gene-expression profile of CD8+ T cells from T. cruzi-infected IL-17RA KO and WT mice. (A–F) Microarray analysis of purified CD8+ T cells from infected WT (WT-I) and IL-17RA KO (KO-I) mice (22 dpi) and non-infected controls (WT-N and KO-N). N = 3 mice per group. (A) Dot plot displaying the number of genes that show a significant ≥1.2-fold difference in fold change expression of WT-I and KO-I relative to non-infected counterparts. Colors indicate sets of genes with different expression patterns. (B) Top two enrichment plots in KO-I (p < 0.001) determined by supervised analysis of all infection induced genes in WT-I and KO-I using GSEA26495 and GSEA41867 (MSigDB C5BP) signature gene sets. (C) Heat maps of expression of selected genes according to categories relevant to CD8+ T cell biology. The gene expression values of each sample were normalized by division to the average values of the corresponding samples from non-infected counterparts. (D) Heat map of expression of genes encoding molecules associated to IL-17RA signaling. Gene expression values represent non-normalized data from 3 mice. (E–G) IPA of genes induced by the infection but showing significantly higher expression in IL-17RA KO mice (red genes in A). Top 20 “Diseases and Bio-functions” (E), “Canonical pathways” (F), and “Up-stream regulators” (G) that were most significantly altered (P < 0.05 with Fischer's exact test) in KO mice are shown. The activation Z-score was calculated to predict activation (red), inhibition (blue), categories where no predictions can be made and unknown results (with Z-score close to 0). Categories significantly activated or inhibited according to Z-score are marked with a star.



We then analyzed the expression patterns of genes within the categories relevant for CD8+ T cell biology and IL-17RA signaling. Direct comparison of the gene expression profiles of CD8+ T cells from infected WT and IL-17RA KO mice after normalization of the date to gene expression in cell from non-infected mice revealed that absence of IL-17 expression resulted in important differencesin the transcriptional profile of CD8+ T cells (Figure 3C). Indeed, genes encoding activation and effector cell markers, such as the KLRG family molecules CD11c and CD69, showed a completely opposite pattern of expression in CD8+ T cells from infected IL-17RA KO vs. WT mice. Furthermore, CD8+ T cells from infected IL-17RA KO mice showed clearly increased expression of genes encoding inhibitory and death receptors, including Ctla4, Havcr2 (Tim3), Pdcd1 (PD1), Tigit, and Fas. We also analyzed how the absence of IL-17RA signaling affected the expression of genes encoding transcription factors (TFs) that regulate CD8+ T cell fate. Of note, there was a group of TF-encoding genes whose expression was significantly higher in CD8+ T cells from infected IL-17RA KO mice than in those of their WT counterparts. This group included genes such as Foxo1, Irf4, and Foxo3 that are critical for the generation of effector CD8+ T cells (30, 31). Also, we determined that CD8+ T cells from infected WT and IL-17RA mice showed differences in the expression of many genes encoding effector molecules, cytokine receptors, homing and migration molecules, and apoptosis mediators, thus further supporting the fact that absence of IL-17RA influences CD8+ T cell fate. Finally, analysis of the gene expression of molecules associated to IL-17RA signaling (6) evidenced significant differences between CD8+ T cells from infected WT and IL-17RA KO mice. Thus, CD8+ T cells from WT mice showed increased amounts of transcripts encoding MMP-13, CCL-20, and IL-6 among others while CD8+ T cells from IL-17RA KO mice showed higher amounts of transcripts encoding TNF, IKBKb, CXCL-2, S100a8, MMP-8, and others (Figure 3D).

To broadly analyze the significance of the transcriptional differences between CD8+ T cells from infected IL-17RA KO mice and their WT counterparts, we performed an Ingenuity Pathway Analysis (IPA) on genes marked in red in Figure 3A. The genes were up-regulated in infected CD8+ T cells from both groups of mice, but were expressed at significantly higher levels in CD8+ T cells from IL-17RA KO mice. The top 20 “Diseases and Bio-functions,” “Canonical pathways,” and “Upstream regulators” that were most significantly altered in CD8+ T cells from IL-17RA KO mice infected with T. cruzi are shown in Figures 3E–G. Interestingly, “Cell death,” “Apoptosis of Lymphocytes” bio-functions (Figure 3E) and the “p53 Signaling” (Figure 3F) canonical pathway emerged as significantly up-regulated. These results support the notion that the lack of IL-17RA signaling during T. cruzi infection significantly affected the survival and senescence status of CD8+ T cells, as well as various biological features. Finally, to elucidate which molecule/s were involved in the observed differences in gene expression, we performed an “upstream regulator analysis” (Figure 3G). Many modulators of the inflammatory responses, including the cytokines IL-2 and IL-6 and the NF-κB regulators CHUK and IKBKG, were significantly up-regulated in CD8+ T cells from infected IL-17RA KO mice. Conversely, the genes for MKL-2 and MKL-1, which interact with transcriptional regulator serum response factor, were down-regulated. Notably, IRF4, and to a lesser extent other TFs such as BATF, STAT1, and AHR, emerged as potential upstream regulators of the transcriptional program induced by T. cruzi infection in CD8+ T cells from IL-17RA KO mice.



Absence of IL-17RA Signaling During T. cruzi Infection Results in CD8+ T Cell Exhaustion

Given the results obtained from the microarray analysis, we performed a phenotypic characterization of the CD8+ T cells from the different experimental mouse groups. Analysis of CD62L vs. CD44 expression showed that upon T. cruzi infection, more than 80% of the total CD8+ T cells from the spleen of infected WT and IL-17RA KO mice acquired an activated/effector phenotype characterized by CD62LlowCD44hi expression (Figure 4A). Within the TSKB20-specific population, the effector cells constituted more than 95% of the total number of cells. These results highlighted that CD8+ T cell activation triggered by T. cruzi infection is not compromised in the absence of IL-17RA. Indeed, total and parasite-specific CD8+ T cells from the infected IL-17RA KO mice had significantly elevated expression of prototypical activation markers such as CD69 and CD25 in comparison to that of CD8+ T cells from WT mice (Figure 4B), which corroborated the results from our microarray analysis.
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FIGURE 4. CD8+ T cells from T. cruzi infected IL-17RA KO mice show phenotypic and functional features compatible with exhausted cells. Representative flow cytometry data that show the phenotype of total and TSKB20/Kb+ CD8+ T cells from the spleen of infected WT (WT-I) and IL-17RA (KO-I) mice (22 dpi). Stainings of non-infected WT (WT-N) and KO (KO-N) mice are showed in plots or gray tinted histograms for comparison. (A) Plots of CD62L vs. CD44 expression. Gates indicate the frequency of naïve, memory and effector subsets. (B–D) Representative histograms and statistical analysis of the geometric mean of expression or percentage of cells that express activation markers (B), inhibitory receptors (C), and death receptors (D) in total and TSKB20/Kb+ CD8+ T cells from the spleen of infected WT (WT-I) and IL-17RA (KO-I) mice (22 dpi). Data in statistical analysis (B–D) are presented as mean ± SD, N = 4−6 mice. (E) Percentage of CD8+ T cells from the spleen of non-infected (N) and 22-day infected (I) WT and KO mice expressing Granzyme A (GzmA), Perforin (Prf) or Granzime B (GzmB) after 5 h of PMA/Ionomycin stimulation. Data shown as mean ± SD, N = 2−5 mice. (F) Percentage of CD8+ T cells from the spleen of 22-day infected WT and KO mice that exhibit different combinations of effector functions including CD107a mobilization and/or IFNγ and/or TNF production upon 5 h of the indicated stimulation. Data shown as mean ± SD, N = 5 mice. Data were background subtracted. All P values were calculated using two-tailed T test. Data are representative of two-three independent experiments.



We next determined the expression of inhibitory and death receptors in CD8+ T cells from WT and IL-17RA KO mice infected with T. cruzi. The total and TSKB20-specific CD8+ T cells from infected WT mice had an increased frequency of PD-1+ and CTLA-4+ cells, slightly higher TIGIT expression, and reduced frequency of BTLA+ cells compared to that of non-infected mice (Figure 4C). Notably, total and TSKB20-specific CD8+ T cells from infected IL-17RA KO mice showed significantly increased frequency of PD-1+, CTLA-4+ and BTLA+ cells as well as higher expression of TIGIT. Furthermore, these cells presented an apoptotic phenotype characterized by the expression of high levels of CD95/Fas and CD120b/TNF-R2 (Figure 4D). Total and TSKB20-specific CD8+ T cells from infected IL-17A/IL-17F DKO mice showed a profile of expression of inhibitory (PD-1) and death receptors (Fas/CD95) that was comparable to that of total and TSKB20-specific CD8+ T cells from infected IL-17RA KO mice (Supplementary Figures 1C,D).

Further phenotypic characterization included effector molecules involved in cytotoxicity such as Granzyme A (GzmA), Granzyme B (GzmB), and Perforin-1 (Prf). As GzmB and Prf were barely detectable ex vivo (data not shown), the expression of the three cytotoxic molecules was determined in splenocytes from non-infected and infected WT and IL-17RA KO mice after 5 h of stimulation with PMA/ionomycin (Supplementary Figure 4A). In agreement with the microarray data, we determined that CD8+ T cells from infected IL-17RA KO mice had significantly reduced expression of GzmA in comparison to their counterparts from infected WT mice, whereas the expression levels of GzmB and Prf were similar between both groups (Figure 4E).

To address whether the phenotypic features of CD8+ T cells elicited in absence of IL-17RA correlated with altered functionality, we compared the effector function of CD8+ T cells from infected WT and IL-17RA KO mice. To this end, we analyzed the mobilization of CD107a and secretion of effector cytokines upon specific and polyclonal activation in vitro. Stimulation of splenocytes from infected IL-17RA KO mice with the TSKB20 peptide resulted in a significant reduction of the frequency of CD8+ T cells with polyfunctional characteristics (i.e., surface CD107a expression and IFNγ and/or TNF production) in comparison to WT control mice (Figure 4F, left panel and Supplementary Figure 3). Although a poor response was anticipated due to the low frequency of TSKB20-specific CD8+ T cells in infected IL-17RA KO mice, the antigen-specific effector response of CD8+ T cells was not significantly different from background, suggesting the presence of both quantitative and qualitative defects. Polyclonal stimulation with PMA/ionomycin increased the percentage of CD8+ T cells from infected IL-17RA KO mice that had a polyfunctional response, although the magnitude of this effector response was significantly lower than that of WT mice (Figure 4F, right panel and Supplementary Figure 3).

To determine if the higher parasite burden in infected IL-17RA KO mice may underlie the upregulation of inhibitory receptors in CD8+ T cells from these mice, we evaluated the phenotype of CD8+ T cells from WT mice infected with increasing parasite doses. Interestingly, increasing the load of T. cruzi did not diminish the frequency of parasite-specific CD8+ T cells, nor did it promote the upregulation of the inhibitory and death receptors evaluated (Supplementary Figures 4B–D).



Checkpoint Blockade Partially Restores Parasite-Specific CD8+ T Cell Immunity and Enhances Parasite Control in Infected IL-17RA KO Mice

CD8+ T cell exhaustion has been associated with poor microbial control during infection with various pathogens, as well as with tumor progression in cancer. In these settings, a checkpoint blockade has been shown to efficiently restore the magnitude and functionality of effector T cells and minimize damage from the insult (32). Furthermore, a PD-L1 blockade has been effective in preventing T cell apoptosis in murine and human sepsis models (33, 34). Our results highlight that the absence of IL-17RA signaling during T. cruzi infection leads to poor CD8+ T cell effector function and parasite persistence. This prompted us to evaluate whether a checkpoint blockade could restore a resistance phenotype to infected IL-17RA KO mice. As PD-1 is highly expressed on parasite-specific CD8+ T cells from infected IL-17RA KO mice, we targeted this checkpoint receptor by injecting blocking anti-PD-L1 Abs at 15 and 18 dpi, before the contraction of a parasite-specific CD8+ T cell response (Figure 5A). We determined that PD-L1 blockade in infected IL-17RA KO significantly augmented the magnitude of the TSKB20-specific CD8+ T cell response by 21 dpi, particularly in the spleen and liver (Figure 5B). A similar response to treatment was observed in infected WT mice. Notably, the enhanced T. cruzi-specific CD8+ T cell immunity was correlated with a marked reduction in the levels of tissue parasitism (Figure 5C). In addition, inhibition of PD-L1 also lead to a milder infection, as highlighted by the significantly reduced levels of several damage biomarkers, such as the transaminase aspartate aminotransferase (AST), creatine kinase total (CK), and myocardial band (CK-MB) (Figure 5D). The rescue effects of the PD-L1 checkpoint blockade during T. cruzi infection, namely parasite persistence and tissue damage, were more impressive in IL-17RA KO mice than in WT mice, as they showed extremely high susceptibility to T. cruzi infection in the absence of treatment.
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FIGURE 5. Checkpoint blockade reinvigorates parasite-specific CD8+ T cell immunity and enhances parasite control in infected IL-17RA KO mice. (A) Layout of the checkpoint blockade experiment. (B) Representative plots and statistical analysis of CD8 and TSKB20/Kb staining in spleen and liver of the indicated experimental groups. Numbers within plots indicate the frequency of total CD8+ cells (up) and TSKB20-specific CD8+ T cells (down) at 21 dpi. Bar graphs represent data as mean ± SD, N = 7 mice. (C) Relative amount of T. cruzi satellite DNA in the spleens of the indicated experimental groups at 21 dpi. Murine GAPDH was used for normalization. Data are presented as mean ± SD relative to WT-cAb group, N = 7 mice. (D) Enzymatic activity (UI/L) of alanine transaminase (ALT), aspartate transaminase (AST), creatinine kinase-MB and creatinine phosphokinase (CPK) on plasma of the indicated experimental groups at 21 dpi. N = 7 mice. All P values were calculated with two-tailed T test. Data are representative of two independent experiments.





Intrinsic IL-17RA Signaling Modulates the Maintenance and Phenotype of CD8+ T Cells Activated During T. cruzi Infection

To understand if IL-17RA plays a direct role in the modulation of CD8+ T cell responses to T. cruzi, we first quantified the serum concentration of IL-21, a cytokine known to modulate CD8+ T cell immunity (35). Of note, we determined that in comparison to infected WT mice, infected IL-17RA KO mice displayed higher expression of IL-21 (Figure 6A). This result highlights that increased expression of IL-21 is not sufficient to compensate for the lack of IL-17RA signaling via restoring CD8+ T cell responses during T. cruzi infection.
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FIGURE 6. Intrinsic IL-17RA-signaling modulates the maintenance, phenotype and function of CD8+ T cells during T. cruzi infection. (A) Concentration of IL-21 in plasma of infected (20 dpi) WT and IL-17RA KO mice. Data are presented as mean ± SD, N = 4 mice. (B) Amounts of Il17ra, Il17rc, and Il17rd transcript determined in CD8+ T cells purified from the spleen of non-infected WT mice, normalized to 18S RNA. Data are presented as mean ± SD, N = 4 mice (C) Representative histograms of the expression of IL-17RA (protein) on total, memory and effector CD8+ T cell subsets defined according to CD44 and CD62L staining in spleen cell suspensions from non-infected (N) and infected (I) WT mice (14 dpi). Staining of IL-17RA on spleen CD8+ T cells from IL-17RA KO mice is showed as negative control. (D) Kinetic evaluation of the upregulation of IL-17RA (MFI: mean of fluorescence intensity) induced by T. cruzi expression on bulk effector and memory CD8+ T cells and TSKB20-specific CD8+ T cells. Data in statistical analysis are presented as mean ± SD, N = 4. (E) Representative plots and statistical analysis of CD8 and TSKB20/Kb staining and of CD45.1 and CD45.2 staining within Total and TSKB20/Kb+ CD8+ T cells in the blood and spleen of infected CD45.1/CD45.2 WT recipient mice (20 dpi) non-injected (control) or injected with equal numbers of CD45.1+ WT and CD45.2+ KO CD8+ T cells. Numbers in the plots indicate the frequency of the correspondent cell subset. Bar graphs display the frequency of CD45.1+ WT cells and CD45.2+ KO cells within the indicated populations upon gating only in the injected cells. (F) Representative plots and statistical analysis of CD8 and TSKB20/Kb staining and of CD45.1 and CD45.2 staining within Total and TSKB20/Kb+ CD8+ T cells in the spleen of infected CD8α-/- recipients (17 dpi) injected with equal numbers of CD45.1+ WT and CD45.2+ KO CD8+ T cells. Pie charts display the frequency of CD45.1+ WT and CD45.2+ KO cells within the indicated gates. Bar graph shows the ratio between the frequencies of TSKB20/Kb+ CD8+ T cells and the total CD8+ T cells within CD45.1 WT and CD45.2 IL-17RA KO populations. (G) Representative histograms and statistical analysis of the geometric mean of PD-1 expression in total and TSKB20/Kb+ CD8+ T cells within CD45.1+ WT and CD45.2+ IL-17RA KO CD8+ T cells from the spleen of CD8α-/- recipient mice. Data in statistical analysis are presented as mean ± SD, N = 4−6 mice. (H) Percentage of polyfunctional effector cells denoted by expression CD107a, IFNγ and/or TNF upon 5 h of the indicated stimulation on CD45.1+ WT and CD45.2+ IL-17RA KO CD8+ T cells from the spleen of CD8α-/- recipient mice. Data shown as mean ± SD, N = 4 mice. Data were background subtracted. All P values in (E–G) were calculated using two-tailed T test. Data are representative of two independent experiments. (I) Experimental layout of the adoptive transfer of equal number of CD8+ T cells purified from WT mice or IL-17RA KO mice into CD8α knockout mice immediately followed by T. cruzi infection. N = 3 mice/group. (J) Representative dot plots of the frequency of CD8+ T cells determined 1 day after injection in blood of the different experimental groups. (K) Parasitemia (15 dpi) in the different experimental groups. Infected non-transferred CD8α knockout mice were used as control. P value calculated using Gehan-Breslow-Wilcoxon Test. Data in (A–J) are representative of two independent experiments.



We next evaluated the possibility of a direct effect of IL-17RA signaling in the modulation of CD8+ T cell responses, given that IL-17RA is upregulated in response to cytokines that boost CD8+ T cell responses such as IL-21 (26, 36). The IL-17RA subunit interacts with IL-17RC to form the functional receptor for both IL-17A and IL-17F [reviewed in Gaffen 6). Recently, also IL-17RD was shown to bind to IL-17RA to differentially regulate IL-17A-inducing signaling pathways (37, 38). Therefore, we evaluated the mRNA levels of IL-17RA, IL-17RC, and IL-17RD by quantitative PCR. In agreement with published data, mRNA encoding IL-17RA were detected in splenic CD8+ T cells (Figure 6B). Transcripts encoding Il17rc and Il17rd were also detected in these cells, but at remarkably lower levels in comparison to Il17ra. Studies by flow cytometry confirmed the expression of IL-17RA on CD8+ T cells. Notably, IL-17RA expression varied depending on the CD8+ T cell subset, and was higher in memory cells defined as CD44hiCD62Lhi than in the effector (CD44hiCD62Llo) and naïve (CD44loCD62Lhi) subsets (Figure 6C). T. cruzi infection upregulated IL-17RA expression in CD8+ T cells, to levels and kinetics specific for each subset (Figures 6C,D). We observed that IL-17RA expression is substantially upregulated in bulk memory CD8+ T cells during T. cruzi infection, but is only transiently increased in bulk effector CD8+ T cells at early time points (Figure 6D). As expected given their effector nature, TSKB20-specific CD8+ T cells expressed IL-17RA at a level that was comparable to bulk effector cells.

To directly address the impact of intrinsic IL-17RA signaling in the development of CD8+ T cell responses during T. cruzi infection, we performed a series of adoptive transfer experiments. First, we transferred an equal number of congenically marked IL-17RA-deficient (CD45.2+) and WT (CD45.1+) CD8+ T cells into WT (CD45.1+/CD45.2+) recipient mice. Recipient mice were infected, and the presence of injected cells in the total and TSKB20-specific CD8+ T cell pools was examined at 20 dpi. As expected, no CD45.2+ KO or CD45.1+ WT CD8+ T cells were detected in infected F1 (CD45.1+/CD45.2+) WT hosts that were not injected (control mice). When analyzing the competitive adoptive transfer experiment, we observed that within the population of injected cells, IL-17RA KO CD8+ T cells were outcompeted by their WT counterparts in both total and parasite-specific CD8+ T cell subsets in all the organs examined, including blood and spleen (Figure 6E).

To overcome the possible limitations derived from the presence of endogenous WT CD8+ T cells in lymphoreplete hosts, we repeated the competitive adoptive transfer experiment in CD8α-/- mice. At 17 dpi, the frequency of IL-17RA KO cells was double that of WT cells within the total population of CD8+ T cells (Figure 6F), likely as result of increased homeostatic proliferation of polyclonal IL-17RA KO CD8+ T cells (Figure 2A). In contrast, WT cells significantly outnumbered IL-17RA KO cells within the TSKB20-specific CD8+ T cell pool, indicating that intrinsic expression of IL-17RA provides a maintenance advantage for parasite-specific CD8+ T cells. Indeed, the ratio between the percentage of WT CD8+ T cells within TSKB20-specific gate and the polyclonal total CD8+ T cells was significantly higher than that of IL-17RA KO CD8+ T cells (Figure 6F). Phenotypic evaluation revealed that IL-17RA KO CD8+ T cells exhibited higher expression of the inhibitory receptor PD-1 (Figure 6G). Upon antigen specific stimulation with TSKB20, WT CD8+ T cells exhibited a significantly higher polyfunctional effector response in comparison to IL-17RA KO CD8+ T cell from the same host (Figure 6H, left panel and Supplementary Figure 5). An identical result was observed after polyclonal stimulation (Figure 6H, right panel and Supplementary Figure 5).

Finally, we aimed to address the relevance of CD8+ T cell-intrinsic IL-17RA signaling for host protection during T. cruzi infection. To this end, we evaluated the ability to control parasite replication in CD8α-/- mice transferred with IL-17RA KO CD8+ T cells in comparison to CD8α-/- mice transferred with WT CD8+ T cells (Figure 6I). As a control, we determined that the frequency of circulating CD8+ T cells at day one post-injection was the same between both groups of mice (Figure 6J). CD8α-/- mice were extremely susceptible to T. cruzi infection and displayed uncontrolled parasitemia at day 21, even with an infection dose of 100 trypomastigotes, which was 50 times less than the dose used in previous experiments. Furthermore, all these mice succumbed by day 25 post-infection (data not shown). Remarkably, the transfer of IL-17RA-sufficient WT CD8+ T cells, but not of IL-17RA-deficient KO CD8+ T cells, was able to enhance parasite control and significantly reduce parasitemia (Figure 6K).




DISCUSSION

During the last few decades, many reports have delineated the immunological mechanisms underlying IL-17-mediated roles in host protection against infection as well as in inflammatory diseases (39, 40). In this study, we uncover a novel mechanism by which IL-17RA signaling regulates CD8+ T cell responses and promotes protection against a protozoan infection. Our findings provide new elements to elucidate the cytokines and pathways leading to robust CD8+ T cell responses against infections with intracellular microbes and consequently, may have important implications for vaccine and therapy design.

The integral role of the IL-17 family in host defense against extracellular bacterial and fungal pathogens has been well established, and recent studies have implicated the family of genes in potentiating immunity against intracellular bacteria, viruses, and parasites (3). So far, the IL-17-dependent protective mechanisms were believed to be dependent on the activation of both non-immune and innate immune cells to sustain inflammation (8). Notably, the IL-17 family of proteins only indirectly promotes adaptive cellular immune responses (41, 42). In this regard, there is evidence to suggest the role of IL-17 cytokines in sustaining specific CD8+ T cell responses that promote host resistance to Listeria infection and melanoma (43, 44). In these settings, the IL-17-mediated induction of protective CD8+ T cells depended on enhanced recruitment of cross-presenting dendritic cells, although direct effects on CD8+ T cells were not ruled out. Very recently, IL-17 was shown to directly potentiate CD8+ T cell cytotoxicity against West Nile Virus infection (9). In line with this, we demonstrate that mice deficient in IL-17RA showed an abortive CD8+ T cell response during T. cruzi infection characterized by an early reduction in the number of parasite-specific CD8+ T cells. Concomitantly, infected IL-17RA KO mice showed poor control of the parasite in target tissues such as spleen, liver, and heart. By using different experimental approaches, including detailed phenotypic, functional and transcriptional profiling of CD8+ T cells from IL-17RA KO mice infected with T. cruzi, we demonstrated that CD8+ T cell-intrinsic IL-17RA signaling is required to sustain CD8+ T cell maintenance and pathogen-specific CD8+ T cell immunity, particularly during the expansion phase.

Whether one or more of the four cytokines that signal through IL-17RA is involved in these events is currently unknown. However, our results led us to postulate that IL-17A is the main cytokine involved in the IL-17RA-mediated effect of CD8+ T cells. This postulate is based on the marked similarities in the phenotype of the infected IL-17A/F DKO and IL-17RA KO mice and the significant consequences of the IL-17A neutralization in mice and IL-17A supplementation in CD8+ T cell cultures. Still, a possible role of other members of this family are not ruled out given that at least two other the IL-17RA signaling cytokines besides IL-17A (i.e., IL-17F and IL-17E/IL-25) are increased during T. cruzi infection (4). Regarding receptor expression, we determined that CD8+ T cells express the transcripts encoding not only IL-17RA but also IL-17RC and IL-17RD. Of note, we determined that Il17ra transcripts are present in significantly higher amounts than Il17rc and Il17rd. These findings are noteworthy as high levels of IL-17RA seem to be required for effective responses to IL-17 (45), and also because they also pose the question of whether IL-17RC or IL-17RD are effectively expressed on CD8+ T cells and required for IL-17 signal transduction. Although, the receptor complex formed by IL-17RA and IL-17RC is considered essential for IL-17 signal transduction (46), some studies reported that hematopoietic cell types (including T cells) show IL-17-dependent responses even in the absence of IL-17RC (47–49). It should be further established whether IL-17RD may interact with IL-17RA and replace IL-17RC to mediate the IL-17 signaling in these populations as previously reported (37). In the same direction, to dissect the precise signaling requirement for IL-17 signal transduction in CD8+ T cells may provide important information in terms of the IL-17 biology.

Besides a direct role of IL-17 cytokines, it is possible that a crosstalk of IL-17 with other cytokines that regulate CD8+ T cell fate such as IL-21 might be indirectly involved in the observed qualitative defects. In this regard, Hoft and colleagues described that TCR-transgenic CD4+ T cells specific for an immunodominant peptide of T. cruzi that were polarized in vitro into Th17 cells could potentiate CD8+ T cell immunity through a mechanism that is IL-21-dependent, but IL-17-independent (50). It remains to be established whether the in vitro generated Th17 cells are equivalent to those differentiated in vivo within the host during T. cruzi infection. Indeed, we determined that infected IL-17RA KO mice displayed higher concentrations of serum IL-21 than infected WT control mice, suggesting that the altered CD8+ T cell response observed in absence of IL-17RA signaling is unlikely to be a result of deficient IL-21 production.

CD8+ T cells from infected IL-17RA KO mice showed increased apoptosis and a transcriptional landscape associated with canonical cell death and senescence pathways. In addition, these cells exhibited high expression of multiple inhibitory and death receptors that correlated with reduced ex vivo effector responses and a gene signature that positively correlated with those defined for dysfunctional PD-1high CD8+ T cells (51, 52). Altogether, these features partially resembled those of dysfunctional CD8+ T cells described in many chronic infections and cancer that are characterized by the progressive loss of T cell function, sustained expression of inhibitory receptors, and high susceptibility to deletion (53). Interestingly, we found that the functional CD8+ T cell response observed in T. cruzi-infected WT mice [this manuscript and (54)] was significantly impaired in the absence of IL-17RA signaling. In this regard, although it is conceivable that the increased tissue parasitism in IL-17RA KO mice favored CD8+ T cell exhaustion, infection of WT mice with increasing parasite loads does not induce expression of inhibitory receptors or deletion of parasite-specific CD8+ T cells, nor does it result in impaired CD8+ T cell cytotoxic effector function (55). As cytokines are essential for the regulation of exhaustion (20), we performed adoptive transfer experiments that supported the notion that IL-17 signaling influenced CD8+ T cell survival and function partially through cell intrinsic mechanisms. Interestingly, we determined that IL-17RA is expressed at different levels according to each particular CD8+ T cell subset. Specifically, IL-17RA expression was increased and sustained in memory cells, but was transiently up-regulated in activated effector cells at early stages of infection. These results, together with those showing that IL17RA downregulation is included in the gene signature of exhausted T cells (56, 57), suggest that the IL-17/IL-17RA pathway modulates CD8+ T cell fate, thus preventing cell exhaustion in activated cells and sustaining long-lasting cytotoxic responses. In this regard, adoptive transfer of WT, but not of IL-17RA KO CD8+ T cells, promoted parasite control in immuno-deficient CD8α-/- mice. In line with this, we demonstrated that anti-PD-L1 Abs during the CD8+ T cell expansion phase reinvigorated the parasite-specific CD8+ T cell responses in infected IL-17RA KO mice, thus restoring robust parasite control and reducing pathology to levels comparable to infected WT controls. Remarkably, we observed that a short regimen of PD-L1 neutralization increased the frequency of parasite-specific CD8+ T cells by two-fold in both treated groups, although the magnitude of the response in infected IL-17RA KO mice remained lower than in WT control mice. Given the high levels of inhibitory receptors in CD8+ T cells elicited by T. cruzi infection in absence of IL-17RA, it is likely that the combination of different checkpoint Abs may have a stronger effect in these settings, as reported in cancer models (58).

The role of checkpoint inhibitors during T. cruzi infection, particularly the PD-1/PD-L1 axis, has been understudied thus far. One report demonstrated that genetic disruption of this inhibitory pathway increased the effector immune response to favor parasite control, but also promoted cardiac pathology and compromised host resistance to the infection (59). In this context, our data provide evidence that a PD-L1 checkpoint blockade at the CD8+ T cell expansion phase not only restored resistance to T. cruzi absence of IL-17RA signaling, but also boosted protective CD8+ T cell immunity during the natural infection. These findings are relevant to a growing area of research aimed at investigating the therapeutic potential of immune checkpoint pathways during chronic infections (60). In recent years, several reports have shown that immune cell exhaustion or dysfunction is a common finding in human Chagas disease, particularly in patients with severe symptoms (61–64). There is certain consensus that even very low parasite loads in tissues may drive, in the long term of the human infection (two decades), the expression of inhibitory receptors and cell dysfunction in T cells. Consequently, this likely drives an immune modulatory mechanism and reduced tissue damage in the later stages of infection. Interestingly, many reports have described that patients with moderate to severe chronic chagasic cardiomyopathy have reduced production of IL-17, supporting a protective role of the cytokine against cardiac damage (65, 66). Altogether, previous findings and those reported here support the hypothesis that elevated IL-17 production in the context of persistent parasite levels may prevent T cell dysfunction and the associated immune imbalance that cause chronic myocarditis. Given the relevance for the understanding of the immunopathology during human Chagas disease, this hypothesis merits further investigation in future studies.

The comparison of the transcriptome of CD8+ T cells from infected IL-17RA KO and WT mice supported the notion that IL-17RA signaling influences the transcriptional program of effector CD8+ T cells. These conclusions were based on the transcriptome of bulk CD8+ T cells and, consequently, may present some caveats as result of the heterogeneity of the sample and the “dilution” of the parasite-specific response. However, we determined that during T. cruzi infection most CD8+ T cells acquire an activated phenotype. Furthermore, total and TSKB20-specific CD8+ T cells from infected WT and IL-17RA KO mice exhibit similar expression of activation and differentiation markers and inhibitory and death receptors. Moreover, despite the fact that TSKB20-specific CD8+ T cells were the immunodominant population within effector cells, CD8+ T cells specific for other parasite peptides (i.e., TSKB18) were also detectable in infected WT and IL-17RA KO mice (data not shown). Accordingly, we consider that transcriptomic profiling of bulk CD8+ T cells activated during T. cruzi infection, though with some limitations, provides meaningful evidences about the role of IL-17RA signaling in dictating the transcriptional program of effector CD8+ T cells. Interestingly, the IPA analysis of the transcriptome of CD8+ T cells arising IL-17RA KO mice infected with T. cruzi highlighted IRF4 and, to a minor extent, BATF as potential upstream regulators of the IL-17RA phenotype. Notably, both TFs have been reported to be required for survival and differentiation of early effector CD8+ T cells (67–72). IRF4 promotes CD8+ T cell expansion and differentiation (69), but it also induces the expression of molecules associated with an exhausted status such as Blimp-1, CTLA-4, and IL-10 (73–75). Furthermore, BATF expression may be triggered by PD-1 ligation and associated with CD8+ T cell exhaustion during chronic viral infection in humans and mice (76). Very recently, IRF4 and BATF have been shown to form a TCR-responsive transcriptional circuit that establishes and sustains T cell exhaustion during chronic viral infection (77). Therefore, it is conceivable that sustained elevated levels of both TFs could result in the induction of cell death and exhaustion program observed in CD8+ T cells from infected IL-17RA KO mice. The link between IL-17RA signaling, expression of BATF and IRF-4, and CD8+ T cell exhaustion deserves further investigation using genetic dissection approaches.

In conclusion, our results provide evidence for a novel IL-17RA-mediated mechanism that potentiates immunity to intracellular pathogens such as T. cruzi by improving adaptive CD8+ T cell responses. These findings, taken together with the report showing that IL-17 controls functional competence of NK cells during a fungal infection (78), suggest that the IL-17 family is likely important for both the innate and adaptive arms of the cytotoxic response against pathogens. Although it remains to be determined whether this mechanism can be applied to host resistance mediated by IL-17 cytokines in the context of other infections, these findings have two fundamental repercussions in the field of IL-17-mediated immune responses. The first is that the prolonged targeting of the IL-17 pathways as part of an anti-inflammatory treatment during autoimmune diseases or cancer may potentially have harmful effects due to defective cytotoxic responses. The second is the notion that promoting the production of IL-17 cytokines during infection or vaccination may help to elicit stronger cytotoxic responses to fight against microbes, and eventually, tumors.
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Supplementary Figure 1. Complementary evaluation of parasite-specific CD8+ T cell responses and tissue parasitism in T. cruzi-infected IL-17A/IL-17F DKO mice. (A) Relative amount of T. cruzi satellite DNA in spleen and liver of infected WT and IL-17A/IL-17F DKO mice determined at 22 dpi. Murine GAPDH was used for normalization. (B) Representative plots and statistical analysis of CD8 and TSKB20/Kb staining in spleen of WT and IL-17A/IL-17F DKO mice at 22 dpi. Numbers on plots represent the frequency of TSKB20/Kb+ CD8+ T cells. (C–D) Representative histograms and statistical analysis of the geometric mean expression of the inhibitory receptor PD-1 (C) and the death receptor CD95/Fas (D) in total and TSKB20/Kb+ spleen CD8+ T cells from WT and IL-17A/IL-17F DKO mice at 22 dpi. Gray tinted histogram show staining in CD8+ T cells from non-infected WT mice. Data in statistical analysis (A–D) are presented as mean ± SD, N = 4−6 mice. P values calculated with two-tailed T test. (A–D) Data are representative of at least three independent experiments.

Supplementary Figure 2. Complementary studies of proliferation and apoptosis in total and parasite-specific CD8+ T cells in WT and IL-17RA KO infected mice. (A,B) Representative histograms and statistical analysis of Ki-67 (A) and Annexin V (B) staining within the 7ADD- gate in total (left) and TSKB20/Kb+ (right) CD8+ T cells from the spleen of WT and IL17RA KO mice at 10 dpi (B) and/or 20 dpi (A,B). Gray tinted histogram show staining in CD8+ T cells from non-infected (N) WT mice. Histograms are representative of one out of five mice. Numbers indicate the frequency of Ki-67+ (A) and Annexin V+ (B) cells from the corresponding colored group. Bar graphs represent data as mean ± SD, N = 4 mice. P values calculated with two-tailed T test. (C) Representative histograms of TMRE staining in total (left) and TSKB20/Kb+ (right) CD8+ T cells from the spleen of infected WT mice treated with isotype control or anti-IL-17 as described in Figure 1G. Gray tinted histogram show staining in CD8+ T cells from non-infected WT mice. Numbers indicate the frequency of TMRElow (apoptotic) cells from the corresponding colored group. Histograms are representative of one out of seven mice. Bar graphs in the statistical analysis represent data as mean ± SD, N = 7 mice. P values calculated with two-tailed T test. (D) Representative plots (N = 3) of TMRE and LIVE/DEAD fixable aqua staining showing the frequency of cells in early apoptosis (TMRE LIVE/DEAD) and in late apoptosis/necrosis (TMRE LIVE/DEAD+) within cell cultures of CD8+ T cells purified from non-infected WT and IL-17RA KO mice and activated during 24 h with coated anti-CD3 and anti-CD28 in the presence of the indicated combinations of medium, IL-17A (100 ng/mL) and camptothecin (CPT, 5 μM). (E) Representative histograms of the expression of Bcl-2, Bim and Bax in cultures of purified CD8+ T cells activated during 24 h with coated anti-CD3 and anti-CD28 in the presence of medium or IL-17A (100 ng/mL) as indicated. (A–E) Data are representative of two independent experiments.

Supplementary Figure 3. Representative flow cytometry data plots of the evaluation of CD8+ T cell effector function. (A) Representative plots of the expression of Granzyme A (GzmA), Perforin (Prf) and Granzyme B (GrmB) determined after 5 h of PMA/ionomicin stimulation in spleen cells from non-infected (gray dots) and 22-day infected (blue dots) WT mice and in non-infected (black dots) and 22-day infected (red dots) IL-17RA KO mice. Plots are gated within CD8+ T cells. Numbers indicate the frequency of cells expressing the corresponding effector molecule within the infected groups. Data representative of two independent experiments with N = 3/group. (B) Representative plots and analysis strategy of the frequency of spleen CD8+ T cells from infected WT and IL-17RA KO mice (22dpi) showing a combination of three and two effector function including expression of CD107a, IFNγ and/or TNF upon 5 h of culture with the indicated stimulation. Plots are representative of one out of five mice. Data are representative of two independent experiments.

Supplementary Figure 4. Increasing parasite doses did not diminish the frequency of parasite-specific CD8+ T cells cells or upregulated inhibitory receptors on CD8+ T cells. (A) Parasitemia at 22 dpi determined in the blood of WT mice infected with increasing doses of parasites (500, 5,000 and 50,000 tripomastigotes). (B) Representative plots and statistical analysis of CD8 and TSKB20/Kb staining in spleen of WT infected as described in (A). (C,D) Statistical analysis of the geometric mean of expression of inhibitory (C) and death (D) receptors in total and TSKB20/Kb+ CD8+ T cells from WT mice infected as described in A. Data in statistical analysis are presented as mean ± SD, N = 4−6 mice. P values calculated with two-tailed T test. (A–D) Data are representative of at least 2 independent experiments.

Supplementary Figure 5. Representative flow cytometry data plots of the evaluation of CD8+ T cell effector function in mice adoptively transferred. Representative plots and analysis strategy of the frequency of CD45.1+ WT and CD45.2+ IL-17RA KO CD8+ T cells from the spleen of CD8α-/- mice adoptively transferred and infected as indicated for Figure 6E. The plots show a combination of three and two effector function including expression of CD107a, IFNγ, and/or TNF upon 5 h of culture with the indicated stimulation. Plots are representative of one out of four mice. Data are representative of two independent experiments.
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β1 integrins are critical for T cell migration, survival and costimulation. The integrin α2β1, which is a receptor for collagen, also named VLA-2, is a major costimulatory pathway of effector T cells and has been implicated in arthritis pathogenesis. Herein, we have examined its ability to promote methotrexate (MTX) resistance by enhancing effector T cells survival. Our results show that attachment of anti-CD3-activated human polarized Th17 cells to collagen but not to fibronectin or laminin led to a significant reduction of MTX-induced apoptosis. The anti-CD3+collagen-rescued cells still produce significant amounts of IL-17 and IFNγ upon their reactivation indicating that their inflammatory nature is preserved. Mechanistically, we found that the prosurvival role of anti-CD3+collagen involves activation of the MTX transporter ABCC1 (ATP Binding Cassette subfamily C Member 1). Finally, the protective effect of collagen/α2β1 integrin on MTX-induced apoptosis also occurs in memory CD4+ T cells isolated from rheumatoid arthritis (RA) patients suggesting its clinical relevance. Together these results show that α2β1 integrin promotes MTX resistance of effector T cells, and suggest that it could contribute to the development of MTX resistance that is seen in RA.

Keywords: α2β1 integrin, collagen, cell adhesion, methotrexate, rheumatoid arthritis, apoptosis, T cells


INTRODUCTION

Integrins are a large family of α/β transmembrane receptors playing a key role in cell-cell interactions and cell adhesion to the extracellular matrix (ECM). The very late activating antigens (VLA)-1 to -6 belonging to the β1 integrin subfamily are the most expressed ECM receptors by effector T cells. After activation, integrins induce T cell adhesion and migration through basement membranes and interstitial tissue in order to reach the inflammatory sites (1). In addition, β1 integrins also provide costimulatory signals to promote T cell survival and cytokine production (1).

The collagen-binding integrin α2β1 (VLA-2) has recently gained significant attention as one of the major integrin involved in T cell-mediated immunity. It is expressed on effector/memory T cells found in inflammatory tissues but not on naïve T cells (2–4). α2β1 integrin is found on Th1 cells (5) and it is the major integrin that binds collagen, which is expressed by human Th17 cells (6).

α2β1 integrin has been involved in Th17 and Th1 cell adhesion to collagen and in costimulation of IL-17 and IFNγ production (5–7). Furthermore, it promotes the survival of human effector T cells by inhibiting Fas-induced apoptosis (8). In vivo studies showed the implication of α2β1 integrin in the development of inflammatory diseases including experimental colitis (9), experimental autoimmune encephalomyelitis (10) and arthritis. In this case, we have shown that α2β1 integrin is expressed on RA synovial Th17 cells and its blockade reduces severity of collagen-induced arthritis and IL-7-induced bone loss in mice by reducing Th17 cell numbers and activity in the synovial tissue (11, 12).

RA is a disabling disease in which Th17 and Th1 cells play a central role in the resulting synovitis and cartilage and bone erosion. Despite the introduction of several biologics, MTX is still the first line in RA therapy and the most frequently used disease-modifying anti-rheumatic drug. However, 30–40% of patients fail to respond or end-up developing resistance, thus becoming unresponsive (13, 14). The mechanisms accounting for MTX resistance in RA are still unclear although increased metabolism, altered target enzymes, and defective cellular uptake or increased MTX efflux through the expression and activity of ATP-binding cassette (ABC) drug transporters have been proposed (13, 14). These drug transporters, which are involved in cancer chemoresistance (15), have the ability to function, in an ATP-dependent manner, as a pump in order to extrude various endogenous (steroids, metabolites, ions) or exogenous substrates (drugs) out of the cells.

MTX can act by blocking cell proliferation and cytokine production (16). However, one major effect of MTX is the induction of apoptosis in proliferating activated/effector T cells (16, 17). Decreased T cell numbers in the synovium of RA patients treated with MTX has also been reported (18, 19). Thus, it is likely that factors that promote resistance of effector T cells to apoptosis may have a significant role in MTX resistance. Since α2β1 integrin plays an important role in the survival and costimulation of effector T cell and in arthritis pathogenesis, we tested its contribution to MTX resistance using a tailored in vitro T cell model and T cells from RA patients. Our results show that α2β1 protects activated human polarized Th17 cells and RA effector/memory T cells from MTX-induced apoptosis through the ABC drug transporter ABCC1. Taken together our findings indicate that α2β1 integrin promotes Th17 cell resistance to MTX, and thus it could contribute to MTX resistance that is observed in RA.



MATERIALS AND METHODS


Reagents and Antibodies

Cell culture medium, X-vivo 15, was purchased from Lonza technologies (Walkersville, MD). Human cytokines (IL-6, TGF-β, IL-2, IL-1β, and IL-23) were purchased from R&D Systems (Minneapolis, MN). Type II collagen (referred hereafter as collagen) was from EPC Elastin Products Company (Owensville, MO), fibronectin, was from Sigma-Millipore (St. Louis, MO) and laminin-8 was from Biolamina (Stockholm, Sweden). The ABCC1 inhibitor MK571 and calcein-AM were from Calbiochem (San Diego, CA). The ABCG2 inhibitor, fumitremorgin c and ABCC1 inhibitor, reversan were from Sigma-Millipore (St-Louis, MO). MTX, the blocking anti-human α2 integrin (P1E6), the blocking anti-α2β1 integrin (BHA2.1) and their appropriate isotypic control antibodies were from EMD Millipore (Billerica, MA). The blocking anti-human β1 integrin (4B4) and its control isotypic antibody were purchased from Beckman Coulter (Brea, CA). CD3/CD28 Dynabeads were from Invitrogen Dynal AS (Oslo, Norway). The anti-CD3 mAb (OKT3), PE-conjugated anti-human IFNγ (B27), PE-conjugated anti-human α2 integrin (12F1), FITC-conjugated anti-human ABCC1 (QCRL-3), Alexa 647-conjugated anti-human IL-17 (N49-653), PE-conjugated anti-ABCG2 (ATP-binding cassette sub-family G member 2) (5D3), their appropriate control isotypic antibodies and the FITC-annexin V apoptotic kit were from BD Biosciences (San Diego, USA). Anti-β-actin (C2) and anti-caspase-3 (E-8) antibodies were from Santa Cruz Biotechnology (Santa Cruz, CA).



Ethical Statement

Our study was approved by the CHU de Québec-Université Laval ethical committee for clinical research. Healthy adult blood donors were recruited through the clinical research facility at the CHU de Québec-Université Laval Research Center. RA patients were recruited through the CHU de Québec-Université Laval Systemic Autoimmune Rheumatic Diseases Biobank and Repository Database. The CHU de Québec-Université Laval ethics committee has approved the biobank and its management (CÉR #B13-06-1243). Our experiments were conducted in accordance with the local ethical guidelines and regulations. RA patients and healthy donors provided and signed written consent forms before blood collection.



Naïve CD4+ T Cells Isolation and Th17 Differentiation

PBMCs were collected from blood of healthy subject volunteers using ficoll gradients. Next we purified primary human naïve CD4+T cells by negative selection using the EasySep human Naïve CD4+ Cell Enrichment Kit from StemCell Technologies (Vancouver, BC) as described in manufacturer's instructions. We then generated Th17 cells after activation of naïve CD4+ T cells during 6 days with CD3/CD28 beads (one bead/cell) in serum-free X-vivo medium in the presence of Th17 polarizing cytokines (TGFβ, IL-1β, IL-6, and IL-23) as we previously described (12).



RA Patients and CD45RO+ Memory T Cells Isolation

PBMCs were isolated from peripheral blood of RA patients (n = 5) with established disease according to the American College of Rheumatology criteria (20). The patients were between 37 and 71 y old with disease duration of one year and received prednisone and MTX. We purified memory CD4+ T cells by negative selection using an appropriate kit from StemCell Technologies (Vancouver, BC). CD4+CD45RO+ T cells (1 × 106) in 1 ml of X-vivo medium were expanded with CD3/CD28 beads (one bead/cell) and IL-2 (50 Units/ml) for 6 days.



T Cell Activation and Apoptosis

Wells were first coated with 2 μg/ml of anti-CD3 mAb for 24 h at 4°C, after which, they were washed with PBS. The wells with or without anti-CD3 were then coated with 2 μg/ml collagen for 3 h at 37°C. After three washes with PBS, we seeded the cells for 3 h, and treated them with 10 μM of MTX for 24 h at 37°C. Cell apoptosis was determined using annexin V-FITC staining and measured by flow cytometry (BD FACSCALIBUR II cytometer).



Cell Adhesion Assays

Cell adhesion assays were conducted as described (7). A 96-well microtiter plate (TC plate, flat bottom, Falcon) was coated with 20 μg/ml of matrix proteins diluted in PBS overnight at 4°C. After three washes with PBS, wells were blocked with 1% BSA for 1 h at 37°C. Then, 105 cells in 100 μl of X-vivo medium activated or not with anti-CD3-coated beads were seeded into the wells. After 1 h, the cells were washed with PBS and fixed in a PBS solution containing 1% formaldehyde for 1 h at room temperature. The cells were washed and stained with a methanol solution containing 0.5% crystal violet. After four washes, we lysed the cells using a 1% SDS solution and determined the absorbance at 600 nm using an ELISA plate reader.



Expression of α2 Integrin, ABCC1, and ABCG2 Transporters

The cells were stained with (PE-conjugated) isotypic control, anti-α2 integrin, and anti-ABCG2 antibodies for 30 min on ice. For ABCC1 expression, we first permeabilized and fixed the cells with a cytoFix/CytoPerm kit (BD Biosciences) for 20 min, after which, we incubated them with FITC-conjugated isotypic control or anti-ABCC1 antibodies. The cells were washed and then analyzed for α2 integrin, ABCC1, and ABCG2 expression levels by flow cytometry (BD FACSCalibur II cytometer).



Quantitative RT-PCR

Total RNA isolation and cDNA preparation were carried out as we previously described (6). PCR reactions were performed with 1 μl of cDNA in a 20 μl of total volume containing SYBR Green I (Invitrogen, CA) for 35 cycles in Rotor-Gene 3000 operated with Rotor-Gene Software 9 version 6.0.19 (Corbett Research, Mortlake, New South Wales, Australia). For specificity, we performed the Melts procedure as we previously described (6). The housekeeping gene β-actin was used for normalization of ABCC1 and ABCG2 gene expression. As a calibrator, control PCR reactions using RNA from MCF-7 cells, which express both ABCC1 and ABCG2 (21) were used. Relative gene expression was calculated using the ΔΔCt comparative method and the formula: ΔΔCt = (Ct target gene-Ct β-actin) sample–(Ct target gene–Ct β-actin) calibrator. Primers for human ABCC1, ABCG2, and β-actin genes were as previously described (6, 22).



Caspase-3 Activation and Western Blot Analysis

Caspase-3 activation was evaluated by Western blot using anti-caspase-3 antibody, which recognizes the native and active caspase-3 fragments, as we previously described (23). Blots were stripped and then reprobed for loading control with anti-β-actin antibody.



IL-17 and IFNγ Quantification

After MTX treatment in the presence of anti-CD3+collagen, viable polarized Th17 cells (rescued cells) were isolated through a ficoll gradient (viability of more than 95%). Then, equal cell numbers of rescued cells and control cells (non-treated) were restimulated with anti-CD3+collagen for 24 h. The supernatants were collected for ELISA analysis in order to quantify IL-17 and IFNγ production using ELISA kits from R&D Systems (Minneapolis, USA).

For intracellular cytokine staining, arthritic effector/memory CD4+ T cells were activated with 50 ng/ml of Phorbol-12-Myristate 13-Acetate (PMA) and 750 ng/ml of ionomycin in the presence of BD Golgi Plug (2 μg/ml) for 4 h. After permeabilisation and fixation with cytoFix/CytoPerm kit (BD Biosciences), the cells were stained with intracellular anti-IL-17 and anti-IFNγ antibodies and positive cells were evaluated by FACS analysis (BD FACSCalibur II).



Calcein-AM Intracellular Content

Human polarized Th17 cells in X-vivo medium were activated for 3 h with anti-CD3+collagen. The cells were then cultured for 1 h in medium containing 1 nM of calcein-AM, after which the cells were washed. The intracellular levels of calcein-AM were determined by flow cytometry (BD FACSCalibur II) using the FL-1 channel. Results are expressed as percentage of positive cells times (x) mean fluorescence intensity (MFI) giving a metric referred as integrated MFI, which reflects the total expression in positive cells (24). This method of quantification has been used in various studies including ours (25–28) and has therefore been applied throughout this study.



Statistical Analysis

The Student's t-test was used and p<0.05 was considered significant.




RESULTS


Collagen Protects Human Polarized Th17 Cells From MTX-Induced Apoptosis

In order to determine whether α2β1 integrin provides a survival advantage to Th17 cells, we first studied the effect of collagen on MTX-induced apoptosis in human polarized Th17 cells. As previously shown, 15–20 % of the cells produce IL-17 (12) (Figure S1 in Supplementary material). MTX has been shown to induce apoptosis at 0.1–10 μM, which mimic the low doses administered to RA patients (17, 29, 30) and we have found that MTX at 10 μM is the optimal dose in our cell model. As shown in Figure 1A, adhesion to collagen slightly reduces MTX-induced apoptosis of polarized Th17 cells as evidenced by the decrease in annexin-positive cells compared with cells treated only with MTX. Anti-CD3 alone did not show any effect on cell survival. However, culture of the cells on anti-CD3+collagen led to a 40% reduction in apoptosis. As a control, the non-integrin ligand poly-L-lysine had no effect on MTX-induced apoptosis. Of note, we also found that anti-CD3+collagen reduces MTX-induced apoptosis by 35–40% when MTX was used at 0.1 and 1 μM (data not shown).
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FIGURE 1. Collagen promotes MTX resistance of activated human polarized Th17 cells. (A) Collagen protects human polarized Th17 cells from MTX-induced apoptosis. Cells were incubated or not (−) for 3 h with coated anti-CD3 mAb, collagen (Col) or as a control with poly-L-lysine (PLL) or in combination as described. Then, they were treated for 24 h with 10 μM of methotrexate (MTX) and apoptosis was evaluated using FITC-conjugated annexin V staining and FACS analysis. (B) Protective effect of soluble collagen. Cells were activated or not (–) for 3 h with 50 μg/ml of soluble Col (sCol), anti-CD3 mAb and with a combination of anti-CD3+sCol. They were then treated for 24 h with MTX and apoptosis was evaluated by annexin V staining and FACS analysis. (C) Collagen inhibits MTX-induced caspase-3 activation. Cells were activated for 3 h as indicated and then treated for 12 h with MTX. Cell lysates were prepared and analyzed for caspase-3 activation by Western blot (NS, non-specific band). Blots were stripped and reprobed with anti-β-actin Ab as a loading control. The results are representative of three independent experiments. (D) Anti-CD3+collagen stimulation preserves the inflammatory nature of polarized Th17 cells. Cells were activated with anti-CD3+Col and then treated with MTX. After 24 h, viable cells were isolated and stimulated or not (−) along with control cells with anti-CD3+Col. Supernatants were harvested 24 h later and the production of IL-17 and IFNγ was quantified by ELISA. The results in panels (A,B,D) are presented as mean ± SD calculated from three to five different experiments conducted in triplicates with human T cells isolated from different healthy blood donors. *p < 0.05.



To determine if the collagen effect is due to increased cell contacts with coated anti-CD3 mAb as a result of cell adhesion, we tested if collagen still has the ability to protect polarized Th17 cells from MTX-induced apoptosis when added in soluble form. We found that the soluble form of collagen has the same ability as immobilized collagen to protect the cells from MTX-induced apoptosis (Figure 1B) suggesting that the pro-survival effect of collagen is a result of its signaling function. Together, these results indicate that although collagen by itself has a small effect, it is the combination of anti-CD3+collagen that has produced the most important effect on cell survival.

Because MTX-induced apoptosis is associated with caspase-3 activation, we determined if anti-CD3+collagen costimulation inhibited caspase-3 activation in MTX-treated cells. Treatment of polarized Th17 cells with MTX is associated with caspase-3 activation as determined by the proteolysis of procaspase-3 leading to the generation of caspase-3 active fragments (Figure 1C). Activation of the cells with anti-CD3 mAb had no effect whereas their activation with collagen alone had only a minor effect. However, activation with anti-CD3+collagen effectively inhibited MTX-induced caspase-3 activation further indicating that anti-CD3+collagen signaling protects polarized Th17 cells from MTX-induced apoptosis.

To determine if the anti-CD3+collagen-rescued cells from MTX treatment were still able to produce IL-17, rescued cells (viable cells) were isolated through a ficoll gradient and restimulated with anti-CD3+collagen. The results show that these cells still produce significant amounts of IL-17 when compared to control cells that have not been treated with MTX (Figure 1D). In addition, since human polarized Th17 cells also contain Th1 cells (31, 32), we examined the production of IFNγ and found that upon restimulation with anti-CD3+collagen, MTX-rescued cells produce comparable levels of IFNγ than control cells (Figure 1D). These results indicate that under MTX conditions, costimulation with anti-CD3+collagen preserves the inflammatory nature of human polarized Th17 cells. As a control, costimulation of the rescued cells with anti-CD3+anti-CD28 antibodies also led to the production of comparable levels of IL-17 and IFNγ than control cells (data not shown) further supporting that the rescued cells kept their inflammatory function.



The Pro-survival Role of Collagen Is Mediated via α2β1 Integrin

Effector T cells are characterized by the expression of several members of β1 integrins that play an important role in their interactions with ECM proteins (1–4). Besides collagen, fibronectin and laminin are also two major matrix proteins. We thus examined if fibronectin and laminin, which bind to α4β1/α5β1 and α3β1/α6β1 integrins respectively could have a similar protective effect as collagen. To this end, we first assessed the ability of human polarized Th17 cells to attach to the various matrices. The results show that human polarized Th17 cells are capable of adhering to all matrices. Cell adhesion to fibronectin is slightly higher than to the other two matrices upon anti-CD3 activation, which increases cell adhesion to all matrices (Figure 2A). However, fibronectin and laminin had no effect on MTX-induced apoptosis in anti-CD3-treated cells (Figure 2B). Similar findings were obtained when fibronectin and laminin were added in their soluble forms (data not shown). Because human polarized Th17 cells express and use α2β1 integrin to attach to collagen, we verified if it transduces the protective effect of collagen. We found that incubation of the cells with blocking anti-β1 and anti-α2 integrin antibodies abrogated the collagen protective effect on MTX-induced apoptosis whereas the control antibody had no effect (Figure 2C). These results suggest the selective implication of α2β1 integrin in the resistance of effector T cells to MTX.
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FIGURE 2. Collagen-α2β1 integrin interaction protects human polarized Th17 cells from MTX-induced apoptosis. (A) Human polarized Th17 cells adhesion to matrix proteins. Control and anti-CD3-activated cells were cultured for 1 h in wells coated with Col, fibronectin (Fbn) or laminin (Lam). Cell Adhesion was quantified as described in the Materials and Methods section. (B) Differential effect of Col on MTX-induced apoptosis. Human polarized Th17 cells were cultured for 3 h with Col, Fbn or Lam in the presence of anti-CD3 mAb after which they were treated for 24 h with MTX. The cells were stained with annexin V and apoptosis was determined by FACS analysis. (C) Cells were first incubated for 1 h with 10 μg/ml of anti-alpha2 integrin (clone P1E6) and anti-beta1 integrin (clone 4B4) blocking mAbs or with isotypic control IgG. They were then activated with anti-CD3+Col and treated with MTX for 24 h. The cells were stained with annexin V and apoptosis was determined by FACS analysis. Results are presented as mean ± SD calculated from three independent experiments conducted in triplicates with T cells obtained from three different healthy donors. *p < 0.05.





Collagen Promotes MTX Resistance via the ABCC1 Drug Transporter

We then sought to determine the mechanisms by which T cell adhesion to collagen promotes MTX resistance in activated human polarized Th17 cells. The drug transporters of the ABC subfamily have been highly associated with chemoresistance. Accordingly, we examined whether they could be involved in our cell model. ABCC1 and ABCG2 also known as MRP-1 and BCRP1 respectively are two major MTX transporters and reported to be expressed in T cells (33, 34). Thus, we first assessed whether these two transporters were expressed in human polarized Th17 cells. The results show that polarized human Th17 cells express slightly higher levels of ABCC1 than ABCG2 especially upon anti-CD3+collagen costimulation (Figure 3A). Quantification analysis indicates a 1.5 × fold increase in ABCC1 levels upon anti-CD3+collagen costimulation, which had no significant effect on ABCG2 protein levels (Figure 3B). The ABCC1 levels are 1.57 × fold higher than ABCG2 levels in anti-CD3+collagen-costimulated cells.
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FIGURE 3. Human polarized Th17 cells express ABCC1. (A) ABCC1 and ABCG2 expression. After 12 h of culture with or without stimulation with anti-CD3+Col, the cells were stained with specific anti-ABCC1 and anti-ABCG2 antibodies and analyzed by FACS analysis. The gray areas represent control stainings with appropriate conjugated-isotypic antibodies. Results are representative of five independent experiments conducted with T cells obtained from five different donors. The % of positive cells and MFI are indicated in each histogram. (B) Quantification of ABCC1 and ABCG2 expression levels. Results are expressed as % positive cells x MFI and the values represent mean ± SD calculated from five independent experiments conducted with T cells obtained from five different donors. (C) The ABCC1 and ABCG2 mRNA levels expressed in human polarized Th17 cells at the basal level and after anti-CD3+collagen stimulation were determined by qRT-PCR. The results represent mean values ± SD calculated from three independent experiments conducted in triplicates with T cells obtained from three different donors. *p < 0.05.



Because of the low levels detected by FACS, we sought to analyse the expression levels of ABCC1 and ABCG2 by quantitative RT-PCR (qRT-PCR), which is the preferred method for studying expression of ABC transporters in immune cells. Indeed, although functional but detection of protein levels of ABC transporters in human T cells is weak (35–37). We found that ABCC1 mRNA levels are three times higher than those of ABCG2 and costimulation with anti-CD3+collagen increases ABCC1 mRNA levels by 1.6 × fold but had no effect on ABCG2 mRNA levels (Figure 3C). Together, these results indicate that human polarized Th17 cells express higher levels of ABCC1 than ABCG2, which is in agreement with recent findings in human Th1 and Th17 cells (37). The discrepancies between the FACS and qRT-PCR quantification data with regard to the relative levels of ABCC1 vs. ABCG2 could be due to the low levels detected by FACS, which could be due to the efficacy of antibodies, and to the differences in the staining methods for ABCC1 and ABCG2.

We then determined the functionality of ABCC1 by evaluating the content of intracellular calcein-AM by FACS analysis. Calcein-AM is a specific substrate for ABCC1 and has been used as a surrogate for MTX efflux and ABCC1 activity in multiple studies (38, 39). As shown, activation of the cells with anti-CD3+collagen reduces calcein-AM intracellular content by reducing the % of positive cells as well as the MFI, and this regulatory effect is partially reversed by the specific ABCC1 inhibitor, MK571 (Figure 4A). Quantification analysis taking into account the number of positive cells and MFI indicates a 40% reduction in total intracellular calcein-AM levels upon activation with anti-CD3+collagen and the MK571 inhibitor blocked the effect of anti-CD3+collagen by about 75% (Figure 4B). As a control, we also found that the effect of collagen on calcein-AM efflux is abolished with a blocking anti-α2β1 mAb (Figure 4C). These results indicate that collagen via α2β1 integrin enhances the expression and the function of ABCC1 in anti-CD3-activated polarized Th17 cells.
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FIGURE 4. Collagen promotes MTX resistance of activated human polarized Th17 cells via the drug transporter ABCC1. (A) Anti-CD3+Col costimulation reduces ABCC1 activity. After 3 h activation with anti-CD3+Col, the cells were incubated for 1 h with 1 nM of calcein-AM. As indicated, cells were pre-treated with 10 μM of MK571 (ABCC1 inhibitor) before being stimulated with anti-CD3+Col. Intracellular calcein-AM content was then determined by FACS using the FL-1 channel. Representative FACS profiles of intracellular calcein-AM content are shown. The % of positive cells and MFI are indicated. (B) Quantification of intracellular calcein-AM content. (C) The blocking anti-α2β1 integrin (BHA2.1) abolishes the effect of anti-CD3+Col on calcein-AM efflux. Cells were first incubated or not for 1 h with 10 μg/ml of BHA2.1 mAb or with isotypic control IgG, activated or not with anti-CD3+Col and then loaded with calcein-AM. Intracellular calcein-AM content was then determined by FACS analysis and quantified as above. (D) The MK571 inhibitor abolished the protective effect of anti-CD3+Col on MTX-induced apoptosis. Cells were treated as indicated and after 24 h of MTX treatment, the cells were stained with annexin V and analyzed by FACS. (E) The ABCC1 inhibitor reversan (10 μM) but not the ABCG2 inhibitor fumitremorgin C (10 μM) abrogates the protective effect of anti-CD3+collagen on MTX-induced apoptosis. Results ((B–E) panels) are presented as mean ± SD calculated from three independent experiments performed in triplicates with T cells obtained from three different donors. *p < 0.05.



Using the specific ABCC1 inhibitor, MK571, we then studied the role of ABCC1 in MTX resistance of human polarized Th17 cells. Treatment with the MK571 inhibitor did not show any effect on MTX-induced apoptosis but inhibited the anti-CD3+collagen protective effect (Figure 4D). To confirm the effect of the MK571 inhibitor, we evaluated the effect of a second ABCC1 inhibitor named reversan (40). Similar to MK571, reversan abolished the protective effect of anti-CD3+collagen (Figure 4E). Interestingly, the specific ABCG2 inhibitor fumitremorgin C (41) had no effect. Taken together, these results show that collagen promotes MTX resistance of anti-CD3-activated human polarized Th17 cells by upregulating the function of ABCC1.



Collagen Promotes MTX Resistance of Arthritic T Cells

Next we analyzed whether the pro-survival role of collagen/α2β1 interaction occurs in RA with effector CD4+T cells that have not been polarized in vitro. To this end, we examined whether it promotes MTX resistance of CD4+ memory T cells isolated from RA patients. In agreement, we found that RA peripheral blood CD4+CD45RO+ T cells contain Th1, Th17, and Th17/Th1 subsets (Figure 5A); the main pathogenic Th cells involved in RA pathogenesis (42). Because these cells are in a quiescent state, we reactivated them with anti-CD3 and anti-CD28 mAbs and expanded them with IL-2 for 1 week to sensitize them to MTX-induced apoptosis. Their activation also increased the levels of α2 integrin (Figure 5B) consistent with the upregulation of α2 integrin upon T cell activation and effector differentiation (1–4, 43). Furthermore, we found that these cells also express the drug transporter ABCC1 and their activation with anti-CD3+collagen also increases ABCC1 levels (Figure 5C).
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FIGURE 5. Collagen protects arthritic effector/memory CD4+ T cells from MTX-induced apoptosis. (A) FACS analysis of Th1 and Th17 in arthritic T cells. CD4+CD45RO+ T cells collected from peripheral blood of RA patients contain IL-17- and IFNγ-producing cells. After activation with PMA and ionomycin for 4 h in the presence of BD Golgi plug, the cells were stained with intracellular anti-IL-17 and anti-IFNγ antibodies and analyzed by FACS. The results are representative of five different RA patients. (B) α2 integrin expression was evaluated by FACS analysis on day 0 and day 7 (one week after in vitro expansion). (C) ABCC1 expression was evaluated by FACS analysis on day 7. The gray areas represent staining with appropriate conjugated-isotypic control antibodies. The scatter-bar plots (right panels in (B) and (C)) represent quantification of α2 integrin and ABCC1 expression levels respectively. Results are presented as mean ± SEM calculated from five independent experiments conducted with five different RA patients. ***p < 0.001; *p < 0.05. (D) The blocking anti-α2β1 integrin mAb and the ABCC1 inhibitor MK571 inhibit the protective effect of anti-CD3+Col costimulation. In vitro expanded CD4+CD45RO+ T cells were stimulated during 3 h with anti-CD3+Col, followed by a 24 h treatment with MTX. As indicated, the cells were we first pre-treated for 1 h prior their activation, with the blocking anti-α2β1 mAb (BHA2.1) and with the MK571 inhibitor. Apoptosis was measured following annexin V staining and FACS analysis. Results are presented as mean ± SD calculated from three different experiments conducted in triplicates with CD4+CD45RO+ T cells isolated from three RA patients. *p < 0.05.



We then examined the response of arthritic effector T cells to MTX. Activation of expanded-RA peripheral blood CD4+CD45RO+ T cells with anti-CD3+collagen reduced MTX-induced apoptosis by 38%. This effect was mediated by α2β1 integrin since it was reversed by incubating the cells with the blocking anti-α2β1 mAb (Figure 5D). In addition, the ABCC1 inhibitor MK571 also abrogated the pro-survival effect of collagen in anti-CD3-activated arthritic T cells (Figure 5D). Together these results show that arthritic effector T cells are also protected from MTX-induced apoptosis upon their attachment to collagen via α2β1/ABCC1 pathway.




DISCUSSION

The mechanisms underlying MTX failure in RA are still unclear and their elucidation could lead to more efficient therapies. Th17 and Th1 cells are critical effector cells in joint tissue damage and their resistance to MTX could contribute to MTX therapy failure in RA. Since MTX is associated with apoptosis of effector T cells, we have considered whether β1 integrins, which play an important role in cell survival, would provide a survival advantage to effector T cells under MTX therapeutic setting.

We found that collagen, which is abundant in the synovium, via its receptor, the integrin α2β1, protects human polarized Th17 cells from MTX-induced apoptosis. The strongest effect of collagen is seen only in anti-CD3-activated cells. This is likely due to the increased attachment of the cells to collagen upon stimulation via the T cell receptor (TCR), which occurs through α2β1 (Figure 2A) (6). Although TCR/CD3 activation alone did not protect human polarized Th17 from MTX-induced apoptosis, it is not excluded that additional pathways activated by the TCR/CD3 engagement could cooperate with α2β1 integrin in mediating T cell survival. Anti-CD3-activated human polarized Th17 cells also attach to fibronectin and laminin but these matrices did not influence MTX-induced apoptosis suggesting a differential implication of β1 integrins in the modulation of MTX-induced apoptosis, which could be due to their differential signaling capacities since both α and β integrin chains are known to induce cell signaling. The role of α2β1 integrin in T cell survival is reminiscent to previous work that showed that this collagen-binding integrin inhibits Fas-induced apoptosis in human effector T cells whereas fibronectin- and laminin-binding integrins did not (8). Taken together, these studies indicate that in addition to Fas-induced apoptosis, α2β1 integrin has also the ability to protect effector T cells during therapeutic setting.

MTX has been shown to act by blocking cell proliferation and cytokine production (16). Our results indicate that anti-CD3+collagen-rescued cells have kept their ability to produce IL-17 and IFNγ upon restimulation. This suggests that in addition of promoting survival, the anti-CD3+collagen signaling pathway also kept the inflammatory nature of human polarized Th17 cells, thus supporting the role of α2β1 integrin in MTX resistance.

We have also shown that the pro-survival role of α2β1 integrin under MTX setting occurs in the context of RA. Despite the fact that we did not have access to synovial fluids and were limited in RA samples and T cell numbers, we showed that memory CD4+ T cells isolated from peripheral blood of RA patients are also rescued from MTX-induced apoptosis suggesting that this mechanism could be clinically relevant. Although, we could not examine the role of α2β1 integrin specifically in RA Th17 vs. Th1 cells, it is likely that a similar mechanism occurs in both populations since α2β1 integrin is a costimulatory molecule for both Th1 and Th17 (5–7), and as shown in Figure 1D, both Th1 and Th17 can be protected by anti-CD3+collagen costimulation since MTX-rescued cells are able to produce IL-17 and IFNγ to the same extent as control cells upon restimulation. α2β1 integrin promotes arthritis pathogenesis by acting on synovial Th17 cells (11, 12) and on synovial fibroblasts (44). Whether it promotes MTX resistance of other cell types involved in arthritis pathogenesis remains to be determined.

Cell adhesion-mediated drug resistance is a well-studied process in oncology. Indeed, several studies both in solid tumors and in hematological malignancies have shown that attachment to ECM via integrins promotes the resistance of cancer cells to multiple drugs used in chemotherapy (45, 46). In this context, α2β1 integrin, which is an important integrin in cancer, has also been associated with drug resistance (47). This is particularly the case in human acute T lymphoblastic leukemia (T-ALL). Attachment of human T-ALL cell lines and blasts to collagen protected them from the cytotoxic action of doxorubicin (25, 48). The study reported herein indicates that the role of α2β1 integrin in chemoresistance is conserved in normal T cells and autoimmune diseases and suggests that as in cancer, cell adhesion-mediated drug resistance could contribute to therapy failures that are observed in the treatment of autoimmune diseases.

Mechanistically, our results support the implication of the drug transporter ABCC1 in MTX resistance. ABCG2 and ABCC1 are two major MTX transporters that have been associated with T cells (33, 34). We found that human effector T cells express higher levels of ABCC1 than ABCG2 and activation with anti-CD3+collagen enhanced the efflux activity of ABCC1. Furthermore, the specific ABCC1 inhibitors, MK571 and reversan, inhibited the protective effect of anti-CD3+collagen both in human polarized Th17 cells as well as in RA effector/memory T cells, whereas the ABCG2 inhibitor (fumitremorgin C) had no effect. A recent study found that CD147 promotes MTX resistance of immune cells through ABCG2 in psoriasis (49). However, this was analyzed in PBMCs and not specifically in T cells. ABCG2 has also been associated with MTX resistance of macrophages in RA synovial tissue but it was not detected in synovial T cells, which were rather shown to express ABCC1 (50). Recently, it was found that a subset of human inflammatory Th17 cells (Th17.1) express the drug transporter ABCB1 (also named PgP) and were refractory to glucocorticoids, although this occurred independently from ABCB1 (37). The authors of this study also found that ABCC1 is expressed at higher levels than ABCB1 and ABCG2 in the different human effector T cells including Th1, Th2, Th17, and the inflammatory Th17.1 subset. Together these studies suggest that ABCC1 could be the most important MTX transporter in T cells, whereas ABCG2 could be associated with monocytes/macrophages.

ABCC1, ABCG2 as well as ABCB1 are all expressed in RA (33, 51–53) but a clear implication of a particular transporter in predicting MTX response is unclear. However, the majority of these studies focused on RA PBMCs, which could be phenotypically and functionally different from the synovial immune cells that are directly associated with tissue damage. Indeed, microenvironmental cues are likely to influence the expression and function of MTX transporters expressed by the various immune cells infiltrating the synovium. In this context, our study reveals that integrins and attachment to collagen, which is abundant in the synovium, could be important factors in regulating activity of MTX transporters. The mechanisms of MTX resistance in RA are complex and could involve additional factors. Along these lines, a recent study showed that MTX resistance in RA could be correlated with weak levels of CD39 expressed by regulatory T cells (54).

Our results showed that activation with anti-CD3+collagen increased only slightly the ABCC1 levels suggesting that the effect of anti-CD3+collagen occurs mainly at the level of ABCC1 activity. This is in agreement with studies reporting that chemotaxis and migration of Langerhans cells and T cells to the lymph nodes is associated with the activation of ABCC1, which mediates efflux of sphingolipid and cysteinyl leukotriene (55, 56). Similarly, antigen-induced export of sphingosine-1 phosphate from mast cells is dependent on ABCC1 activation (57). It has previously been shown that ABCC1 localization in membrane lipid rafts and actin polymerization are both necessary for its activity (58). In addition, collagen/α2β1 integrin signaling enhances ABCC1 activity and doxorubicin resistance in acute T lymphoblastic leukemia via actin polymerization (25). Although the role of lipid rafts in ABCC1 activation is not firmly established (59), α2β1 integrin has previously been shown to localize into lipid rafts (60, 61). Thus, it is possible that anti-CD3-induced attachment of human effector T cells to collagen leads to cytoskeletal reorganization and thereby to increased ABCC1 localization, stability and function. Nonetheless, additional mechanisms such as receptor recycling and increased ATP production could also be involved.

Although reduction of purine-pyrimidine levels has been associated with MTX-induced apoptosis in T cells (16, 17, 29) folate co-therapy did not interfere with MTX clinical benefit (62) suggesting that apoptosis may not be critical for MTX action. However, this cannot be excluded since recent studies found that MTX-induced apoptosis in T cells is dependent on a reduction in tetrahydrobiopterin but not purine-pyrimidine levels (63, 64). Clearly additional studies are required to understand how MTX works in RA but regardless of its mode of action, the MTX resistance mechanism unraveled in our study is likely to affect its therapeutic benefit.

In summary, we have reported to our knowledge, a novel function for α2β1 integrin in human effector T cells consisting of mediating MTX resistance. This observation also occurs in effector RA T cells, but because of limited access to RA samples, we could not answer some key questions such as weather α2β1 expression and function correlates with MTX non-responders in RA. Our results do suggest that this could be case. Because α2β1 integrin is expressed on synovial Th17 cells of RA patients (11), it will be interesting to examine whether at the clinical level, it could represent a novel biomarker predicting MTX response in RA.
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γδ T cells are non-conventional lymphocytes which show several properties of innate immune cells. They present a limited TCR repertoire and circulate as cells with a pre-activated phenotype thus being able to generate rapid immune responses. γδ T cells do not recognize classical peptide antigens, their TCRs are non-MHC restricted and they can respond to pathogen-associated molecular patterns and to cytokines in absence of TCR ligands. They also recognize self-molecules induced by stress, which indicate infection and cellular transformation. All these features let γδ T cells act as a first line of defense in sterile and non-sterile inflammation. γδ T cells represent 1–10% of circulating lymphocytes in the adult human peripheral blood, they are widely localized in non-lymphoid tissues and constitute the majority of immune cells in some epithelial surfaces, where they participate in the maintenance of the epithelial barriers. γδ T cells produce a wide range of cytokines that orchestrate the course of immune responses and also exert high cytotoxic activity against infected and transformed cells. In contrast to their beneficial role during infection, γδ T cells are also implicated in the development and progression of autoimmune diseases. Interestingly, several functions of γδ T cells are susceptible to modulation by interaction with other cells. In this review, we give an overview of the γδ T cell participation in infection and autoimmunity. We also revise the underlying mechanisms that modulate γδ T cell function that might provide tools to control pathological immune responses.
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INTRODUCTION

γδ T cells are non-conventional T lymphocytes present in blood and tissues with a restricted TCR repertoire. During the ontogeny in the thymus, γδ T cells develop before αβ T lymphocytes and are abundant during the first weeks of fetal development. However, after birth, they constitute a minor fraction of thymocytes. This is similar in humans and rodents (1). In healthy adult humans, they represent 1–10% of the total circulating lymphocytes with a phenotype mainly CD4/CD8 double negative (2). They are found in high proportion in epithelial tissues, being particularly abundant in the intestine (3). In homeostatic conditions, γδ T cells can display a pre-activated and memory phenotype and the high frequency of these cells enables rapid responses without the presence of cognate TCR agonists and/or cellular expansion (1). γδ T cells can recognize many microorganisms and infected or transformed host cells (4) and exert a direct cytotoxic activity, which involves secretory, and non-secretory pathways, i.e., the release of granzymes and perforins and the engagement of Fas and TNF-related apoptosis-inducing ligand receptors, respectively (5–7). Moreover, γδ T cells can propitiate the healing of damaged tissues and maintain the epithelial integrity (8). They can also generate memory cells, hence acting like adaptive immune T cells (9). Interestingly, and similar to conventional T lymphocytes, γδ T cells can differentiate into different effector profiles, and produce different chemokines and a wide array of cytokines including IFN-γ, TNF-α, IL-17, IL-21, and IL-22 (10). Recently, it has been reported in a murine model that in adipose tissue γδ T cells are abundant and they participate in the regulation of body temperature, through the production of IL-17A and TNF-α, and through the maintenance of catecholamine sensitivity for lipolysis induction. Moreover, in adipose tissue, γδ T cells let the recruitment and homeostatic expansion of regulatory T cells (11).

Regarding the effector profiles in mice, γδ T cells complete their functional differentiation in the fetal thymus (12). It has been shown, that γδ T cells that bind antigens with low affinity will produce IL-17, while those that bind antigen with high affinity will secrete IFN-γ (13). Another difference between human and mouse γδ T cells is their classification. In humans, γδ T cells are classified according to their Vδ gene segment used. Until now only three true Vδ genes exist: Vδ1-3; and seven functional Vγ gene segments: Vγ2-5, Vγ8, Vγ9, and Vγ11. While in mice γδ T cell subsets are named according to the Vγ chain used (14). Of note, the data describing the γδ T cell subsets of a particular species cannot be translated directly to another species because each repertoire is unique. The γδ TCR repertoire is restricted and is associated with the tissue distribution (5). The limited γδ TCR repertoire is consistent with their capacity to recognize conserved pathogen-derived antigens and self-molecules expressed under cellular stress conditions (5). Their tissue distribution and their capacity to recognize and rapidly respond to self- and non-self-conserved antigens allow them to act as the first line of defense in peripheral tissues (4). In humans, Vδ1+ T cells are abundant in the epithelium (8, 15, 16), they recognize molecules of the non-classical MHC family, either with or without loaded antigens, such as CD1a, c and d; and the molecules induced by stress: MICA/B and ULBP (5). Beside, Vδ3+ T cells are enriched in the liver and the intestine (17, 18). They can express CD4 or CD8 though the majority are double negative (CD4-CD8-). Vδ3+ T cells also express CD56, CD161, CD28, HLA-DR, and NKG2D, and some of them recognize CD1d and can exert cytotoxicity on CD1d+ target cells similar to Vδ1+ T cells (19). In humans and non-human primates, γδ T cells bearing the Vδ2 chain are the main subset present in peripheral blood and this δ chain is generally associated to the Vγ9. During infection, Vδ2Vγ9 T cells can be recruited to peripheral tissues where they contribute to the eradication of local infection (20).

Like αβ T lymphocytes, the activation of γδ T cells through the TCR requires the participation of accessory molecules. CD27 and NKG2D have been identified as co-effectors of the TCR activation (21, 22), but there is no clear consensus about the accessory molecules involved. Strikingly, in the past few years, it has been described the participation of CD277 [Butyrophilin(BTN)3A1] as a phosphoantigen presenting molecule specific for Vγ9Vδ2 TCR. According, phosphoantigen recognition is not restricted to the presentation in MHC molecules and it is independent of professional antigen presenting cells, but requires cellular contact and non-polymorphic presenting molecules (23). The main above mentioned functions reported for γδ T cells are summarized in Figure 1.
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FIGURE 1. General aspects of γδ T cell physiology. γδ T cells can sense a wide array of self- and non-self-stimuli that promote different responses. Thus, they can eliminate infected or transformed cells, heal damaged tissues, and eventually promote the development of autoimmune diseases if their response is exacerbated.





γδ T CELLS IN INFECTION

γδ T cells are key effectors in the immune response against microorganisms. In many microbial infections, the number of γδ T cells increases locally and/or systemically after a few days post-infection, being able to reach a 50% of the total circulating T cells (24). A hallmark of γδ T cells is that they can recognize a broad spectrum of endogenous and exogenous antigens widespread in nature, i.e., bacteria, protozoa, and infected or transformed host cells (4). To recognize these ligands, γδ T cells employ the TCRs and receptors such as TLRs, NOTCH, NKG2D (1, 24). The rapid effector responses elicited in infectious processes are similar to those generated by innate immune cells, a property related to their ability to be activated without an antigenic priming (5). γδ T cells can directly kill infected cells by releasing the content of cytotoxic granules and bacteriostatic or lytic molecules such as granulysin and defensins (7, 25). Furthermore, they have an indirect action on the elimination of microbes by producing cytokines that promote inflammation and by inducing the antibacterial functions of immune and epithelial cells (26). As we previously mentioned, γδ T cells can differentiate into different effector profiles depending on the pathophysiological context. They can produce IFN-γ and TNF-α in response to intracellular pathogens, IL-4, IL-5, IL-13 during parasite immune responses, and IL-17 in defense against extracellular bacteria and fungi (27). Accordingly mice lacking this cell subset (TCRδ KO mice) are more susceptible to suffer infections by bacteria (Nocardia spp., Klebsiella spp., Listeria spp., Escherichia coli, Salmonella spp., Mycobacterium spp., and Pseudomonas spp.) and parasites (Plasmodium spp.), demonstrating a critical role of IL-17-producing γδ T cells in these processes (28). The basis of the effector function of this T cell subset is controlling neutrophil recruitment in inflamed tissues. Interestingly, at sites of inflammation, neutrophils not only exert their microbicidal activity but also regulate (inhibit or stimulate) γδ T cell functions, as it has been extensively demonstrated (29–31).

Microbial recognition by Vγ9Vδ2 T cells involves phosphoantigens which are non-peptidic low molecular weight antigens with phosphate moieties, which are not only produced by prokaryotic but also eukaryotic cells. However, microbes' phosphoantigens are extremely potent activators of Vγ9Vδ2 T cells in contrast to endogenous phosphoantigens i.e., isopentenyl pyrophosphate (IPP) which is 10,000-folds less effective to induce cellular activation (32, 33). Noteworthy, eukaryotic cells under increased metabolic activity, can augment the production of IPP, i.e., tumor cells, and consequently activate γδ T cells efficiently (18). The phosphoantigen (E)-4-hydroxy-3-methyl-but-2-enyl pyrophosphate (HMBPP), an intermediate of the non-mevalonate pathway, generated by many bacteria, among them Mycobacterium tuberculosis (Mtb), Mycobacterium bovis, Listeria monocytogenes, E. coli, Salmonella typhimurium, and certain parasites such as Plasmodium falciparum and Toxoplasma gondii is an extremely potent activator of Vγ9Vδ2 T cells (33, 34). Thanks to the presence of this metabolite, Vγ9Vδ2 T cells can be activated, proliferate and produce Th1-cytokines (IFN-γ and TNF-α) (29), thus mounting a rapid response against the microbes. Moreover, during Mtb or L. monocytogenes infections they produce IL-17 which prompts the recruitment of neutrophil and their immune response (35). In acute infections by Mtb and HMBPP-producing microbes, this cell subset expand and in re-infections they mount a secondary memory-like response (36). Furthermore, the production of IFN-γ by stimulated-Vγ9Vδ2 T cells may contribute to the immune response against Mtb as well as to control tuberculosis lesions since they are present in lung granuloma (37). Vγ9Vδ2 T cells also limit the development of intracellular Mtb by the action of perforins, granzymes, and granulysin (20). Additionally, they can promote airway CD8+ and Th1 CD4+ responses of conventional T cells specific for Mtb, through the production of IL-12 in response to phosphoantigen activation (20). In a non-human primate model of Mtb infection, ex vivo activation of Vγ9Vδ2 T cells by exogenous HMBPP up-regulates their IFN-γ production. This treatment promotes the inhibition of IL-22 production, which is associated with severe lesions (38). These results might be helpful to develop novel therapeutic strategies to control Mtb infection and persistence and to induce the activation of immune cells by IFN-γ in order to eliminate intracellular Mtb (Figure 2A).
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FIGURE 2. γδ T cells in infection and autoimmunity. (A) In response to Mtb infection, γδ T cells produce inflammatory cytokines and exert cytotoxicity on infected cells (left side), similar effector functions are performed in response to several viruses (right side). But in chronic infections γδ T cells are less effective to control microbes. Green arrows represent the proposed approaches to boost the activation of γδ T lymphocytes. (B) γδ T cells participate in the initiation and development of autoimmune diseases. As examples we represent pathologies in skin (left side) and in CNS (right side) both having in common an axis governed by the activation of γδ T cells and by the production of IL-17 and IL-22. Figure shows different targets to block autoimmunity manifestations (red lines). RA, retinoic acid.



In patients with viral infections, Vδ3+ T cells are enriched. In hepatitis C virus (HCV) infections, it has been observed the expansion of several Vδ3+ T cell clones in peripheral blood (39). In the liver, these cells can mount a response against virus-infected hepatocytes and non-infected host cells, suggesting that they may contribute to the hepatic damage (40). Additionally, there is a higher frequency of IFN-γ-producing Vδ1+ cells, which correlates with disease evolution (41). During the immune response against viral infections, the recognition of non-classical MHC molecules by Vδ2- T cells is determinant but also participate Vγ9Vδ2 T cells. It has been demonstrated that activated Vγ9Vδ2 T cells can inhibit sub-genomic HCV replication by the production of IFN-γ (41, 42). In the same way, patients suffering chronic hepatitis B virus (HBV) infection, have a reduction in the circulating Vδ2+ T cells, in the production of IFN-γ and in the cytotoxicity mediated by γδ T cells. These events correlate with the persistence of HBV infection (43). Noteworthy, in mouse models of infection by West Nile virus and herpes simplex virus type 2, it has been shown that γδ T cells play a critical role in the generation of conventional CD8+ and CD4+ memory T cells, respectively (44, 45). Importantly, γδ T cells also participate in anti-viral response early in life. It has been reported that they can mount a functional immune response to cytomegalovirus infection during development in uterus, pointing out the key role of γδ T cells in fetal life (46).

Furthermore, γδ T cells participate in antifungal immunity. It has been reported that Vδ1+ T cells can selectively respond to Candida albicans, by producing high levels of IL-17 (47).

Given the beneficial role of Vγ9Vδ2 T cells in the clearance of microbes, the in vivo effect of T cell activation by phosphoantigens administered exogenously was tested in primates (48). In an infection model induced by Yersinia pestis, phosphoantigen treatment provoked faster pathogen clearance and restoration of inflamed tissues (49). Moreover, during chronic viral infections, where Vγ9Vδ2 T cells are decreased and their functions are impaired (50, 51), it has been proposed the administration of phosphoantigens to help restore the γδ T cell functions. Furthermore, in a non-human primate model, it was reported that after administration of HMBPP, the plasma levels of IFN-γ increased, and this effect was even higher when administered with IFN-α (52), showing a new approach to boost Vγ9Vδ2 T cell response in viral infection (Figure 2A). In this work authors also explored, in vitro, the effect of this combined therapy in HCV-infected patients obtaining the same results (52).



γδ T CELLS IN AUTOIMMUNITY

It is well established that IL-17A plays a crucial role in the development and progression of autoimmune diseases (53, 54). Even though the main source of IL-17A is the Th17 CD4+ αβ T cell population, in the onset of autoimmune pathologies, innate immune cells, especially those belonging to the γδ T cell subset, also contribute to the production of IL-17A (55). Human IL-17A-producing γδ T cells are generated in the periphery and can be recruited to inflamed tissues where they accumulate (56, 57). This process takes place more rapidly compared to the activation of conventional T lymphocytes. In fact, γδ T cells can be activated in the absence of a cognate TCR ligand which allows them to be powerful early inducers of inflammation in autoimmune diseases. As demonstrated in vitro, several molecules are involved in the differentiation into the Th17 cytokine-profile, among them: TCR agonists, IL-1β, IL-6, IL-23, and TGF-β (57, 58). Interestingly, in patients with autoimmune liver disease such as autoimmune hepatitis, primary sclerosing cholangitis, or primary biliary cirrhosis, there is a significantly increase of γδ T cells (Vδ1+, Vδ2+, and Vδ3+) in peripheral blood and liver, supporting the participation of this subset in autoimmunity (18).

In the next paragraphs, we summarize the published data describing the role of γδ T cells in psoriasis and multiple sclerosis as two examples of autoimmune diseases where the role of γδ T cells has been extensively studied.


Autoimmunity in Skin

In steady-state conditions, in the skin and the intestine, γδ T cells are abundant and in conjunction with other immune cells, they act as sentinels and support the integrity of the epithelial barriers (59, 60). In human skin, local γδ T cells display an oligoclonal repertoire governed by the expression of Vδ1 chain (61). A well-characterized inflammatory condition in the skin is psoriasis. It is an autoimmune disease which can be triggered by microbial infections, chemical irritants or trauma. Once the pathological process starts, the innate and adaptive immune system activate and result in the hyperproliferation and the aberrant differentiation of keratinocytes, a key step in the pathophysiology of psoriasis. There is also an increase in the levels of IFN-γ and IL-23, which cause an immune-mediated dermatosis with skin lesions (62). In in vivo murine models of psoriasis induced by Imiquimod (TLR7/8 agonist) (63), γδ T cells were found to be necessary and sufficient to trigger skin lesions such as plaque formation, with a critical role of the axis IL-23/IL-17/IL-22. In fact, dermal γδ T cells easily proliferate and produce IL-17A, IL-17F, and IL-22 in response to IL-1β and IL-23 stimulation (63). Remarkably, γδ T cells have been proposed to initiate and precede the participation of conventional Th17 cells in psoriasis (64). In accordance, the genetic deletion of IL-17A, IL-17F, and IL-22 has shown to protect mice from Imiquimod-induced inflammation (65). Similarly, human dermal IL-17-producing γδ T cells appear to play a pathogenic role in psoriasis, as supported by evidence indicating an abundance of γδ T cells in skin biopsies from psoriasis patients, which upon stimulation with IL-23 in vitro, increase the IL-17 production to levels higher than αβ T cells (63). Moreover, a reduction in peripheral blood CLA+ CCR6+ Vγ9Vδ2+ T cells is observed in psoriasis patients which correlates with the severity of the pathology (66). The γδ T cells present in psoriasis skin are the Vδ1+ subset and the recently reported Vδ2+ recruited from the blood. However, this finding remain controversial because Vγ9Vδ2+ T cells are normally rare in the dermis and exhibit a low capacity to produce IL-17 (67).

Interestingly, there is different preclinical and clinical data concerning the therapeutic strategies to treat psoriasis. Based on the components involved in the onset and progression of the disease, several molecular target has been studied. Remarkably, drugs that target IL-17 and IL-23 have shown notable efficacy (68), and some of them have been licensed to treat moderate and severe psoriasis (68, 69). Given the active role of γδ T cells in the development of autoimmunity, it is possible to speculate that the mentioned immunotherapies could act not only on conventional Th17 T cells but also on γδ T lymphocytes because they express IL-23R and produce substantial quantities of IL-17A and IL-22 (Figure 2B).



Autoimmunity in the Central Nervous System

Even if the role of γδ T cells in multiple sclerosis (MS) has not been completely elucidated, numerous studies have found that γδ T cells are associated with this pathology. It has been reported that γδ T cells are cytotoxic against oligodendrocytes, which participate in the myelinization of neurons, therefore, γδ T cells are implicated in the pathogenesis of MS and in its murine model, the experimental autoimmune encephalomyelitis (EAE) (70, 71). Noteworthy, it has been shown in patients suffering MS that γδ T cells accumulate in plaques and in chronically demyelinated areas of the central nervous system (CNS); and that IL-17A-producing γδ T cells increase in cerebrospinal fluids and in brain lesions (72, 73). As expected, in peripheral blood and CNS IL-17 is elevated (74). Recently it has been reported that circulating Vδ2+ T cells are decreased in MS, and it was found a negative correlation between the percentages of Vδ2+Vγ9+ T cells and the disease severity (75). These findings led to suggest that the decrease in Vδ2+ T cells impaired an effective control of auto-reactive αβ T lymphocytes (75). Additionally, in the CNS of mice with EAE, different subsets of γδ T cells were identified, among them the more abundant are: Vγ1, Vγ4, Vγ5, and Vγ6. These T cells infiltrate the brain and spinal cord in the early phases of EAE (10, 76–78). Interestingly, these subsets display different cytokine profiles, being the Vγ4+ cells, the most abundant, and the ones that produce high levels of IL-17 (76, 79). Thus, γδ T cells could be the initiators of the inflammation and the inductors of Th17 cells by producing IL-17 and IL-21 in the early phases of EAE, causing the amplification of Th17 responses (10). Of note, γδ T cells also play a beneficial role during EAE, as mediators in the resolution of the inflammation. The subset involved in the tissue repairing phase is suggested to be Vγ1, which could enhance the effector function of the regulatory T cells recruited (76), inhibit the differentiation to Th17 profile by the production of IFN-γ (80), and trigger apoptosis of pathogenic CD4+ T cells through the Fas-FasL pathway.

In vivo experimental data support that γδ T cells have a deleterious role in MS, i.e., in the relapsing-remitting EAE model, treating mice with TCRδ depleting antibodies immediately before the onset or during the chronic phase of the disease produces a reduction of the disease (81); and in knockout mice for IL-1RI the severity of the EAE is very decreased, demonstrating the participation of IL-1β in the induction of IL-17-producing T cells (82). Interestingly, another molecule that could modulate γδ T cells in EAE is retinoic acid. Raverdeau and co-workers demonstrated that retinoic acid treatment suppressed the production of IL-17A by murine γδ T cells in vivo and they also observed a reduction in the number of γδ T cells infiltrating the CNS (83). Altogether, these data show the role of new molecules that could be used to design immunotherapeutic strategies, providing new alternatives to treat autoimmunity (Figure 2B).




CONCLUDING REMARKS

In the last few years, immunotherapies based on γδ T cells have gained a great interest, supported by the anti-microbial and anti-tumor capabilities of these cells. Interestingly, these cells could be suppressed when their response is exacerbated such as in autoimmunity or some infectious conditions or could be stimulated when their response is not optimal i.e., in chronic infections. Moreover, γδ T cells can be manipulated ex vivo or in vivo to achieve an efficient immune response against infected or transformed cells. Nevertheless, further studies are necessary to address the most beneficial therapeutic approaches to modulate the self and non-self-immune response mediated by γδ T cells.
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Since anti-HIV treatment cannot cure the infection, many strategies have been proposed to eradicate the viral reservoir, which still remains as a major challenge. The success of some of these strategies will rely on the ability of HIV-specific CD8+ T-cells (CD8TC) to clear reactivated infected cells. Here, we aimed to investigate the phenotype and function of in vitro expanded CD8TC obtained from HIV+ subjects on combination antiretroviral therapy (cART), either initiated earlier (median = 3 months postinfection, ET: Early treatment) or later (median = 20 months postinfection, DT: Delayed treatment) after infection. Peripheral blood mononuclear cells from 12 DT and 13 ET subjects were obtained and stimulated with Nef and Gag peptide pools plus IL-2 for 14 days. ELISPOT was performed pre- and post-expansion. CD8TC memory/effector phenotype, PD-1 expression, polyfunctionality (CD107a/b, IFN-γ, IL-2, CCL4 (MIP-1β), and/or TNF-α production) and antiviral activity were evaluated post-expansion. Magnitude of ELISPOT responses increased after expansion by 103 times, in both groups. Expanded cells were highly polyfunctional, regardless of time of cART initiation. The memory/effector phenotype distribution was sharply skewed toward an effector phenotype after expansion in both groups although ET subjects showed significantly higher proportions of stem-cell and central memory CD8TCs. PD-1 expression was clustered in HIV-specific effector memory CD8TCs, subset that also showed the highest proportion of cytokine–producing cells. Moreover, PD-1 expression directly correlated with CD8TC functionality. Expanded CD8TCs from DT and ET subjects were highly capable of mediating antiviral activity, measured by two different assays. Antiviral function directly correlated with the proportion of fully differentiated effector cells (viral inhibition assay) as well as with CD8TC polyfunctionality and PD-1 expression (VITAL assay). In sum, we show that, despite being dampened in subjects on cART, the HIV-specific CD8TC response could be selectively stimulated and expanded in vitro, presenting a high proportion of cells able to carry-out multiple effector functions. Timing of cART initiation had an impact on the memory/effector differentiation phenotype, most likely reflecting how different periods of antigen persistence affected immune function. Overall, these results have important implications for the design and evaluation of strategies aimed at modulating CD8TCs to achieve the HIV functional cure.

Keywords: HIV functional cure, expanded CD8+ T-cell response, polyfunctionality and phenotype, antiviral activity, time of cART initiation


INTRODUCTION

Infection with Human Immunodeficiency Virus (HIV) causes an irreversible and profound deterioration of the immune system as well as abrogated T cell homeostasis, ultimately leading to the development of acquired immunodeficiency syndrome (AIDS) in the vast majority of infected persons. Despite dramatic advances made over the past three decades, it still constitutes a major public health concern worldwide. Following virus transmission, acute/early phase of infection is characterized by a high-level peak of viremia, rapid loss of CD4+ T-cells in both peripheral blood and mucosal lymphoid tissues, and clinical symptoms (1–3). Emergence of HIV-specific CD8+ T-cell response is associated with the drop of plasma viremia to a stable level, known as the viral set-point (4).

Since the implementation of combination antiretroviral therapy (cART), AIDS-associated death rates have decreased drastically, and morbidity and mortality of HIV+ subjects have been considerably reduced (with a concomitant improvement in their quality of life). Besides, transmission risks have diminished (with an impact on the global epidemic dynamics) (5). cART can quickly and persistently suppress viral replication but, if treatment is interrupted, plasma viral load (VL) rapidly increases (6, 7). The failure to eradicate HIV infection is due to the intrinsic stability of the viral genome in latently infected CD4+ T-cells and also other long-lived cells (8). Consequently, cART is currently a lifelong treatment with some limitations: the need of daily doses, the development of viral resistance, toxicity, and the impossibility to clear the infection. Moreover, even effectively treated HIV-infected individuals have a greater risk of experiencing non-AIDS related morbidity and mortality events than age-matched HIV-uninfected adults (including accelerated immune aging, higher cardiovascular risk, coagulopathies and other metabolic disorders), indicating that even effective cART cannot fully restore health (9). In this line, the idea of developing a cure for HIV infection has gained intense interest over the last years; this is the development of a therapeutic intervention or approach that controls (functional cure or long-term remission in the absence of cART) or eliminates (sterilizing cure) HIV infection (3, 10). To pursue this objective, several strategies are being investigated as reviewed in Deeks et al. (3) and Pitman et al. (11). Many of these strategies, such as the “shock and kill” model, require the preexistence of cellular responses being able to actively clear reactivated and/or persistent virus. However, CD8+ T-cell responses are severely waned in subjects on cART, limiting thus these approaches (12).

During the natural course of infection, HIV-specific CD8+ T-cells play a central role in the control of viral replication, particularly during acute infection (2, 4, 12). In this setting, our group has provided evidence regarding different qualitative aspects of the response (specificity, functionality, and phenotype) that better associate with virus control in an acute infection cohort from Argentina (13, 14). Progressive infection is characterized by the presence of a narrow, oligofunctional and exhausted cellular response. As subjects initiate cART, the magnitude of the CD8+ T-cell response declines rapidly (15–20) though some publications have demonstrated that the remaining cells still possess antiviral functions (21–23). Importantly, it has been recently illustrated in a non-human primate model that CD8+ T-cells might have a role in controlling viral production even on cART (24). Moreover, some studies have indicated that CD8+ T-cells still exert selective pressure in subjects on cART, suggesting that this response might be acting on viral residual replication as reviewed in McIlroy (25). Finally, different attributes of the CD8+ T-cell response have been related to the reservoir size once the subjects are on treatment (26–30). However, cART interruption leads to rapid viral rebound, indicating that control mediated by CD8+ T-cells is temporal and inefficient (31).

Thus, the success of the strategies aimed at eliminating the viral reservoir using HIV-specific memory CD8+ T-cells that persist after cART initiation will require refined knowledge about the functional and phenotypic properties of these cells. Here, we aimed to investigate the phenotype and function of in vitro expanded CD8+ T-cells from HIV+ subjects on cART who initiated treatment either early or late after infection. Results indicated that HIV-specific cells can be selectively stimulated and expanded in vitro, presenting a high proportion of cells able to carry out multiple effector functions. On the contrary, cART initiation timing had an impact on the memory/effector differentiation phenotype. Despite this, expanded cells from both groups had potent antiviral activity. Thus, we propose that despite differences in the duration of antigen persistence, HIV-specific CD8+ T-cells remain detectable and functional but should be boosted in order to support viral clearance.



MATERIALS AND METHODS


Study Subjects

Twenty-five HIV+ subjects were enrolled during acute/early infection and followed up longitudinally as part of the Grupo Argentino de Seroconversión study group. Enrollment criteria were described elsewhere (32, 33). Twelve subjects initiated cART after 4 months since the estimated date of infection (from now on Delayed Treatment (DT) group), and 13 initiated cART within 4 months post-infection (Early Treatment group, ET). For this study, samples were collected from study participants at ~12 months post-cART initiation.

This study was reviewed and approved by two institutional review boards: Comité de Bioética Humana, Fundación Huésped, and Comité de Ética Humana, Facultad de Medicina, Universidad de Buenos Aires, Buenos Aires, Argentina. All participants provided written informed consents and agreed to participate in this study in line with the Declaration of Helsinki.



Samples

Forty ml of whole blood were collected from study participants, centrifuged to separate plasma, and stored at −80°C. Peripheral blood mononuclear cells (PBMCs) were isolated by Ficoll-Hypaque density gradient centrifugation (Amersham, Sweden) and cryopreserved for subsequent functional assays. Plasma viral load (VL) was determined by branched-DNA, Versant HIV-1 RNA 3.0 assay (Siemens Healthcare, UK). CD4+ and CD8+ T-cell counts were determined using TruCount absolute-count tubes (BD Bioscences, USA) on a BD FACSCalibur flow cytometer.



Peptide Pools

Potential T-cell epitope (PTE) peptide panels corresponding to Nef (unique pool, n = 127 peptides) and Gag [2 pools: p17 (n = 97) and p24 (n = 128)] HIV proteins and the cytomegalovirus (CMV), Epstein-Barr virus, and influenza virus (CEF) peptide pool were obtained from the NIH AIDS Reagent Program (34, 35). Lyophilized peptides were dissolved in dimethyl sulfoxide (DMSO) at 40 μg/μl and stored at −20°C.



HIV-Specific CD8+ T-Cell Expansion

Cryopreserved PBMCs were thawed in PBS (Sigma-Aldrich), 2% fetal bovine serum [FBS; Gibco BRL], and 1 mM EDTA supplemented with 25 U/ml DNase I (Benzonase nuclease; Sigma-Aldrich) and then rested overnight (ON) in DNase-free complete RPMI medium (RPMIc; RPMI 1640 [Gibco BRL], 10% fetal bovine serum [FBS; Gibco BRL], 2 mM L-glutamine [Gibco BRL], 100 U/ml penicillin [Gibco BRL], 100 μg/ml streptomycin [Gibco BRL], 10mM HEPES [Gibco BRL]). Rested PBMCs were cultured in 12-well plates at a density of 2–3 × 106 cells/ml in cRPMI medium supplemented with 100 U/ml IL-2 (Biolegend Inc, USA) and in the presence of 1 μg/ml of the corresponding HIV peptide pool or CEF peptide pools, for 14 days. Medium was replaced every 72 h with freshly-prepared cRPMI supplemented with IL-2. Expanded cells were subsequently studied by ELISPOT, flow cytometry, and antiviral activity assays (Figure 1).
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FIGURE 1. Schematic representation of the experimental design. PBMC samples were obtained from enrolled subjects. First, IFN-γ ELISPOT was performed directly ex vivo (pre-expansion). PBMCs were then expanded for 14 days in the presence of Nef or p24 peptide pool, generating Nef-specific and p24-specific effector. At day 14, IFN-γ ELISPOT, CD8+ T-cell polyfunctionality and CD8+ T-cell phenotype (CCR7, CD45RO, CD95, and PD-1) were evaluated by flow cytometry. Expanded CD8+ T-cells were also purified and used as effectors in the VIA (1) and VITAL (2) assays. In parallel, autologous CD4+ T-cells were purified with CD3.8 bispecific antibodies to generate CD4+ target cells. See M&M for further details. PBMC, Peripheral blood mononuclear cells; VIA, Viral inhibition assay; CTL, CD8+ T-lymphocyte.





ELISPOT Assay

Interferon gamma (IFN-γ)-secreting cells were evaluated by ELISPOT before and after HIV-specific CD8+ T-cell expansion (pre-expansion, i.e., immediately after PBMC ON rest, and post-expansion) following the protocols published previously (13, 36, 37).



Flow Cytometry

CD8+ T-cell phenotype and functionality were evaluated in 14-day expanded cells by flow cytometry as reported by our group, with modifications (13, 14, 38). Briefly, cells were re-stimulated with the designated peptide pool (same used for expansion, at 2 μg/ml) or DMSO (to account for background) plus costimulatory antibodies (anti-CD28 and anti-CD49d; 1 μg/ml; BD Biosciences), monensin (Golgistop, 0.7 μl/ml; BD Biosciences) and brefeldin A (10 μg/ml; BD Biosciences) for 5 h at 37°C. Anti-CD107a/b-FITC antibodies (BD Biosciences) were also added to identify degranulating cells. For the functionality panel, cells were stained upon stimulation with Zombie NIR™ Fixable Viability Kit (Biolegend, USA), and the following conjugated antibodies: anti-CD14-V450, anti-CD19-V450, anti-CD3-BV786, anti-CD8-APC, and anti-CD4-BV650 (BD Biosciences). Then, cells were permeabilized (Permeabilization Wash Buffer, Biolegend), fixed (Fixation Buffer, Biolegend), and subsequently stained using anti-IL-2–PerCP-Cy5.5, anti-TNF-α-PECy7, anti-IFN-γ-BV711, and anti-CCL4-PE conjugated antibodies (BD Biosciences).

In parallel, CD8+ T-cell memory phenotype was studied. Cells were shortly stimulated as described above and afterwards stained with Zombie NIR™ Fixable Viability Kit plus the following conjugated antibodies: anti-CCR7-Alexa700, anti-PD-1-PE, anti-CD3-BV786, anti-CD8-APC, anti-CD4-BV650, anti-CD14-V450, anti-CD19-V450, anti-CD45RO-PerCPCy5.5, and anti-CD95-PE-CF594 (BD Biosciences, USA). Then, cells were permeabilized, fixed and stained with anti-IL-2, anti-TNF-α, and anti-IFN-γ antibodies, all of them conjugated to FITC (BD Biosciences) to identify specific cells regardless of its function.

Flow cytometry data acquisition was performed on a 3-laser 14-color BD FACSAria FUSION flow cytometer using the BD FACSDiva v 8.0.1 software (BD Biosciences). Instrument settings and fluorescence compensation were performed using unstained samples and single stained BD CompBeads (BD Bioscience). Isotype controls, consisting of expanded, stimulated cells stained with conjugated antibodies to CD14, CD19, CD3, CD4, and CD8 surface molecules plus the isotype controls corresponding to the CCR7, CD45RO, CD95, PD-1, and/or the corresponding intracellular marker staining, were performed for each individual in order to set negative populations accurately.

Acquired data was analyzed using FlowJo v10 (Data Analysis Software, LLC). Gating strategy was performed as shown in Figure S1. First, single cells were selected in a forward scatter area (FSC-A) vs. FSC-Height plot. Then, dead cells were excluded on the bases of Zombie NIR™ fluorescence and monocytes as well as B lymphocytes were also excluded on the bases of V450 fluorescence (CD14 and CD19 staining). Subsequently, the lymphocyte population was selected in a FSC-A vs. side scatter (SSC) plot. Samples with at least 100,000 events in the lymphocyte gate were included in subsequent analyses. Finally, CD3+ CD8+ (or CD4+) cells were gated in CD3-vs.-CD8 (or CD4) dot plots.

To study CD8+ T-cell polyfunctionality, CD8 vs. CD107a/b, IFN-γ, IL-2, CCL4, or TNF-α plots were constructed. After the gates for each function were created, the Boolean gate platform was used to create the full array of obtainable combinations, equating to 32 possible combinations. Data presented correspond to background-subtracted results using the DMSO plus CD28/CD49d stimulation. This was performed on a cytokine-subset-by-cytokine-subset basis, i.e., subtracting the result from this condition for a given cytokine subset to the same subset of a peptide-stimulated condition. One standard deviation (SDs) above background was set as the threshold for determining positive responses. Values below this threshold were set at 0.

For phenotype analysis, HIV-specific CD8+ T-cells were identified in a CD8 vs. FITC plot (CD107a/b, IFN-γ, IL-2, CCL4, and TNF-α). A positive cytokine response was defined as at least twice the background value, >0.05% after subtraction of background and at least 1,000 events. This criterion was established to minimize the possibility of error due to a low number of events when further subdividing these cells into the different memory subsets. To analyze the distribution of the different phenotype subsets, CD45RO vs. CCR7 density plots were constructed on both bulk and HIV-specific CD8+ T-cells to identify central memory T-cells (TCM, CCR7+/CD45RO+), effector memory T-cells (TEM, CCR7−/CD45RO+), and terminal effector T-cells (TTE, CCR7−/CD45RO−). CD95 expression was analyzed within the CD45RO−CCR7+ cells thus defining naïve T-cells (TN, CCR7+/CD45RO−/CD95−) and stem-cell memory T-cells (TSCM, CCR7+/CD45RO−/CD95+). Additionally, PD-1 expression was studied both on bulk (total and also within each memory subpopulations) and HIV-specific CD8+ T-cells.



CD8+ T-Cell Antiviral Activity

Antiviral activity of expanded CD8+ T-cells was evaluated by two different assays (Figure 1): The Viral Inhibition Assay [VIA, (13, 39, 40)] and the VITAL assay [adapted from Hermans et al. (41)]. In the former, both cytolitic and non-cytolitic mechanisms of viral inhibition are accounted while in the latter direct cell-mediated toxicity is measured. For both assays, target (autologous CD4+ T-cells) and effector (expanded CD8+ T-cells) were prepared following the same procedure:

Generation and Isolation of Expanded Nef- and p24-Specific Effector CD8+ T-Cells

PBMCs were thawed and stimulated with either peptide pools spanning Nef or p24 proteins as stated above (day 0). At day 13 post-expansion and after a 5-h short re-stimulation (as described previously), percentages of cytokine-producing cells and degranulating cells (i.e., total HIV-specific cells) were assessed by flow cytometry. At day 14, expanded CD8+ T-cells were isolated by positive selection using Anti-Human CD8 Magnetic Particles (BD Biosciences).

Generation of Autologous CD4+ T-Cell Targets

PBMCs were thawed and cultured in cRPMI medium supplemented with 50 U/ml IL-2 plus 0.5 μg/ml CD3/8 bi-specific antibody (obtained through the NIH AIDS Reagent Program, Division of AIDS, NIAID, NIH: Anti-Human CD3/8 Bi-specific Monoclonal from Drs. Johnson Wong and Galit Alter). PBMC treatment with CD3/8 bi-specific antibody results in the elimination of CD8+ T-cells and purification of activated CD4+ T-cells. To determine purity, expanded CD4+ T-cell were stained with Zombie viability kit, anti-CD3-PECy7, anti-CD4-PerCP, and anti-CD8-BV510 at day 13. In all cases, 90% purity was achieved.

Viral Inhibition Assay (VIA) (Figure 1)

Target cells (purified and activated CD4+ T-cells) were infected in parallel with 4 different viral strains: an X4-tropic laboratory strain (NL4-3) and three HIV-1 clade B transmitted/founder (T/F) primary viruses selected from the full panel of T/F Infectious Molecular Clones available at the NIH AIDS Reagent program (Division of AIDS, NIAID, NIH: Cat #11742 (X4-tropic T/F virus, from now on Virus 4, V4), cat #11746 (R5-tropic T/F virus obtained after an event of heterosexual transmission, from now on Virus 8, V8), and Cat #11749 (R5-tropic T/F virus obtained after an event of male-to-male transmission, from now on Virus 9, V9) from Dr. John Kappes (42–45). Pseudotyped viral stocks were produced by co-transfecting 293T cells with the corresponding HIV plasmid together with a plasmid encoding the Vesicular Stomatitis Virus (VSV) protein G, using the X-treme GENE 9 DNA transfection reagent (Roche, Switzerland). Culture supernatants were harvested 48 h post-transfection clarified by centrifugation at 600 g for 15 min at 4°C, fractioned and stored at −80°C until use. Viral titer was estimated by p24 antigen quantitation by ELISA (Sino Biological Inc., China).

Viruses were added to target cells at 15 ng p24/100,000 CD4+ T-cells. In order to improve infection efficiency, plates were first centrifuged at 1,200 g for 1 h at 22°C (spinoculation), and then viral adsorption was let to proceed for an extra hour at 37°C in a humidified CO2 incubator. After infection, cells were washed twice and co-cultured at 1:1 ratio with purified expanded Nef-specific or p24-specific CD8+ T-cells (effectors) in U-bottom 96-well plates, in cRPMI medium containing 10 U/ml IL-2. Infectivity controls consisted of infected CD4+ T-cell targets without CD8+ T-cell effectors. Uninfected controls consisted of uninfected target cells without effectors. All conditions were assayed in triplicate. At day 4 post-infection, half of the culture supernatant was removed and replenished with fresh medium. At day 7, supernatants were collected and stored at −20°C until p24 antigen quantitation by ELISA. CD8+ T-cell anti-HIV suppressive capacity was calculated as the log10 of the percentage of p24 antigen loss when CD8+ T-cells were present in the culture compared to CD4+ T-cell infected controls without effectors, for each virus.

In vitro Cell Killing Assay (VITAL Assay, Figure 1)

2 × 106 cells/ml target cells (purified and activated CD4+ T-cells) were first stained with 1 μM of CFSE (Molecular Probes, USA) at 37°C for 8 min, followed by the addition of an equal volume of FBS to quench the reaction. After CFSE staining, cells were loaded with peptide antigens by incubation for 2 h in cRPMI supplemented with 2 μg/ml of either Nef or p24 peptide pool. In parallel, untreated CD4+ T-cells (i.e., not loaded with peptides) were labeled with 2 μM PKH26 red fluorescent cell linker (Sigma-Aldrich, USA). Peptide-loaded CFSE+ and unloaded PKH26+ cells were extensively washed, combined and plated in U-bottomed 96-well plates at 5 × 104 cells of each fluorescent population per well. Nef- or p24-specific effector cells were added to the corresponding wells at the indicated target-to-effector (T:E) ratios (1:1, 1:5, 1:10 and 1:1 adjusted [i.e., 1:1 ratio adjusted to proportion of specific CD8+ T-cell effectors as determined by intracellular staining and flow cytometry]), in triplicate. Following overnight incubation at 37°C, cells were stained with Zombie Viability Kit and anti-CD3-PECy7, anti-CD4-PerCP, and anti-CD8-BV510 antibodies, and analyzed in a 2-laser, 8-color BD FACSCanto flow cytometer. Data acquisition was performed using the BD FACSDiva software and analyzed subsequently with FlowJo v10 software (Data Analysis Software, LLC). Initial gating was performed in a FSC-A vs. FSC-H plot to exclude doublets, and then lymphocytes were selected in a FSC-H vs. SSC-A plot. Subsequently, Zombie- negative cells (i.e., living cells) were gated. Then, CD3+CD4+ cells were selected and the analysis was performed on this population. CFSE vs. PKH26 plots were constructed, and cell survival of antigen-loaded targets cells (CFSE-positive) in the presence of effectors was determined compared to conditions without effector cells. Adjusted survival was calculated as the mean percentage of CFSE+ events with added effector vs. the condition with no effectors. Finally, the percentage of specific lysis was calculated using the equation: %specific lysis: 100—%adjusted survival.



Data Analysis

The presumed date of infection was estimated as reported previously (32, 33). Date of cART initiation was informed by clinicians. Most data was expressed as median values with interquartile ranges (25 to 75%, IQ25-75) and analyzed by nonparametric methods using GraphPad Prism 7 software, unless otherwise stated. Inter- and intra-group comparisons were performed using Mann-Whitney and Wilcoxon tests, respectively. Correlation analyses were performed using the Spearman's rank test. In this case, p-values were adjusted for multiple comparisons using a false discovery rate (FDR) procedure, according to the Benjamini and Hochberg method, using the GraphPad Prism 7 software.

For the polyfunctionality analysis and cell phenotype data sets generated by flow cytometry, SPICE 6.0 software (https://niaid.github.io/spice/) was used following the experimental and technical considerations published by the software developers (46). In particular, Student's t-test and a partial permutation test were used to compare distribution profiles between groups.

All tests were considered significant when the p-value was <0.05. Adjusted p-values for correlation analyses were considered significant when <0.1.




RESULTS


Study Subjects

Twenty-five HIV+ subjects were enrolled during acute/early HIV infection (within 6 months from presumed date of infection) and followed up for over at least 1 year after cART initiation. Subjects were segregated into two subgroups according to cART initiation timing. A 4-month post-presumed date of infection cut-off was selected based on the fact that CD8+ T-cells are key players in viral set point establishment, which is usually reached around 4 months post-infection (2, 47). Thus, the responses evaluated would represent pre- and post-set-point scenarios. Delayed Treatment group (DT; 12 subjects) included subjects who initiated treatment after 4 months from presumed date of infection (median time to cART initiation = 20 months, [Interquartile range IQ25-75: 9.5–24.25 months]) while Early Treatment group (ET; 13 subjects) included subjects who started cART within 4 months post-presumed date of infection (median time to cART initiation = 3 months [IQ 25–75: 2–3.5 months]). All samples used for the study were obtained at ~1 year after treatment initiation (DT: median time on cART = 13 months [IQ25-75: 5.75–18 months]; ET: median = 14 months [IQ25-75: 12–16.5 months]). Detailed descriptions of participants are shown in Table 1.



Table 1. Clinical data corresponding to HIV+ subjects enrolled per study group.
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Median pre-treatment plasma VL was significantly higher in ET compared to DT (283,441 RNA copies [IQ25-75: 31,443–500,000] and 38,407 RNA copies/ml [IQ 25-75: 11,349–122,260], respectively; p = 0.0207). This reflects the fact that DT individuals already reached the VL set point by the moment of cART initiation while ET individuals had not reached that stage yet. All samples obtained after cART initiation and used for this study had undetectable plasma VL (lower limit of detection 50 RNA copies/ml).

Pre-treatment CD4+ T-cell counts and CD4/CD8 ratios did not differ between groups (DT: median CD4+ T-cell count = 370 cells/μl [IQ25-75: 290.3–450.8], Median CD4/CD8 ratio = 0.45 [IQ25-75: 0.33–0.66]. ET: median CD4+ T-cell count = 435 cells/μl [IQ25-75: 334.5–640.5], Median CD4/CD8 ratio = 0.33 [IQ25-75: 0.18–0.68]). Both groups experienced significant improvements in both parameters by 1 year after cART initiation compared to the pre-cART determination (DT: median CD4+ T-cell count = 549 cells/μl [IQ25-75: 506.8–732], p = 0.002; median CD4/CD8 ratio = 0.755 [IQ25-75: 0.67–1.26], p = 0.0005; ET: median CD4+ T-cell count = 829 cells/μl [IQ25-75: 625.5–1053], p = 0.0005; median CD4/CD8 ratio = 1.32 [IQ25-75: 0.89–1.74], p = 0.0002). Moreover, both CD4+ T-cell count and CD4/CD8 ratio evaluated on-cART were significantly higher in ET vs. DT (p = 0.025 and p = 0.014, respectively), mirroring a poorer CD4+ T-cell recovery in DT after a longer period prior cART initiation.



HIV-Specific T-Cells From DT and ET Subjects on cART Could Be Equally Expanded in vitro

Based on the notion that HIV-specific CD8+ T-cell frequency decays significantly following cART initiation, and that the median half-life for the rate of decay is around 40 weeks (16), we first evaluated whether HIV-specific CD8+ T-cells from DT and ET subjects after 1 year of cART could be expanded in an in vitro model. For this, PBMCs were stimulated with HIV peptide pools spanning Nef and Gag (sum of anti-p24 and p17 responses) proteins or the control CEF pool; plus IL-2 for 14 days and specific responses were evaluated pre- and post-expansion by ELISPOT (Figure 2A). Median pre-expansion responses found in DT were 30 SFU/106 PBMC (IQ25-75 25–65) for Nef, 107.5 (58.75–257.5) for Gag and 147.5 (51.25–366.3) for CEF peptides. No significant differences were found when comparing pre-expansion DT responses with those evaluated in ET, which were as follows: 25 (25–55) for Nef, 40 (25–346.3) for Gag, and 117.5 (25–495) for CEF peptides. After expansion, responses to all antigens tested were significantly increased in both study groups (by 103 times) and were predominantly mediated by CD8+ T-cells, as observed later by flow cytometry (as explained below) which is consistent with higher representation of MHC-class I restricted peptides within the PTE peptide pools. Post-expansion magnitude in DT was 9,390 SFU/106 PBMC (IQ25–75 2,800–255,455) for Nef (p = 0.0039, compared to the pre-expansion condition), 7,700 (3,415–507,893) for Gag (p = 0.002) and 253,155 (617.5–500,000) for CEF (p = 0.0176). Similarly, post-expansion magnitude in ET was 2,110 (441.3–5,900) for Nef (p = 0.0005), 3,105 (1,365–4,578) for Gag (p = 0.0005) and 8,740 (940–500,000) for CEF (p = 0.0005). No differences were observed between DT and ET, for any of the antigen used. Then, the relative contribution of each antigen to the total post-expansion anti-HIV response was analyzed to provide an image of the response breadth for both groups (Figure 2B). DT individuals showed an even contribution of anti-Nef, p17 and p24 responses to the total HIV response. Although the distribution was not different from ET (p = 0.1786), it is worth highlighting that ET showed a lower contribution of anti-p17 responses and a higher contribution of anti-Nef responses, resulting globally in a narrower response mostly directed toward Nef and p24. Moreover, no differences were found when comparing the pre- and post-expansion distribution intragroups (not shown). Finally, the mean spot size was recorded in both pre- and post-expansion conditions as a measure of the amount of IFN-γ produced by the individual specific T-cells (Figure 2C). Mean spot size significantly increased after expansion with all antigens tested. No significant differences were observed between DT and ET subjects. In sum, the magnitude of HIV-specific cellular responses could be equally expanded in vitro both in DT and ET subjects, and cells showed higher potential to secrete IFN-γ after stimulation. Of note, this parameter has been associated with higher T-cell avidity and a polyfunctional profile (13, 48, 49). Finally, DT subjects displayed a broader response to HIV peptide pools after expansion than ET subjects.
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FIGURE 2. ELISPOT screening of HIV-specific T-cell response before and after in vitro expansion, in samples from DT and ET individuals obtained after one year on cART. (A) Magnitude of total anti-Nef, anti-Gag (sum of anti-p17 and anti-p24 responses), and anti-CEF IFN-γ-producing cellular responses, expressed as spot forming units (SFU)/106 PBMCs, measured pre- and post-expansion in vitro on a subject-by-subject basis (each represented by a line). (B) Relative contribution of each antigen to the total HIV post-expansion response expressed as the percentage out of the total sum of the specific response (sum of the magnitude obtained for all Nef, p17 and p24 antigens), for DT (left pie) and ET (right pie) subjects. (C) Mean spot size obtained for HIV and CEF peptide pools at pre- and post-expansion conditions. HIV mean spot sizes represent the average mean spot sizes out of all Nef, Gag, and CEF pools for which a positive response was obtained in the ELISPOT assay on a subject-by-subject basis. Intragroup differences were analyzed using Wilcoxon test. Asterisks denote different P values: *p < 0.05; **p < 0.01; ***p < 0.005. DT, Delayed treatment (N = 10); ET, Early treatment (N = 13).





Polyfunctionality of Expanded CD8+ T-Cells Is Not Conditioned by cART Initiation Timing

T-cell polyfunctionality has been largely considered an important metric reflecting the quality of the T-cell response (50). Thus, the capacity to degranulate (evaluated by the mobilization of CD107a/b to the plasma membrane) and to produce IFN-γ, IL-2, CCL4 (MIP-1β), and TNF-α was evaluated post-expansion by flow cytometry (gating strategy is shown in Figure S1). From this point forward, only CD8+ T-cells expanded with Nef and p24 peptide pools were analyzed. p17-specific cells were excluded because, in this model, they proved limited expansion potential. It was observed that, as aforementioned, CD8+ T-cells were preferentially expanded in our model, and CD4+ T-cells represented only a small proportion of cells after expansion (data not shown). When analyzing CD8+ T-cells expressing each of the functions either alone or in combination, and in consonance with the ELISPOT results, it was first noted that the proportion of responsive cells was much higher than that found when evaluating this parameter directly ex vivo (13, 14, 51). This finding is in line with the specific proliferation and survival of HIV-specific cells after the in vitro expansion. No significant differences were observed between DT and ET subjects either when polyfunctionality was analyzed as a whole or when functions were analyzed individually or combined (Figure 3A). Then, the same analysis was performed but splitting the responses toward the different HIV antigens and CEF (Figure 3B). In this case, total proportion of mono, bi, tri, tetra, and pentafunctional cells were analyzed independently of any particular function due to the low number of positive responses when fragmenting the analysis. By doing this, no differences were observed in the polyfunctional profile of expanded Nef-specific, p24-specific, even in CEF-specific CD8+ T-cells obtained from ET. Only a non-significant reduction in the proportion of pentafunctional Nef-specific and p24-specific cells was observed when compared to CEF-specific cells from the same group. Conversely, expanded p24-specific CD8+ T-cells from DT subjects showed an enrichment of monofunctional cells compared to Nef-specific (p = 0.042) and CEF-specific (p = 0.16) cells. Overall, expanded HIV-specific CD8+ T-cells from DT and ET subjects showed a polyfunctional response comparable to CEF-specific responses, with high proportions of tetra and pentafunctional cells.
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FIGURE 3. CD8+ T-cell polyfunctionality analysis after in vitro expansion with specific peptides. (A) Pies depict the distribution of mono-(blue), bi-(green), tri-(yellow), tetra-(orange), and penta-functional (red) cells within HIV specific CD8+ T-cells, for DT and ET subjects. Bar charts represent the proportion of HIV-specific CD8+ T-cells displaying each particular function or combination of functions (31 possible combinations of positive responses). The color code shown at the bottom mirrors the one shown in the pies. Black dots represent DT subjects and gray dots represent ET subjects. Boxes extend from min to max, horizontal bar within boxes represent median values (B) Polyfunctional profile for CD8+ T-cells with different specificities (Nef, p24 or CEF) within DT group (left panel) and ET group (right panel). This analysis was performed considering cells that were able to mediate either one, two, three, four, or five functions, regardless of any particular function or function combination (block analysis). Analyses were performed with SPICE software. When analyzing global distribution (pies) permutation tests were applied, instead when analyzing bar graphs, Student T-test were used. *p < 0.05. DT, Delayed treatment (N = 11 for Nef- and p24-specific responses, N = 8 for CEF-specific responses); ET, Early treatment (N = 12 for Nef- and p24-specific responses, N = 9 for CEF-specific responses).





Time to cART Initiation Impacts on CD8+ T-Cell Memory/Effector Phenotype Distribution Post-expansion

Cell phenotype was then evaluated by flow cytometry (Figure S1). Distribution of naïve (TN), stem-cell memory (TSCM), central memory (TCM), effector memory (TEM), and terminal effector (TTE) T-cells was studied both on bulk and HIV-specific CD8+ T-cells. In addition, expression of PD-1 was monitored. As expected, the general memory phenotype distribution was sharply skewed toward an effector phenotype after expansion. When analyzing the distribution of memory phenotype within the bulk CD8+ T-cell compartment, the following hierarchy emerged in both groups: TTE >TEM >TSCM >TCM >TN (Figure 4A). However, the global distribution was significantly different between DT and ET (p = 0.0051) driven by intergroup differences in the proportion of various sub-populations: ET subjects showed significantly higher proportions of TSCM (median % 11.93 vs. 4.21, p = 0.003) and TCM (median % 1.9 vs. 1.00, p = 0.016) subsets, and significantly lower proportions of TTE (median % 44.35 vs. 73.70, p = 0.003). Percentages of TN cells were minimum in both groups (0.22 and 0.64% in DT and ET, respectively). Within the HIV-specific compartment, TEM and TTE were exclusively found among cells from DT while in ET subjects TSCM and TCM were also observed. The same pattern was observed for Nef-specific and p24-specific responses as well as for the CEF-specific response when analyzed separately (Figure 4B). In this case, the differences observed were not statistically significant, most likely due to the reduced numbers of positive responses when the analysis was segregated across antigens.
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FIGURE 4. Memory/effector phenotype analysis on expanded CD8+ T-cells from DT and ET individuals. (A) Distribution of effector/memory subsets in bulk CD8+ T-cells analyzed post-expansion. DT, Delayed treatment (N = 11 subjects, total 22 responses); ET, Early treatment (N = 13 subjects, total 26 responses). (B) Distribution of effector/memory subsets in Nef-, p24-, and CEF-specific CD8+ T-cells, identified on the bases of cytokine production and/or degranulation capacity. DT, Delayed treatment (N = 10 Nef-specific responses, N = 8 p24-specific responses, N = 5 CEF-specific responses); ET, Early treatment (N = 12 Nef-specific responses, N = 12 p24-specific responses, N = 10 CEF-specific responses). In (A,B), analyses were performed with SPICE software. In bar graphs, the color code shown at the bottom mirrors the one shown in the pies. Black dots represent DT subjects and gray dots represent ET subjects. Boxes extend from min to max, horizontal bar within boxes represent median values. When analyzing global distribution (pies) permutation tests were applied, instead when analyzing bar graphs, Student T-test were used. *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.005. SCM, Stem cell memory; CM, Central memory; EM, Effector memory; TE, Terminal effector.



Then, we sought to analyze PD-1 expression in expanded cells. First, it was observed that the PD-1 expression was markedly lower in expanded cells compared to previous studies in a similar population but measuring PD-1 expression directly ex vivo (not shown) (14, 52–54). No significant differences were observed in PD-1 expression either at the bulk or HIV-specific CD8+ T-cells compartments, between DT and ET groups (Figure 5A). On the other hand, HIV-specific cells showed significantly higher PD-1 expression compared to the bulk compartment, both in DT (p = 0.0268) and ET (p < 0.0001) which is in consonance with previous observations in other settings (14, 55, 56). Then, the distribution of different memory/effector phenotypes was investigated within the PD-1+ events (only for the bulk compartment) (Figure 5B). The global distribution of subsets was significantly different between groups (p = 0.0339), with DT subjects showing an increased representation of CD8+ TTE cells within the PD-1+ events, compared to ET subjects (p = 0.026) who, in turn, showed higher proportions of TSCM and TCM CD8+ PD-1+ cells (p = 0.023 and p = 0.013, respectively). Subsequently, we aimed to analyze the PD-1 expression distribution along the different memory/effector phenotypes. Due to the reduced number of events within the TN, TSCM, and TCM subsets, this analysis could only be performed on the bulk CD8+ TEM and TTE subsets. In both DT and ET subjects, PD-1 expression was significantly higher in TEM compared to TTE subsets (Figure S2A). Likewise, TEM CD8+ cells showed a significantly higher proportion of degranulating and/or cytokine-producing cells compared to TTE in both groups (Figure S2B) pointing to a rheostat-like function of PD-1 rather than being merely a marker of cell exhaustion.
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FIGURE 5. PD-1 expression on expanded CD8+ T-cells from DT and ET individuals. (A) Post-expansion percentages of bulk and HIV-specific PD-1+ CD8+ T-cells. Boxes extend from min to max. Horizontal bar within boxes represent the median. *p ≤ 0.05; ****p ≤ 0.0001 according to Wilcoxon's test. (B) Distribution of effector/memory phenotypes within bulk PD-1+ CD8+ T-cells analyzed post-expansion. Analysis was performed with SPICE software. In bar graphs, the color code shown at the bottom mirrors the one shown in the pies. Black dots represent DT subjects and gray dots represent ET subjects. Boxes extend from min to max, horizontal bar within boxes represent median values. When analyzing global distribution (pies) permutation tests were applied, instead when analyzing bar graphs, Student T-test were used. *p ≤ 0.05; **p ≤ 0.01. DT, Delayed treatment (N = 11 subjects, 21 responses). ET, Early treatment (N = 13 subjects, 26 responses). SCM, Stem cell memory; CM, Central memory; EM, Effector memory; TE, Terminal effector.



Overall, both at the bulk and HIV-specific compartments, ET subjects showed a preservation of early differentiated cells (TSCM and TCM), which was also represented as a higher proportion of TSCM and TCM cells within the PD-1+ compartment. DT subjects showed a differentiated profile with increased representation of cells with effector phenotype (TEM and TTE). PD-1 expression was concentrated in HIV-specific CD8+ TEM cells.



Expanded CD8+ T-Cells From DT and ET Subjects Were Highly Capable of Mediating Antiviral Activity

The capacity of in vitro expanded CD8+ T-cells to exert viral inhibition by cytolitic and non-cytolitic mechanisms was evaluated by two different assays (see M&M and Figure 1). First, the VIA assay (which measures the magnitude of the overall CD8+ T-cell antiviral potency comprising both cytolytic and non-cytolytic pathways) (39) was performed to evaluate the ability of expanded cells (either expanded with Nef or p24 peptides) to suppress the replication of one lab-adapted HIV strain (NL4-3) and three T/F primary strains (V4, V8, and V9). A significant capacity to mediate viral inhibition was observed both for Nef-specific and p24-specific cells from DT and ET subjects toward all viruses assayed (Figure 6A). Within Nef-specific CD8+ T-cells, no significant differences were found between groups in their capacity to mediate VIA, although a trend was evident toward DT individuals displaying a higher capacity (p = 0.0616). In contrast, p24-specific CD8+ T-cells from DT subjects showed a significantly stronger antiviral activity compared to p24-specific cells from ET subjects (p = 0.005). No significant differences were observed when analyzing Nef-specific and p24-specific cells within each study group. In parallel, the VITAL assay (which depicts direct cytotoxicity) was performed. Figure 6B shows dot-plots obtained from one representative assay, which depicts specific progressive loss of antigen-loaded CFSE+ target cells as effectors are added at increasing ratios. Compiled data indicated that no significant difference could be observed between DT and ET individuals at any E:T ratio evaluated, regardless of CD8+ T-cell specificity (Figure 6C). When performing an intragroup response analysis (i.e., comparing Nef-specific vs. p24-specific CD8+ T-cells from DT or ET subjects), no differences were found (Wilcoxon's test p > 0.05). Only a tendency toward Nef-specific CD8+ T-cells was evidenced showing an improved capacity to mediate a direct cytolytic activity compared to p24-specific CD8+ T-cells in both groups.
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FIGURE 6. Capacity of in vitro expanded CD8+ T-cells to exert viral inhibition by cytolytic and non-cytolytic mechanisms. (A) In vitro viral inhibition assay (VIA) mediated by Nef-specific (left panel) and p24-specific (right panel) CD8+ T-cells. VIA was expressed as the log10 of the proportion of p24 antigen lost when effector CD8+ T-cells were present in the culture, compared to target cells (infected autologous CD4+ T-cells) alone. Dots represent individual subjects. The different viral strains employed in the experiment are displayed in a different color. DT, Delayed treatment (N = 4 subjects, 14 Nef-specific responses and 15 p24-specific responses); ET, Early treatment (N = 12 subjects, 40 Nef-specific responses and 41 p24-specific responses). (B) Dot-plots obtained in one representative VITAL assay. At the 1:0 T:E ratio (far left panel), an even distribution of peptide-loaded (CFSE+PKH26−) targets and not-loaded targets (CFSE−PKH26+) targets is observed. From left to right, increasing ratios of effectors (1:1, 1:1 adjusted [i.e., 1:1 ratio adjusted to proportion of specific CD8+ T-cell effectors as determined by intracellular staining and flow cytometry], 1:5 and 1:10) are shown and the concomitant loss of antigen-loaded targets is observed. (C) Percentage of specific lysis exerted by Nef-specific (left panel) and p24-specific (right panel) CD8+ T-cells, as determined by the VITAL assay. Results for DT and ET subjects are shown at the different T:E ratios evaluated. DT, Delayed treatment (N = 7 subjects for Nef-specific responses and N = 6 subjects for p24-specific responses). ET, Early treatment (N = 10 subjects, both for Nef- and p24-specific responses). Black dots represent DT subjects and gray dots represent ET subjects. In (A,C), boxes extend from min to max values. Horizontal lines within boxes represent the median values. In (A), intergroup differences were analyzed using Mann-Whitney test; **p < 0.01.





Full Differentiation, Polyfunctionality, and PD-1 Expression of CD8+ T-Cells Relate to Antiviral Function in This Expanded Model

Thus, we sought to investigate the relationship between CD8+ T-cell phenotype and functionality (in terms of cytokine production and degranulation capacity) post in vitro expansion, and the magnitude of antiviral activity measured by VIA and VITAL assays. For this, results obtained with Nef- and p24-specific effectors were merged, due to no intragroup differences (i.e., within DT or ET subjects). First, a potential association with the results from the VIA assay was investigated. Activity against all viruses was examined. Correlation analysis revealed that the magnitude of VIA was inversely correlated with the proportion of bulk CD8+ TSCM cells (r = −0.2634, p = 0.0054), bulk CD8+ TCM cells (r = −0.2058, p = 0.031), and directly with the proportion of bulk CD8+ TTE cells (r = 0.1878, p = 0.0495). All correlations remained statistically significant after adjusting for multiple comparisons (p = 0.0270, p = 0.0775, and p = 0.0825, respectively). Furthermore, an inverse correlation with the proportion of HIV-specific CD8+ TSCM cells was found (r = −0.2529, p = 0.0195, adjusted p = 0.0713; Figure 7A). On the other hand, no significant correlations were found when analyzing the capacity of cells to mediate degranulation and/or secrete cytokines. Second, the magnitude of VITAL assay, at 1:5 T:E ratio, was inversely correlated with the proportion of HIV-specific CD8+ TSCM cells (r = −0.4677, p = 0.0376, adjusted p = 0.0627), inversely with HIV-specific CD8+ TCM cells (r = −0.7228, p = 0.0003, adjusted p = 0.015), and directly correlated with the proportion of HIV-specific CD8+ TTE cells (r = 0.5035, p = 0.0280, adjusted p = 0.0627) (Figure 7B). Additionally, correlations between VITAL magnitude and CD8+ T-cell functionality were also found: direct correlations with the proportion of degranulating cells (r = 0.5065, p = 0.0162, adjusted p = 0.0432), IFN-γ-producing (r = 0.563, p = 0.0064, adjusted p = 0.0259), CCL4-producing (r = 0.5957, p = 0.0034, adjusted p = 0.0259), and TNF-α-producing CD8+ T-cells (r = 0.5494, p = 0.0081, adjusted p = 0.0259), as well as with proportions of polyfunctional cells able to degranulate and secrete IFN-γ alone or plus one or two extra functions, regardless of any particular one (r = 0.4652, p = 0.0291, adjusted p = 0.0582; r = 0.5671, p = 0.0059, adjusted p = 0.0259, r = 0.549, p = 0.0081, adjusted p = 0.0259, respectively), and also tetrafunctional cells able to degranulate, express IFN-γ and TNF-α plus 1 extra functions (r = 0.4767, p = 0.0249, adjusted p = 0.0569) (Figure 7C). Finally, PD-1 expression within HIV-specific cells proved to directly correlate with direct cytotoxicity (VITAL assay 1:5 ratio; r = 0.4861, p = 0.0160, adjusted p = 0.032), the proportion of degranulating cells (r = 0.699, p = 0.0012, adjusted p = 0.0063), IFN-γ-producing CD8+ T-cells (r = 0.7647, p = 0.0002, adjusted p = 0.0014), CCL4-producing CD8+ T-cells (r = 0.7661, p = 0.0002, adjusted p = 0.0014) and TNF-α producing CD8+ T-cells (r = 0.8493, p < 0.0001, adjusted p = 0.0014). Interestingly, PD-1 expression within HIV-specific cells also directly correlated with the proportion of degranulating polyfunctional cells that concomitantly secrete IFN-γ, TNF-α plus one extra function (r = 0.6809, p = 0.0019, adjusted p = 0.008) (Figure 7D). Overall, this data points toward the need to fully differentiate into an effector phenotype to gain maximum antiviral activity in both assays. VITAL assay better correlated with subsets of functions containing degranulating cells, thus reflecting the nature of the assay. Of note, correlations with the proportion of IFN-γ and TNF-α-producing CD8+ T-cells might be driven by a high coexpression with CD107a/b+ cells. Interestingly, PD-1 appeared as a marker of polyfunctional expanded cells able to mediate direct cytolysis.
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FIGURE 7. Correlation analyses between antiviral activity versus cell phenotype and functionality of expanded CD8+ T-cells. (A) Correlations between VIA magnitude (evaluated against all viruses and merging data from Nef-specific and p24-specific effectors) and bulk and HIV-specific CD8+ T-cell memory phenotype. Square dots represent DT subjects and round dots represent ET subjects. The different viral strains employed in the VIA experiment are displayed in a different color, matching the color code showed in Figure 6A. (B,C) Correlations between VITAL magnitude and the proportions of HIV-specific CD8+ T-cell memory phenotype (B), and the proportions of CD8+ T-cell functionality (C). (D) Correlations between the percentage of PD-1 expressing HIV-specific CD8+ T-cells and cell functionality. (B–D) Black dots represent DT subjects and gray dots represent ET subjects. r and p values correspond to Spearman's correlations.






DISCUSSION

Combination antiretroviral treatment has largely improved HIV+ individual's quality of life and expectancy. Nevertheless, it cannot eliminate the viral reservoir by itself, precluding thus the cure of the infection. Many strategies have been proposed to eradicate the viral reservoir. The success of some of these strategies, such as the “shock and kill” approach, will rely mainly on the ability of HIV-specific CD8+ T-cells to clear reactivated infected cells. Nevertheless, our knowledge regarding the quality of remaining CD8+ T-cell responses on-cART is not accurate. Pivotal studies indicated that cART-treated individuals retain CD8+ T-cells that, upon ex vivo expansion, are able to exert antiviral activity in vitro, even against reactivated cells (i.e., latently infected CD4+ T-cells exposed to latency reversal agents) (57–59), although the depletion of infected cells is not complete (60). Yet, the functional and phenotypic characteristics needed to boost in the quest of a functional cure are not thoroughly understood. Here, we performed a comprehensive evaluation of the quality of in vitro expanded CD8+ T-cells obtained from HIV+ subjects who initiated cART at early (<4 month) or delayed (>4 month) time-points post-infection. Results indicated that (i) Nef- and p24-specific T-cell responses could be expanded in vitro, both in DT and ET subjects; (ii) expanded cells were highly polyfunctional; (iii) after expansion, the memory/effector differentiation profile was sharply skewed toward an effector phenotype, although ET subjects showed preserved proportions of TN, TSCM, and TCM subsets; (iv) expanded CD8+ T-cells were highly capable of mediating antiviral activity and the magnitude of these activities were related to the proportion of fully-differentiated effector cells as well as with CD8+ T-cell functionality; (v) PD-1 expression in expanded cells was mainly concentrated in HIV-specific TEM CD8+ cells and correlated to cell polyfunctionality and cytolytic activity.

Compiling evidence depicts the profound benefits that early initiation of cART has on both virologic and immunologic parameters in infected individuals (26, 27, 31, 47). Longer antigen persistence was shown to be deleterious on HIV-specific CD8+ T-cells, resulting in an exhausted and hyperactivated immune response (27, 61). Furthermore, the latent reservoir is not only larger in size but also altered in its composition, possibly containing variants resistant to dominant CD8+ T-cell responses, rendering immune eradication therapies less efficient in individuals initiating cART during chronic infection (58). So far, few works have studied the differences in breadth and magnitude of CD8+ T-cell responses arising from starting cART at different time-points after infection (54, 62, 63), but no evaluation has been focused on how those differences impact on the final antiviral activity, an important issue to be addressed when assessing functional cure strategies. In this context, we aimed to assess whether the moment of cART initiation (relative to the presumed date of infection) has an impact on post-expansion HIV-specific CD8+ T-cell responses.

Because CD8+ T-cell responses in subjects on cART are dramatically diminished (15–20), an in vitro cell expansion protocol was implemented. Several and diverse works have proven its utility in boosting HIV-specific responses to optimal activity (23, 40, 54, 57–59, 64–67). This work analyzed HIV-specific CD8+ T-cell responses against Gag and Nef peptide pools based on a number of reasons: (1) during acute infection, Nef is the immunodominant target (68–70), though the response broadens afterwards to epitopes within other viral proteins including Gag (71–75), (2) higher frequencies of CD8+ T-cells with polyfunctional responses to Gag and Nef were associated with lower viral set-points (76), (3) Gag-specific CD8+ T-cell responses were associated with virus control in different settings (72–74, 77); particularly, early anti-Gag immunodominance was associated with improved antiviral activity and also with lower rate of disease progression (13); (4) expandable Gag responses were associated with strong antiviral activity and lower residual viral loads in Elite Controllers (40, 66); (5) Nef protein is detectable in PBMCs from subjects under cART (78) and (6) CD4+ T-cells from individuals on prolonged therapy contain “defective” proviral sequences that are able to express Nef (79). Despite being the CD8+ T-cell response very low and at times almost undetectable before stimulation, we were able to specifically and significantly expand it in both groups of individuals. However, DT subjects displayed a more homogeneous response, in terms of specificity, than ET subjects, for whom the post-expansion response was narrower. This could likely occur due to a longer period of antigen stimulation, which would have allowed CD8+ T-cells from DT to develop into a broader-spectrum of specificities to different viral antigens. In consonance with the results obtained by Deng et al. a broader CD8+ T-cell response would be favorable when the elimination of reactivated viruses is required (58). Nevertheless, it is worth noting that anti-Nef and anti-p24 responses were equally expandable in both groups.

Early reports comparing the capacity of CD8+ T-cells to degranulate and secrete multiple soluble mediators upon stimulation, between individuals with progressive vs. long-term nonprogressive HIV infection, have suggested that CD8+ T-cell polyfunctionality would be a functional correlate of virus control (76, 80). Later, it was shown that polyfunctionality does not necessarily correlate with disease progression (13). Instead, lack of T-cell polyfunctionality would be the consequence of constant antigen stimulation during viremic chronic infection, which ultimately may lead to cell exhaustion and functional impairment (81, 82). In any case, CD8+ T-cell polyfunctionality relates to a beneficial response. Here, a significant proportion of peptide-expanded CD8+ T-cells presented the ability to mediate different and simultaneous functions. In this line, several reports have evidenced the significant presence of polyfunctional cells upon expansion with specific peptides (40, 48). Particularly, Ndhlovu et al. (40) showed that, after expansion with a similar protocol to the one used here, Elite controllers had significantly higher frequencies of polyfunctional cells compared to a group of chronically infected subjects on cART. Contrary to the findings of Ndhlovu et al. we did not observe differences between study groups, i.e., polyfunctionality was equally evident in DT and ET subjects. One point to be considered is that DT and ET groups are less polar than Elite controllers and chronics on cART. Thus, more subtle differences might exist between DT and ET which could not be evidenced here. Regarding time to cART initiation, a similar study also indicated that it did not impact CD8+ T-cell polyfunctionality profile, although evaluated directly ex vivo (54).

CD8+ T-cells follow a progressive pathway of differentiation from naïve T-cells into different memory/effector subsets. Each subset is characterized by self-renewal, proliferative and functional attributes (83). Memory CD8+ T-cell differentiation in progressive HIV infection is severely skewed, reflecting improper terminal differentiation of effector cells (14, 84, 85). Interestingly, the early deterioration of CD8+ T-cell differentiation pathway was directly associated with disease progression (14, 86), while effective cART seems not to restore this phenomenon completely (65). Here, CD8+ T-cell memory/effector differentiation was evaluated post-expansion in cells from DT and ET subjects. In this condition of strong antigen triggering and cytokine-driven proliferation signaling, a considerable extent of differentiation to effector phenotypes was expected. However, this was not equally represented by the two study groups included in this work: ET subjects had increased proportions of TN, TSCM, and TCM upon expansion. Initially, this could have been considered as an advantage since less differentiated cells with improved proliferative and self-renewal capacities were preserved. However, as will be later discussed, it inversely correlated with antiviral function. CD8+ TSCM cells have been described as a subset of antigen-experienced cells that retain a core of genes expressed by TN cells, and also display superior ability to proliferate homeostatically and persist in the long term (83). Recently, it has been reported that HIV+ subjects receiving cART have higher proportions of CD8+ TSCM cells and that this proportion even increases as time on cART extends (87). Since DT and ET subjects have a similar median time on cART at the moment of sampling, it would be interesting to evaluate if a higher representation of CD8+ TSCM cells after expansion could be reflecting an increase in the frequency of TSCM cells before expansion. This in turn, would be a consequence of the earliest cART initiation. For regimens of adoptive cell transfer, widely explored in the field of cancer and Epstein-Barr virus–associated malignancies, it is known that CD8+ T-cell differentiation widely affects the anti-tumoral response: although effector memory cells have fully functional differentiation, the diminished proliferative capacity severely compromises the success of the adoptive transfer because the effect is transient. Thus, strategies for limiting ex vivo differentiation but retaining functional differentiation are being evaluated (88). The same reasoning could apply in this context: ET subjects harbor the advantage of a preserved TSCM subset but strategies to potentiate their antiviral activity should be explored.

Apart from memory/effector phenotype, the expression of PD-1 was investigated post-expansion. PD-1 is an inhibitory coreceptor that is involved in the fine-tuned regulation of the threshold of antigen responses of T and B cells. It is endowed with unique modulatory functions where its presence/absence matters but also its expression level is crucial (89, 90). During chronic viral infections, extremely high and persistent PD-1 expression has been found in T cells. This PD-1high phenotype has been consistently associated with a state of cellular exhaustion in the context of different persistent viral infections, including HIV (14, 55, 56, 89, 91, 92). In this study, PD-1 expression in expanded CD8+ T-cells was low compared to other reports measuring PD-1 expression directly ex vivo, as already mentioned. This could be the result of PD-1 down-modulation or death of PD-1+ cells during expansion. The latter would be in consonance with the notion that exhausted PD-1+ cells show decreased telomerase activity and telomere lengths rendering them more susceptible to cell death (93, 94). Expanded PD-1+ cells were concentrated in the HIV-specific compartment, particularly within CD8+ TEM and TTE cells. In addition, positive correlations were found between PD-1 expression on expanded HIV-specific cells and CD8+ T-cell functionality. This is in line with data provided by Hokey et al., who found high PD-1 expression on cells with activated memory and effector phenotypes despite decreased telomere lengths, suggesting PD-1 could play a costimulatory role in CD8+ T-cell populations (95). Moreover, a recent report showed that tumor-reactive CD8+ T-cells that persist after adoptive cell-transfer therapy, and associate with tumor regression, are mostly polyfunctional and simultaneously express high levels of PD-1 (96). This data highlights the fact that the PD-1 role in the context of viral reactivation needs further research. Many studies have already proven the benefits of PD-1 signaling inhibition by anti-PD-1L (anti-PD-1 ligand] at the moment of CD8+ T cell stimulation, (93, 97). Combination therapies that stimulate and simultaneously modulate the specific immune response (through PD-1 blocking for instance) are believed to be the optimal approaches for future therapeutic schemes (98, 99).

Then, we aimed to analyze whether CD8+ T-cells quality and phenotype would have an impact on the global capacity to mediate viral inhibition. To attain this, two different approaches were used. VIA is a versatile technique that allowed us to investigate CD8+ T-cell-mediated inhibition of viral replication of four different virus strains, three HIV-1 primary isolates and a laboratory strain. Even though it provides a global picture of the antiviral response, it cannot discriminate if cytotoxicity plays a relevant antiviral role in this expansion model. To assess this aspect, Herman's VITAL assay was implemented. This method particularly evaluates the direct cytotoxicity, requiring cell-to-cell contact between peptide-loaded target cells and effectors. Thus, this was carried out concomitantly with VIA to assess the contribution of cytolytic mechanisms to the global antiviral response. We considered relevant to perform such a discrimination because in a context of functional cure, strong cytolytic activity would be preferred over non-cytolytic mechanisms to eliminate reactivated cells (100). In this fashion, these experiments provide complementary data, granting a larger picture of the immune response. Here, both Nef- and p24-specific cells from DT and ET individuals were able to mediate VIA against the broad repertoire of viruses assayed, including clinically relevant viral strains. HIV-specific cells from DT group were prone to display greater inhibitory activity than ET but it was only statistically different from p24-specific cells. Bulk CD8+ T-cell differentiation level correlated with VIA magnitude, stating that complete differentiation was needed to be achieved in order to mediate viral inhibition. We have already proven that terminal memory differentiation was needed to exert optimal antiviral activity in subjects off-cART and measured directly ex vivo (14). Here, this association was maintained even after expansion and in subjects on cART. This is consistent with reports that proved effector memory T-cells efficiency at controlling new infections because they are endowed with more immediate effector functions (27, 101). For VITAL assay, no differences were found between groups. Furthermore, VITAL magnitude correlated with a higher proportion of HIV-specific terminal effector cells. We also found that cells able to degranulate and secrete IFNγ or TNFα, either as unique functions or combined, exerted a greater cytolityc activity. In this line, it has been shown that CD107a/b surface expression was associated with the capacity of antigen-specific CD8+ T-cells to eliminate infected cells as observed in VIA assays (13, 102). Additionally, CCL4 has been shown to interfere with HIV infection by blocking the binding to CCR5 coreceptor and has been associated with higher VIA magnitude (102). In our model, no differences were found in the total percentage of CCL4-expressing CD8+ T-cells between groups, which is consistent with the lack of difference in VIA magnitude. To date, no reports associated VITAL assays with the level of degranulation post-expansion in HIV-specific cells, representing a novel finding. Of note, most correlations found for VITAL assay were driven by results obtained for Nef-specific responses. Moreover, a tendency toward Nef-specific cells able to mediate stronger direct cytotoxicity was evidenced. Given that CD4+ T-cells from HIV+ subjects on treatment upregulate HIV-1 mRNA within 1 h of stimulation and produce extracellular virus as early as six-h poststimulation, CD8+ T-cells that recognize specifically early gene products, such as Nef, would be most beneficial in functional cure approaches. Additionally, they would effectively kill reactivated cells before viral spread and Nef-mediated MHC-downmodulation (67). Indeed, recent findings indicated that ongoing Nef-expression in treated subjects is associated with the maintenance of Nef-specific CD8+ T-cells (28). Not only our results suggest that direct cytotoxicity was mediated more efficiently by Nef-specific CD8+ T-cells, but also, for the reasons above stated, it would be an important target to boost in functional cure approaches and vaccine formulations.

Overall, this is a novel comprehensive study evaluating the quality of in vitro expanded CD8+ T-cells from DT and ET HIV+ subjects with relevant implication in the design and evaluation of functional cure strategies relying on CD8+ T-cell-mediated killing among others. Limitations of this study include, but might not be restricted to: (i) the use of a strong and prolonged stimulation protocol for T-cell expansion might mask subtle inter-group differences, for instance as a consequence of activation-induced cell death of certain cell subsets and survival of others common to both groups, thus we cannot exclude the possibility that with alternative expansion protocols (such as by using IL-7 or IL-15) differences may arise; (ii) identification of HIV-specific cells by combining molecules with the same fluorochrome leads to the underestimation of the specific response which might be mistakenly considered within the bulk compartment; (iii) production of perforins and granzymes, which were already described as key components of CD8+ T-cell antiviral function, were not measured, and thus not accounted, for depicting CD8+ T-cell quality; (iv) DT group is highly heterogenous which might potentially lead to data misinterpretation; (v) ET subjects might have initiated treatment even after seroconversion so they do not represent really early treated subjects such as those defined in other cohorts (27). This last point might instead be interpreted as an advantage in terms of potential translation of the results to the every-day practice. Detection of an acutely infected subject is extremely unusual, being mostly diagnosed at late Fiebig stages (IV to VI). Therefore, the scenario presented here would better approximate to a real context.

In sum, low frequency of HIV-specific CD8+ T-cells from subjects on-ART for at least 1 year were readily expandable in vitro and retained antiviral functions. Minor qualitative differences were observed in expandable CD8+ T-cell responses between DT and ET subjects, mostly related to the memory/effector differentiation profile. Thus, the initiation of cART before the viral set-point did not represent a major benefit in terms of post-expansion CD8+ T-cell quality in our model. In other words, having started cART during chronic infection would not represent an obstacle to undergo immunomodulatory approaches. Studies aimed at determining how the quality of the pre-cART response relates to the post-expansion scenario and how all these parameters relate to the viral reservoir are being conducted. Although we showed here that in vitro expansion results in a fully antiviral functional response, it remains to be elucidated if this kind of responses (with the proper specificity and functionality), can be elicited in vivo (through therapeutic vaccination, for instance) or if an adoptive transfer strategy would be the best option to achieve a functional cure for HIV. Additionally, the inclusion of immunomodulators (immune checkpoint inhibitors and/or agonist of stimulatory pathways) should be considered to overcome the intrinsic immune damage caused by the infection in each particular subjects, leading to the development of tailor-made regimens. In any case, these results add important information to rationally design and/or evaluate future strategies to modulate not only anti-HIV T-cell responses but also immune responses toward other persistent pathogens.
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Figure S1. Gating strategy used for the identification of the studied cellular populations, by flow cytometry. (A) To study CD8+ T-cell polyfunctionality, initial gating was performed on a forward scatter area (FSC-A) vs. FSC-height (FSC-H) plot to remove doublets. Dead cells were then excluded on the bases of Zombie NIR fluorescence. Then, gating was performed on CD14/CD19 negative cells in order to exclude monocytes and B lymphocytes, and then small lymphocytes were selected in FSC vs. side scatter (SSC) plot. Subsequently, CD3+ cells were gated in a CD3 vs. SSH dot plot, and then a CD8 vs. CD4 dot-plot was constructed to identify CD8+ events. To study CD8+ T-cell polyfunctionality, plots were derived from the CD8+ gate to study each particular function: degranulation (evidenced as CD107a/b mobilization) and production of IFN-γ, IL-2, CCL4, and TNF-α. Cells capable of exerting multiple functions simultaneously (degranulating and/or secreting multiple cytokines; 2, 3, 4, or 5 functions) were identified using the Boolean gating strategy available at FlowJo v10 software. (B) For the phenotype panel, the initial gating strategy was identical to the polyfunctionality panel up-to-the point of CD8 vs. CD4 plot. There, CD8+ events were gated to define bulk CD8+ T-cells and a CD8 vs. FITC plot was derived to identify HIV-specific CD8+ T-cells (defined as the ones degranulating and/or expressing cytokines, all stained in FITC). Subsequent analyses were performed on both populations as shown by overlaid dot-plots and overlaid histograms. To analyze the distribution of the different phenotype subsets, CD45RO vs. CCR7 density plots were constructed to identify central memory T-cells (TCM, CCR7+/CD45RO+), effector memory T-cells (TEM, CCR7−/CD45RO+) and terminal effector T-cells (TTE, CCR7−/CD45RO−). CD95 expression was analyzed within the CD45RO−CCR7+ cells thus defining naïve T-cells (TN, CCR7+/CD45RO−/CD95−) and stem-cell memory T-cells (TSCM, CCR7+/CD45RO−/CD95+). Additionally, PD-1 expression was evaluated. In (A,B) illustration data represent cells derived from one representative subject, stimulated for 14 days with the HIV Nef peptide pool.

Figure S2. (A) Proportion of PD-1+ cells observed post-expansion on bulk CD8+ TEM and TTE cells from DT and ET individuals. (B) Proportion of HIV-specific cells (either Nef-specific or p24-specific) cells, identified on the bases of cytokine production and/or degranulation capacity, observed post-expansion on CD8+ TEM and TTE cells from DT and ET individuals. In (A,B), boxes extend from min to max. Horizontal bar within boxes represent the median. ****p ≤ 0.0001 according to Wilcoxon's test.
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Cytotoxic CD8+ T-cells are key players of the immune responses against viruses. During the priming of a CD8+ T-cell response, the activation of a naïve T-cell by a professional antigen presenting cell (APC) involves the induction of various intracellular and metabolic pathways. The modulation of these pathways at the level of APCs or T-cells offers great potential to enhance the induction of robust effector cells and the generation of long-lived memory cells. On the one hand, signaling through pathogen recognition receptors (PRRs) expressed by APCs can greatly influence T-cell priming, and the potential of several PRR ligands as adjuvants are being studied. On the other hand, the engagement of several metabolic processes, at play in APCs and T-cells upon stimulation, implies that modulating cellular metabolism can impact on priming efficacy. Here, we review recent efforts to understand the interplay between PRR mediated signaling and metabolic pathway modulation in this context, through three examples: interplay between TLR4 and fatty acid metabolism, between TLR9 and IDO, and between STING and autophagy. These initial works highlight the potential for harnessing the induction of antiviral CD8+ T-cell responses using synergistic modulation of metabolic and PRR pathways.
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INTRODUCTION

CD8+ T-cells are major actors of the fight against viruses. Owing to their capacity, through T-cell receptor (TCR)—peptide Major Histocompatibility Complex (pMHC) interactions, to recognize a diversity of antigens presented on virus infected cells, CD8+ T-cells can directly kill target cells. However, rather than their quantity or frequency, their quality, or aptitude to engage multiple effector functions, represents an important basis of their efficacy in viral infection settings (1, 2). Induction of CD8+ T-cells with superior qualitative properties is therefore a primary goal of vaccines and immunotherapies in this context. The acquisition of functional attributes by CD8+ T-cells is crucially dependent on the priming step of the response, when antigen specific naïve precursors get activated and expand in response to the presentation of their cognate antigen by dendritic cells (DCs) (3, 4). In recent years, we have gained increasing knowledge about the determinants of the quality of CD8+ T-cells, and how to influence them upon priming. For instance, dendritic cells (DCs) govern the nature of primed CD8+ T-cells via the provision of processed antigens in the form of pMHC class I molecules (signal I) and other important signals, including costimulatory interactions (signal II) and inflammatory cytokines (signal III) (5). Much effort has been focused on the modulation of DC function through pathogen-recognition-receptor (PRR) triggering (6, 7), as PRR ligands can modulate these different signals and thereby enhance the priming process to elicit more robust T-cell responses (7–9). Molecules, such as Toll-like receptor (TLR) ligands, can improve the immunogenicity of antigens by mimicking pathogen-associated “danger” signals in order to improve T-cell immunity (10, 11).

Moreover, new insights into cellular metabolism have underlined the tight connection existing between metabolic and functional properties of immune cells (12). For instance, recent studies have demonstrated that aerobic or catabolic metabolic processes and mitochondrial biogenesis control CD8+ T-cell effector and memory cell formation (13, 14). In response to activation, CD8+ T-cells undergo a metabolic transition or reprogramming. Quiescent naive T-cells have a low metabolic demand and rely primarily on oxidative phosphorylation (OXPHOS) (15, 16). Upon activation though, they switch to a AKT/mTOR-orchestrated reliance on multiple metabolic pathways including aerobic glycolysis, glutaminolysis and OXPHOS, which are important for the acquisition of effector functions and sustained proliferation (15–18). Eventually, memory CD8+ T-cells regain a more catabolic metabolism and preferentially rely on fatty acid (FA) synthesis to fuel FA oxidation and enhance mitochondria respiratory capacity, and thus provide survival advantages (19). Cellular metabolic intermediates are therefore major regulators of CD8+ T-cell activation and can dictate functional performance of effector cells upon priming (20). This opens new avenues to modulate cellular metabolic activity in order to promote the induction of high quality immune responses and enhance antiviral as well as antitumor CD8+ T-cell immunity. In this review, we discuss initial considerations regarding the metabolic parallels between PRR- or TCR-mediated stimulation, and recent works highlighting how the quality of primed CD8+ T-cells may be altered through metabolic regulation of T-cells or DCs using PRR agonists.



DIFFERENCES AND SIMILARITIES BETWEEN PRR- AND TCR-INDUCED METABOLIC REPROGRAMMING

The activation of both APCs via PRRs and T-cells via TCR is energetically reliant on the adoption of anabolic processes, and in particular on the consumption of glucose and production of lactate by a metabolic pathway called Warburg metabolism or aerobic glycolysis (15, 21–27). The rapid engagement of glycolysis has been shown in response to a broad array of PRR agonists, including ligands for TLR2, 4, 7, 9, and C-type lectin receptors, and is essential to support their stimulatory effects (22–25). Similarly, glycolysis is required for differentiation into effector cells and cytokine secretion in T lymphocytes upon TCR-mediate activation (26, 27).

The anabolic processes that regulate the activation of both DCs and T-cells are under the control of mTOR (15, 21), which is essential for differentiation of T-cells (28, 29) as well as for the maturation, differentiation, survival and T-cell stimulatory activity of DCs (21, 30–34). The glycolytic burst occurring in APC and T-cell upon activation is also supported by mTOR, via the transcription factors Hypoxia-inducible factor-1α (HIF-1α), that prompts the expression of key glycolytic enzymes (35–37). However, it has been reported that TCR-induced proliferation may occur also in the presence of mTOR inhibition (28, 29), which instead improves pro-inflammatory effects of TLR stimulation, resulting in enhanced IL-12 production and reduced IL-10 release by DCs (33, 38, 39), depending on the DC type (33). Therefore, the exact involvement of mTOR in integrating TCR and PRR signaling is not completely understood, and clues indicate a different role for this kinase in DC and T-cell activation.

Of note, TLR-induced metabolic reprogramming involves also the activation of de novo fatty acid synthesis (FAS) (23), required for the production of membranes to expand organelles (23). Interestingly, FAS is induced also after T-cell activation, and necessary for their expansion (12, 40). The induction of FAS upon PRR and TCR stimulation leads to the storage of fatty acids in lipid droplets (23, 41), whose function still remains controversial. Indeed, DCs with high content of lipids have been shown to better activate T-cells in the liver (42) but displayed diminished priming capacity within tumors (43). In addition, while storage of FA into triacylglycerol may be a mechanism exerted to avoid lipotoxicity (44), excess on neutral lipids has also been shown to induce apoptosis in T-cells (45).



INTERPLAY BETWEEN TLR4 AND FATTY ACID METABOLISM

The canonical Toll-like receptor 4 (TLR4) signaling cascade is initiated when lipid A (the membrane anchor of lipopolysaccharide [LPS]) is bound by the extracellular region of CD14, which complexes with MD2 and binds to membrane-bound TLR4 (46). Dimerization of these molecules with another lipid A-MD2-TLR4 complex creates a functional TLR4 signaling complex (47). Binding of a TLR4 agonist like lipid A initiates an innate immune response that can drive the development of antigen-specific acquired immunity (48). Mimicking the innate sensing of molecular patterns derived from microbes—pathogenic and non-pathogenic—to activate of immune cells, TLR4 agonist molecules show great promise for use as immunotherapeutic adjuvants to potentiate host responses in component vaccines [Reviewed in Reed et al. (48)].

With respect to metabolism, TLR4 stimulation has been linked with FA-induced inflammation in a number of pathologic conditions, including insulin resistance, retinal impairment, atherosclerosis and myocardial injury observed during diabetes and obesity (49–54). Long chain, saturated FAs (SFAs) require TLR4 to exert pro-inflammatory effects (55), and have been suggested to bind it (53, 56). Lipid A itself is acylated with SFAs (57), whose number, length and saturation determine the TLR4 agonistic properties of LPS (49, 57). Conversely, poly-unsaturated FAs (PUFAs) inhibit TLR4 activation (49, 58). Notably, a similar pattern has been shown for another bacterial cell wall sensor, TLR2 (59). More recently, it has been proposed that SFAs may act as agonists of TLR4 without binding it (55, 60). SFAs may indeed be able to induce TLR4 dimerization in lipid rafts, in a ligand-independent manner (61), a step that is inhibited by PUFA. Irrespective of the mechanisms, evidence is concordant in suggesting that saturated and polyunsaturated FAs exert opposite effects on TLR4-mediated inflammatory response and APC activation. Indeed, SFAs may up-regulate the expression of costimulatory molecules and cytokines, resulting in increased T-cell activation capacity, while these effects are inhibited by PUFA (62). Several lines of evidence suggest that PUFA may reduce the induction of T-cell responses (63–65), acting on both APCs and T-cells. In addition to preventing TLR4 dimerization in lipid rafts and inhibiting downstream kinases (61, 66), PUFA can affect lipid rafts composition in T-cells, altering TCR signaling (67, 68) and resulting in hampered T-cell functionality (68–70). Overall, SFAs may favor co-stimulation delivered by APCs to T-cells and favor both TLR4 and TCR signaling (71), thus potentially boosting priming capacity (Figure 1A).
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FIGURE 1. Schematic representation of the interplay between (A) TLR4 and fatty acid metabolism, (B) TLR9 and IDO, and (C) STING and autophagy. (A) TLR4 activation on APCs improves CD8+ T-cell priming. In addition to LPS, SFA are also thought to trigger TLR4. However, it has also been proposed that SFA act on TLR4-downstream pathways. In contrast, PUFA display anti-inflammatory effects, by dampening both TLR4- and TCR-induced signaling. (B) Dual role of TLR9 stimulation on T-cell activation. The TLR9 ligand CpG shows adjuvant effects, improving the co-stimulation delivered by APCs to T-cells. However, some reports highlighted that the same pathway may also trigger negative regulators of immunity, such as IDO that down-modulates APC-provided co-stimulation and favors Treg activity. Furthermore, IDO mediates tryptophan deprivation, with has negative consequences on T-cell functionality. (C) The autophagy-STING loop. The cytosolic DNA sensors cGAS converts ATP and GTP into the dinucleotide cGAMP, which triggers STING. Both cGAS and STING may promote authophagy, that can be involved in two distinct processes: inducing APC-delivered co-stimulation to T-cells, and STING degradation to avoid its permanent activation. The latter process seems under the control of AMPK, a kinase also acting in downstream TCR signaling in T-cells. AMPK, AMP-activated protein kinase; APC, antigen presenting cell; ATP, Adenosine Triphosphate; cGAMP, cyclic guanosine monophosphate–adenosine monophosphate; cGAS, cGAMP synthase; CpG, CpG oligodeoxynucleotides; GTP, Guanosine Triphosphate; IDO, Indoleamine 2;3-dioxygenase; Trp, tryptophan; LPS, lipopolysaccharide; PUFA, poly-unsaturated fatty acids; SFA, saturated fatty acids; STING, stimulator of interferon genes; TLR, toll like receptor.



However, the role of specific FA species on T-cell functionality is not yet completely understood (44). Although it appears clear that FA are required during T-cell expansion (72), their excess may result in reduced T-cell proliferation and increases apoptosis (44, 73), and their use as energy source (fatty acid oxidation—FAO) was initially considered not to contribute to T-cell expansion following priming (74), although important for the transition of primed T-cells toward memory (74). Conversely, it has been recently discovered that FAO may sustain metabolic shift occurring upon TLR4 and TCR stimulation, in low glucose concentration conditions (75, 76) and during graft-vs.-host disease (77), suggesting a potential role for FAO in T-cell priming. SFA-mediated pro-inflammatory signaling requires their ligation with coenzyme A, a necessary step for SFA oxidation (55), indicating that FAO may be important to facilitate pro-inflammatory effects. This indicates therefore that the enhancement of FA catabolism may synergize with TLR4 activation to boost T-cell priming. Although further studies are necessary to better understand the underlying mechanisms, three hypotheses about the role of FAO in boosting T-cell priming may be proposed: (i) the induction of pro-inflammatory signals; (ii) the provision of additional energy sources to the activated APCs and T-cells, and (iii) the removal of high (and potentially toxic) concentration of SFAs or of FA with inhibitory activity (such as PUFA).



INTERPLAY BETWEEN TLR9 AND IDO

TLR9 is an endosomal receptor recognizing specific unmethylated CpG motifs present at high frequency in bacterial genome but absent in the mammalian one. TLR9 signals via the adaptor protein MyD88, leading to the production of pro-inflammatory cytokines (after activation of the NF-κB pathway) and type I interferon (after activation of the IRF7 pathway) (78–80). Interestingly, TLR9 has also been identified as a specific sensor of RNA:DNA hybrids, a key intermediate component essential to the replication during infection. The use of TLR9 agonists as vaccine adjuvant presents a great potential [Reviewed in Scheiermann and Klinman (81)], and DNA vaccines containing unmethylated CpG motifs show an enhanced immunogenicity (7, 82).

Nonetheless, increasing evidence indicates that TLR9 stimulation may also have immunosuppressive/tolerogenic effects. Despite the lack of consensus on this issue, the major mechanism explaining this phenomenon is the TLR9-mediated modulation of Indoleamine 2,3-dioxygenase (IDO), that catalyzes the first step of tryptophan catabolism (Figure 1B). In vivo systemic treatment with different TLR9-ligands could decrease the onset/severity of autoimmune diseases but increase susceptibility to infections in a IDO-dependent manner (83–87). Indeed, high CpG oligodeoxynucleotide doses may induce IDO in pDCs and splenocytes (86, 88), reducing the secretion of pro-inflammatory cytokines and favoring the expression of PD-L1, fostering the acquisition of suppressive activity by Tregs (89) and reducing antigen-specific T-cell expansion (86, 88, 90). Nonetheless, TLR9-mediated IDO induction of immunosuppressive properties depends on the type of TLR9 ligand used, as well as on the dose and route of administration (85–87, 90). The induction of IDO expression is a well-known immunosuppressive mechanism, which is also observed in several viral infections (91, 92). In addition to TLRs, IDO expression may also be induced upon stimulation of several receptors, including those for type I and II interferons, CD40L and TGFβ (93). Tryptophan degradation in the kynurenine pathway (KP), whose first step is mediated by IDO, may lower the concentrations of this amino acid, essential for cell survival and proliferation, and result in the synthesis of KP metabolites with immunosuppressive activity (93). Tryptophan depletion inhibits mTORC1 activity in T-cells as well as their proliferation (93, 94), while moDCs and pDCs expressing IDOs might prompt Treg expansion and suppressive activity (95, 96). As a result, T-cell priming efficacy and the generation of robust antiviral and memory responses was shown to be ameliorated by the use of IDO inhibitors in vivo (97–99). The use of IDO inhibitors may therefore reduce immunosuppressive effects of TLR9 ligands and boost its adjuvant activity, favoring the induction of strong antiviral and antitumor T-cell responses (Figure 1B).



INTERPLAY BETWEEN STING AND AUTOPHAGY

In the recent years, a strong enthusiasm for the study of the stimulator of interferon genes (STING) pathway has led to a better knowledge of the complexity of cytosolic DNA sensors (100). First identified as an adaptor protein mediating innate immune signaling induced by cytosolic DNA sensors, STING's function as cyclic di-nucleotide sensor has been described only recently (101), generating great enthusiasm for its potential use in cancer immunotherapy [Reviewed in Iurescia et al. (102)]. STING is a receptor for cyclic guanosine monophosphate–adenosine monophosphate (cGAMP), which can be synthesized by cGAS (cGAMP synthase), a member of the nucleotidyl transferase family. The latter plays a role in the recognition of HIV and other retroviruses leading to the synthesis of cGAMP (103). The produced cGAMP acts as an endogenous second messenger that binds to STING, leading to the activation of IRF3 and the induction of type I interferon synthesis (101). In addition to its major role for RNA virus sensing, it has been shown that cGAS expression also broadly inhibits several DNA viruses. However, the effect of cGAS is not limited to viruses. It acts as a DNA sensor responsible for the recognition of Mycobacterium tuberculosis, leading to the activation of the STING pathway. The recognition of this bacteria, as well as others, is made through cyclic-di-AMP, a bacterial cyclic di-nucleotide (CDN) leading to the production of IFN-β. CDN are also able to stimulate STING directly, and to activate an innate immune response leading to the induction of type I interferons. Interestingly, it has been demonstrated that RNA:DNA hybrids are also sensed by the immune system through the cGAS-STING pathway, inducing a strong type I interferon response. cGAMP has proven to be an effective adjuvant, able to boost the production of antigen-specific antibodies and T-cell responses after an intramuscular administration in mice. It has been recently evidenced that cGAMP is a promising mucosal adjuvant. STING agonists are also novel and highly promising immunomodulators for cancer immunotherapy (104). Its activation by CDN has proved to be efficient for anti-tumoral vaccination against metastatic breast cancer. Surprisingly, the STING pathway can also be triggered upon mitochondrial damage through the generation of mitochondrial ROS and the release of endogenous DNA into the cytosol.

Increasing evidence indicates that pathogen-derived CDN may trigger autophagy via STING (105–107), which forms cytoplasmic structures with LC3 and Atg9a, two proteins involved in the autophagy process (108). However, controversies exist about the significance of STING-induced autophagy. Indeed, STING and TBK1 migrates together via an autophagy-like process (109), and autophagy inhibition in cells infected with viruses known to activate STING dampens type I interferon production (107, 109). This suggests that autophagy seems essential to STING mediated pro-inflammatory effects (Figure 1C). Consistently, downstream STING type I IFN induction is dependent on Vps34 (110), a phosphatidylinositol 3-kinase (PI3K) required for autophagy initiation (111). However, other two important autophagy-related proteins, Beclin-1 and the serine/threonine protein kinase ULK1, are dispensable for STING pro-inflammatory effects (110) but, rather, involved in STING degradation. ULK1 is activated, after the formation of STING-dependent autophagosomes, by the same cyclic dinucleotides that activate STING, but mediates its phosphorylation and blocking (110), while Beclin-1 interacts with cGAS to promote autophagy in a STING-independent manner, dampening interferon responses (112). Thus, autophagy would prompt STING degradation to avoid its chronic activity (110, 113). The dual role of autophagy in STING stimulation, delivering STING pro-inflammatory signaling at first and then mediating its degradation, suggests a temporal biphasic function of this metabolic process. Interestingly, a similar pattern has been described in T-cell activation: autophagy has been shown to first support NF-κB signaling in T-cells to then downregulate it (114, 115). Autophagy is activated and needed at the beginning of TCR stimulation to sense, and thus activate, mTOR (116, 117); then mTOR itself shuts down autophagy, which seems no longer required for effector cell generation, although essential for memory cell formation (117–119).

Further studies are needed to investigate which autophagy-related proteins should be targeted to improve STING adjuvant effects, enhancing downstream signaling and postponing its degradation to ensure prolonged STING activity at least during the initial phases of T-cell priming. Notably, cGAS-Beclin-1 mediated STING regulation is prompted by ligands, but not products of cGAS (such as 2′3′cGAMP), suggesting that the use of direct STING agonists may overcome this control mechanism leaving unaffected STING-induced autophagy. In addition, as the ULK1-dependent negative feedback is regulated by AMPK (110), whose inhibition leads to ULK1 activation, STING degradation and type I IFN response reduction (110, 120), AMPK activators might be used to prolong STING activity. It should be noted that AMPK has often been considered as anti-inflammatory, also for its capacity to suppress mTOR activity (121), which is required for T-cell activation. Nevertheless, AMPK activation occurs during and is essential for primary T-cell responses (74, 121, 122), may boost the generation of memory cells (74, 121), restore the functionality of exhausted effector cells (123) and generate robust effector cells starting from naïve cells (121, 123). Therefore, the potential use of AMPK activators in combination with STING ligands for priming of T-cell responses should be further explored with the aim to prolong STING pro-inflammatory activity, counteract exhaustion and prompt the generation of the memory pool.



CONCLUDING REMARKS

The discovery of PRRs and their ligands certainly represents one of the most fundamental advances of modern immunology with many, some yet to discover, applications in the context of vaccine development. In the recent years, our growing perception of the importance of immunometabolism is also opening new directions for immune interventions. Although it is still early days, the examples discussed in the present review provide clear evidence that combining our knowledge on metabolic immune regulation and PRR pathway activation offer great potential to influence the induction of potent immune responses. It will be important to assess the prospective use of such therapeutic approaches in animal or pre-clinical studies in order to better characterize benefits and drawbacks of these strategies in in vivo settings. Eventually, the combination of metabolic regulators and PRR based adjuvants may prove particularly effective in context of difficult to vaccinate populations, such as the elderly, whom immune cells present both metabolic and functional alterations, and overall suboptimal immune responsiveness.
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While it is now acknowledged that CD4+ T cells expressing CD25 and Foxp3 (Treg cells) regulate immune responses and, consequently, influence the pathogenesis of infectious diseases, the regulatory response mediated by Treg cells upon infection by Trypanosoma cruzi was still poorly characterized. In order to understand the role of Treg cells during infection by this protozoan parasite, we determined in time and space the magnitude of the regulatory response and the phenotypic, functional and transcriptional features of the Treg cell population in infected mice. Contrary to the accumulation of Treg cells reported in most chronic infections in mice and humans, experimental T. cruzi infection was characterized by sustained numbers but decreased relative frequency of Treg cells. The reduction in Treg cell frequency resulted from a massive accumulation of effector immune cells, and inversely correlated with the magnitude of the effector immune response as well as with emergence of acute immunopathology. In order to understand the causes underlying the marked reduction in Treg cell frequency, we evaluated the dynamics of the Treg cell population and found a low proliferation rate and limited accrual of peripheral Treg cells during infection. We also observed that Treg cells became activated and acquired a phenotypic and transcriptional profile consistent with suppression of type 1 inflammatory responses. To assess the biological relevance of the relative reduction in Treg cells frequency observed during T. cruzi infection, we transferred in vitro differentiated Treg cells at early moments, when the deregulation of the ratio between regulatory and conventional T cells becomes significant. Intravenous injection of Treg cells dampened parasite-specific CD8+ T cell immunity and affected parasite control in blood and tissues. Altogether, our results show that limited Treg cell response during the acute phase of T. cruzi infection enables the emergence of protective anti-parasite CD8+ T cell immunity and critically influences host resistance.
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INTRODUCTION

Regulatory T (Treg) cells, defined by the expression of the lineage transcription factor forkhead box P3 (Foxp3), are able to suppress most immune cells (1) and their suppressive function is crucial for immune homeostasis and prevention of autoimmunity (2). In addition, Treg cells were shown to be critical mediators in the modulation of host-microbe interaction during infections and to play beneficial or deleterious roles in host resistance (3). Several chronic bacterial infections, such as tuberculosis (4) and leprosy (5) promote the accumulation and preferential migration of Treg cells to target tissues, where these cells exert regulatory effects that compromise protective responses and favor bacterial persistence (6). During viral infections, the role of this cell subset appears to be different between acute and chronic infections and even to change during the same infection with the transition from acute to chronic stages. In this way, Treg cells have been shown to coordinate early protective immunity to mucosal Herpes Simplex Virus (7, 8) and pulmonary Respiratory Syncytial Virus (9, 10), and to sustain memory CD8+ T cell immunity to West Nile virus (11). In contrast, there is by far more evidence that Treg cells accumulate during certain viral infections and dampen adaptive immune responses, specially CD8+ T cell immunity, promoting virus establishment and infection chronicity (12, 13). Thus, Treg cells seem to exert a general beneficial role by limiting exuberant immune responses and the consequent excessive inflammation and immunopathology even at the expense of reducing viral control (12, 14, 15). Similar scenarios have been reported in the course of parasitic infections (16). During leishmaniasis (17) and malaria (18), Treg cells have been shown to limit the magnitude of effector responses, resulting in failure to adequately control infection (19–21). In contrast, these cells favor host resistance during infections with S. mansoni and T. gondii by restraining collateral tissue damage caused by vigorous anti-parasite immune responses (22–24). In addition, relative or absolute reduction in Treg cell numbers during acute infections with T. gondii (23, 25), L. monocitogenes (25), vaccinia virus (25) and LCMV clone Armstrong (26) supports the emergence of CD4+ and CD8+ T cell immunity. Therefore, the impact of Treg cells in the outcome of an infection is expected to be different depending on the pathogen, timing and affected tissues, while their manipulation may open up new avenues for therapeutic strategies.

Chagas disease (American Trypanosomiasis) is a life-threatening illness caused by the protozoan parasite T. cruzi (27). Last estimates calculated an infected population of about 6 million in endemic areas of Latin America and several hundred thousand worldwide, with more than 70 million people living at risk of infection and 40,000 new cases diagnosed per year (28). Host resistance to T. cruzi depends on both innate and adaptive immune responses which are triggered early during infection (29–31). Macrophages, dendritic cells, natural killer cells and B and T lymphocytes act in concert to control parasite replication but are not able to completely eradicate the pathogen (32). In particular, parasite-specific antibodies and CD8+ T cells together with a type I response with production of IFN-γ and TNF are critical for host resistance (32). Nevertheless, exuberant production of these inflammatory cytokines has been associated with tissue damage, immunopathology and disease severity in mice and humans (33–36), supporting the notion that regulatory responses greatly impact in the final outcome of T. cruzi infection. In this context, many studies aimed to understand the role of Treg cells during the progression of this parasitic infection, reporting often contradictory results. The frequency and functionality of Treg cells were shown to be increased in the peripheral blood of infected patients that presented less severe chronic disease (37–40), suggesting a beneficial role for this cell subset during human Chagas disease. On the other hand, experimental models reported protective (41, 42), limited (43, 44) and also deleterious (45) effects for Treg cells during T. cruzi infection. However, none of these studies addressed the kinetics or the phenotypical and functional features of the regulatory response, and more importantly, all of them targeted Treg cells by non-specific approaches. These technical limitations have delayed an accurate characterization of Treg cell responses during T. cruzi infection and, therefore, prevented any rational manipulation of this subset in order to modulate the outcome of the chronic disease.

In this manuscript, we took advantage of Foxp3-EGFP reporter mice to comprehensively determine the magnitude and quality of the Treg cell response triggered by T. cruzi infection. In addition, adoptive transfer experiments of in vitro differentiated Treg cells allowed us to establish the biological role of this subset in the regulation of protective immunity and parasite control.



MATERIALS AND METHODS


Mice

Mice used for experiments were sex- and age-matched. C57BL/6 and BALB/c wild type mice were obtained from School of Veterinary, La Plata National University (La Plata, Argentina). CD45.1 C57BL/6 mice (B6.SJL-Ptprca Pepcb/BoyJ), Foxp3-EGFP reporter mice (B6.Cg-Foxp3tm2Tch/J), IL-6 deficient mice (B6.129S2-Il6tm1Kopf/J) and Caspase-1/11 deficient mice (B6N.129S2-Casp1tm1Flv/J) were obtained from The Jackson Laboratories (USA). IFNAR deficient mice (Ifnar1tm1Ag) were obtained from Pasteur Institute (Paris, France) (46). Animals were bred in the animal facility of the Facultad de Ciencias Químicas, Universidad Nacional de Córdoba, and housed under a 12 h: 12 h light-dark cycle with food and water ad libitum.



Parasites and Experimental Infection

Bloodstream trypomastigotes of the Tulahuén strain of T. cruzi were maintained in BALB/c mice by serial passages each 10–11 days. For experimental infection, 7–10 weeks-old mice were inoculated intraperitoneally with 0.2 ml PBS containing 5 × 103 trypomastigotes. Alternatively, doses of 500 and 5 × 104 trypomastigotes were used as indicated.

Live T. cruzi trypomastigotes (Tulahuén) were obtained from the extracellular medium of infected monolayers of Vero cells, as previously described (47).



Quantification of Parasite Numbers in Blood and Parasite Burden in Tissues

Parasitemia was monitored by counting the number of viable trypomastigotes in blood after lysis with a 0.87% ammonium chloride buffer. Abundance of T. cruzi satellite DNA in tissues was used to determine parasite burden. Genomic DNA was purified from 50 μg of tissue (spleen and liver) using TRIzol Reagent (Life Technologies) following manufacturer's instructions. Satellite DNA from T. cruzi (GenBank AY520036) was quantified by real time PCR using specific Custom Taqman Gene Expression Assay (Applied Biosystem). Primers and probes sequences were previously described by Piron et al (48). A sample was considered positive for T. cruzi target when CT < 45. Abundance of satellite DNA from T. cruzi was normalized to GAPDH abundance (Taqman Rodent GAPDH Control Reagent, Applied Biosystem), quantified through the comparative CT method and expressed as arbitrary units.



Cell Preparation, Purification, and Culture

Blood was collected using heparin as anticoagulant. Spleens, thymi, livers and mesenteric and inguinal lymph nodes were obtained and pressed through a tissue strainer to obtain cell suspensions. Bone marrow cells were isolated by flushing femurs and tibias with PBS 2% FBS. Liver infiltrating cells were obtained after 25 min centrifugation (600 g) in a 35 and 70% bilayer of Percoll (GE Healthcare) gradient. Erythrocytes in bone marrow, spleen, thymus and liver cell suspensions were lysed for 3 min in ammonium chloride-potassium phosphate buffer. Cell numbers were counted in Turk's solution using a Neubauer chamber.

CD4+ and CD8+ T cells were isolated from pooled splenic suspensions by magnetic negative selection using EasySep™ Mouse CD4+ or CD8+ T Cell Isolation Kits, respectively (StemCell Technologies). After surface staining, Treg, Tconv and naïve CD4+ T cells were further purified from CD4+ T cell suspensions by cell sorting with a FACSAria II (BD Biosciences) using the following gating strategy: Treg cells: CD4+ Foxp3-GFP+ CD25int/hi; Tconv cells: CD4+ Foxp3-GFP− CD25−/+; and naïve CD4+ T cells: CD4+ Foxp3-GFP− CD25− CD62Lhi CD44lo. Cells were cultured in RPMI 1640 medium (Gibco, Invitrogen) supplemented with 2 mM glutamine (Gibco, Invitrogen), 55 μM 2-ME (Gibco, Invitrogen), and 40 μg/ml gentamicin (Veinfar Laboratories) containing 10% heat inactivated FBS (Gibco or Natocor).

For in vitro Treg cell differentiation, naïve CD4+ T cells or total splenocytes were stimulated at a cell density of 2 × 105/well during 3–4 days in 96-well cell culture plates coated with 2 μg/mL anti-CD3 (eBioscience) and 1 μg/mL anti-CD28 (BD Biosciences), in presence or absence of a Treg cell differentiation cocktail containing 100 U/mL mrIL-2 (RandD), 5 ng/mL rTGF-β1 (eBioscence) and 13.3 nM all trans-Retinoic Acid (Sigma). In the experiments aimed to evaluate the inhibition of Treg cell induction, live T. cruzi parasites were added in different ratios as described in the corresponding legend for figure.



Biochemical Determinations and Quantification of Cytokines in Plasma

Blood was centrifuged for 8 min at 3,000 rpm and plasma was collected. Plasma samples were sent to Biocon Laboratory (Córdoba, Argentina) for quantification of GOT, GPT, LDH and CPK by UV kinetic methods, and glucose by kinetic/colorimetric method in a Dimension RXL Siemens analyzer. Plasma levels of different cytokines were determined in our laboratory using LEGENDplex™ Multi-Analyte Flow Assay Kit (Biolegend) for Mouse Th Cytokine and Inflammation Panels according to manufacturer's instructions.



Antibodies and Flow Cytometry

For surface staining, cell suspensions were incubated with fluorochrome labeled-antibodies in PBS 2% FBS for 20 min at 4°C. Flow cytometry and/or cell sorting were performed with a combination of the following antibodies: anti-CD4 APC, APC-eFluor-780 or PerCP-eFluor 710 (all clone GK1.5), anti-CD25 PE-Cy7 (P61.5), anti-CD3 PerCP-Cy5.5 (145-2C11), anti-CD8a FITC, PE, PE-Cy7 or PerCP-Cy5.5 (53-6.7), anti-CCR7 PerCP-Cy5.5 (4B2), anti-CD103 PE (2-E7), anti-CD127 PerCP-eFluor-710 (eBioSB/199), anti-CD39 eFluor-660 (24DMS1), anti-CD44 APC-Cy7 (IM7), anti-CD45.2 PerCP-Cy5.5 (104), anti-CD62L PerCP-Cy5.5 (MEL-14), anti-CD73 biotin (eBioTY/11-8), anti-CTLA-4 PE (UC10.4B9), anti-CXCR3 PE (CXCR3-173), anti-FR4 PE (eBio12a5), anti-GARP APC (YGIC86), anti-OX40 APC (OX-86) and anti-PD-1 PE (RMP1-30) from eBioscience; anti-CD4 AlexaFluor700 (GK1.5), anti-CD45.1 APC-Cy7 (A20), anti-GITR PE-Cy7 (DTA-1), anti-LAG-3 PerCP-Cy5.5 (C9B7W), anti-KLRG1 PE (2F1/KLRG) and anti-LAP PE (TW7-20B9) from Biolegend; and anti-CD127 biotin (B12-1) from BD Biosciences. To detect biotinilated antibodies, Streptavidin APC (Biolegend) or PerCP-Cy5.5 (eBioscience) were used. To identify T. cruzi specific CD8+ T cells, cell suspensions were incubated with an H-2Kb T. cruzi trans-sialidase amino acids 569-576 ANYKFTLV (TSKB20) APC-labeled Tetramer (NIH Tetramer Core Facility) for 20 min at 4°C before further surface staining with additional antibodies. Blood was directly incubated with the indicated antibodies and erythrocytes were lysed with a 0.87% NH4Cl buffer previously to acquisition. To assess apoptosis, cells were stained for Annexin V PE (Biolegend) and 7-AAD (BD Biosciences) according to the manufacturer's specifications.

For detection of transcription factors, cells were first stained on surface, washed and then fixed, permeabilized and stained with Foxp3/Transcription Factor Staining Buffers (eBioscience) according to eBioscience One-step protocol for intracellular (nuclear) proteins. The following antibodies were used for intracellular staining: anti-Foxp3 PE, PerCP-Cy5.5 or APC (FJK-16s), anti-T-bet PerCP-Cy5.5 or PE-Cy7 (eBio4B10), and anti-Ki-67 APC (SolA15) from eBioscience.

For intracellular cytokine staining, 2 × 106 cells per well were cultured in 200 μL supplemented RPMI 1640 medium and stimulated during 2–5 h at 37°C with 50 ng/mL PMA and 1 μg/mL ionomycin (Sigma-Aldrich) in the presence of Brefeldin A and/or Monensin (eBioscience). After surface staining, cells were fixed and permeabilized with Intracellular Fixation & Permeabilization Buffer Set (eBioscience) or BD Cytofix/Cytoperm and Perm/Wash (BD Biosciences) following manufacturers' indications. Cells were then labeled with anti-IL-10 APC (JES5-16E3), anti-IFN-γ APC or PE (XMG1.2) and anti-IL-17A PE (eBio17B7) from eBioscience; anti-IL-10 PE (JES5-16B3) and anti-TNF PerCP-Cy5.5 (MP6-XT22) from Biolegend.

All samples were acquired on a FACSCanto II (BD Biosciences) and data were analyzed with FlowJo software.



Adoptive Cell Transfer

For in vivo pTreg cells induction experiments, Tconv cells were purified from non-infected Foxp3-EGFP CD45.2 donors as described above. Two millions cells were then intravenously injected in the retro-orbital sinus of CD45.1 recipient mice, which were simultaneously infected with the usual dose of T. cruzi. Non-infected and/or non-transferred mice were used as controls. Conversion of injected cells (Foxp3-GFP−) into Treg cells (Foxp3-GFP+) was assessed by flow cytometry in different organs 19 days after treatment.

To assess the biological relevance of reduced Treg cells frequency, 1 × 106 in vitro differentiated Treg cells generated from Foxp3-EGFP mice were intravenously transferred into CD45.1 recipient mice at 11 days post-infection (dpi). The effect of Treg cell adoptive transfer was evaluated 7 days later.



RNAseq

Treg cells were purified as described above from the spleens of non-infected and 22-days infected Foxp3-EGFP mice and immediately lysed with QIAzol reagent (Qiagen). Total RNA was extracted by using the RNeasy Micro Kit (Qiagen) and its quality was assessed on a 2100 Bioanalyzer (Agilent Technologies). RNA-seq libraries were then prepared according to the TruSeq Stranded Total RNA Sample protocol (Illumina). Quality controls of the libraries were performed by standard methods, including quantification by Qubit (Thermo Fisher Scientific) and assessment of size distribution using a 2100 Bioanalyzer. Samples were indexed and sequenced on an Illumina HiSeq 3000 (paired-end reads of 150 bp). Bioinformatic analysis of sequenced Reads was performed as described elsewhere (49). P-values <0.1 (adjusted for multiple testing by Benjamini–Hochberg procedure) were considered as the cutoff for significantly differentially expressed genes. Gene Set Enrichment Analyses (GSEA) for Th1, Th2, and Th17 signature were performed using specific gene sets selected from several publications as indicated in Supplementary Table 1 and depicted in heat maps of Figure 4E. NCBI Sequence Read Archive accession code: SRP145339.



Statistics

Statistical significance of mean values comparisons was analyzed by t-test, Mann Whitney test, One-way ANOVA or Kruskal-Wallis test as indicated. According to the absolute values of r, the Spearman correlation was interpreted as strong (r = 0.7–0.9), good (r = 0.50–0.70), moderate (r = 0.30–0.50), and poor (r < 0.30) (50–52). Statistical analysis was performed using GraphPad Prism 7.0 software. P-values ≤0.05 were considered significant.




RESULTS


Treg Cell Frequency Is Decreased During the Progression of T. cruzi Infection

As an initial step to characterize Treg cell responses, we evaluated how T. cruzi infection affected the frequency and absolute numbers of Treg cells and other immune cell subsets. Using Foxp3 reporter mice, we determined that acute T. cruzi infection resulted in a significant decrease in the percentage of Treg cells (CD4+ Foxp3-GFP+) in the spleen (Figure 1A). This decrease in the frequency of splenic Treg cells was statistically significant after 12 days post-infection (dpi) and remained low even at the end of the acute phase (76 dpi; Figure 1B, left panel). Of note, the absolute numbers of Treg cells remained unchanged or were transiently increased at low extent while the numbers of CD4+ Foxp3-GFP (Tconv) cells and total spleen leukocytes were augmented by several orders of magnitude (Figure 1B, middle panel). Consequently, the ratios between the numbers of Treg cells and Tconv cells or total cells were significantly decreased along the infection (Figure 1B, right panel). A similar picture was observed in secondary lymphoid organs, such as inguinal lymph nodes (iLN) (Figure 1C) as well as in the liver, a target tissue with intense parasite replication and immune cell infiltration during the acute phase of T. cruzi infection (53) (Figure 1D). This reduction in the frequency of Treg cells and/or the ratio of Treg cell numbers to Tconv and total cell numbers were also detected in blood and bone marrow (Supplementary Figures 1A,B). Altogether, these results indicate that, in contrast to most chronic infections (6), Treg cells do not significantly accumulate in secondary lymphoid organs or liver during T. cruzi infection.


[image: image]

FIGURE 1. Frequency of Foxp3+ regulatory T cells is reduced in peripheral organs during acute T. cruzi infection. (A) Flow cytometry representative dot plots showing Foxp3-GFP expression and CD4 staining in the spleen of T. cruzi infected Foxp3-EGFP mice at different days post-infection (dpi). (B–D) Graphs showing CD4+ Foxp3-GFP+ Treg cell frequencies (left panel), absolute numbers of Treg cells, CD4+ Foxp3-GFP− (Tconv) cells and total leukocytes (middle panel), and the ratios of Treg cells to Tconv and to total cells in the spleens (B), inguinal lymph nodes (C), and liver infiltrating leucocytes (D) of T. cruzi infected Foxp3-EGFP mice at different dpi. Data are presented as mean ± SEM, n = 3–11 animals per dpi. Data are representative of at least three independent experiments. P-values were calculated by One way ANOVA with Dunnett's multiple comparisons test or Kruskal-Wallis with Dunn's correction (Tconv and total cells absolute numbers in liver only). *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001 and ****P ≤ 0.0001.



Next, we evaluated Treg cells frequencies and numbers in organs associated with the development of this subset, e.g., thymus and gut-associated mesenteric lymph nodes (mLN) (54). We determined that the percentage of Treg cells as well as the ratio between the numbers of this population and other cell subsets in the thymus were significantly increased during T. cruzi infection (Supplementary Figure 1C, left and right panels), likely as consequence of conserved Treg cells numbers together with a marked reduction in the number of total thymocytes (Supplementary Figure 1C, middle panel). In mLN, the numbers of Treg cells showed an initial oscillation (increase followed by decrease) after infection while the frequency and the ratio of Treg cells to Tconv numbers exhibited an early increase, but all these parameters remained unaltered afterwards (Supplementary Figure 1D).



The Frequency of Treg Cells Is Negatively Correlated With Markers of Infection Progression and the Development of Effector Immune Responses

We next aimed at studying whether the changes in the frequency of Treg cells during T. cruzi infection showed any correlation with disease progression and/or the magnitude of effector immune responses. As markers of progression in the infection by T. cruzi we evaluated parasitemia and the levels of different biochemical parameters used to assess general health and tissue damage. As depicted in Figure 2A, parasite numbers in blood were low but detectable at 12 dpi, peaked around 20 dpi, diminished by 34 dpi and became undetectable later on. Similar kinetics was observed when measuring the activity of enzymes that reflect tissue damage (i.e., GPT, LDH, GOT, and CPK; Figure 2A, middle panel; Supplementary Figure 2A). In contrast, the concentration of plasma glucose, whose decrease is generally associated with acute infection (55), was reduced alongside the progression of infection, showing the lowest level around 20 dpi and reaching normal levels afterwards (Figure 2A, right panel). Remarkably, changes in the levels of all these parameters showed statistically significant strong, good or moderate correlations with the frequencies of Treg cells in the spleen (Figure 2B; Supplementary Figure 2B). These correlations were direct for glucose concentration and inverse for parasitemia and enzymatic activity in plasma.
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FIGURE 2. Frequency of Treg cells inversely correlates with markers of acute disease progression and the emergence of effector immune responses. (A) Parasitemia (left panel) in blood, activity of glutamate-pyruvate transaminase (GPT) (middle panel) and glucose concentration (right panel) in plasma of T. cruzi infected Foxp3-EGFP mice at different dpi. (B) Scatter plots showing the relation between splenic Treg cell frequencies and each of the parameters shown in (A). (C) Concentration of effector cytokines in plasma of T. cruzi infected Foxp3-EGFP mice at different dpi. (D) Scatter plots showing the relation between Treg cell frequencies in the spleen and plasma level of effector cytokines. (E) Representative dot plots for CD8 and TSKB20/Kb staining in the spleen of T. cruzi infected Foxp3-EGFP mice at different dpi. (F) Percentage (left) and absolute numbers (right) of parasite-specific CD8+ T cells in the spleen T. cruzi infected Foxp3-EGFP mice at different dpi. (G) Scatter plots showing the relation between frequencies of Treg cells and parasite-specific CD8+ T cells in the spleen of mice shown in (F). In (A) data are presented as mean ± SEM of n = 3–11 animals. In (B–D,F,G) each circle or dot represents one animal. In (C,F) the bars show the mean + SEM of each parameter. Spearman r correlation coefficient and significance of the correlation are indicated inside the corresponding graphs. Data were pooled from 1 to 6 experiments according to the dpi and the determination. P-values were calculated by One way ANOVA with Dunnett's multiple comparisons test in (A) and Kruskal-Wallis with Dunn's correction in (C,F). *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001 and ****P ≤ 0.0001.



To assess the effector immune response, we quantified the plasma concentration of effector cytokines known to be protective during T. cruzi infection, such as IFN-γ and TNF (32). The concentration of IFN-γ showed a marked increase by 12 dpi and diminished later on, while the kinetics of TNF production was slower, showing the peak of plasma concentration at 20 dpi (Figure 2C). In addition, we quantified other effector cytokines, such as IL-6, IL-1β, and IL-2. The concentration of IL-6 was significantly increased by 12 dpi, peaked at 20 dpi and decreased afterwards whereas the concentrations of IL-1β and IL-2 remained unchanged along the infection (Supplementary Figure 2C). The concentrations of IFN-γ, TNF and IL-6, but not those of IL-1β and IL-2, showed significant strong, good or moderate inverse correlations with the frequency of Treg cells in spleen (Figure 2D; Supplementary Figure 2D). We also evaluated the presence of parasite-specific CD8+ T cell immunity as a component of the cellular effector immune response known to be critical for parasite control (31). CD8+ T cells specific for the immunodominant T. cruzi peptide TSKB20 were identified in the spleen of T. cruzi infected mice using tetramers (Figure 2E). We found that the frequency and absolute numbers of TSKB20-specific CD8+ T cells increased between 12 and 48 dpi (Figures 2E,F). Similar to effector cytokines, the frequency of TSKB20-specific CD8+ T cells showed a good inverse correlation with the frequency of Treg cells (Figure 2G).



Limited Expansion and Reduced Accrual of Peripheral Treg Cells During Acute T. cruzi Infection

In steady state conditions, the size of the Treg cell population is maintained by a dynamic process, through a balance among development, proliferation and apoptosis (56). During infections, these events may be altered leading to the accumulation, constriction or dysfunction of Treg cells and consequently, modulating the effector immune response and the host-microbe interaction (57). In this context, we aimed to evaluate whether the reduction of Treg cell frequency during T. cruzi infection was a consequence of alterations in the mechanisms that sustain Treg cell homeostasis.

We first evaluated the proliferation of splenic Treg cells, Tconv and total leukocytes along T. cruzi infection by determining ex vivo the expression of the proliferation marker Ki-67. As depicted in the histograms in Figure 3A, the frequency of Treg cells expressing Ki-67 showed a moderate increase around 20–34 dpi that persisted at least until 76 dpi. In contrast, the frequencies of Ki-67+ Tconv and total cells were markedly augmented along the infection with a peak at 20 dpi, returning to the level of non-infected mice by 76 dpi. Thus, Treg cells showed a significantly lower proliferation rate than Tconv and total cells (Figure 3B). These differences in proliferation may account for the reduced frequency of Treg cells during the early acute phase of T. cruzi infection. Next, we evaluated whether differential cell death within each cell subset may also be involved in Treg cell frequency reduction during T. cruzi infection. Determination of the frequency of apoptotic cells by Annexin V and 7-AAD staining, and calculation of the apoptosis rate, revealed that T. cruzi infection increased cell death particularly within the Tconv population (Figures 3C,D), as previously reported (58). Therefore, an increased cell death within Treg cells was ruled out as a mechanism underlying the decrease in the frequency of this cell subset during T. cruzi infection.
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FIGURE 3. Limited expansion and reduced peripheral differentiation of Treg cells during acute T. cruzi infection. (A) Histograms for Ki-67 expression in Treg (CD4+ Foxp3+), Tconv (CD4+ Foxp3−) and total cells from the spleen of Foxp3-EGFP mice infected with T. cruzi at different dpi. Percentage of positive cells mean ± SEM (n = 3–6 animals) and p-values are indicated for each dpi in comparison to 0 dpi. (B) Proliferation rate of cell populations at different dpi calculated as the relation between % of Ki-67+ cells at 0 dpi and the other time points according to (A). (C) Histograms for Annexin V staining in 7-AAD− gated Treg, Tconv and total cells from the spleen of T. cruzi infected Foxp3-EGFP mice at different dpi. Percentage of positive cells mean ± SEM (n = 3–6 animals) and p-values are indicated for each dpi. (D) Apoptosis rate of cell populations at different dpi calculated as the relation between % of Annexin V+ cells at 0 dpi and the other time points according to (C). In (B,D) statistics were performed by One Way ANOVA comparing Tconv and total cells rates to Treg cells rate at each dpi (Sidak's multiple comparisons test). *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001 and ns = not significant. (E–H) Tconv cells (CD4+ CD25− Foxp3-GFP−) from non-infected Foxp3-EGFP CD45.2 donors were transferred into CD45.1 recipient mice, which were simultaneously infected with T. cruzi. Nineteen days after transfer, conversion of transferred cells (GFP-) into Treg cells (GFP+) was assessed in different organs. Representative dot plots showing donor and host CD4+ cells according to CD45.2 and CD45.1 staining and Foxp3-GFP expression in CD45.2+ CD4+ donor cells in mLN from non-infected (NI) or infected (INF) hosts (E). Bar graphs depicting percentage (F) and absolute numbers (G) of Treg cells within the population of transferred cells in different organs. Each circle represents one animal. Data were pooled from two independent experiments. P-values were calculated by unpaired t-test. (H) Frequency of Treg cells (GFP+) determined within the CD4+ gate in cultures of purified naïve CD4+ T cells or total splenocytes stimulated with coated anti-CD3 and anti-CD28 in the presence or absence of the Treg cell differentiation cocktail and live parasites (at a cell:parasite ratio of 1:1 and 2:1) for 3 days. Data were pooled from two independent experiments with two technical replicates. P-values were calculated by unpaired t-test.



We next investigated whether infection with T. cruzi restrained Treg cell development and consequently, reduced Treg cell frequency in the periphery. Considering that the numbers of Treg cells are conserved in the thymus of infected mice (Supplementary Figure 1C), we speculated that thymic Treg cell development was not significantly altered during T. cruzi infection. Then, we focused on the development of peripheral Treg (pTreg) cells through an in vivo approach in order to evidence alterations triggered by T. cruzi infection. To this end, CD25− GFP− CD4+ cells were purified from the spleen of non-infected CD45.2+ Foxp3-GFP reporter mice and injected into CD45.1 WT hosts that were immediately infected. Adoptively transferred non-infected hosts were examined in parallel and used as controls. Twenty days after injection, transferred cells were identified by CD45.2 expression within different organs and the frequency of pTreg was determined according to the up-regulation of Foxp3 and CD25 expression. As illustrated in Figure 3E, mLN from non-infected and infected hosts contained a small percentage of injected cells. A high percentage (around 60%) of the injected cells within mLN from non-infected mice consisted of pTreg cells while most of the exogenous cells in mLN from infected mice were Tconv. The significant reduction in the frequency of pTreg cells originated from the injected Tconv during T. cruzi infection was observed not only in mLN that have an environment prone for pTreg cell differentiation, but also in the spleen and iLN (Figure 3F). To confirm that induction of pTreg cells was inhibited during T. cruzi infection, we calculated the absolute numbers of newly differentiated pTreg cells in the different organs. In agreement with the frequency data, the highest absolute numbers of induced pTreg cells were found in mLN in comparison to other organs (Figure 3G). Of note, the numbers of pTreg cells were significantly reduced in mLN from infected mice in comparison to non-infected controls but not in other organs. These data further support the notion that differentiation of pTreg cells is reduced during T. cruzi infection.

In order to identify mediators involved in the relative decrease of Treg cells during T. cruzi infection, we focused on particular inflammatory cytokines that are increased in the course of this parasitic infection and/or have been reported to modulate peripheral Treg cell proliferation and differentiation. Among these mediators, we selected cytokines, such as IL-6 and IL-1β that are produced during T. cruzi infection [Supplementary Figure 2C and references (59, 60)] and have been reported to restrain pTreg cell development by favoring a Th17 fate (61, 62). Also, type I interferons increase early during T. cruzi infection (63) and have been shown to limit regulatory responses by reducing Treg cell proliferation (26) and peripheral induction (64) in viral infection settings. We determined that mice with deficient production of IL-6 due to deletion of the Il6 gene (Il6−/−) or reduced IL-1β/IL-18 due to the lack of Caspase1/11 (Casp1/11−/−) exhibited a similar decrease in Treg cell frequency at 20 dpi when compared to WT mice. Similarly, infected mice deficient in IFNAR, the specific receptor for type I IFNs, also showed a relative reduction of Treg cell responses (Supplementary Figure 3A). These results highlight that IL-6, IL-1β, and type I IFN signaling were not responsible of the relative Treg cell reduction triggered by T. cruzi infection.

As the frequency of Treg cells inversely correlated with parasitemia (Figure 2B), we next speculated that parasites could influence the size of the Treg cell pool during T. cruzi infection. To gain further insights in this direction, we evaluated whether changes in parasite levels as consequence of inoculation with different parasite doses have any impact in the frequency of Treg cells in periphery. We determined that 10-fold changes in the parasite dose used for infection resulted in significant dose-dependent differences in parasitemia at 11 dpi but not at 20 dpi, when parasitemia reached a maximum that was independent on the initial infective dose (Supplementary Figure 3B). Of note, the frequency of splenic Treg cells at 11 dpi was inversely associated with parasitemia and therefore remained unchanged in mice infected with the lowest dose, that showed barely detectable parasites in blood, but were significantly and dose-dependently reduced in mice infected with the intermediate and highest infective doses. These differences in Treg cell frequency were no longer observed at 20 dpi, when all mouse groups showed the same parasitemia (Supplementary Figure 3C). In this context, we designed in vitro experiments aimed to evaluate whether T. cruzi parasites are capable of inhibiting pTreg cell induction. As shown in Figure 3H, most naïve CD4+ T cells differentiated into iTreg cells when activated in the presence of a Treg cell differentiation cocktail containing TFG-β, IL-2, and all trans retinoic acid (atRA). Of note, live trypomastigotes were unable to inhibit this differentiation. Similarly, more than 90% of the CD4+ T cells became iTreg cells when total splenocytes were activated in the presence of the Treg cell differentiation cocktail. In contrast to the lack of effect on purified CD4+ T cells, parasites significantly inhibited induction of iTreg cells in cultures of total splenocytes. These results strongly suggest that T. cruzi itself is able to actively inhibit Treg cell induction by an indirect mechanism that may depend on accessory cells present within the splenocytes rather than by a direct effect on naïve CD4+ T cells.



Phenotypical and Transcriptional Characterization of Treg Cells During T. cruzi Infection Underscore a Specialization in the Regulation of Type 1 Effector Responses

The relative deficiency in the magnitude of Treg cell responses during the course of T. cruzi infection may be compensated by the activation and enhancement of the immunosuppressive function of this subset as reported previously (65–67). To address this, we performed a comprehensive evaluation of Treg cell phenotype by flow cytometry, determining the expression of proteins associated with Treg cell activation and suppressive function, such as CD25, CTLA-4, GITR, CD39, CD73, LAG-3, OX40, PD-1, FR4, GARP, TGF-β, and IL-10 together with molecules involved in migration and effector/memory subset classification like CD103, CD127, CCR7, CD44, and CD62L. We also assessed markers of Th1 specialization including T-bet, CXCR3 and IFN-γ in these cells. In order to broadly interpret the phenotypic changes occurring in Treg cells during the progression of T. cruzi infection, we focused on changes occuring in spleen and performed multivariate analysis of all the markers evaluated. Principal component analysis (PCA) defined two principal components (PC) that accounted for around 70% of the total variance and allowed to evidence the phenotypic changes suffered by Treg cells along the different dpi (Figure 4A, left pannel). The variables included in PC1 and PC2 as well as the direction of their changes are also depicted (Figure 4A, right pannel). Interpretation of the PCA plots indicated that the phenotype of Treg cells changed progressively from 0 dpi (non-infected) until 20 dpi (maximal difference) by modifications in the variables included mainly in PC1 and at a lower extent in PC2. This analysis also established that Treg cells at 12 and 34 dpi showed a similar phenotype that is intermediate between those of cells from 0 and 20 dpi while Treg cells at 76 dpi showed features more related to the phenotype of Treg cells from non-infected mice (0 dpi).


[image: image]

FIGURE 4. Treg cells show an activated phenotype and acquire a Th1-like profile during T. cruzi infection. (A) Plots of principal component analysis (PCA) for surface and intracellular markers of Treg cells from the spleens of Foxp3-EGFP mice at the indicated dpi (left panel) and the variables included in PC1 and PC2 (right panel). Each circle represents one animal. (B) Star plot displaying the expression of the indicated markers in Treg cells from non-infected (0 dpi, gray line) or infected (20 dpi, red line) mice. Each spoke of the star represents the geometric mean of fluorescence intensity for the indicated marker in a log2 scale from 1 to 16,384. The data length of a spoke is proportional to the MFI of expression of that marker in the corresponding sample. (C) Heat maps for the normalized expression scores (row mean values of 0 and variance of 1) of genes encoding suppression and/or activation markers in Treg cells (CD4+ CD25+ Foxp3-GFP+) purified from the spleen of non-infected (0 dpi) or 22-days-infected (22 dpi) Foxp3-EGFP mice. (D) Gene set enrichment analysis of the Treg cell transcriptome for Th1, Th2 and Th17 signatures using selected gene sets. (E) Heat maps for the normalized expression scores (row mean values of 0 and variance of 1) of the selected genes used in (D). RNAseq data are from one experiment with three biological replicates. The PCA plot, star plot and heat maps were created using InfoStat software, Microsoft Excel spreadsheet and Matrix2png online tool, respectively.



The kinetics of expression of each marker highlighted that Treg cells from T. cruzi infected mice exhibited phenotypic changes as early as 12 dpi, with a maximum between 20 and 34 dpi (Supplementary Figure 4A). Of note, Treg cells from 20-days infected mice showed an evident activated phenotype as demonstrated by the upregulation of activation and memory markers, such as Foxp3, CD25, OX40, CD103, and CD127 in comparison to Treg cells from non-infected mice (68). In addition, Treg cells at 20 dpi showed increased expression of molecules associated with their suppressive function including CTLA-4, GITR, CD39, and LAG-3 but not CD73, PD-1, and FR4. We also established that Treg cells increased their capacity to produce regulatory cytokines, such as TGF-β (as indicated by co-expression of GARP and LAP) and IL-10 (Supplementary Figure 4B) after 20 days of infection. Finally, we determined that Treg cells at 20 dpi upregulated CXCR3 and slightly T-bet, and increased IFN-γ production in comparison to counterparts from non-infected mice (0 dpi; Supplementary Figures 4C,D). Remarkably, T-bet and CXCR3 expression levels in Treg cells from 20 dpi were comparable and higher than those observed in Tconv cells at the same time point, respectively (Supplementary Figure 4C). The expression of several markers studied were represented in a star plot that allowed to evidence differences in the phenotypic profile of Treg cells at 0 and 20 dpi, showing that T. cruzi infection induced the up-regulation of activation and Th1-associated markers as well as immunosuppressive mediators (Figure 4B).

In order to determine the global impact of T. cruzi infection on the transcriptional program of Treg cells, we compared by RNAseq the gene expression profiles of Treg cells purified from the spleen at 0 and 20 dpi. A total of 5,175 genes were differentially expressed in Treg cells as a consequence of T. cruzi infection (data not shown). As illustrated by the heat maps in Figure 4C, Treg cells from infected mice exhibited a global increase in the levels of many transcripts encoding activation markers and suppressive mediators. In addition to those noticed by flow cytometry (CD25, CD127, CD103, GITR, CTLA-4, TGF-β, and IL-10 among others), we also detected an up-regulation of genes encoding ICOS, Granzyme B, CD137, TIGIT, Adenosin A2a receptor, EBI3, Galectin-1, among others. In agreement with their phenotypic profile, Treg cells from infected mice showed reduced amounts of transcripts encoding CD44, PD-1, CD62L, and CD73. Of note, Treg cells from infected mice showed augmented levels in the expression of Blimp-1 and IRF4, transcription factors that drive effector Treg cell differentiation (67). Altogether, this transcriptional profile reflected a clear activation of Treg cells along T. cruzi infection. Next, we aimed to determine whether Treg cells from infected mice exhibit programs that denote any functional specialization (69). To this end, we performed Gene Set Enrichment Analysis of the Treg cell transcriptome for Th1, Th2, and Th17 signatures. As shown in the enrichment plots, the transcriptome of Treg cells from infected mice are significantly enriched in the Th1, Th2, and Th17 gene sets (Figure 4D). Interestingly, Treg cells from T. cruzi infected mice up-regulated most of the genes classically associated with a Th1 specialization including Tbx21, Ifng, and Cxcr3 and also the two subunits of the IL-12 receptor (Il12rb2 and Il12rb1), Stat1, Ifngr1, and Cxcl10 while they down-regulated Il27ra (Figure 4E). Of note, Treg cells from infected mice showed increased levels of some transcripts associated with a Th2 signature, such as Il1r2, Il4ra, Il10, and Irf4 but not of other prototypical Th2 genes, such as Gata3, Il4, Il5, or Il13. Similarly, this cell subset showed increased expression of certain genes associated with a Th17 fate like Rora, Stat3, Il21r, and Ahr but not of others tightly linked to Th17 cells like Rorc and Il17a.



Adoptive Transfer of Treg Cells Suppresses Anti-Parasite Effector Response and Diminishes Parasite Control During T. cruzi Infection

Once established the features acquired by Treg cells after T. cruzi infection, we aimed at evaluating the biological role of this cell subset in the progression of the infection. Considering the results from Figure 2, we were particularly interested in addressing the relevance of the limited Treg cell response for the induction/maintenance of effector responses and immunopathology. To this end, we designed an experiment in which Treg cell numbers were increased by the injection of Treg cells differentiated in vitro (iTreg cells). iTreg cells were obtained by sorting Foxp3-GFP+ cells from cultures in which CD4+ T cells obtained from Foxp3-EGFP reporter mice were stimulated with anti-CD3 and anti-CD28 in the presence of the Treg cell differentiation cocktail (Supplementary Figure 5A). In agreement with data showing that this cocktail induced stable human iTreg cells (70), we determined that iTreg cells generated in these conditions showed immunosuppressive capacity in vitro (Supplementary Figure 5B), and failed to produce effector cytokines, such as IFN-γ and IL-17 (Supplementary Figure 5C).

As schematized in Figure 5A, adoptive transfer experiments were designed to inject iTreg cells into infected hosts at 11 dpi, the time point in which the reduction of Treg cell frequency becomes significant. Remarkably, infected hosts that received iTreg cells showed significantly augmented levels of parasites in blood and tissues in comparison to control counterparts at 18 dpi (Figure 5B). In addition, and likely as consequence of the uncontrolled parasite replication, mice injected with iTreg cells presented reduced blood glucose concentration but biochemical markers of tissue damage were not affected (Figure 5C and data not shown). In order to establish the causes of the reduced parasite control, we evaluated the magnitude of the effector immune response. Adoptive transfer of iTreg cells significantly diminished the frequency of parasite-specific CD8+ T cells in spleen and liver of infected mice (Figure 5D). Furthermore, the absolute numbers of parasite-specific CD8+ T cells and total CD8+ and CD4+ T cells were also reduced after the injection of iTreg cells in infected hosts (Figure 5E). Altogether, these results indicate that increasing Treg cell numbers during T. cruzi infection severely compromises the magnitude of protective immune responses including parasite-specific CD8+ T cell immunity and consequently, limits the control of parasite replication and host resistance to the infection.


[image: image]

FIGURE 5. Adoptive transfer of Treg cells restricts the development of a robust parasite-specific CD8+ T cell response during acute T. cruzi infection. (A) CD45.1 WT mice were infected with T. cruzi and 11 days later were transferred with 1 × 106 iTreg cells differentiated from Foxp3-EGFP mice. (B–C) Parasitemia [(B), left], parasite load by real time PCR in the spleen and liver [(B), right] and glucose concentration in the plasma (C) of non-transferred control (INF) and transferred (INF + iTreg) infected mice. (D–F) Dot plots (D) and graphs showing absolute numbers (E) of total and parasite-specific T cells responses in the spleen and liver of transferred and control mice. Data are presented as mean + SEM and are pooled from two independent experiments. P-values were calculated by unpaired t-test (B,E) or Mann Whitney test (C).






DISCUSSION

The role played by Treg cells in the progression of T. cruzi infection remains controversial likely because any rational mechanistic evaluation is precluded by the limited characterization of the triggered Treg cell response. Considering this, we studied in detail the kinetics of Treg cell responses using Foxp3-EGFP reporter mice and demonstrated that frequency of Treg cells is reduced along T. cruzi infection in most peripheral organs including spleen, liver and inguinal lymph nodes. Furthermore, we showed that this relative decrease is not caused by a reduction in Treg cell absolute numbers but rather by a significant expansion of effector cells that affect the ratio of Treg cells to other immune subsets in different tissues. Thus, our results further expand and complement a recent work reporting that frequency of splenic Treg cells is significantly reduced during acute experimental T. cruzi infection likely as result of a neuroendocrine dysbalance (41). Altogether, this report and our data underscore that, differently from most chronic infections of viral, bacterial and parasitic origin which are characterized by a Treg cell accrual, T. cruzi infection associates with a significant decrease in the magnitude of the Treg cell response that is prolonged even until the early chronic phase of the infection.

After evaluating recognized mechanisms that regulate Treg cell pool size in periphery, we established that Treg cells exhibited significantly lower proliferation rate in comparison to effector immune subsets during T. cruzi infection, confirming a previous report in this direction (41). Although not surprising considering the current views on pTreg cell induction (71), we also demonstrated that the inflammatory environment triggered by T. cruzi limits the peripheral induction of Treg cells. Remarkable, infections characterized by Treg cell accumulation triggered a marked proliferation of Treg cells but not peripheral induction of this cell subset. Thus, influenza infection was shown to induce peripheral proliferation and accumulation of Ag-specific thymically derived Treg cells whereas conventional CD4+ T cells with identical specificity for the pathogen underwent little or no peripheral conversion in infected mice (72). Similarly, Treg cells expressing a pathogen-specific transgenic TCR were found to expand in response to M. tuberculosis without de novo induction of pTreg cells (73). Of note, proliferation of Ag-specific Treg cells was detected during M. tuberculosis but not L. monocytogenes infection indicating that only certain microbes are able to induce an inflammatory milieu that is conducive to the expansion of Ag-specific Treg cells (74). In this context, the results presented in our manuscript support the notion that T. cruzi infection triggers a relatively deficient Treg cell response by inducing an inflammatory context that does not support pTreg cell induction (somehow expected as discussed) but also limits Treg cell proliferation. Given that Treg cells have a high dependence on exogenous IL-2 for differentiation and proliferation, it is likely that Treg cell homeostasis may be affected by the suppressed production or increased consumption of IL-2 that occurs during T. cruzi infection (75–77). Indeed, IL-2 consumption by proliferating effector cells resulted in reduced Treg numbers in infections with Toxoplasma gondii, Listeria monocytogenes, and vaccinia virus (25). In this regard, we demonstrated that the systemic concentration of IL-2 remained unchanged during the acute phase of T. cruzi infection and that it showed no correlation with the frequency of splenic Treg cells. In addition, Gonzalez et al (41) reported that treatment with recombinant IL-2 was not sufficient to increase Treg cell frequency during this parasitic infection. These data suggest that regulation of the Treg cell pool size during T. cruzi infection is independent from IL-2 levels.

Several pro-inflammatory mediators have been reported to modulate Treg cell homeostasis during inflammatory conditions (78). Among them, IL-1β and IL-6 emerged as possible candidates to mediate the limited Treg cell response during T. cruzi infection, given their largely known function to promote a Th17 over a Treg cell fate (61, 62). We previously demonstrated that Th17 and other IL-17+ cell subsets are induced early during T. cruzi infection (79, 80) and when compared, the kinetics of the increment in Th17 cell frequencies and the relative decrease of Treg cells showed a reciprocal behavior (data not shown). Also, type I IFNs may be involved in the limited proliferation and induction of Treg cells as reported in viral infections (26, 64). However, evaluation of the magnitude of Treg cell responses in infected mice that lacked IL-6, IL-1β, and type I IFNs signaling due to genetic deletions in Il6, Caspase1/11, and Ifnar genes, respectively, ruled out a main role for these pro-inflammatory cytokines in the regulation of the Treg cell size during T. cruzi infection. Considering other possible inflammatory mediators involved in this phenomenon; we established that frequency of Treg cells showed a strong inverse correlation with the levels of parasite in blood along the infection. Furthermore, in vitro experiments indicated that live parasites are able to inhibit the induction of Treg cells by a mechanism that depends on cell populations other than CD4+ T cells themselves. Altogether, these findings strongly suggest that the T. cruzi load affects Treg cell peripheral induction and/or proliferation by indirect mechanisms that are currently under investigation in our laboratory.

Previous studies aimed at addressing the biological relevance of Treg cells in the course of T. cruzi infection reported contradictory results regarding the role of this subset in the regulation of the magnitude and functionality of effector immune responses, parasite control and development of immunopathology. Thus, Treg cell depletion by treatment with anti-CD25 depleting antibodies was reported to have a limited role in the induction of parasite-specific CD8+ T cells, and therefore, parasite control and host survival (43), but also to slightly increase host resistance to infection by favoring activation of CD4+ T cells (44). In contrast, combined injection of anti-CD25 and anti-GITR evidenced that Treg cells may be important to prevent exuberant inflammation, particularly at the heart, and increased mortality during this parasitic infection (42). More recently, early and sustained Treg cell depletion with anti-CD25 was reported to modulate Th1 and Th17 responses during T. cruzi infection, reducing cardiac parasitosis and inflammation (45). The reasons underlying these controversial data have not yet been determined but may be related to the variability in parasite and host strains, timing of Treg manipulation and the use of non-specific Treg cell depletion strategies. Considering these data and our results demonstrating a limited Treg cell response during T. cruzi infection, we reasoned that increasing Treg cell numbers may be a more rational strategy to define the role of Treg cells in this infection setting. Accordingly, we designed adoptive transfer experiments in which Treg cell numbers were manipulated by injection of in vitro differentiated Treg cells. This approach has been widely used to modulate the outcome of several pathological conditions including autoimmunity and GVHD (81). We determined that increasing Treg cells at the time when infected mice exhibited a significant reduction in the frequency of this cell subset, limited the accumulation of parasite-specific CD8+ T cells, severely compromising the control of parasite replication in tissues and host resistance to T. cruzi. These data are significant though they should be interpreted with caution as the activation status of in vitro generated Treg cells may enhance their suppressive function in comparison to endogenous Treg cells as previously reported (82). Even considering these limitations, our findings demonstrate that activated Treg cells are able to dampen specific CD8+ T cell immunity during T. cruzi infection. Furthermore, these data suggest that the natural contraction of Treg cell responses observed during the acute phase of T. cruzi infection may be critical to allow the emergence of a robust effector response aimed at controlling pathogen replication as previously reported for acute infections (25). Thus, timing and other features of the Treg cell response during this parasitic infection may evidence a particular mechanism of a chronic T. cruzi-host adaptation that allows the emergence of effector responses able to sustain partial parasite control and host resistance but preventing complete pathogen elimination. Within this conceptual framework, further research will be required to address the mechanisms involved and to determine if a precise Treg cell manipulation may represent an opportunity to potentiate anti-parasite immunity and parasite control.

It is currently known that Treg cells exert their regulatory function by deploying a plethora of immunosuppressive mechanisms that target different immune cell populations. Treg cells have been reported to modulate the activation, proliferation and/or function of CD8+ and CD4+ T cells, B cells, NK cells, monocytes and dendritic cells, among others (1). Altogether, the phenotypic, transcriptional and functional profiles of Treg cells activated during T. cruzi infection highlight the global activation of this cell subset and also evidence a marked heterogeneity in the Treg cell compartment from infected mice. Of note, even though GSEA suggests that T. cruzi infection elicit Treg cell subsets that acquire specialized programs for the regulation of Th1, Th2, and Th17 responses, these cells showed a global up-regulation of most of the genes classically associated to the Th1 signature but not of those critical for Th2 and Th17 fates, such as Gata-3 and Rorγt. Therefore, this specialized program may tailor Treg cells with a particular ability to suppress in vivo type 1 effector responses guiding Treg cells to Th1 inflammatory sites. Further studies including single-cell RNA-seq may be very helpful to precisely unravel the complexities of Treg cell responses during this infection. By potentiating the regulatory response through iTreg cell adoptive transfer, we established that Treg cells activated in the context of T. cruzi infection have the ability to suppress total and parasite-specific CD8+ T cell immunity and, at a minor extent, the polyclonal CD4+ T cell response. Whether Treg cells also influence other immune cell populations in these infectious setting remains unexplored. Although not previously reported for T. cruzi infection, Treg cell mediated suppression of CD8+ T cell immunity has been widely described during infections, particularly of viral origin (13). Treg cells are able to regulate many steps of the CD8+ T cell response through mechanisms that remain partially elucidated and involve not only the CD8+ T cells themselves but also antigen presenting cells. In this way, antigen-specific and polyclonal Treg cells impaired CD8+ T cell priming by inhibiting the early expansion of antigen-specific cells (83) and preventing the activation of antigen-presenting cells through CTLA-4 mediated inhibitory signals (84). Even more, Treg cells have been reported to directly limit CD8+ T cell proliferation (85), differentiation into effector cells (86), cytotoxic effector function (87, 88) and to sustain CD8+ T cell exhaustion (89) by mechanisms that involve IL-2 consumption, TGF-β and IL-10 production, PD-1 and CD39 expression, and many others. According to this, Treg cells activated in the context of T. cruzi infection acquired a phenotypic profile that would allow direct and indirect regulation of CD8+ T cell immunity. In this regard, a direct suppressive function is supported by the increased expression of CXCR3 in Treg cells activated during T. cruzi infection that would allow migration to inflammatory sites. In addition, a direct suppressive mechanism may be responsible for the reduction in the magnitude of the specific CD8+ T cell immunity that occur following iTreg cell adoptive transfer at 11 dpi, a time point after the emergence of the parasite-specific CD8+ T cell response. On the other hand, the fact that Treg cells activated during T. cruzi infection expressed remarkably high levels of CTLA-4 may indicate that these cells are particularly prepared for in vivo regulation of antigen-presenting cells. A detailed comprehension of the mechanisms underlying the Treg cell-mediated inhibition of CD8+ T cell immunity during this parasitic infection will be essential to design possible immune-intervention strategies aimed at improving parasite-specific immunity without enhancing infection-associated pathology.

Altogether, our data delineate a model in which infection with T. cruzi promotes activation but limits proliferation and peripheral induction of Treg cells during the acute phase. Whether these events are mediated by active mechanisms remains to be clearly established as passive pathways are not completely ruled out by our study. In any case, the Treg cell mediated regulatory response seems to exhibit a putatively improved quality but reduced quantity during T. cruzi infection. This weakened Treg cell response allows the emergence of a robust parasite-specific effector immunity, particularly of CD8+ T cells, which partially controls parasite replication favoring host resistance. Although these findings support a deleterious role for Treg cells during the acute phase of T. cruzi infection, a special attention needs to be given to timing. Indeed, we also determined that during the chronic phase, when parasite replication is limited and inflammation goes down, the frequency and phenotypic profile of Treg cells tended to return to normal conditions. This finding together with reported data in which increased Treg cell frequency and function in chagasic patients correlate with better clinical outcomes, likely as consequence of a limited chronic inflammation, proposes that Treg cell role may switch during T. cruzi infection from deleterious in the acute phase to protective during chronic Chagas disease. Further research will be required to definitively address this point in order to establish a rational framework for the design of novel treatment strategies to differentially manipulate Treg cells during different stages of T. cruzi infection.
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Macrophages (MΦs) are critical regulators of immune response and serve as a link between innate and acquired immunity. The precise mechanism of involvement of tissue-resident MΦs in the pathogenesis of autoimmune diseases is not clear. Here, using a murine model for Sjögren's syndrome (SS), we investigated the role of tissue-resident MΦs in the onset and development of autoimmunity. Two unique populations of CD11bhigh and CD11blow resident MΦs were observed in the target tissue of the SS model. Comprehensive gene expression analysis of chemokines revealed effective production of CCL22 by the CD11bhigh MΦs. CCL22 upregulated the migratory activity of CD4+ T cells by increasing CCR4, a receptor of CCL22, on T cells in the SS model. In addition, CCL22 enhanced IFN-γ production of T cells of the SS model, thereby suggesting that CCL22 may impair the local immune tolerance in the target organ of the SS model. Moreover, administration of anti-CCL22 antibody suppressed autoimmune lesions in the SS model. Finally, histopathological analysis revealed numerous CCL22-producing MΦs in the minor salivary gland tissue specimens of the SS patients. CCL22-producing tissue-resident MΦs may control autoimmune lesions by enhancing T cell response in the SS model. These results suggest that specific chemokines and their receptors may serve as novel therapeutic or diagnostic targets for SS.

Keywords: autoimmunity, tissue-resident macrophage, chemokine, salivary gland, Sjögren's syndrome, T cell response


INTRODUCTION

Macrophages (MΦs) differentiate from bone marrow-derived monocytes or tissue-resident cells derived from yolk sac or fetal liver. These cells tend to exhibit distinct tissue-specific phenotypes, such as histiocytes in connective tissues, Kupffer cells in the liver, microglia in the central nervous system and various specialized macrophages in the alveolar, peritoneal, and synovial tissues (1, 2). Tissue-resident MΦs represent a vital component of the innate immunity system and function as phagocytic cells that engulf and digest cellular debris, foreign substances, microbes, and pathogens (3). They also secrete cytokines and chemokines that modulate the activities of other immune cells in inflammatory lesions (3). Besides phagocytosis and immune signaling, in conjunction with DCs, MΦs present antigens to T cells: this acts as a link between innate and acquired immunity (3). MΦs also contribute to the recovery or remodeling of injured tissues via promotion of angiogenesis or fibrosis (4, 5). However, the multilateral roles of tissue-resident MΦs in various inflammatory disorders are unclear.

Classically activated (M1) MΦs produce pro-inflammatory cytokines, such as interleukin (IL)-1β, interferon (IFN)-γ, and tumor necrosis factor (TNF)-α (1, 6). Alternatively activated (M2) MΦs produce anti-inflammatory cytokines, such as IL-10 and IL-4, with a specific profile that depends on the M2 MΦ subset (M2a, b, and c) (1, 7). MΦs are involved in inflammatory tissue damage associated with autoimmune response (8). In addition, MΦs also support tissue repair and restoration of immune homeostasis (9, 10). Thus, MΦs play a key role in various physiological and pathological responses as classically activated MΦs, wound-healing MΦs, and regulatory MΦs. Although tissue-resident MΦs are also considered as immune cells and have a variety of functions, the precise role of tissue-resident MΦs in autoimmune response is obscure.

Sjögren's syndrome (SS) is a chronic autoimmune disease that affects exocrine glands, such as salivary and lacrimal glands; SS also causes systemic autoimmune lesions (11, 12). A variety of mononuclear cell populations that infiltrate the salivary gland tissues were observed in patients with SS (13, 14). Among these, infiltration of T cells, B cells, DCs, and MΦs is correlated with lesion severity (15). SS is triggered by T cell-mediated autoimmune response; however, other immune cells also contribute to the onset or development of SS, including MΦs (16–18). MΦs are observed in the autoimmune lesions of salivary gland tissues of patients with SS (19). Moreover, elevated expression of MΦ-derived molecules, such as chitinase-3-like protein 1 and chitinase 1, is associated with increased severity of SS lesions, thereby indicating the involvement of MΦ in the pathogenesis of SS (20). Furthermore, several chemokines secreted from MΦs in the salivary glands of patients and animal models with SS contribute to the onset or development of SS (21, 22). However, the molecular or cellular mechanism of the pathogenesis of SS through the tissue-resident MΦs in the target organ has not been defined.

Here, using a mouse model of SS, we investigated the association of resident MΦs in the target organs of SS with the onset and development of autoimmune lesions. In particular, we evaluated the precise contribution of MΦs to T cell response in a SS model and patients with SS. The findings of the current study may help us comprehend a novel pathogenic mechanism of autoimmunity and may also help establish potential new treatments for autoimmunity.



MATERIALS AND METHODS


Mice

Female NFS/N mice carrying the mutant sld were bred and maintained in a specific pathogen-free mouse colony in the animal facility at Tokushima University (Tokushima, Japan). Neonatal thymectomy was performed on day 3 after birth to generate the SS model mice. Control mice used in this study were sham (non)-thymectomized NFS/sld mice that exhibit no inflammatory lesions in the salivary and lacrimal glands. In addition, we confirmed that the phenotypes and functions of immune cells of control mice showed no abnormality, compared with those of age- and sex-matched C57BL/6 mice. This study was conducted according to the Fundamental Guidelines for Proper Conduct of Animal Experiment and Related Activities in Academic Research Institutions under the jurisdiction of the Ministry of Education, Culture, Sports, Science and Technology of Japan. The protocol was approved by the Committee on Animal Experiments of Tokushima University and Biological Safety Research Center, Japan (Permit Number: T-27-7). All experiments were performed after administration of anesthesia, and all efforts were made to minimize suffering.



Cell Isolation

For the isolation of MΦ from the salivary gland, bilateral whole salivary gland lobes were minced into 1–3 mm pieces and were digested with collagenase (1 mg/mL, Wako), hyarulonidase (1 mg/mL, SIGMA-ALDRICH), and DNase (10 ng/mL, Roche) in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal calf serum at 37°C for 40 min using gentleMACS Dissociators (Miltenyi Biotec). Subsequently, mononuclear cells were enriched using a Histopaque-1083 (Merck) from a single-cell suspension of salivary gland tissue. Mononuclear cells were labeled with anti-CD45.2, F4/80, CD11b, CD3, and CD19 antibodies (eBioscience); subsequently, CD11bhigh F4/80+ MΦs and CD11blow F4/80+ MΦs were isolated using a cell sorter (JSAN JR Swift, Bay Bioscience). Splenocytes and cervical lymph node (cLN) cells were homogenated in DMEM containing 2% FBS using gentleMACS Dissociators (Miltenyi Biotec). Using 0.83% ammonium chloride, red blood cells were removed from the spleen cells. Splenic CD4+ T cells were obtained by negative selection using the EasySep mouse CD4+ T cell Isolation Kit (STEMCELL Technologies). Flow cytometric analysis showed that CD4+ cells accounted for >90% of the isolated cells. In addition, the viability of the isolated cells was checked by cell counter (CYTORECON, GE Healthcare) using trypan blue staining. The cell number was determined as the total absolute number of lymphocytes per each organ by cell counter (CYTORECON) using trypan blue staining; subsequently, the proportion of the suspended cells was analyzed by flow cytometry. The absolute number of T cells or macrophages was calculated using the data pertaining to total cell number and the proportion. As for the salivary gland, we used bilateral lobes to determine the cell number and the proportion of immune cells. As for splenocytes and cervical lymph node cells, the whole spleen and bilateral cervical lymph nodes per mouse were used to determine the cell number and the proportion.



Flow Cytometric Analysis

Immune cells were stained using antibodies against FITC-conjugated anti-mouse CD206 (BioLegend, C068C2) and CD11c (eBioscience, N418) mAbs, PE-conjugated anti-mouse MHC class II (Miltenyi Biotec, REA478), CD86 (BD Bioscience, GL1), CD204 (eBioscience, M204PA), CCR2, CX3CR1, CCR4 (BioLegend, SA203G11, SA011F11, and 2G12), PE-Cy5.5-conjugated anti-mouse CD3 and CD19 (TONBO Biosciences, 145-2C11, and 6D5) and 7-Aminoactinomycin D (7-AAD) staining solution (TOMBO Biosciences), PE-Cy7-conjugated anti-mouse CD11b (TONBO Biosciences, M1/70), APC-conjugated anti-mouse F4/80 and CD36 (BioLegend, BM8 and HM36), and APC-Cy7-conjugated anti-mouse CD45.2 (TOMBO, 104) mAbs. For detecting intracellular CCL22 expression, rabbit anti-CCL22/MDC (abcam, rabbit monoclonal IgG, EPR1362) Ab, and Alexa Fluor 568 goat anti-rabbit IgG (Invitrogen) were used. A FACScant flow cytometer (BD Biosciences) was used to identify the cell populations according to expression profile. Viable cells were checked by gating on side scatter (SSC)/forward scatter (FSC), FSC-H/FSC-A, 7AAD, CD45.2, and CD4. We used 5 × 105 cells as a sample for the analysis. Data were analyzed using the FlowJo FACS Analysis software (Tree Star Inc.).



Phagocytosis Assay

Phagocytosis was assessed for using the Phagocytosis Assay Kit (IgG FITC, Cayman Chemical). Mononuclear cells from the salivary glands provided as previously described were cultured in DMEM containing 10% FBS at 37°C and were washed with PBS 24 h later to remove unbounded cells. Adherent cells were incubated with the opsonized beads for 2 h at 37°C or at 4°C for controls; this was followed by washing with PBS. The phagocytic activity of F4/80+ CD11bhigh and F4/80+ CD11blow MΦs was analyzed using flow cytometry.



RNA Extraction

Total RNA was isolated from the purified macrophages and cultured cells using the RNeasy Plus Mini Kit (Qiagen) with a gDNA eliminator column treatment step. Total RNA was extracted from the salivary glands, lung, spleen, and liver tissues using Isogen (FUJIFILM Wako Pure Chemical). Total RNA was then reverse-transcribed into cDNA using the PrimeScript II reverse transcriptase (Takara Bio Inc).



Quantitative Reverse Transcription-Polymerase Chain Reaction (qRT-PCR)

Expression levels of mRNAs encoding CCL22, CCR4, IFN-γ, IL-4, IL-17, and β-actin were determined using a 7300 real time PCR system (Applied Biosystems) with TB Green Premix Ex Taq II (Takara Bio). PCR was performed followed by 40 cycles for 10s at 95°C and for 15 s at 60°C. The primer sequences used were as follows: CCL22: forward, 5′-TCATGGCTACCCTGCGTGTC-3′, and reverse, 5′-CCTTCACTAAACGTGGCAGAG-3′, CCR4: forward, 5′-GGCTACTACGCCGCCGAC-3′, and reverse, 5′-TACCAAAACAGCATGATGCC-3′, IFN-γ: forward, 5′-AGCGGCTGACTGAACTCAGATTGTA-3′, and reverse, 5′-GTCACAGTTTTCAGCTGTATAGGG-3′, IL-4: forward, 5′-TCTCATGGAGCTGCAGAGACTCT-3′, and reverse, 5′-TCCAGGAAGTCTTTCAGTGATGTG-3′, IL-17: forward, 5′-AGTGTTTCCTCTACCCAGCAC-3′, and reverse, 5′-GAAAACCGCCACCGCTTAC-3′, β-actin: forward, 5′-GTGGGCCGCTCTAGGCACCA-3′, and reverse, 5′-CGGTTGGCCTTAGGGTTCAGGGGG-3′. Relative mRNA expression of each transcript was normalized against β-actin mRNA.



Histological Analysis

Salivary gland tissues were fixed with 10% phosphate-buffered formaldehyde (pH 7.2), and were prepared for histological examination. Sections (4 μm) were stained with hematoxylin and eosin (H&E).



Immunohistochemistry

Tissue sections (6 μm) were deparaffinized in xylenes and were rehydrated by passage through serial dilutions of ethanol in distilled water. Heat-induced antigen retrieval was performed in Immunoactive (Matsunami Glass Ind. Ltd) with microwave thrice for 5 min. Anti-mouse F4/80 antibody (eBioscience), anti-human CCL22 (abcam), and anti-mouse CCL22 (abcam) antibody were applied to the sections; the sections were then incubated overnight at 4°C. After washing with PBS, the sections were incubated with biotinylated second antibody and horseradish peroxidase (HRP)-conjugated streptavidin solution (DAKO). HRP reacted with the 3,3′-diaminobenzidine (DAB) substrate using the Histofine DAB substrate kit (Nichirei Biosciences Inc.). The sections were counterstained with hematoxylin.



Confocal Analysis

Frozen sections (6 μm) of salivary gland tissues were fixed with cold acetone, blocked with 10% goat serum (DAKO), and then stained with a rabbit monoclonal antibody against CCL22/MDC (abcam), FITC-conjugated anti-mouse F4/80 (BioRad), rat monoclonal antibody against anti-EpCAM (eBioscience, G8.8), anti-CD3 (eBioscience, 1.45-2C11), anti-CD19 (eBioscience, eBio1D3), and biotinylated anti-CD11c (Biolegend, N418) antibodies. After washing with PBS, Alexa Fluor 568-conjugated anti-rabbit IgG (Invitrogen) and Alexa Fluor 488-conjugated anti-fluorescein Green goat IgG fraction (Invitrogen), or Alexa Fluor 488-conjugated anti-rat IgG (Invitrogen), or Alexa Fluor 488-conjugated streptavidin (Invitrogen) were used as secondary antibodies. Nuclear DNA was stained with 4′,6-Diamdino-2-phenylindole dihydrochloride (DAPI) (Invitrogen). In addition, the paraffin-embedded sections from SS patients and controls were stained with anti-CD68 (DAKO, Klon EBM11), anti-Keratin (DAKO, AE1/AE3), anti-CD3 (DAKO, F7.2.38), anti-CD19 (DAKO, LE-CD19), anti-S100 (abcam, 4C4.9), and anti-CCL22 Abs (abcam). The sections were examined using a PASCAL confocal laser-scanning microscope (LSM: Carl Zeiss) at 400 × magnification. LSM image browser version 3.5 (Carl Zeiss) was used for image acquisition.



Gene-Expression Analysis With PCR Array

Chemokine-related gene expression of sorted CD11blow and CD11bhigh sMΦs were analyzed using PCR array. Total RNA was reverse-transcribed to cDNAs using the RT2 First Strand Kit (Qiagen). The cDNA was applied to RT2 Profiler PCR array (PAMM-022ZE-1) plates to detect the expression of genes related to chemokines. Real-time PCR reactions were performed on a 7900HT Real-Time PCR System. (Applied Biosystems). Raw data were extracted and analyzed according to the Qiagen RT2 Profiler PCR Array Data Analysis web portal. Gene expression levels were calculated using the ΔΔCt method; the relative gene expression levels were normalized using four house-keeping genes (Actb, B2m, Gapdh, and Gusb).



Chemotactic Migration Assay and in vitro Culture of CD4+ T Cell With CCL22

Splenic CD4+ T cell were cultured for 5 days in RPMI 1640 containing 10% FBS with Dynabeads mouse T-activator CD3/CD28 (Invitrogen) at bead/cells ratio of 1:1 and 30 U/mL of rIL-2 (eBioscience). After serum starvation in RPMI 1640 medium for 3 h, splenic CD4+ T cells were seeded (1.0 × 106 cells in 400 μL) in Millicell Culture Plates Inserts (5.0-μm pore size, Merck Millipore). 600 μl of RPMI 1640 containing 0.1% BSA containing CCL22 (200 ng/mL; R&D Systems Inc.) was added to the lower chamber. The cells were cultured for 3 h at 37°C and then the numbers of migrated cells were counted by cell counter (CYTORECON, GE Healthcare UK).

CD4+ T cells purified from the spleen, cLNs, and salivary glands in SS model mice were cultured with CCL22 for 6 h. Then the mRNA of the T cells was purified for analysis of cytokine gene expression.



Analysis of Intracellular Cytokine Expression

CD4+ T cells (1 × 106/well) isolated form spleen of control and SS model mice, or T cells (2 × 105/well) isolated form salivary gland tissues of SS model mice were stimulated with Dynabeads mouse T-activator CD3/CD28 (Invitrogen) at bead/cell ratio of 1:4 and CCL22 (200 ng/mL) for 48 h, and were then cultured with phorbol myristate acetate (PMA; 50 ng/mL, Sigma-Aldrich, St. Louis, MO) and ionomycin (IM; 1 μg/mL, Sigma-Aldrich) in the presence of Brefeldin A (eBioscience) for the last 6 h. After washing, cells were stained with an anti-CD4 mAb, fixed in fixation/permeabilization solution (eBioscience); permeabilized in permeabilization buffer (eBioscience); and stained with anti-IFN-γ (eBioscience, XMC1.2), IL-4 (TONBO, 11B11), and IL-17A (eBioscience, TC11-18H10.1).



Analysis of Cytokine Levels

CD4+ T cells isolated from salivary gland tissues of SS model mice were cultured with or without CCL22 (200 ng/mL) in the presence of Dynabeads mouse T-activator CD3/CD28 (Invitrogen) at bead/cell ratio of 1:4 for 48 h and subsequently cultured with PMA (50 ng/mL, Sigma-Aldrich) and IM (1 μg/mL, Sigma-Aldrich) for the last 6 h. Cytokine levels, including IFN-γ, IL-4, and IL-17, in the supernatant were measured using a Cytokine 20-Plex Mouse Panel Luminex assay kit (Invitrogen) according to the manufacturer's instructions.



Administration of Anti-CCL22 Antibody

Four μg of goat anti-CCL22 polyclonal Ab (R&D System) or control polyclonal goat IgG Ab (Santa Cruz Biotechnology, sc-3887) was intravenously injected into the SS model mice aged 8 weeks on alternate days for 2 weeks. The mice were examined at 10 weeks of age.



Human Subjects

This study was approved by the Institutional Review Board of the Tokushima University Hospital, Japan (No. 2802). All patients with SS were diagnosed according the criteria for diagnosis of SS by the Japanese Ministry of Health and the American College of Rheumatology. Labial salivary gland (LSG) samples were obtained from patients with SS and controls. The degree of lymphocytic infiltration in the specimens was determined using a modification of the system originally introduced by Greenspan (23). The results are classified into five grades in a blind manner by three pathologists: Grade 0 = the absence of lymphocytes and plasma cells per 4 mm2 in LSGs, Grade 1 = mild infiltration of lymphocytes and plasma cells per 4 mm2 in LSGs, Grade 2 = a moderate infiltration or less than one focus per 4 mm2 in LSGs, Grade 3 = a single focus per 4 mm2 in LSGs, and Grade 4 = more than one focus per 4 mm2 in LSGs. One focus refers to an aggregate of ≧50 mononuclear cells, including lymphocytes, histiocytes, and plasma cells around the ductal structure. Five to seven samples per group were used for analysis. Control samples were collected from non-inflamed tissues of patients with mucous cyst or other oral disorders.



Statistical Analysis

Differences between individual groups were determined using two-tailed Student's t-test or between more than two groups using one-way ANOVA with Turkey's multiple comparison post-test. p < 0.05 was considered statistically significant. Power calculations were performed before the beginning of the experiments to determine the sample size for experiments using human samples or animals. Data are presented as mean ± standard error of mean (SEM).



Data Availability

The PCR array data are available from the Gene Expression Omnibus database under accession number GSE110816.




RESULTS


MΦs in the Salivary Gland of the SS Model Mouse

We have established a mouse model of SS wherein NFS/sld mice are thymectomized on day 3 after birth (24, 25). The autoimmune lesions in the salivary and lacrimal glands are observed from 6 weeks of age (24). The main subset of immune cells infiltrated in the target organ of the SS model mice at 6 weeks of age is CD4+ T cells; small populations of CD8+ T cells, B cells, macrophages (MΦs), and dendritic cells are also observed (26). The proportion of infiltrated immune cells in the target organ changes with age. At 8 weeks of age, the autoimmune lesions are observed in almost 100% of the SS model mice (24). Female mice exhibit faster onset of disease and more severe inflammatory lesions compared with male mice. In addition, autoantibodies such as anti-SSA, anti-SSB, and anti-α-fodrin were detected in the SS model (24, 25). We compared the distribution of MΦs in the salivary glands (sMΦs) of control and SS model mice. Immunohistochemical analysis revealed sporadic F4/80+ MΦs around ductal, acinar cells and small vessels in the control mice (Figure 1A). By contrast, many F4/80+ MΦs were observed surrounding the autoimmune lesions in the SS model mice at 8 weeks of age (Figure 1A).
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FIGURE 1. Salivary gland macrophages (sMΦs) of the SS model mice. (A) Immunohistochemical analysis of F4/80+ macrophages in the salivary gland sections obtained from the controls and SS models at 8 weeks of age. Photos are representative of 5 mice in each group. Scale bar: 50 μm (B) CD11bhigh and CD11blow F4/80+ sMΦs in the controls and SS models. (C) Total number of F4/80+ sMϕs in the controls and SS models from 8 to 20 weeks of age. Bilateral whole salivary gland lobes per mouse were minced and enzymatically digested. Mononuclear cells were enriched using a Histopaque-1083. Cell number was determined by cell counter using trypan blue staining and flow cytometer with antibodies for specific markers. (D) Number of CD11blow F4/80+ sMΦs in the controls and SS models from 8 to 20 weeks of age. **p < 0.005 by Student's t-test. (E) CD11bhigh F4/80+ sMΦs in the controls and SS models from 8 to 20 weeks of age. Data are presented as the mean ± SEM. *p < 0.05 by Student's t-test. n = 5–10 (C–E).



Next, the surface markers on sMΦs were analyzed using flow cytometry. CD45.2+ CD3− CD19−-gated monocytes (Supplemental Figure 1) were examined for CD11b and F4/80 expression (Figure 1B). Two subsets that displayed CD11bhigh F4/80+ and CD11blow F4/80+ MΦs were detected in the salivary glands (Figure 1B). These two subsets were evaluated using control and SS model mice from 8 to 20 weeks of age. At 8 weeks of age, the number of F4/80+ CD11b+ sMΦs in the SS model mice was significantly higher than that in control mice (Figure 1C). Although the cell numbers in both the control and SS model mice increased with age, there was no difference in the number between control and SS model from 12 to 20 weeks of age (Figure 1C). At 8 weeks of age, the number of CD11blow F4/80+ sMΦs in the SS model mice was significantly higher than that in the control mice; however, no changes were observed between the control and SS model mice from 12 to 20 weeks of age (Figure 1D). In contrast, the number of CD11bhigh F4/80+ sMΦs in the SS model mice aged between 12 and 16 weeks was significantly higher than that in the control mice (Figure 1E). At 20 weeks, there was no difference in the number of CD11bhigh F4/80+ sMΦs between control and SS model mice (Figure 1E). These findings indicate the existence of CD11bhigh and CD11blow F4/80+ sMΦ subsets; these two subsets may play a role in the onset or development of autoimmune lesions in the target organs of SS model mice.



Phenotype and Function of Two MΦ Subsets in Salivary Glands

To define the difference between the cell surface phenotypes of the two subsets in the salivary glands, key MΦ markers were analyzed using flow cytometry. No significant differences were observed between the control and SS model mice at 12 weeks of age with respect to any of the markers of two subsets (Figure 2A). Among M1 MΦ markers, including CCR2, MHC class II, CD11c, and CD86, the expressions of MHC class II, CD11c, and CD86 on CD11bhigh F4/80+ sMΦs were higher than those on CD11blow F4/80+ sMΦs (Figure 2A). The expression pattern of CCR2 and CX3CR1 expression on CD11bhigh F4/80+ sMΦs suggested that a fraction of these cells carried the chemokine receptor including CCR2 or CX3CR1, whereas the other fraction did not (Figures 2A,B). Expression of CD206 (a M2 and tissue-resident MΦ marker) on CD11bhighF4/80+ sMΦs was enhanced compared with that on CD11blowF4/80+ sMΦs (Figure 2B). In addition, the expressions of CD204 and CD36 (scavenger receptors) on CD11bhigh F4/80+ sMΦs in the SS model were higher than the control mice (Figure 2B). These findings indicate that CD11blow F4/80+ sMΦs are M1-like MΦ whereas CD11bhigh F4/80+ sMΦs are similar to the phenotype of M2-like and tissue resident-like MΦs. However, it is possible that the sMΦs may differentiate into the phenotype or function independent of their differentiation into M1 and M2 MΦs.
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FIGURE 2. Phenotypes and functionality of tissue-resident MΦs in salivary glands of controls and SS models. (A,B) Key surface markers on CD11bhigh and CD11blow sMΦs of control and SS model mice were detected using flow cytometry. Data are representative of 5 mice in each group at 12 weeks of age. (C) Phagocytic activity of CD11bhigh and CD11blow sMΦs of control and SS model mice at 12 weeks of age was determined by in vitro assay with FITC-conjugated beads. Data are representative of three independent experiments. Gray shadow: 4°C culture. (D) Phagocytic activity is shown as mean ± SEM. n = 4–6 per group. *p < 0.05 by Student's t-test.



To evaluate the in vitro phagocytic activity of the two subsets, sMΦs of the control and SS model mice were analyzed using FITC-labeled latex beads. With respect to the phagocytic activity of CD11high F4/80+ sMΦs, no significant differences were observed between the control and SS model mice (Figures 2C,D). There was no difference in the phagocytic activity of CD11blow F4/80+ sMΦs between the SS model and control mice (Figures 2C,D). Contrarily, in both control and SS model mice, the phagocytic activity of CD11high F4/80+ sMΦs was significantly higher than that of the CD11blow F4/80+ sMΦs (Figures 2C,D). These findings indicate that the two subsets of MΦs in the salivary gland are functionally distinct.



Chemokine Expression of CD11bhigh F4/80+ sMΦs in the SS Model Mice

Next, to define the role of the two subsets of sMΦs in the formation of autoimmune lesions, we focused on chemokine gene expression of sMΦs of the SS model mice. Using PCR-array, we comprehensively compared chemokine mRNA gene expression between CD11bhigh and CD11blow F4/80+ sMΦs in the SS model mice (Figure 3A). Relative to that of CD11blow sMΦs, over 50-fold increase was observed in the mRNA expression of CD11bhigh sMΦs; this increase was observed in several genes, such as CCL7, CXCL2, CCL6, CCL8, CXCL13, and CCL22 (Figure 3B). Among these, CCL22 mRNA expression level of CD11bhigh sMΦs was over 150-times higher than that of CD11blow sMΦs (Figure 3B). In addition, quantitative RT-PCR assay revealed that CCL22 mRNA level was significantly higher in salivary gland tissues of the SS model mice than of the control mice (Figure 3C). Moreover, the CCL22 mRNA level was also significantly higher in lung tissues of the SS model mice than of the control mice (Figure 3C). In addition, intracellular flow cytometric analysis revealed significantly higher expression of CCL22 in the sMΦs in the SS model mice than in the control mice (Figure 3D). Furthermore, CD11bhigh F4/80+ but not CD11blow F4/80+ sMΦs strongly expressed CCL22 in the SS model mice (Figure 3E). Moreover, CCL22-producing F4/80+ sMΦs were observed in the SS model mice by confocal microscopic analysis (Figure 3F). By contrast, confocal microscopic analysis indicated that EpCAM+ epithelial cells, CD3+ T cells, CD19+ B cells, and CD11c+ DCs did not express CCL22 (Figure 3G). Immunohistochemical analysis showed that interstitial cells such as fibroblasts, endothelial cells, and nerve cells did not also express CCL22 (Figure 3H). The results suggest that CCL22-producing sMΦs may play a potent role in the pathogenesis of SS.
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FIGURE 3. Comprehensive analysis of chemokine genes of sMΦs. (A,B) Chemokine mRNA expressions of isolated CD11bhigh and CD11blow sMΦs of the SS model mice at 12 weeks of age were analyzed using PCR-array. Up-and downregulated genes of CD11bhigh sMΦs compared with CD11blow sMΦs of the SS model mice. The lines indicate 5-fold change in the gene expression. Red dots are upregulated genes, and blue dots are downregulated genes. Data are representative of three independent experiments. (C) CCL22 mRNA expression levels of various tissues of the SS model and control mice at 12 weeks of age were determined using qRT-PCR. Data are presented as mean ± SEM. *p < 0.05 by Student's t-test. n = 5. (D) CCL22 expression of sMΦs in salivary glands of control and SS model mice (left). CCL22 positive cell number (right). Data are representative of five mice in each group and are presented as mean ± SEM. ***p < 0.0005 by Student's t-test. n = 5. Gray shadow is isotype control. (E) Comparison of CCL22 expression between CD11bhigh and CD11blow sMΦs of the SS model mice at 12 weeks of age. Data are representative of five mice. Gray shadow is isotype control. (F) CCL22-producing sMΦs of the SS model mice were detected by confocal microscopic analysis. Data are representative of five mice. (G) Confocal microscopic analysis of CCL22 expression of EpCAM+ epithelial cells, CD3+ T cells, CD19+ B cells, and CD11c+ DCs in the salivary gland tissues form SS model mice. Data are representative of three mice. Nuclei were stained with DAPI. (H) Immunohistochenical analysis of CCL22 expression using the salivary gland tissues from SS model mice. The result is representative of three mice. Nuclei were stained with hematoxylin.





Contribution of CCL22 to Migration and Cytokine Production of T Cells

We evaluated the expression of CCR4 (a receptor of CCL22) in the lymphoid organs and the target organs of control and the SS model mice. The expression level of CCR4 mRNA was significantly higher in the salivary glands of the SS model mice than of the control mice (Figure 4A). The expression in the salivary glands of SS model mice was considerably higher than that of the spleen (Sp), lung, and liver (Figure 4A). Furthermore, the expression of CCR4 on CD4+ T cells in spleen, cervical lymph node (cLN), and salivary glands was assessed using flow cytometry. The proportion of CCR4+ CD4+ T cells was significantly higher in the salivary glands than in the spleen and cLN of the SS model mice (Figure 4B). There was no significant difference in the proportion of CCR4+ CD4+ T cells between spleen and cLN in control mice (Figure 4B). We analyzed the mRNA expressions of the other chemokine receptors, such as CXCR3A, CCR3, and CX3CR1 mRNA in the salivary gland tissues of control and SS model mice. CXCR3A mRNA expression in the salivary gland tissues from SS model mice was significantly higher than that in the salivary gland tissues from control mice (Supplemental Figure 2A). In addition to CXCR4, other chemokine receptors may affect the pathogenesis of SS. Next, an in vitro migration assay was performed using CD4+ T cells purified from spleen cells to evaluate the migratory activity of T cells toward CCL22. The migratory activity of CD4+ T cells purified from the spleen of the SS model mice was significantly higher than that of CD4+ T cells purified from the spleen of the control mice (Figure 4C, Supplemental Figure 2B). These findings indicate that T cell migration is controlled by CCL22 in the SS model mice.
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FIGURE 4. CCR4 expression on peripheral T cells and migratory activity of T cell by CCL22. (A) CCR4 mRNA expression levels in tissues were determined by qRT-PCR. Data are presented as mean ± SEM. n = 5. (B) CCR4 expression on CD4+ T cells purified form the spleen (Sp), cLN, and salivary glands (Sg) of SS model mice at 12 weeks of age was determined by flow cytometric analysis. Data are representative of five mice, and mean ± SEM of CCR4+ cells (%) of CD4+ T cells. Gray shadow is isotype control. **p < 0.005, ***p < 0.0005 by one-way ANOVA with Turkey's multiple comparison post-test. UD, undetermined. (C) Migratory activity of CD4+ T cells from SS model mice to CCL22 (200 ng/mL) was analyzed by in vitro migration assay using trans-well. Data are representative of three independent experiments. *p < 0.05 by Student's t-test. (D) CD4+ T cells purified from the spleen, cLNs, and salivary glands in SS model mice at 12 weeks of age were cultured with CCL22 for 6 h. The mRNA expressions of IFN-γ, IL-4, and IL-17 were detected by qRT-PCR. Data are presented as mean ± SEM relative to that without CCL22 and are representative of three independent experiments. *p < 0.05, **p < 0.005 by Student's t-test. (E) CD4+ T cells isolated from salivary gland tissues of SS model mice were cultured with or without CCL22 (200 ng/mL) in the presence of anti-CD3/CD28 mAb-beads for 48 h, and subsequently cultured with PMA (50 ng/mL) and iomomycin (IM) (1 μg/mL) for the last 6 h. Cytokine levels, including IFN-γ, IL-4, and IL-17, in the supernatant were measured using a Cytokine 20-Plex Mouse Panel Luminex assay kit. Data are expressed as the mean concentration pg/mL) ± SEM, n = 4 per group. *p < 0.05 by Student's t-test.



CCL22 also plays a key role in T cell differentiation in addition to T cell migratory activity (27). In this SS mouse model, Th1 cells that produce IFN-γ contribute to the pathogenesis of autoimmune lesions in the target organ (24) (Supplemental Figure 3A). Splenic CD4+ T cells from the control and SS model mice were cultured with CCL22 for 6 h; mRNA expression of cytokines, including IFN-γ, IL-4, and IL-17, was then determined by qRT-PCR. IFN-γ mRNA expression of CD4+ T cells purified from the spleen of the SS model mice was significantly enhanced in response to CCL22 (Figure 4D). IL-17 mRNA of splenic CD4+ T cells in the control mice was significantly enhanced in response to CCL22, whereas no change was observed in IFN-γ and IL-4 mRNA (Supplemental Figure 3B). Further, besides up-regulated IFN-γ mRNA, IL-17 mRNA of CD4+ T cells from the cLN in the SS model mice was significantly increased in response to CCL22 (Figure 4D). Finally, mRNA expressions of all cytokines in CD4+ T cells obtained from the salivary glands of the SS model mice were significantly increased in response to CCL22 (Figure 4D). Moreover, to examine whether CCL22 influences the cytokine secretion by T cells, concentrations of IFN-γ, IL-4, and IL-17 were analyzed using the culture supernatant of anti-CD3/CD28-stimulated CD4+ T cells isolated from the salivary gland tissues of SS model mice. Concentrations of IFN-γ and IL-4 were significantly enhanced by CCL22, whereas no changes were observed in IL-17 level (Figure 4E). In addition, to examine the protein level of cytokine production by CCL22, intracellular expressions of IFN-γ, IL-4, and IL-17 in the presence of CCL22 were analyzed using anti-CD3/CD28-stimulated CD4+ T cells from spleen of control and SS model mice. IFN-γ expression in CD4+ T cells of SS model mice was significantly enhanced by CCL22, whereas there were no changes in IL-4 and IL-17 expressions (Supplemental Figures 3C,D). These findings indicate that CCL22 may disturb the regulation of IFN-γ production by T cells in the target organ.



Therapeutic Effect of Anti-CCL22 Antibody (Ab) Administration On Autoimmune Lesions in the SS Model

SS model mice were administered with anti-CCL22 Ab from 8 to 10 weeks of age to determine the effect of CCL22 inhibition on autoimmune lesions. Anti-CCL22 Ab (4 μg) was intravenously injected into a mouse on alternate days for 2 weeks (Figure 5A). After treatment with anti-CCL22 Ab, the number of F4/80+ CD11b+ total sMΦs in salivary glands of SS model mice was significantly decreased compared with that of SS model mice treated with control IgG (Figure 5B). Furthermore, the number of both macrophages, CD11bhigh and CD11blow F4/80+ sMΦs, in salivary glands of anti-CCL22-treated mice was significantly decreased compared with that of control IgG-treated SS model mice (Figure 5C), suggesting that other cells would be activated by secreting CCL22. Pathological examination revealed that when compared with the effect of isotype control Ab on SS model mice, anti-CCL22 Ab considerably suppressed the inflammatory lesions in the salivary glands of the SS model mice (Figure 5D). The number of lymphocytes infiltrated in the salivary gland tissue (/4 mm2) was significantly lower in the anti-CCL22 Ab-treated mice than in the control isotype antibody-treated mice (Figure 5E). In addition, flow cytometric analysis revealed that the number of CD4+ cells that had infiltrated in the salivary glands was significantly lower in the SS model mice injected with anti-CCL22 Ab was significantly decreased compared with that of SS model mice injected with isotype control Ab (Figures 5F,G). As for CD8+ T cells, the decrease of the proportion and the cell number was observed in anti-CCL22 Ab-treated mice (Figures 5F,G). These results suggest that CCL22-producing sMΦs may serve as a target for treating SS.
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FIGURE 5. Therapeutic effect of anti-CCL22 Ab administration on autoimmune lesions in SS model mice. (A) Experimental schedule. Anti-CCL22 Ab (4 μg) was intravenously injected into a mouse on alternate days for 2 weeks. (B) Total number of sMΦs infiltrated in the salivary gland tissues from control IgG and anti-CCL22 Ab treatment was determined by cell counter and flow cytometry. (C) The number of CD11blow/high sMΦs in the salivary gland tissues was determined using cell counter and flow cytometry. (D) Pathological analysis was performed using H&E-stained sections of salivary gland tissues from the SS model mice administered with anti-CCL22 Ab and isotype control antibody. Data are representative of five mice in each group. (E) Number of lymphocytes infiltrated into salivary gland tissues within 2 × 2 mm2 was counted using H&E-stained sections. (F) CD4/CD8 T cell phenotype in the salivary gland tissues was analyzed by flow cytometry. Data are representative of five mice in each group. (G) The number of CD4+ (left) and CD8+ T cells in the salivary gland tissues was determined using cell counter and flow cytometry. Data are presented as mean ± SEM of five mice (B, C, E, and G). *p < 0.05 **p < 0.005 by Student's t-test.





Detection of CCL22-Producing sMΦs in Patients With SS

To determine whether the CCL22-producing sMΦs contribute to autoimmune lesions in patients with SS, immunohistochemical analysis was performed with anti-CCL22 Ab using minor salivary gland tissues obtained from controls and patients with SS. Based on the degree of lymphocyte infiltration, tissue sections of lip biopsy specimens were divided into four grades (23, 28). Numerous CCL22-producing cells were detected in the high-grade biopsy sections (Figure 6A). Pathological grade and the number of CCL22-producing cells were significantly correlated (Figure 6B). The histopathological criterion of SS diagnosis was a focus score ≧1 which includes Grade 3 and 4 (23). Compared with patients with a focus score < 1, the number of CCL22+ cells was significantly higher in the salivary gland tissues from patients with SS with a focus score ≧1 (Figure 6C). In addition, confocal microscopy revealed many CCL22-producing CD68+ sMΦs in the minor salivary gland tissues from patients with SS (Grade 4); however, only few CCL22+ sMΦs were detected in controls (Figure 6D). In addition, CCL22 was not expressed in stromal cells, such as fibroblasts, endothelial cells, and nerve cells (Supplemental Figure 4A). Furthermore, confocal microscopic analysis confirme that Keratin+ epithelial cells (Supplemental Figure 4B), CD3+ T cells (Supplemental Figure 4C), CD19+ B cells (Supplemental Figure 4D), and S100+ DCs (Supplemental Figure 4E) did not express CCL22. A previous report indicated that CCL22 is secreted by macrophages or DCs in vitro and in vivo (29). This result indicates that CCL22-producing sMΦs play a key role in the formation of autoimmune lesions in the target organ of patients with SS.
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FIGURE 6. CCL22-producing sMΦs of minor salivary gland tissue from patients with SS. (A) CCL22+ cells from the minor salivary gland tissues from controls and patients with SS were detected by immunohistochemical analysis. Sections of controls and patients with SS (Grade 1 to 4) were used for analysis. Photos are representative of 5–7 samples in each group. (B) The number of CCL22+ cells was determined, and data are presented as mean ± SEM of five samples. *p < 0.05, **p < 0.005 by one-way ANOVA with Turkey's multiple comparison post-test. (C) Correlation in CCL22+ cells between focus score 1 < and 1 ≧ patients. The number of CCL22+ cells was determined, and data are presented as mean ± SEM of five samples. *p < 0.05, **p < 0.005 by Student's t-test. (D) CCL22-producing CD68+ sMΦs were detected by confocal analysis using the section of controls and SS patients (Grade 4). Photos are representative of 5 samples in each group. Bar: 50 μm.






DISCUSSION

In the current study, we investigated the relationship between autoimmunity and MΦs in the target organs in the SS mouse model and the patient with SS. Resident MΦs were divided into two subsets that displayed low and high expression levels of CD11b in the SS model mice. Via the control of T cell migration and cytokine production, CCL22-producing CD11bhigh macrophages play a key role in the development of autoimmune lesions in the salivary glands.

The number of MΦs in the salivary glands was significantly higher in the SS model mice than in the control mice at 8 weeks of age; however, no difference was observed in the respect at the subsequent time-point. The number of CD11blow sMΦs also significantly increased at 8 weeks of age, which is the stage of onset of autoimmune lesions in the model. In contrast, the number of CD11bhigh sMΦs was significantly higher in the SS model mice than in the control mice between 12 and 16 weeks of age, which corresponds to the stage wherein development of autoimmune lesions occurs in the SS model mice. These results suggest that the phenotypic change to CD11bhigh sMΦs within the target organ may be induced during the development of autoimmune lesions. In addition, it is possible that bone marrow-derived myeloid cells may accumulate to become MΦs in the target organ.

During various inflammatory processes, naïve monocytes differentiate into pro-inflammatory M1 and anti-inflammatory M2 MΦs (30, 31). The diverse phenotypes and functionality of resident MΦ in different organs is well-documented (32, 33). It is difficult to differentiate between the M1 and M2 subsets based on the surface markers (34). No differences were observed between the control mice and SS model mice with respect to M1/M2 markers. However, expressions of scavenger receptors (CD36 and CD204) on CD11blow sMΦs of the SS model mice were clearly enhanced. Phagocytic activity of both CD11blow and CD11bhigh sMΦs in the SS model mice was also upregulated. These results indicate that the phenotypic difference between CD11blow and CD11bhigh does not contribute to the differentiation into M1/M2 MΦ subsets and the phagocytic function of MΦ. On the other hand, it is possible that CD11blow sMΦs may play a role in the pathogenesis of the SS model mice. As shown in Figure 1, the number of CD11blow sMΦs in SS model mice at 8 weeks of age was significantly higher than that in control mice; therefore, the CD11blow sMΦs may contribute to the onset or early stage of the disease. However, further study is required for a detailed analysis of this population in detail in the next project.

We have checked many markers of macrophage in preliminary experiments before focusing on CD11b expression. Among these, we found that CD11b expression in the target tissue of SS model mice changed with disease progression in the SS model mice. Therefore, we decided to focus on the analysis of the role or function of CD11blow/high sMΦs in the target tissues at the onset or development of the disease.

To determine a key molecule for the development of autoimmune disease in the SS model mice, experiments were conducted in two steps. The first step was comprehensive gene analysis limiting chemokine genes to compare the gene expression of CD11bhigh sMΦs with that of CD11blow sMΦs in the SS model mice. In the second step, several genes among the upregulated genes that showed a significant difference between the control and SS model mice were picked up. Among these, the CCL22 gene of CD11bhigh sMΦs was selected as a potential candidate that plays a key role in the development of autoimmune lesions. Alongside the development of autoimmune lesions, CCL22-producing CD11bhigh sMΦs were increased in SS model mice. M2a, a subset of M2 MΦ, induced by IL-4 and IL-13 exposure expresses arginase I and produces CCL22, IL-10, TGF-β, IL-1Ra, CCL17, and CCL24 to promote Th2 cells, eosinophils, and basophils (1, 2, 3, 4, 6). The CCL22-producing sMΦs seem to differ from the M2a MΦ subset.

CCL22 is one of the C-C motif chemokines and is termed as MΦ-derived chemokine (MDC) in humans and mice. CCL22 and CCL17 bind to CCR4, and both chemokines are 39% identical at the amino acid level (34). Both CCL22 and CCL17 are highly expressed in the thymus (35, 36). The role of CCL22 in peripheral T cells is not clear. IFN-γ-producing Th1 cells were shown to contribute to the onset of autoimmune lesions in the SS model mice (24). In the present study, cytokine production in CD4+ T cell response to CCL22 showed differences between the spleen, cLN, and target tissue in the SS model mice. It is possible that the differences regarding receptor expression may be related to the cytokine production through different signaling of the T cells. Hence, CCL22 may play a key role in the breakdown of local immune tolerance in the target organ to induce autoimmune lesions in SS. In addition, our hypothesis is that CCL22 from CD11bhigh sMΦs may enhance the migration of effector T cells into the target organ through CCR4 on T cells and also the cytokine production, such as IFN-γ, by T cells. In addition, the mRNA expressions of IFN-γ, IL-4, and IL-17 in T cells isolated from the salivary gland tissues of SS model mice were enhanced by CCL22. IFN-γ and IL-4 protein secretion was also enhanced by CCL22. As for the discrepancy in IL-17 between the mRNA and protein expressions of IL-17, protein secretion of IL-17 may be influenced by any other factor. Previous reports demonstrate that CCR4 is predominantly expressed by Th2 cells, cutaneous lymphocyte antigen-positive skin-homing T cells, and Treg cells (36, 37). Therefore, CCL22 is considered one of the Th2-associated chemokines (38, 39). Our result was consistent with the elevated CCL22 in salivary gland tissues from patients with SS as described previously (40). The high expression level of CCR4 on CD4+ T cells that infiltrate the target organ is a novel finding that highlights the key role of the CCL22-CCR4 axis in the autoimmune reaction in the target organ. Previously, CCL22 was detected around the ductal epithelial cells, whereas CCR4 was detected on infiltrating lymphocytes in the minor salivary glands of patients with SS. From our study, any subset of sMΦs may be the source of CCL22 in the target organ of SS. Th1 and Th17 cells may be involved in the initiation of SS, and Th2 cells may contribute to disease progression through the interaction between chemokines and chemokine receptors, such as CCL22 and CCR4. In contrast, although it was reported that CCL22 gene expression of minor salivary glands of patients with SS was less pronounced (20), our study demonstrated that a part of macrophage subsets highly produces CCL22 in the target tissue in SS. Therefore, it is possible that the increased gene expression of CCL22 in the whole tissue cannot be observed. We determined the concentration of CCL22 for in vitro migration assay based on a previous report (41) and our preliminary experiment (Supplemental Figure 2). Indeed, 200 ng/mL of CCL22 may be much higher than the physiological concentration. However, it is difficult to determine the physiological or pathological concentration in vivo, and the concentration gradient may change with disease progression in the SS model mice.

In the current study, anti-CCL22 Ab has a therapeutic effect on the autoimmune lesions in the SS model mice. A previous report demonstrated that CCL22 regulates experimental autoimmune encephalaomyelitis (EAE) via the control of MΦ chemoattraction and effector function (27, 42, 43). CCR4 is also known to play a potent role in the development of EAE (44, 45). Furthermore, a CCR4 antagonist was shown to ameliorate EAE via the inhibition of Th1 and Th17 polarization of antigen-induced T cell response (46, 47). In contrast, CCL22-mediated recruitment of Treg cells to the pancreas protects against autoimmune diabetes in a murine type 1 diabetes model (48, 49). CCL22 has also been implicated in various diseases, including allergic disease, and lymphoma (50–54). CCL22 and its receptor contribute to the onset or development of immune disorders by inducing changes in the expression and contribution or the functions (55, 56). In our model, CD11bhigh sMΦs intensively produced CCL22 to influence T cell responses in the target tissue. In addition, as the infiltration of CD8+ T cells in the salivary gland tissues was also suppressed by the injection of anti-CCL22 Ab, the same mechanism may apply for CD8+ T cell migration to the target organ. A large number of CD8+ T cells were accumulated in the salivary gland tissue of SS model mice (Figure 5D). As mentioned, CD4+ T cells are the main subset of immune cells infiltrated in the salivary gland in this model in the early stage. As shown in Figure 5, we analyzed the mice at 10 weeks of age, when CD8+ T cells also are infiltrated in addition to the other immune cell populations.

We analyzed the cytokine mRNA expression of cultured T cells in vitro to examine the direct effect of CCL22 on T cells. It is important to detect cytokine expression directly in the target tissues. However, it is difficult to assess the effect of CCL22 on the cytokine expression of T cells in vivo. Analysis of CD11b-conditional CCL22 gene knockout mouse in the next study will help define the in vivo function of CCL22 in autoimmunity.

In this study, in addition to CCL22 gene, several chemokine genes of CD11bhigh sMΦs were upregulated, suggesting that complicated chemokine network by resident MΦs with phenotypic change affects the pathogenesis of autoimmune lesions. Moreover, CCL22 gene expression of lung in the SS model mice was significantly higher than that of control mice. As slight inflammatory lesions of the lung in the SS model mice are observed with age, CCL22 may play a key role in the pulmonary lesions.

To summarize, a phenotypic change in the resident sMΦs of SS model mice was observed during the development of autoimmune lesions. CCL22-producing resident MΦs influence T cell migration and cytokine production in the target organ of the SS model mice. Interventions that target MΦs may serve as a potential novel treatment for autoimmune diseases.
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Supplemental Figure 1. Gating strategy and representative gating of immune cells obtained from salivary gland tissues in the SS models. FSC-A/SSC-A, FSC-A/FSC-H, and FSC/CD45.2 panels are shown. After gating single cells and CD45.2+ cells among live cells, 7-AAD−CD3−CD19− cells were gated for obtaining MΦ population.

Supplemental Figure 2. (A) mRNA expressions of CXCR3A, CCR3, and CX3CR1 in salivary gland tissues from control and SS model mice at 12 weeks of age were determined by qRT-PCR. Data are presented as mean ± SEM. n = 5. The primer sequences used were as follows: CXCR3A: forward, 5′-TGCTAGATGCCTCGGACTTT-3′, and reverse, 5′- CGCTGACTCAGTAGCACAGC-3′, CCR3: forward, 5′-TTGATCCTCATAAAGTACAGGAAGC-3′, and reverse, 5′- CAATGCTGCCAGTCCTGCAA-3′, CX3CR1: forward, 5′- CACCATTAGTCTGGGCGTCT-3′, and reverse, 5′- GATGCGGAAGTAGCAAAAGC-3′. Relative mRNA expression of each transcript was normalized against β-actin mRNA. (B) Migratory activity of CD4+ T cells from SS model mice to CCL22 (0, 50, 100, and 200 ng/mL) was analyzed by in vitro migration assay using trans-well. Data are representative of three independent experiments. *p < 0.05 by Student's t-test.

Supplemental Figure 3. (A) Intracellular expressions of IFN-γ, IL-4, and IL-17 of activated splenic CD4+ T cells. CD4+ T cells purified from spleen of the control and SS model mice were stimulated with PMA (50 ng/mL) and ionomycin (1 μg/ml) for 6 h with Golgi-stop. Data are representative of three independent experiments. (B) CD4+ T cells purified from the spleen in control mice were cultured with CCL22 (200 ng/mL) for 6 h. The mRNA expressions of IFN-γ, IL-4, and IL-17 were detected by qRT-PCR. Data are presented as mean ± SEM relative to that without CCL22 and are representative of three independent experiments. *p < 0.05 by Student's t-test. (C) Intracellular IFN-γ expression in CD4+ T cells of SS model mice. CD4+ T cells were stimulated with or without CCL22 (200 ng/mL) in the presence of anti-CD3/CD28 mAb for 48 h, and were subsequently cultured with PMA (50 ng/mL) and IM (1 μg/mL) in the presence of Brefeldin A for the last 6 h. The results are representative of five samples in each group. (D) Intracellular cytokine expressions of IFN-γ, IL-4, and IL-17 in splenic CD4+ T cells of control and SS model mice were analyzed by flow cytometer. Data are presented as mean ± SEM relative to that without CCL22. n = 5. *p < 0.05 by Student's t-test, **p < 0.005 by Student's t-test.

Supplemental Figure 4. (A) Stromal cells did not express CCL22. CCL22 was detected by immunohistochemical analysis. Bar: 500 and 50 μm. (B–E) Confocal microscopic analysis of CCL22 expression of Keratin+ epithelial cells (B), CD3+ T cells (C), CD19+ B cells (D), and S100+ DCs (E) using the sections of SS patients (Grade 4). Photos are representative of five samples in each group. Bar: 50 μm.
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The activity and function of T-cells are influenced by the intra- and extracellular redox milieu. Oxidative stress induces hypo responsiveness of untransformed T-cells. Vice versa increased glutathione (GSH) levels or decreased levels of reactive oxygen species (ROS) prime T-cell metabolism for inflammation, e.g., in rheumatoid arthritis. Therefore, balancing the T-cell redox milieu may represent a promising new option for therapeutic immune modulation. Here we show that sulforaphane (SFN), a compound derived from plants of the Brassicaceae family, e.g., broccoli, induces a pro-oxidative state in untransformed human T-cells of healthy donors or RA patients. This manifested as an increase of intracellular ROS and a marked decrease of GSH. Consistently, increased global cysteine sulfenylation was detected. Importantly, a major target for SFN-mediated protein oxidation was STAT3, a transcription factor involved in the regulation of TH17-related genes. Accordingly, SFN significantly inhibited the activation of untransformed human T-cells derived from healthy donors or RA patients, and downregulated the expression of the transcription factor RORγt, and the TH17-related cytokines IL-17A, IL-17F, and IL-22, which play a major role within the pathophysiology of many chronic inflammatory/autoimmune diseases. The inhibitory effects of SFN could be abolished by exogenously supplied GSH and by the GSH replenishing antioxidant N-acetylcysteine (NAC). Together, our study provides mechanistic insights into the mode of action of the natural substance SFN. It specifically exerts TH17 prone immunosuppressive effects on untransformed human T-cells by decreasing GSH and accumulation of ROS. Thus, SFN may offer novel clinical options for the treatment of TH17 related chronic inflammatory/autoimmune diseases such as rheumatoid arthritis.
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INTRODUCTION

Sulforaphane (SFN) is a natural compound obtained from cruciferous vegetables like broccoli, watercress, brussels sprouts, cabbage, and cauliflower. It has the ability to induce phase II anti-oxidant enzymes and exerts anti-proliferative effects on cancer cells in vitro (1–3). Reactive oxygen species (ROS) promote tumor development and progression, which was the rationale of the hypothesis that the ROS-detoxification process induced by SFN might be useful as an adjuvant during anti-cancer therapy. In several phase I and II clinical trials, the therapeutic benefit of SFN has been evaluated for healthy individuals and cancer patients (4, 5). However, a beneficial effect for cancer patients could not be documented in these studies. One possible explanation that has been discussed is a limited SFN concentration or pharmacokinetics in the patients (5). It is also known that the control of tumors is highly dependent on the immune system. Thus, if immune cells would be inhibited by SFN, this immunosuppression could outweigh the anti-tumor effects. However, effects of SFN on the immune system of cancer patients were not considered.

Recently, some studies have provided first hints that SFN is indeed able to modulate the immune system. Kumar et al. demonstrated that in vitro the development of human myeloid-derived suppressor cells (MDSCs) from CD14+ monocytes cultured in glioma conditioned medium was inhibited by SFN, which may enhance T-cell proliferation (6). On the other hand, the study by Pal et al. suggested that effects induced by SFN eventually shifted human monocyte polarization to a direction specific to M2 macrophages, promoting an anti-inflammatory phenotype (7). Geisel et al. reported that in a murine system, SFN led to diminished IL-12 and IL-23 expression by dendritic cells (DCs) eventually interfering with pro-inflammatory immune responses (8). Yet, a direct effect of SFN on mouse T-cells was not observed. In line with these latter findings, SFN was found to ameliorate murine experimental arthritis (9) and experimental autoimmune encephalomyelitis (EAE) (8, 10). In contrast to the murine system, SFN also seemed to have a direct inhibitory effect on synovial T-cells derived from rheumatoid arthritis (RA) patients (9). However, the effect of SFN on primary human T-cells from healthy donors was so far not investigated. Given enormous species differences, this aspect is critical for estimating its potential clinical effects.

The molecular principle of how SFN acts in different cell types is as yet only partly understood. Nuclear factor erythroid 2 (NFE2)-related factor 2 (NRF-2) was identified as one target of SFN in murine lymphocytes, murine DCs and cancer cells (11–13). NRF-2 is a leucine-zipper protein that is activated by oxidative stress and induces transcription of genes coding for anti oxidant proteins. Consistent with this, SFN treatment has been shown to boost the ROS-scavenger glutathione (GSH) in murine DCs, and also to result in high expression of the antioxidant protein heme oxygenase-1 (HO-1) (12). In contrast, another study using murine spleen lymphocytes demonstrated that 20 μM SFN rather increased the basal levels of intracellular ROS in murine spleen lymphocytes (11).

Taken together, the existing data create a confusing picture of the effects of SFN on the intracellular redox homeostasis, which might be due to the different systems used, i.e., murine vs. human cells, adaptive vs. innate immune cells or tumor cells vs. primary cells. However, an exact knowledge of the SFN effect on the redox-regulation in human T-cells is crucial to estimate its clinical relevance in T-cell related diseases, since the redox balance strongly modulates T-cell functions (14). In this regards, we have shown earlier that reducing conditions favor activation of primary human T-cells (15), whereas oxidative stress leads to hyporesponsiveness or even cell death of primary human T-cells (16, 17). In line with these findings, it has recently been postulated that low ROS levels in RA patient derived T-cells connects cellular metabolism with auto-aggressive T-cell immunity including biased differentiation of T-cells into IFN-γ and IL-17-producing inflammatory cells (18). Thus, the main purpose of our current study was to investigate whether SFN may serve as a novel means to influence the redox-balance and thereby the function of primary human T-cells.

Here, we show that SFN suppressed costimulation-induced activation and proliferation of primary human T-cells without having cytotoxic effects. In particular, expression of TH17-related proinflammatory genes were significantly diminished. These effects are attributable to redox regulation by SFN, since (i) SFN induced ROS and in parallel GSH depletion in primary human T-cells and (ii) thiol-containing antioxidants abolished the immunosuppressive effect of SFN. Taken together, our data imply that SFN may act as an immunosuppressive agent for primary human T-cells by regulating the T-cell redox equilibrium. This suppression of T-cell functions by SFN may be beneficial to control auto-inflammatory diseases such as RA.



MATERIALS AND METHODS


Reagents and Antibodies

SFN was purchased from LKT Laboratories (St. Paul, MN). The following chemicals were obtained from Sigma-Aldrich: N-acetylcysteine (NAC), Tiron, Trolox, N-ethyl maleimide (NEM) and 4′,6-Diamidino-2-phenylindole (DAPI). GSH, 5-(and-6)-chloromethyl-2′, 7′-dichlorodihydro-fluorescein diacetate, acetyl ester (CM-H2DCFDA), ThiolTracker™ Violet and RPMI 1640 were purchased from Thermo Fisher Scientific. The cellular ROS/Superoxide detection assay kit was purchased from Abcam and carboxyfluorescein diacetate succinimidyl ester (CFSE) was from Invitrogen. SiR-actin was ordered from Cytoskeleton Inc. Fetal bovine serum (FBS) was bought from PAN-Biotech and BD FACSTM lysing solution from BD Bioscience. IL-2 was purchased from Peprotech. Human CD8/NK and TH cytokines panel were from BioLegend. Direct-zol™ RNA MiniPrep kit was purchased from QIAGEN and nCounter® GX Human Immunology v2 panel from nanoString Technologies. Vivaspin 6 (10,000 MWCO) columns were bought from Sartorius.

Antibodies employed in this study were specific for the following molecules: CD3 (clone OKT3 mouse mAb), CD28 (clone 28.2, BD Pharmingen), isotype control antibodies IgG1 and IgG2a (mouse mAb, BD Biosciences), cysteine sulfenic acid (rabbit polyclonal antibody, Merck), Prx1 (peroxiredoxin1, rabbit polyclonal antibody, Invitrogen), Trx (thioredoxin, Clone 2G11, mouse mAb, BD Bioscience), phospho-STAT3 (pSTAT3, #9131, Cell Signaling Technology), STAT3 (#9139, Cell Signaling Technology), and GAPDH (clone 6C5, mouse mAb, Invitrogen). For the secondary antibodies, donkey anti-rabbit IgG (H+L)-AF488 antibody was purchased from Dianova. IRDye® 800CW donkey anti-rabbit and IRDye® 680CW donkey anti-mouse were purchased from LICOR Biosciences. 7-AAD, Annexin-V and all fluorescently labeled antibodies were bought from BD Bioscience.



Primary Human T-Cell Preparation and Cell Culture

Human peripheral blood mononuclear cells (PBMCs) were obtained by Ficoll–Hypaque (Linaris, Wertheim-Bettingen, Germany) density-gradient centrifugation of heparinized blood from healthy volunteers. T-cells were isolated using the pan T-cell isolation kit purchased from Miltenyi Biotec (Bergisch Gladbach, Germany) as per the manufacturer's instructions. The human T-leukemia cell line Jurkat ACC282 and B-leukemia cell line Raji were grown in RPMI 1640 complete medium containing 10% FBS at 37°C and 5% CO2. This study was approved by the Ethics Committee of the Heidelberg University (S-269/2015).



Sampling of Blood From RA Patients

Heparinized peripheral blood was collected under aseptic conditions from patients with RA. Informed consent for use of the cells was obtained from all RA patients included in this study. This study was approved by the Ethics Committee of the Heidelberg University (S-119/2017).



T-Cell Costimulation

To co stimulate human peripheral T-cells, microplates (Nunc, Wiesbaden, Germany) were pre-coated with goat anti-mouse IgG+M antibody followed by blocking with complete RPMI medium (RPMI+10% FBS), coating with anti-CD3 (20 ng/mL), and anti-CD28 (5 μg/mL) antibodies or the respective isotype controls. T-cells were spun down on the antibodies and incubated at 37°C for the indicated time points.



Cell Viability Assay

Primary human T-cells or Jurkat T-leukemia cells were cultured in 200 μl complete RPMI medium for the indicated time points with or without SFN (5% CO2 and 37°C). For viability assays, cells were washed with pre-warmed phosphate-buffered saline (PBS), resuspended in Annexin-V binding buffer containing 7-AAD and Annexin-V and incubated 15 min at room temperature (RT). After washing once with Annexin-V binding buffer, cells were acquired via flow cytometry (LSRII, BD Bioscience, Heidelberg, Germany) and data were analyzed with FlowJo X (FlowJo LLC, Ashland, OR, USA).



T-Cell/APC Conjugate Formation

Conjugates were formed between T-cells and staphylococcus aureus enterotoxin B (SEB) loaded Raji cells as described previously (19). Briefly, T-cells were pre-incubated in the absence or presence of 10 μM SFN for 1 h and Raji cells were loaded with 5 μg/ml SEB or kept unloaded. Then, T-cells and Raji cells were coincubated at a ratio of 1:1 for 45 min at 37°C. Cells were fixed using 1.5% PFA and stained with anti-CD3-APC and anti-CD19-PerCP-Cy5.5 antibodies. Cell couple formation was determined by flow cytometry. Double positive events (CD3+CD19+) were counted as cell couples.



Analysis of Immune Synapses (IS) by Multispectral Imaging Flow Cytometry (MIFC)

Conjugates were formed between T-cells and SEB loaded Raji cells as described above. Briefly, T-cells were incubated in the absence or presence of 10 μM SFN for 1 or 24 h at 37°C. Then 1 × 106 T-cells/sample were mixed at a 1:1 ratio with Raji cells that were either loaded with 5 μg/ml SEB or kept unloaded, and the cells mixture was incubated for 45 min at 37°C to allow for IS formation. Then cells were fixed in 1.5% PFA, and stained with anti-CD3-PE-TxR, anti-LFA-1-FITC, and DAPI. Thereafter, cells were subjected to MIFC (IS100, Amnis Corp., Seattle, WA, USA) and as many as 15,000 images per sample were acquired. Subcellular localization of proteins was analyzed with IDEAS 6.0 software (Amnis, Seattle, WA, USA) as described previously (20).



Detection of T-Cell Activation

T-cells were kept untreated or treated with SFN and co-stimulated with plate bound anti-CD3/CD28 antibodies (for details see above). Activation of T-cells was evaluated by the expression of CD25 and CD69. Briefly, T-cells were washed once with FACS wash (FW) buffer (0.5% BSA, 0.5% FBS, and 0.07% NaN3 in 1 X PBS) to remove the culture medium. The cell pellet was resuspended in FW containing anti-CD25-APC and anti-CD69-PE antibodies and incubated for 20 min at RT. Thereafter, cells were washed and analyzed by flow cytometry. To determine the total amount of CD25 and CD69 (cell surface plus intracellular), cells were fixed with 1.5% PFA and permeabilized with FWS (FW containing 0.1% saponin) prior to antibody staining.



Assessment of T-Cell Proliferation

T-cells were washed with pre-warmed PBS, resuspended in PBS, loaded with 1 μM CFSE and incubated for 15 min at 37°C. After washing once with PBS to remove unbound CFSE, SFN was added for 30 min and the cells were seeded on 96-well microplates coated with anti-CD3/CD28 antibodies for co-stimulation as described above. Proliferation was determined after 3 days of incubation using flow cytometry. The proliferation index was calculated according to the instruction of FlowJo documentation. Briefly, the number of cells at the beginning of cell culture (Ns = G0 + G1/2 + G2/4 + G3/8), the total number of divisions (Nt = (G1/2)*1 + (G2/4)*2 + (G3/8)*3) and the number of cells that subjected to division (Nd = Ns–G0) were calculated first. The proliferation index results from the ratio of Nt and Nd.



Cytokine Assay

Human CD8/NK and TH cytokine panels were used to detect secreted cytokines. To this end, SFN treated T-cells or untreated T-cells (1 × 105 T-cells/100 μl), concentrations as indicated, were co-stimulated with crosslinked anti-CD3/CD28 antibodies. After 2 days of incubation, the samples were centrifuged, cell-free supernatants were collected and immediately aliquoted and stored at −80°C. The cytokine assay was performed using undiluted samples and 96-well U-bottom microplates as per the manufacturer's instructions.



Detection of Intracellular ROS Levels

Intracellular ROS levels were detected by using the ROS detection reagent CM-H2DCFDA. T-cells (1 × 106 T-cells/ml) or Jurkat T-leukemia cells were washed with PBS and the cell pellet was re-suspended in PBS. CM-H2DCFDA was added to a final concentration of 5 μM, and the cell suspension was incubated for 15 min at 37°C in the dark. After washing twice with PBS, the cell pellet was re-suspended in RPMI 1640 complete medium and SFN was added as indicated in the respective figures. As control, we used H2O2 (50 μM for PBTs and 50 μM to 200 μM for Jurkat T-leukemia cells). The fluorescence intensity was immediately determined by flow cytometry and analyzed with FlowJo X.

For detecting of the intracellular ROS level of lymphocytes in whole blood, heparinized peripheral blood from RA patients was pre-treated with 10 μM SFN or left untreated for 5 min (Fresh blood was used up to 2 h after blood donation) at RT. Alexa Fluor® 700-CD45 antibody was used to stain leukocytes, and CM-H2DCFDA was used to stain intracellular ROS. After staining for 15 min, blood samples were proceeded to erythrocyte lysis with FACSTM lysing solution, washed twice with FW, and measured by flow cytometry and analyzed with FlowJo X.



Detection of Intracellular GSH Levels

The intracellular GSH levels were detected using ThiolTrackerTM violet dye according to manufacturer's instructions. Briefly, T-cells or Jurkat T-leukemia cells were kept untreated or treated with the indicated concentration of SFN in RPMI 1640 complete medium. After SFN treatment for the indicated time points, cells were spun down and the supernatant was removed. Cells were rinsed twice with pre-warmed PBS and re-suspended in 100 μl PBS containing 2 μM ThiolTrackerTM violet dye and incubated for 15 min at 37°C. After washing and resuspending in 100 μl PBS, cells were immediately measured using flow cytometry and analyzed with FlowJo X.



Assessment of Cysteine Sulfenylation

For assessment of global sulfenylation on cysteine thiols, a dimedone specific antibody was used. Quantification of dimedone signal was performed using flow cytometry and super-resolution microscopy (Structured illumination microscopy, SIM using N-SIM, Nikon). For flow cytometric analysis, 2 × 105 T-cells were treated with 10 μM SFN or kept untreated for 10 min at 37°C. Thereafter, samples were washed and fixed for 10 min with 1.5% PFA containing 0.25% DMSO and 5 mM dimedone, and permeabilized with FWS. Rabbit anti-dimedone serum (1:1,500) and anti-rabbit AF488 (1:1,200) were used to detect the dimedone signal, and data were analyzed with FlowJo X. For microscopic analysis, 2 × 105 T-cells were initially allowed to adhere on coated coverslips and immunocytochemistry protocols were performed as described (21). After adherence on the coverslips, SFN treatment, fixation, and permeabilization were performed as described above. Thereafter, the samples were stained with rabbit anti-dimedone serum (1:1,500) and anti-rabbit AF488 (1:1,200) sequentially. During the process of secondary antibody staining, nuclei were stained with DAPI (1:5,000), and F-actin was detected by incubation with SiR-actin (500 nM). Images of the cells were acquired using an N-SIM microscope equipped with a 100x objective (NA 1.49).



Kinetic Trapping by Trx1

The Trx1 trapping mutant (Trx1 C35S) was purified and loaded on streptavidin beads as described (22). Briefly, T-cells from healthy donors were treated with the indicated concentrations of SFN or H2O2 for 10 min at RT. Thiols within the cells were alkylated using 100 mM NEM for 5 min. Excess amount of NEM was removed by extensive washing with PBS. Thereafter, the cells were lysed in TBS with 1% Triton X-100 and protease inhibitor cocktail for 30 min on ice. The cytoplasmic fraction was collected by centrifugation at 10,000 × g for 10 min. The postnuclear lysates were loaded on streptavidin beads that had been preloaded with Trx1 trapping mutant (Trx1 C35S SBP 6x His). The Trx1 loaded beads and lysates were incubated for 3 h on a rotator at 4°C, then the reaction was stopped by adding NEM to a final concentration of 20 mM and incubating on ice for 5 min. Unbound proteins were washed out extensively with the following buffers stepwise: 1% Triton X-100, 500 mM NaCI, 1 mM NEM, 1 M Urea in 1x TBS, 1% Triton X-100, 1 mM NEM in 1x TBS, and 1% Triton X-100 in 1x TBS. The Trx1 C35S and kinetically trapped proteins were released from the streptavidin beads using excess amount of biotin in the elution step. Next, the eluted proteins were concentrated using protein concentrator vivaspin 6 (10,000 MWCO) columns. Finally, the samples were divided into two and mixed with 1x reducing (DTT) or nonreducing (without DTT) sample buffer. The preparates were loaded on SDS-PAGE and immunoblotted for the indicated proteins.



Gene Expression Profiling

The nCounter® Nanostring GX Human Immunology v2 panel designed for the expression analysis of 579 immune and inflammation associated target genes and 15 internal reference control genes, was used for expression profiling. In brief, total RNA was extracted from all samples (1 × 106 T-cells/sample) by Trizol per the manufacturer's instructions. Subsequently, nCounter® Nanostring based gene expression profiling was performed on 25 ng total RNA from each sample. All RNA samples were quantified by using Qubit™ RNA assay kits and quality control was performed on the Agilent 2100 Bioanalyzer system. Qualified samples were subjected to overnight hybridization reaction at 65°C, where 5 μl of total RNA samples were combined with 3 μl of nCounter® reporter CodeSet in 5 μl of hybridization buffer and 2 μl of nCounter® capture ProbeSet for a total reaction volume of 15 μl and incubated for 20 h. Ramp reactions down to 4°C. Afterwards, samples were purified and immobilized on a cartridge and data assessed on the nCounter® SPRINT Profiler. During sample processing, the instrument performs a number of tasks including liquid transfers, magnetic bead separation, and immobilization of molecular labels on the sample surface. This is followed by data collection with an automated fluorescence microscope and digital analysis system. The results then are exported as a comma separated values (CSV) file and analyzed using NanoString's analysis software nSolver 4.0 and R statistical software.



Western Blotting

For total lysate preparation, T-cells (1 × 106 T-cells/ml) were washed with PBS and lysed using PBS with 1x reducing or non-reducing sample buffer. Then the total lysates were run on polyacrylamide gels, proteins were blotted on PVDF-membranes and the membranes were blocked in blocking buffer for 1 h. Afterwards, membranes were stained with primary antibodies against pSTAT3 (1:1,000), STAT3 (1:1,000), GAPDH (1:10,000), Prx1 (1:1,000), Trx1 (1:1,000), and respective secondary antibodies. The membranes were scanned by a Licor infrared scanner (LI-COR Biosciences).



Statistical Analysis

The statistical analysis was performed with GraphPad Prism version 6.00 (STATCON, Witzenhausen, Germany). Two groups were compared using t-test or paired t-test for matched observations. Multiple groups were compared using ANOVA. Heat maps were generated with R statistical software.




RESULTS


SFN Is Not Toxic to Untransformed Human T-Cells but to Jurkat T-Leukemia Cells

To elucidate the influence of SFN on untransformed human T-cells, we prepared freshly isolated peripheral blood T-cells and incubated these cells with SFN. In previous studies, concentrations of SFN up to 80 μM were used for different in vitro experiments. However, since a maximum concentration of 2.5 μM SFN was detected in human plasma after broccoli sprout consumption (23), we did not exceed 20 μM SFN in our current study.

To investigate whether SFN is toxic to primary human T-cells, we first assessed T-cell viability after 1 day of SFN treatment. To this end, we used Annexin-V to specifically identify apoptotic cells, and 7-AAD to evaluate cells with progressive loss of membrane permeability, i.e., dead cells. Dual staining with 7-AAD and Annexin-V-PE showed that SFN had no cytotoxic effect on primary human T-cells up to the maximal concentration of 10 μM (Figures 1A,B). To substantiate our finding, we also measured the mitochondrial membrane potential of SFN treated T-cells using TMRM (Supplementary Figure 1). In line with the former assay, the mitochondrial membrane potential was not disturbed by SFN. Since cytotoxic effects of SFN were described for tumor cells such as breast cancer cells and prostate cancer cells (24, 25), and especially also for acute lymphoblastic leukemia cells (3), we also measured the effects of SFN on the viability of the Jurkat T-leukemia cell in parallel. Notably, although primary human T-cells did not show any increased levels of apoptosis (Figures 1A,B), there was a concentration-dependent increase in toxicity toward Jurkat T-leukemia cells (Figure 1C). This clearly shows that in physiologically relevant concentrations SFN negatively influences the survival of malignant T-cells but not of untransformed primary human T-cells.
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FIGURE 1. SFN is not cytotoxic to untransformed human T-cells but to Jurkat T-leukemia cells. (A,B) Flow cytometry analysis of T-cell viability, resting T-cells were treated with SFN as indicated and (A) kept unstimulated (resting T-cells) or (B) co-stimulated with anti-CD3(20 ng/ml)/CD28 (5 μg/ml) antibodies for 1 day (activated T-cells), thereafter stained with 7-AAD and Annexin-V. (C) Flow cytometry analysis of Jurkat T-leukemia cell viability. Cells were treated with SFN as indicated for 1 day, thereafter stained with 7-AAD and Annexin-V. Shown are representative flow cytometry dot plots (left panel) from three experiments and the corresponding quantification (right panel; n = 3; mean; SE; *p < 0.05).





SFN Does Not Impair T-Cell/APC Conjugate and Immune Synapse Formation

To evaluate the effects of SFN on T-cell activation, we analyzed early and late activation events. Crucial initial steps in that regard are the T-cell/APC (antigen-presenting cell) conjugate formation and maturation of an immune synapse (IS). To investigate this, T-cells were pre-treated with 10 μM SFN or kept untreated for 1 h, then incubated with SEB loaded Raji cells that served as APCs. T-cell/APC couples were identified by a flow cytometry-based conjugate assay (Figure 2A). Single CD3 or CD19 positive events represented solitaire T-cells or solitaire Raji cells, respectively, whereas CD3/CD19 double positive events arose from T-cell/APC conjugates. As expected, in the absence of SEB, only 1.65% T-cell/APC conjugates were found (Figure 2A, left part). In the presence of SEB, both the untreated and SFN treated group showed a clear formation of T-cell/APC conjugates, i.e., 9.49 or 9.05%, respectively (Figure 2A, middle and right part). To quantify the percentage of T-cell/APC conjugates, we acquired up to 10,000 T-cells in three independent experiments and found that T-cell/APC conjugate formation was not significantly influenced by SFN treatment (Figure 2B).
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FIGURE 2. Intact immune synapse formation of SFN treated T-cells. (A) Dot plots of T-cell/APC couple formation were identified by flow cytometry-based conjugate assay via CD3 and CD19 expression. T-cells were treated without (left and middle panel) or with (right panel) 10 μM SFN prior to incubation with APCs in the absence (left panel) or presence (middle and right panel) of SEB. Dot plots are representative for three experiments. (B) Quantification of the couple formation between T-cells and APCs (n = 3; mean; SE). (C) Multispectral imaging flow cytometry analysis of mature synapse formation. T-cells were treated without (upper and middle panels) or with (lower panel) 10 μM SFN prior to incubation with APCs in absence (upper panel) or presence (middle and lower panels) of SEB. Cells were stained for nuclei (DAPI, blue), LFA-1 (green) and CD3 (red). The merged image represents the digital overlay of all three colors. Bright field (BF) and fluorescence images are representative for three experiments. (D) Quantification of the mature immune synapse between T-cells and APCs. At least 15,000 cells were acquired by imaging flow cytometry for each condition (n = 3; mean; SE; **p < 0.01).



Although T-cell/APC conjugate formation can be measured using flow cytometry, this technique is limited for evaluating spatial informations which are important for analysing the formation of the immune synapse. We, therefore, took advantage of MIFC, which combines fluorescence microscopy and flow cytometry and is a suitable means for the analysis of immune synapse formation (26). By defining regions of interest, MIFC allows the spatial quantification of fluorescence signals within T-cells, and thus of the accumulation of receptors at the T-cell/APC interface. In brief, T-cell/APC couples were identified according to DAPI staining and CD3 expression. Then, the accumulation of the TCR/CD3 complex and LFA-1 in the T-cell/APC contact zone was used as measure for the formation of a mature immune synapse. As expected, while most T-cells showed no enrichment of TCR/CD3 and LFA-1 in the contact zone without SEB treatment, a clear receptor enrichment—and thus immune synapse maturation—was observed in the presence of SEB (Figures 2C,D). Consistent with the contact formation analysis by flow cytometry, SFN treatment did not impair the immune synapse formation.



SFN Inhibits CD25/CD69 Expression and Proliferation of Primary Human T-Cells

Early T-cell activation events such as T-cell/APC conjugate and immune synapse formation were seemingly not changed by SFN. We, therefore, continued to investigate the T-cell activation process at later stages. To this end, we first analyzed the surface T-cell activation markers, CD25 and CD69. After 12 h of T-cell costimulation with anti-CD3/CD28 antibodies in the absence of SFN, CD25 and CD69 were strongly expressed, while their expression was diminished in a dose-dependent manner in the presence of SFN (Figure 3A). Notably, even 2.5 μM SFN, a concentration that can be found in human serum after broccoli sprout consumption, was sufficient to dampen the expression of CD25 (and slightly CD69) on the surface of T-cells. We have previously shown that not only the expression, but also the transport of CD25 and CD69 to the T-cell surface requires costimulation (19). To clarify whether the decreased level of CD25 and CD69 was due to impaired functioning of the surface transport or overall expression, we stained the total amount of these proteins within the cells, i.e., after permeabilization with FWS. The results were similar compared to the cell surface staining (Supplementary Figure 2), which indicates that SFN inhibited the expression of both proteins, CD25 and CD69. Next, we quantified the expression of the T-cell growth factor IL-2 in the supernatants of T-cells that were treated with various concentrations of SFN and then costimulated for 2 days. Figure 3B shows that the level of IL-2 in the supernatant of T-cells significantly decreased with increasing SFN concentrations.
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FIGURE 3. SFN inhibits activation of untransformed human T-cells. (A) Flow cytometry analysis of CD25 and CD69 surface expression in T-cells post 12 h stimulation with anti-CD3(20 ng/ml)/CD28(5 μg/ml) antibodies or unstimulated T-cells (unsti). Given are expression levels relative to the stimulated control (no SFN treatment) in terms of %positive cells (black square, solid line) and mean fluorescence intensities (MFI, open circle, dashed line) (n = 3; mean; SE; *p < 0.05, ***p < 0.001). (B) Quantification of IL-2 production in the supernatant of T-cells without (black histogram) or with SFN (gray histograms) treatment as indicated (n = 3; mean; SE; *p < 0.05, ***p < 0.001). (C) T-cell proliferation detected via staining of CFSE. T-cells were co-stimulated in the absence/presence of SFN without /with addition of exogenous IL-2. CFSE signals were measured by flow cytometry after 3 days of co-stimulation. Histograms are representative for three experiments.



T-cell activation initiates intracellular signaling cascades that ultimately result in T-cell proliferation. Labeling of T-cells with CFSE allows to monitor T-cell division over time. Thus, we pre-treated CFSE-labeled T-cells with SFN and detected the proliferation after 3 days of costimulation using flow cytometry. In line with the finding that expression of IL-2 and the IL-2 receptor CD25 were dampened by SFN, treatment with SFN significantly diminished T-cell proliferation compared to the control cells (Figure 3C, left panel). Again, even low SFN concentrations (2.5 μM) were sufficient to hamper T-cell proliferation. Notably, this phenotype could not be rescued by adding exogenous IL-2 (40 U/ml) to costimulated T-cells (Figure 3C, right panel). Moreover, the SFN-mediated decrease in CD25 and CD69 expression was not restored by addition of IL-2 (Supplementary Figure 3). Collectively, these results show that SFN interfered with T-cell activation events.



SFN Induces a Pro-Oxidative Milieu in Untransformed Human T-Cells

ROS are ubiquitously generated and recognized as important signaling molecules for T-cell activation, but excessive ROS generation or prolonged exposure to high ROS concentrations impair T-cell functions (27). SFN was previously reported to have mostly antioxidative effects by promoting Nrf-2 activation (13). Since the effect of SFN on the redox system of primary human T-cells remained unclear, we sought to evaluate the intracellular ROS level in untransformed human T-cells after SFN treatment. To this end, T-cells were loaded with the ROS-sensitive probe CM-H2DCFDA and treated with SFN prior to flow cytometric analysis. SFN treatment induced a significant accumulation of ROS in untransformed human T-cells in a concentration dependent manner (Figure 4A). At a concentration of 10 μM SFN, the intracellular ROS levels were comparable to those observed after treatment of 50 μM H2O2. The increased intracellular ROS levels after SFN treatment were also confirmed by another assay (cellular ROS/Superoxide detection kit, Abcam, data not shown).
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FIGURE 4. Influence of SFN on the redox state of untransformed human T-cells and Jurkat T- leukemia cells. (A,C) Intracellular ROS levels in T-cells and Jurkat T- leukemia cells, respectively, were assessed by flow cytometry. Cells were pre-loaded with CM-H2DCFDA and, thereafter, treated without or with SFN as indicated for different time points (n = 3; mean; SE; *p < 0.05, **p < 0.01, ***p < 0.001). (B,D) Intracellular GSH levels of T-cells and Jurkat T-leukemia cells, respectively, were assessed by flow cytometry. Cells were treated with SFN as indicated for different time points and stained with ThiolTrackerTM violet dye for 15 min (n = 3; mean; SE; *p < 0.05, **p < 0.01, ***p < 0.001). (E) Sulfenylated cysteines in T-cells were detected by microscopy. SFN treated T-cells were fixed and permeabilized, stained with DAPI (white), a dimedone specific antibody (green), and SiR-actin (blue). The merged image represents the digital overlay of all four colors. Images are representative for three experiments. (F) Quantititive analysis of cysteine sulfenylation by flow cytometry. Histogram shows the MFI relative to control of three independent experiments (n = 3; mean; SE; *p < 0.05).



We next examined the intracellular levels of the important ROS-scavenger GSH in T-cells using ThiolTrackerTM violet dye and flow cytometry. These experiments showed that SFN decreased the intracellular GSH levels in SFN treated T-cells compared to untreated T-cells (Figure 4B). Notably, whereas higher SFN doses were needed to diminish the GSH levels after 1 h, very low SFN concentrations (e.g., 1 μM) were sufficient to significantly interfere with the amount of GSH in T-cells after 1 day. Taken together, these data suggest that SFN has a pro-oxidative effect on untransformed human T-cells leading to an increase of ROS levels and depletion of the ROS-scavenger GSH. Interestingly, in Jurkat T-leukemia cells, SFN also increased the ROS levels (Figure 4C). However, in contrast to untransformed human T-cells, in which SFN treatment led to a decrease of GSH, the GSH level in Jurkat T-leukemia cells showed a significant increase after 1 day of SFN treatment (Figure 4D). This difference was also confirmed by another GSH specific reagent, namely thiol green dye (Supplementary Figure 4). This underpins our previous observation regarding cell viability (Figure 1) that SFN affects tumor cells and primary cells differently.

To further elucidate the pro-oxidative effect of SFN on untransformed human T-cells, we next investigated whether SFN promotes oxidation of cellular proteins. The first state of oxidation of thiols (sulfenylation) is reversible and transient. Sulfenylated cysteines are protected from further oxidation either by glutathionylation (S-glutathionylation) or by reduction, e.g., via the Trx1 system. If not protected, the oxidation into disulphide bridge formation or higher oxidation states, namely sulfinylation or sulfonylation will take place. To investigate protein sulfenylation, we treated the cells with 10 μM SFN for up to 10 min and monitored protein sulfenylation by dimedone. Dimedone is a cell-permeable reagent that exclusively recognizes and binds to cysteines at their sulfenylated form (28). Figure 4E shows representative N-SIM images of T-cells which revealed a slightly increased global dimedone signal in the cytoplasm and on the cell surface upon SFN treatment. To better quantify the dimedone signal, we, in addition, performed flow cytometric analysis. Similarly, flow cytometry results revealed a significant increase in sulfenylated cysteines after treatment with SFN, as depicted by an increase of the dimedone MFI (Figure 4F). These results imply that SFN increases protein oxidation in primary human T-cells.



Inhibitory Effects of SFN on T-Cell Activation Are Abrogated by Thiol-Containing Antioxidants

We next aimed to clarify whether the immunosuppressive effect of SFN on T-cells is due to the pro-oxidative capacity of this substance. To this end, we made use of the antioxidants N-acetyl-cysteine (NAC), Tiron and Trolox. Of those only NAC treatment can lead to replenishment of GSH stores (29), while Tiron and Trolox do not. Notably, we observed that only NAC (2 mM), not Tiron or Trolox, reversed the SFN-induced downregulation of CD25 and CD69 (Figure 5A). Moreover, NAC abolished the inhibitory effect of SFN on T-cell proliferation (Figure 5B). This suggested that SFN mainly exerts its inhibitory effects on T-cell functions via oxidation of cysteine residues through depleted GSH stores. To further substantiate this hypothesis, we tested the effects of SFN on T-cell activation in the presence and absence of exogenously added GSH. Indeed, GSH completely prevented the SFN-induced defect in the costimulation-dependent upregulation of CD25 and CD69, and T-cell proliferation (Figures 5C,D). Taken together, these results show that SFN mediates immunosuppressive effects on untransformed human T-cells via depletion of intracellular GSH.
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FIGURE 5. Immunosuppressive effects of SFN were abrogated by thiol-containing antioxidants. (A,C) Expression of CD25 (left) and CD69 (right) in T-cells were analyzed by flow cytometry under the indicated conditions. T-cells in the presence/absence of SFN and (A) Tiron, Trolox (upper graphs), NAC (lower graphs) or (C) GSH were co-stimulated with anti-CD3(20 ng/ml) /CD28(5 μg/ml) antibodies for 1 day. Shown are the MFI ratios of SFN treated to untreated samples (n = 3; mean; SE; *p < 0.05, **p < 0.01, ***p < 0.001). (B,D) T-cell proliferation was detected via staining of CFSE. T-cells were loaded with CFSE, thereafter co-stimulated with anti-CD3 (20 ng/ml)/CD28 (5 μg/ml) antibodies in the absence/presence of SFN without and with addition of exogenous NAC (B) or GSH (D). CFSE signals were measured after 3 days of co-stimulation by flow cytometry. Shown are representative histograms (left) and the proliferation index (right) from three independent experiments (n = 3; mean; SE; ***p < 0.001).





Gene Expression Analysis Revealed That TH17-Related Genes Are Highly Sensitive to SFN

To get an unbiased view on differential mRNA expression profiles in untransformed T-cells after co-stimulation in the presence vs. absence of SFN, we compared the expression of 594 immune relevant genes using the NanoString GX Human Immunology v2 panel. The evaluated genes were associated with leukocyte functions including major classes of cytokines and their receptors. After normalization of the raw counts based on the six housekeeping genes, datasets from three experiments were visualized by hierarchical clustering (Figure 6A). Upon SFN treatment, we found that 39 genes were downregulated and 13 genes were upregulated (fold change >2, p < 0.05) as compared to untreated cells. Notably, consistent with our findings that SFN inhibited CD25 and IL-2 protein expression, the mRNA levels of CD25 (IL-2RA) and IL-2 were substantially decreased by SFN treatment (Figure 6B). Moreover, the expression of signal transducer and activator of transcription 5A (STAT5A), an essential mediator of IL-2 signaling in T-cells (30), also decreased with SFN treatment, which may, together with the diminished CD25 expression, explain why the addition of exogenous IL-2 was not sufficient to rescue proliferation of SFN treated T-cells (see above).
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FIGURE 6. Gene expression analysis (nCounter®). (A) Hierarchical clustering of differentially expressed mRNAs in untreated (Co, n = 3) and SFN treated (SFN, n = 3) T-cells of three different donors. Each column represents an individual sample. Relative fold change is indicated by the color scale (red: high; blue: low). (B,C) Volcano plots show the differentially expressed genes important for T-cell activation and proliferation (B) and related to TH1, TH2, Treg, and TH17 cells (C). Log2 transformed fold change in expression (SFN vs. control) on the x-axis is plotted against significance (–log10 adjusted p-value) on the y-axis. The horizontal dashed lines indicate cutoff for significance p < 0.05 (–log10 p-value >1.3) and the vertical lines for fold change ≥2/≤-2. (D) Quantification of IL-17A in the supernatant of T-cells co-stimulated with anti-CD3 (20 ng/ml)//CD28 (5 μg/ml) antibodies for 2 days in the absence/presence of SFN, with or without NAC supplementary treatment as indicated. IL-17A was measured by a human TH cytokine panel (n = 3; mean; SE; *p < 0.05 ***p < 0.001).



Most intriguingly, the expression of TH17-related genes such as IL17A, IL17F, IL22, and B-cell activating transcription factor (BATF) was strongly decreased by SFN, while TH1, TH2 or Treg related genes, i.e., STAT4, IL-4, and FOXP3 were no major targets of SFN (Figure 6C). To substantiate the finding that TH17-related genes are highly sensitive to SFN-treatment, we measured the amount of IL-17A at the protein level in the supernatants of T-cells pre-incubated in the presence or absence of SFN and costimulated for 2 days. In accordance with the mRNA data, SFN significantly diminished the amount of IL-17A (Figure 6D). Note that supplementary treatment with NAC could rescue the decrease in IL-17A production upon SFN treatment. These data show that SFN strongly affects TH17 polarization.



SFN Induces Thiol Oxidation on STAT3 and Inhibits STAT3 Phosphorylation

Since TH17 related genes were suppressed by SFN on both mRNA and protein level, we next aimed to clarify how SFN affects TH17 cells. STAT3 is essential for the differentiation of TH17 cells (31, 32). We, therefore, analyzed the regulation of STAT3 at the posttranslational level by means of thiol oxidation on cysteines and phosphorylation upon SFN treatment in primary human T-cells. To this end, a Trx1 kinetic trapping mutant was used to analyze whether SFN induces oxidation of STAT3. Trx1 is an oxidoreductase that resolves oxidized proteins by thiol-disulfide exchange reactions. Mutating the catalytic cysteine (C35S) of Trx1 results in formation of long-lived disulphide bridges with its specific targets, enabling trapping of oxidized Trx substrates (33). Since we intended to trap proteins that were oxidized (before reversal) after a very short time, a bolus of high SFN (mM) or H2O2 (mM) was chosen to increase the likelihood of oxidized protein detection (34, 35). Using this system, we found that Prx1 [a known target for oxidation that can be trapped by Trx1 (33)] and STAT3 could be trapped with Trx1 following SFN treatment (Figure 7A). The amount of trapped STAT3 as well as Prx1 increased in a dose-dependent manner. This result reveals that SFN leads to oxidation of STAT3 and Prx1 in primary human T-cells.
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FIGURE 7. SFN induces thiol oxidation on STAT3 and inhibits STAT3 phosphorylation. (A) Oxidized proteins were delineated by Trx1 kinetic trapping. T-cells were treated without or with SFN or H2O2 as indicated. Cell lysates were incubated with Trx1 trapping mutant loaded streptavidin beads, eluted proteins were concentrated and loaded on SDS-PAGE gel. Shown immunoblots are representative for three experiments. (B) Phosphorylation of STAT3 was detected by western blot. T-cells were treated without or with SFN as indicated under stimulated (+) or unstimulated (−) conditions for 1 day. Cell lysate was loaded on SDS-PAGE gel and immunoblotted for pSTAT3, STAT3, and GAPDH. (C) Quantification of pSTAT3 to STAT3 (n = 3; mean; SE; *p < 0.05, **p < 0.01 ***p < 0.001). (D) Quantification of RORγt expression by flow cytometry. T-cells were treated with or without SFN as indicated under stimulated or unstimulated conditions for 2 days and then stained with RORγt specific antibody. Given are expression levels relative to control (no SFN treatment) in terms of MFI (n = 3; mean; SE; ***p < 0.001).



We next scrutinized whether the SFN-mediated increased ROS/decreased GSH levels in T-cells could affect the costimulation-induced phosphorylation of STAT3. To this end, T-cells were pre-treated with SFN with the indicated concentrations in the presence or absence of 2 mM NAC and were costimulated with crosslinked anti-CD3/CD28 antibodies. The intracellular levels of pSTAT3 were analyzed by flow cytometry (data not shown) or western blot (Figures 7B,C). STAT3 phosphorylation decreased significantly in the presence of SFN. The inhibitory effect was dose-dependent and started already at 2.5 μM SFN. Importantly, this inhibition was significantly reversed by NAC treatment. These data provide strong evidence that oxidative stress/GSH depletion induced by SFN inhibits STAT3 activation in primary human T-cells connecting SFN treatment to TH17-skewing of T-cell responses. This notion was further supported by the finding that the expression of RORγt, a master regulator of TH17-associated gene transcription (36), was also inhibited by SFN (Figure 7D). Moreover, this inhibition was also reversed by NAC treatment.



SFN Displays an Immunosuppressive Effect on ex vivo T-Cells From RA Patients and Provokes ROS Production in Whole Blood Lymphocytes

Low ROS levels in RA patient-derived T-cells were linked to biased differentiation of T-cells into IFN-γ and IL-17-producing inflammatory cells (18). IL-17A, as the major inflammatory mediator (37), increases bone resorption during RA. We have shown here that SFN increased the intracellular ROS levels in untransformed human T-cells and downregulated TH17 related genes. Therefore, it was tempting to speculate that an increase of the ROS content in T-cells induced by treatment with SFN should be beneficial for RA patients due to a dampening effect on TH17 effector functions. We, therefore, investigated the effect of SFN on purified peripheral blood T-cells from RA patients ex vivo. These cells were costimulated for 2 days in the absence or presence of 2.5 μM SFN and cytokines in the supernatant were measured by LEGENDplex™. Figure 8A shows that IL-17A, IL-17F, and IL-22, three important cytokines produced by TH17-cells, were significantly decreased when RA T-cells were costimulated in the presence of 2.5 μM SFN. In contrast, TNF-α, IL-2, and IL-21 protein levels were not significantly changed under these conditions. Costimulation-induced proliferation of ex vivo RA T-cells was also inhibited by SFN under these conditions (Figure 8B).
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FIGURE 8. SFN displays an immunosuppressive effect on RA T-cells ex vivo. (A) Quantification of cytokines in the supernatant of RA T-cells by bead-based immunoassay using the human TH cytokine panel. RA T-cells were purified and co-stimulated with anti-CD3 (20 ng/ml)/CD28 (5 μg/ml) antibodies for 2 days in the absence/presence of SFN. Shown are the cytokine levels in the supernatant in pg/ml (n = 4; mean; SE; *p < 0.05, **p < 0.01). (B) RA T-cell proliferation was assessed via CFSE staining. RA T-cells were co-stimulated with anti-CD3 (20 ng/ml)/CD28 (20 ng/ml) antibodies in the absence/presence of SFN for 3 days. CFSE signals were detected by flow cytometry. Shown is the representative histogram. (C) Intracellular ROS levels of RA blood cells were assessed via staining of CM-H2DCFDA. Whole blood was stained with AF700-CD45 and CM-H2DCFDA in the absence/presence of SFN. Shown are ROS levels in terms of MFI in both untreated and SFN treated blood lymphocytes (n = 17; medium; SE; *p < 0.05).



Our analyses so far were performed with purified human T-cells. Since there are many buffer systems in the whole blood that could interfere with the effects of SFN observed in purified human T-cells, we next analyzed whole blood samples from RA patients. 10 μM SFN were added to the whole blood samples and the ROS production was analyzed in lymphocytes without a purification step using flow cytometry. These experiments revealed that also in whole blood SFN treatment evoked a significant increase in the intracellular ROS levels in the lymphocyte population (Figure 8C). Taken together, these results show that SFN inhibits the production of TH17 related cytokines from RA T-cells and enhances the ROS levels in whole blood lymphocytes of RA patients.




DISCUSSION

SFN has extensively been studied as an anti-cancer agent, while its impact on untransformed human immune cells remained largely unknown. In our study, the effects of SFN on primary human T-cells were addressed. We demonstrate that SFN does not change immune synapse maturation as determined by clustering of CD3 and the adhesion molecule LFA-1, but it inhibits the activation of untransformed human T-cells, in particular their proliferation and the production of TH17-related cytokines. As a major finding, we show that SFN induces a pro-oxidative state in untransformed human peripheral blood T-cells. This manifests as an increased general ROS amount, severely depleted intracellular GSH pools, and oxidation of redox sensitive proteins including the TH17-regulating transcription factor STAT3. Seemingly contradictory, various previous studies on tumor cell lines (38, 39) or murine DCs (8, 12) showed that SFN enhanced the cellular antioxidant capacity by increasing KEAP1/NRF2/ARE-dependent expression of phase II antioxidant enzymes, e.g., HO-1. This led to the conviction that SFN generally acts as an antioxidative substance. In this regard, we also observed increased levels of NRF2 and HO-1 upon SFN treatment in both untransformed human T-cells (Supplementary Figure 5A) and prostate cancer PC-3 cells (Supplementary Figure 5B). However, the redox regulation within the cells depends on the activity of all ROS producing and eliminating processes (e.g., antioxidant systems) that may vary in different cell types. It is, therefore, crucial to analyze the intracellular net ROS level and its functional consequences, e.g., direct protein oxidation in a time dependent manner.

Mechanistically, depletion of GSH stores in untransformed human T-cells cells was indeed accompanied by increased oxidation of proteins at redox active cysteine residues. Thus, immunostaining against dimedone, a cell permeable cysteine sulfenylation specific reagent, revealed a global increase in oxidation on various proteins. Consistently, our kinetic trapping approach using the Trx1 C35S mutant revealed that well-known redox regulated proteins, such as Prx1, were trapped upon SFN treatment. Interestingly, the thiol antioxidant NAC, which is a precursor for GSH biosynthesis and GSH per se could restore T-cell functions in the presence of SFN. Therefore, the SFN effects on T-cell functions can at least partly be explained by depletion of GSH and accumulation of oxidized proteins. In support of this assumption, GSH has been shown to be essential for maintaining T-cell inflammatory responses (40). Note that since GSH binds to several proteins that control cellular processes such as cell proliferation, apoptosis, and survival, it is not only important to mount a proper anti oxidant response, but also important for many cellular functions that are independent of its anti oxidant activity (41, 42). Depletion of GSH by SFN may, thus, further challenge the cells through inhibiting such functions.

To further characterize the effects of SFN on untransformed human T-cells, immune specific gene analysis was used to get an unbiased view on mRNA expression profiles after T-cell co-stimulation in the presence vs. absence of SFN. Intriguingly, it revealed that SFN especially dampened the expression of the TH17-related genes IL17A, IL17F, IL22, and BATF. Importantly, using a Trx1-trapping mutant we found that the TH17-skewing protein STAT3 is oxidized upon treatment with SFN. It was previously shown that ROS can lead to oxidation of STAT3 (43), but the effect of oxidative stress on STAT3 signaling was reported divergently. On the one hand, ROS in higher concentration, are likely to influence STAT3 signaling indirectly by inhibiting protein tyrosine phosphatases and activating protein kinases, which in turn increases STAT3 phosphorylation (44, 45). On the other hand, Halvorsen et al. reported that oxidative stress blocks tyrosine phosphorylation of STAT3 and the activation of JAK/STAT signaling in neurons (46, 47). According to this, the STAT3 phosphorylation and the STAT3 oxidation state are likely to be dependent on cell type and context. As revealed in our study, in untransformed human T-cells SFN led to STAT3 oxidation and inhibited STAT3 phosphorylation. Notably, this inhibition could be rescued by NAC. Fu et al. have demonstrated that ROS activated Mink1 inhibits phosphorylation of T324 in Smad2 and its nuclear localization, thereby preventing the induction of TH17-associated genes (48), e.g., STAT3. Whether this pathway is involved in SFN induced dephosphorylation of STAT3 remains to be elucidated, but the ROS-mediated regulation of STAT3 may partially connect SFN-treatment to the strongly inhibited TH17 cell responses on the molecular level. Note that Chaudhry et al. have shown that the activation of STAT3 in Tregs endows them with the ability to suppress TH17 responses through increasing the expression of a subset of suppressor molecules (49). Therefore, STAT3 activation in Treg vs. TH17 cells seems to lead to a different outcome regarding the net activation of TH17 cells. In our study, the inhibited STAT3 activity seems to play more a role in TH17 cells, since the TH17 cell response was clearly inhibited. Yet, to clarify the specificity of the effects of SFN on STAT3 in different cell populations, further experiments need to be performed in the future.

TH17 cells have been involved in the progression of many common autoimmune diseases, including psoriasis (50), inflammatory bowel disease (IBD) (51), multiple sclerosis (MS) (52), and rheumatoid arthritis (RA) (53). Although IL-17, as a hallmark cytokine of TH17 cells, plays critical roles in the pathogenesis of autoimmune diseases, targeting IL-17 alone with anti-IL-17 antibodies was not sufficient to improve clinical end points (54). Recently, the regulatory effects of ROS in autoimmune inflammation have received more and more attention. While the role of ROS in the pathogenesis of psoriasis is still controversially discussed (55–57), it plays a major role in the pathogenesis of IBD and MS. Moreover, Weyand et al. recently reported that RA T-cells are distinguished from healthy T-cells based on diminished ROS production thereby undergoing “reductive stress” (18). It shunts glucose away from pyruvate and ATP production toward the pentose phosphate pathway, where NADPH is generated and cellular ROS are consumed (58). These ROSlow RA T-cells are spontaneously biased to develop into IFN-γ and IL-17 producing pro-inflammatory T-cells, which play a central role for disease progression (58, 59). Therefore, strategies that are able to upregulate ROS concentrations in RA T-cells and to re-balance the ROS signaling systems may be promising for therapeutic purposes. In light of these findings, we extended our studies to T-cells derived from RA patients. Ex vivo experiments showed that SFN indeed enhanced the ROS levels in lymphocytes within whole blood of RA patients and inhibited production of the pro-inflammatory cytokines IL-17A, IL-17F, and IL-22. These results suggest that SFN may act as a promising substance to control RA in patients. Supporting this assumption, it was demonstrated in mice that SFN dampened the clinical severity of experimental arthritis by inhibiting the production of cartilage destructive metalloproteinases and the expression of IL-17 and TNF-α (9, 60).

Also, of high clinical importance may be our second finding, namely that SFN has differential effects on untransformed human T-cells (decrease of GSH and immunosuppression) and Jurkat T-leukemia cells—prototypical immature transformed T-cells (increase of GSH and cytotoxicity). This finding may be explained by the different anti oxidant capacity of tumor cells vs. untransformed cells. Tumor cells are usually equipped with stronger anti oxidant systems (e.g., GSH and Trx1 systems) and can keep their redox balance more stable (61). For example, the cystine/glutamate antiporter SLC7A11, the main route of cysteine acquisition, and the glutamate cysteine ligase modifier subunit (GCLM), which is necessary for the efficient synthesis of GSH, are upregulated in the tumor cells during oxidant stress to increase the GSH synthesis. Aside from the biosynthesis, tumor cells can regenerate GSH by upregulating the production of NADPH as well. Collectively, ROS induction in tumor cells leads to a positive feedback on their antioxidant capacities. It is, therefore, also expected to observe an increased GSH in Jurkat T-leukemia cells over time with SFN treatment (62). Not only death of malignant cells but also a functional immune response is crucial for tumor rejection. Therefore, our finding that SFN has an immunosuppressive effect on untransformed human T-cells may explain why treatment with SFN did not lead to amelioration of cancer severity in patients as demonstrated in a number of clinical trials (4), although in vitro experiments on tumor cells such as breast cancer cell and hepatocellular carcinoma cell strongly suggested that SFN has anti-tumor properties (2, 63).

Together, in our current study, we uncovered a so far unknown molecular mechanism of how SFN controls activation of human T-cells and, notably, its strong effects on TH17-related genes: SFN is able to create a pro-oxidative ROS enriched milieu in primary human T-cells. It inhibits costimulation-initiated T-cell activation and proliferation by depletion of GSH and oxidation of proteins at redox active cysteine residues. Importantly, SFN also enhanced the ROS levels in lymphocytes within whole blood of RA patients and inhibited the production of pro-inflammatory TH17 related cytokines. This suggests that SFN may offer a new therapeutic option for the treatment of chronic TH17 related diseases, e.g., rheumatoid arthritis, due to its redox-related immunosuppressive effects. At the same time, it may be potentially harmful in cancer settings, in which the T-cell mediated defense of tumors plays a decisive role.
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Low affinity receptors for the Fc portion of IgG (FcγRs) represent a critical link between innate and adaptive immunity. Immune complexes (ICs) are the natural ligands for low affinity FcγRs, and high levels of ICs are usually detected in both, chronic viral infections and autoimmune diseases. The expression and function of FcγRs in myeloid cells, NK cells and B cells have been well characterized. By contrast, there are controversial reports about the expression and function of FcγRs in T cells. Here, we demonstrated that ~2% of resting CD4+ T cells express cell surface FcγRII (CD32). Analysis of CD32 expression in permeabilized cells revealed an increased proportion of CD4+CD32+ T cells (~9%), indicating that CD4+ T cells store a CD32 cytoplasmic pool. Activation of CD4+ T cells markedly increased the expression of CD32 either at the cell surface or intracellularly. Analysis of CD32 mRNA transcripts in activated CD4+ T cells revealed the presence of both, the stimulatory FcγRIIa (CD32a) and the inhibitory FcγRIIb (CD32b) isoforms of CD32, being the CD32a:CD32b mRNA ratio ~5:1. Consistent with this finding, we found not only that CD4+ T cells bind aggregated IgG, used as an IC model, but also that CD32 ligation by specific mAb induced a strong calcium transient in CD4+ T cells. Moreover, we found that pretreatment of CD4+ T cells with immobilized IgG as well as cross-linking of CD32 by specific antibodies increased both, the proliferative response of CD4+ T cells and the release of a wide pattern of cytokines (IL-2, IL-5, IL-10, IL-17, IFN-γ, and TNF-α) triggered by either PHA or anti-CD3 mAb. Collectively, our results indicate that ligation of CD32 promotes the activation of CD4+ T cells. These findings suggest that ICs might contribute to the perpetuation of chronic inflammatory responses by virtue of its ability to directly interact with CD4+ T cells through CD32a, promoting the activation of T cells into different inflammatory profiles.
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INTRODUCTION

Receptors for the Fc portion of IgG (FcγRs) are widely express in immune cells and mediate a large array of effector and immunomodulatory mechanisms that influence both innate and adaptive responses (1). FcγRs are classified into two main types that include different members. Type I FcRs belong to the immunoglobulin receptor superfamily and are represented by the canonical Fcγ receptors, including FcγRI, FcγRII, and FcγRIII. Type II FcRs belong to the family of C-type lectin receptors, and include CD209 (DC-SIGN) and CD23 (2). Based on the signaling motifs expressed in the cytoplasmic domains, type I FcγRs are classified as stimulatory or inhibitory receptors, which are associated with immunoreceptor tyrosine activation motifs (ITAM) or immunoreceptor tyrosine inhibition motifs (ITIM), respectively (1, 3, 4). Stimulatory type I receptors include FcγRI (CD64), FcγRIIa (CD32a), FcγRIIc (CD32c), and FcγRIIIa (CD16), while inhibitory type I receptors only include FcγRIIb (CD32b) (5). Activating FcγRs signal through an ITAM motif that is either present in their intracytoplasmic domain or in associated signaling subunits, such as the FcRγ chain. These ITAM-containing structures allow FcγRs, once aggregated by multimeric ligands, to stimulate signaling cascades via SRC and SYK kinases promoting cell activation. The inhibitory receptor FcγRIIb possesses instead an ITIM motif in its intracytoplasmic domain, which allows this receptor to recruit the SHIP1 phosphatase that counteracts the signaling cascades initiated by activating FcγRs. Therefore, the co-expression of these divergent receptors, which share almost identical ligand-binding domains, establishes a threshold of cell activation (3, 6–8).

The expression pattern and the function of type I FcγR have been well characterized in innate immune cells and B cells (2, 8, 9). By contrast, the expression and function of CD32 in CD4+ T cells remain controversial. The most cited reviews in the field assume that CD4+ T cells do not express FcγRs (1, 10, 11), however, contrasting observations have been published. It has been reported that resting CD4+ T cells do not express CD32 (12–14), while other studies have shown that a minor fraction of resting CD4+ T cells (1–5%) actually expresses CD32 (15, 16). It has also been reported that activation of CD4+ T cells promotes an increased expression of CD32 (17, 18). Moreover, early studies have claimed that more than 80% of resting CD4+ T cells expresses high amounts of CD32 as an intracellular pool (18, 19, 20). Interestingly, recent observations suggested that CD32 is a marker of a CD4+ T cell population that contains an HIV reservoir harboring replication-competent proviruses (14), however this finding remains controversial (16, 21).

Immune complexes (ICs) are the natural ligands of low affinity FcγRs (1). High levels of ICs are found in chronic viral infections and autoimmune diseases (22). Moreover, a large body of evidence suggest that ICs play a key role not only in the induction of tissue injury, but also in the promotion of T cell responses (23–28). The mechanisms underlying the ability of ICs to promote the stimulation of T cells have not been clearly defined yet. However, it is usually assumed that they are related to the ability of ICs to interact with FcγRs expressed by macrophages and dendritic cells improving antigen presentation to both CD4+ and CD8+ T cells (27, 28). Interestingly, the enhanced antigen immunogenicity conferred by ICs has been adopted as strategy to improve the therapeutic efficiency of vaccines in experimental models of viral infectious diseases (27, 29, 30).

Here, we showed that a minor fraction of resting CD4+ T cells express cell surface CD32. Activation of CD4+ T cells promoted a marked increase in the expression of CD32 either at the cell surface or intracellularly. Analysis by qRT-PCR on activated CD4+ T cells revealed the presence of mRNA transcripts for both, the stimulatory FcγRIIa (CD32a) and the inhibitory FcγRIIb (CD32b) isoforms, being the CD32a:CD32b mRNA ratio ~5:1. Consistent with this finding, we found that cross-linking of CD32 by immobilized IgG or specific mAb directed to CD32 enhanced both, the proliferative response and a wide pattern of cytokines by CD4+ T cells stimulated by PHA or anti-CD3 mAb. Overall, our observations suggest that ICs might perpetuate the chronic inflammatory response in patients with autoimmunity and/or chronic viral infections, not only by stimulating innate immune cells, but also by directly interacting with CD4+ T cells via CD32a.



MATERIALS AND METHODS


Subjects

Buffy coat was obtained from 1 unit of blood collected from 45 donors (average 34 years, range 25–42 years), and processed immediately after volunteer's donations. None of the donors had any hereditary disorders, hematologic abnormalities, or infectious diseases. The local ethics committee has approved this study and informed consent was obtained from all donors.



Peripheral Blood Mononuclear Cell (PBMCs) Isolation

PBMCs were obtained from buffy coats by Ficoll-Hypaque gradient centrifugation (GE Healthcare Life Sciences).



Monocytes and CD4+ T Cell Isolation

Monocytes and/or CD4+ T cells were enriched from buffy coats by using the RosetteSep human monocyte and/or CD4+ T cells enrichment cocktails (Stem Cell Technologies) respectively, following the manufacturer's protocols. The purity determined by flow cytometry was always >97%.



Cell Sorting

Both CD32+CD4+ and CD32-CD4+ T cell subsets were purified by cell sorting with a FACSAria Fusion flow cytometer (BD Biosciences). Briefly, previously activated PBMCs were stained with anti-CD3 PerCP, anti-CD4 APC, and CD32 PE-Cy7 monoclonal antibodies (mAbs, all from Biolegend) and sorted yielding the following subpopulations CD4+CD32+ T cells and CD4+CD32- T cells. Cells were collected into RPMI 1640 medium containing 50% FBS and washed twice prior to further studies. The purity determined by flow cytometry was always >99% for each subset. Cells were resuspended in TRIzol reagent (Thermo Fisher) and used for qRT-PCR.



Flow Cytometry

Freshly isolated or in vitro-cultured cells were stained with anti-CD3, CD4, CD8, CD14, CD19, CD25, HLA-DR, PD-1, and Tim-3 mAb (all from Biolegend). Staining of CD32 was performed by using two different anti-human CD32 mAb: FUN.2 clone (mouse anti-human CD32 PE or PECy7 conjugated, Biolegend) and IV.3 clone (mouse anti-human CD32 purified antibody, Stem Cell Technologies) that was revealed with a secondary PE goat Fab2 anti-mouse IgG (DAKO). Intracellular detection of Ki-67 antigen with anti-Ki-67 antibody was performed using fixed and permeabilized cells following the manufacturer's instructions (BD Biosciences). Control samples were incubated with an isotype-matched antibody. For the determination of CD32 expression, PE and/or PE-Cy7 mouse IgG2b kappa (Biolegend) were included as isotype controls, using a threshold value ≤ 0.2 in all cases. When CD32 was determined by using unconjugated IV.3 clone, a purified mouse IgG2b kappa (Biolegend) was used as isotype control followed by a secondary PE anti-mouse antibody. Dead cells were excluded by forward and side scatter characteristics. Statistical analyses were based on at least 100,000 events gated on the population of interest. The data were acquired using a FACSCanto II (Becton Dickinson) and analyzed with FlowJo software.



Fluorescence Microscopy

Briefly, purified cells were incubated with monoclonal anti-CD32 Alexa Fluor 647 and anti-CD4 Alexa Fluor 488 or anti-CD14 Alexa Fluor 488 as indicated (all from Biolegend). Then, cells were washed twice and allowed to adhere on polylysine-coated coverslips. After which, cells were fixed with 4% paraformaldehyde in Phosphate Buffered Saline (PBS) for 12 m at 4°C, washed twice and treated with 10 mM glycine for 10 m at room temperature. The coverslips mounted with DAPI Fluoromount-G (SouthernBiotech) were studied in a Nikon Eclipse Ti-S L100 fluorescence microscope using a Plan Apochromat 100 × 1.40 NA oil immersion objective.



PBMCs Culture

PBMCs (1 × 106/ml) were stimulated with IL-2 (20 ng/ml, Peprotech), coated anti-CD3 (aCD3, 10 μg/ml, Beckman Coulter) plus soluble anti-CD28 (aCD28, 1 mg/ml, BD Biosciences), or unstimulated, and cultured for 36 h in medium RPMI 1640 (Gibco) supplemented with 10% heat-inactivated fetal bovine serum (FBS, Natocor), 2 mM L-glutamine (Gibco), 100 U/ml penicillin (Gibco), and 0.1 mg/ml streptomycin (Gibco). In some experiments, cells were treated with phytohemagglutinin (PHA, 4 μg/ml; Sigma-Aldrich) and cultured for 36 h. After that, cells were washed twice and analyzed by flow cytometry.



Real-Time Quantitative RT-PCR

Total RNA was extracted using TRIzol reagent following manufacturer's instructions. Subsequently, RNA was treated with RQ1 RNAse-free DNAse (Promega) and reverse transcripted using M-MLV Reverse Transcriptase (Sigma-Aldrich). PCR analysis for both, CD32a (FcγRIIa) and CD32b (FcγRIIb) isoforms was performed with a real-time PCR detection system (StepONE-Plus Applied Biosystems) using 5 × HOT FIREPol® EvaGreen® qPCR Mix Plus (ROX) (Solis BioDyne Corp) as a fluorescent DNA-binding dye. GAPDH was used as housekeeping gene. The amplification protocol was as follows: 1 cicle at 95°C for 10 m and 40 cycles of denaturation at 95°C for 15 s, annealing at 56°C for 15 s and extension at 72°C for 1 m. The melting curve was also performed. Each sample was evaluated by triplicate.

The following primer sets were used: FcγRIIa forward primer, 5′-ATCATTGTGGCTGTGGTCATTGC-3′ and reverse primer, 5′- TCAGGTAGATGTTTTTATCATCG-3′; and FcγRIIb forward primer, 5′- GGGATCATTGTGGCTGTG-3′ and FcγRIIb reverse primer, 5′-ATTAGTGGGATTGGCTG-3′. GAPDH forward primer, 5′-GAGTCAACGGATTTGGTCGT-3′ and reverse primer 5′-TTGATTTTGGAGGGATCTCG-3′. Primer sets yielded a single product of the correct size.

As a source of cDNA for standard curves to which all samples were normalized (calibrator), monocytes were isolated as previously described. Standard curves and relative quantification was performed as previously published (31). In short, the threshold cycle (CT) values, determined by the StepONE Plus software v2.3, were used to calculate and plot a linear regression curve to evaluate the quality of the standard curve. The slope of this line was used to determine the efficiency of the reaction (E). From the CT's and the efficiencies obtained, the normalized value was calculated with the following formula: ET CpT(C)−CpT(S):ER CpR(C)−CpR(S), in which ET is the efficiency of the PCR of the target gene (FcγRIIa or FcγRIIb2); ER, the efficiency of the PCR of the reference gene (GAPDH); CpT(C), the measured CT of the target gene determined for standard or calibrator (FcγRIIa or FcγRIIb of one selected monocyte sample for all measurements); CpT(S), the measured CT of the target gene determined for the sample (donor of interest); CpR(C), the measured CT of the reference gene of the calibrator or standard; and CpR(S), the measured CT of the reference gene of the sample.



Ligation of CD32

CD32 was cross-linked in purified CD4+ T cells by using two different approaches:

1. Ligation with coated IgG (cIgG): We immobilized IgG on plastic plates, as described (32). Human IgG (500 μg/ml, Sigma-Aldrich) was added to each well of a 48 multiwell plate (GBO). After overnight incubation, plates were washed 3 times with PBS to yield immobilized IgG. Purified CD4+ T cells (1 × 106/ml) were seeded on cIgG overnight.

2. Ligation with specific anti-CD32 mAb: Purified CD4+ T cells (1 × 106/ml) were preincubated for 30 m with anti-CD32 mAb (30 μg/ml, clone IV.3; Stem Cell Technologies) and then stimulated by the addition of F(ab′)2 fragment goat anti mouse IgG (Fab'2, 50 μg/ml; Jackson ImmunoResearch) for additional 30 min. Afterwards, cells were seeded on uncoated plates overnight.

After CD32 ligation by one of the two aforementioned approaches, cells were stimulated with suboptimal doses of PHA (0.5 μg/ml) or anti-CD3 coated beads (0.025 μg/ml, Miltenyi Biotec) and cultured during 5 d. As controls, CD4+ T cells were added to uncoated plates and stimulated with PHA or anti-CD3 coated beads, according to the experiment. The proliferative response and the cytokine levels were analyzed by flow cytometry and ELISA, respectively.



Neutralization Assay

To block the CD32 receptor expressed by CD4+ T cells, cells were incubated with a blocking anti-CD32 mAb (30 μg/ml, clone IV.3) before being exposed to cIgG (IV.3 plus cIgG). An isotype-matched antibody was used as a control.



Binding of Heat-Aggregated IgG (aIgG)

IgG aggregates (aIgG) were prepared by heating human IgG (25 mg/ml) for 12 m at 63°C. Then, aIgG was centrifuged at 10,000 g for 5 m and the precipitate was discarded. Resting or activated purified CD4+ T cells were incubated with different doses of aIgG (50, 100, or 400 μg/ml, as indicated), or serum free-medium for 2 h at 37°C. Then, cells were washed three times and stained with biotinylated anti-human IgG Fc (Biolegend) for 30 m at 4°C followed by streptavidin PerCP and anti-CD4 V500. Binding of aIgG was analyzed by flow cytometry. In blocking experiments, cells were pretreated with the blocking antibody IV.3 clone (30 μg/ml) for 30 m at 4°C, before the addition of aIgG (IV.3 plus aIgG).



Calcium Mobilization Assay

CD32-triggered calcium transients were analyzed by flow cytometry on purified CD4+ T cells using Fluo-3,AM probe (Molecular Probes, Thermo Fisher). Briefly, 1 × 106 resting CD4+ T cells were stained with anti-CD4 mAb APC. After washing twice, cells were treated with 5 μM Fluo-3,AM for 20 m at 37°C. Then, the sample was immediately loaded onto the flow cytometer for calcium baseline measurement during 30 s. Afterward, the purified anti-CD32 mAb (IV.3 clone, 30 μg/ml) was added and calcium measurement was performed for other 30 s. Subsequently, the cells were incubated at 37°C for 15 m. After this time, Fab′2 (50 μg/ml) was added and calcium mobilization was measured immediately and incubated at 37°C for another 60 s. Finally, the fluorescence was recorded during an additional period of 60 s. As a positive control, we treated cells with ionomycin (Sigma-Aldrich). A time-based gate was used for the analysis in gated CD4+ T cells.



STAT5 and STAT6 Phosphorylation

Purified CD4+ T cells (1 × 106) were cultured in the presence of cIgG (500 μg/ml) or IV.3 (30 μg/ml) plus cIgG for 18 h. Then, cells were re-stimulated with PHA (0.5 μg/ml) and cultured for 3 d. After this period, cells were fixed and permeabilized (BD Biosciences) according to the manufacturer's protocols. Cells were washed twice with PBS and stained with anti-CD3 FITC and anti-STAT 5 (pY694) Alexa Fluor 647 or anti-STAT6 (pTyr641) Alexa Fluor 647, for 30 m at room temperature. Cells were then analyzed on a BD FACS Canto II flow cytometer.



ELISA

Levels of IL-2, IL-5, IL-10, IFN-γ, TNF-α (BD Biosciences), and IL-17 (Biolegend) were quantified in cells supernatants by ELISA following manufacturer's recommendations.



Statistical Analysis

Statistical analysis was performed using GraphPad Prism 6 software. Two groups were compared using the Wilcoxon signed-rank test or Mann–Whitney t-test as appropriated. Three or more groups were compared using the Kruskall–Wallis test followed by Dunn's multiple comparison tests. A p < 0.05 was considered statistically significant.




RESULTS


Resting CD4+ T Cells Express CD32

In a first set of experiments, we explored the expression of CD32 in resting CD4+ T cells by using two different anti-CD32 mAbs (FUN.2 and IV.3 clones). CD32 expression was also analyzed on monocytes, B cells, and CD8+ T cells. As described (33–35), monocytes and B cells showed a high expression of CD32, by contrast only a minor fraction of CD8+ T cells and CD4+ T cells expressed CD32. In fact, we found that ~2.4% ± 0.4 of CD4+ T cells were shown to be positive for the expression of CD32 (n = 18; Figures 1A–C). We then analyzed the cytoplasmic expression of CD32 in CD4+ T cells. Results in Figures 1D,E show that ~8.5% ± 1.9 of permeabilized cells expressed CD32 (n = 9), indicating that CD4+ T cells store an intracellular pool of this receptor.
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FIGURE 1. Analysis of CD32 expression in resting CD4+ T cells. (A) Representative dot plot of CD32 cell surface expression in monocytes (CD14+), B cells (CD19+), CD8+ and CD4+ T cells from a healthy adult donor using two different anti-CD32 mAb (FUN.2 and IV.3 clones) analyzed by flow cytometry. Surface isotype control labeling was set to stringent criteria. Results are expressed as percentages on PBMCs. (B) Frequency of CD32+ cells on gated CD4+ T cells from healthy adults using the FUN.2 clone mAb by flow cytometry. (C) Fluorescence microscopy of CD32 expression in purified CD4+ T cells and monocytes (green: CD4 or CD14, red: CD32). Nuclear counterstain with DAPI was used. Representative images are shown at x300. (D) Representative dot plot of cell surface and cytoplasmic CD32 expression in permeabilized resting CD4+ T cells. Surface and cytoplasmic isotype controls are shown. (E) Frequency of cell surface and cytoplasmic CD32 expression on resting CD4+ T cells. Results are expressed as percentages on CD4+ T cells. Representative experiments are shown in (A,C,D). Mean ± SEM of n donors are shown in (B) (n = 18) and (E) (n = 9). *p < 0.05. Wilcoxon matched-pairs signed rank test was used for analysis in (E).





Increased Expression of CD32 in Activated CD4+ T Cells

Next, we examined whether T cell activation was able to modulate CD32 expression. PBMCs were stimulated with IL-2 or with antibodies directed to CD3 and CD28 for 18 or 36 h. Then, the expression of CD32 was analyzed. Treatment with aCD3/aCD28 antibodies markedly increased cell surface expression of CD32 at either 18 or 36 h of culture while IL-2 induced no increase of CD32 expression (Figures 2A,B). We also observed that activation of CD4+ T cells by aCD3/aCD28 antibodies resulted in an increased pool of cytoplasmic CD32 (Figures 2C,D).
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FIGURE 2. Activation of CD4+ T cells results in an increased expression of CD32. (A,B) PBMCs were cultured with medium (controls), IL-2 (20 ng/ml) or immobilized anti-CD3 (10 μg/ml) plus soluble anti-CD28 (1 mg/ml) (aCD3/aCD28) antibodies, during 18 or 36 h. The frequency of CD32+CD4+ T cells was analyzed by flow cytometry. (A) Representative dot plots of cell surface expression of CD32 in CD4+ T cells analyzed at 36 h of culture. Results are expressed as percentages on total lymphocytes. (B) Frequency of CD32+ cells on gated CD4+ T cells at 18 and 36 h of culture. (C–F) PBMCs were activated with either aCD3/aCD28 antibodies (C,D) or PHA (4 μg/ml, E,F) for 36 h. Then, cell surface or intracellular expression of CD32 was analyzed. Cell surface expression of CD25 was also assessed. Cytoplasmic isotype control is shown in (C,E). (G) Cell frequency of the different markers analyzed in CD32+CD4+ and CD32-CD4+ T cells. Results are expressed as percentage on each CD4+ T cell subset analyzed. (H) CD32a/CD32b mRNA ratio in activated CD32-CD4+ and CD32+CD4+ T cell subsets analyzed by qRT-PCR. Representative experiments are shown in (A,C,E). Mean ± SEM of n donors are shown in (B) (n = 7), (D) (n = 7), (F) (n = 7), (G) (n = 8), and (H) (n = 7). *p < 0.05, **p < 0.01, ****p < 0.0001. Kruskal–Wallis test followed by Dunn's multiple comparison was used for analysis in (B). Wilcoxon matched-pairs signed rank test was used for analysis in (D,F,G,H).



Activation of CD4+ T cells by PHA also promoted an increased expression of CD32 (Figures 2E,F). Because the expression of CD32 was increased during CD4+ T cell activation, we analyzed whether CD32 expression was associated with the induction of T cell activation markers. Results in Figure 2G show that the subpopulation of CD32+ CD4+ T cells was enriched not only in the expression of activation markers such as CD25 and HLA-DR, but also in the expression of the inhibitory receptors PD-1 and Tim-3, which are usually associated with an exhausted CD4+ T cell phenotype (36). Further experiments were performed to evaluate the relative expression of CD32 isoforms (CD32a and CD32b) by qRT-PCR in sorted CD32+CD4+ and CD32-CD4+ T cell subsets, after activation with aCD3/aCD28 antibodies. We found that the mRNA levels for CD32a were significantly higher compared with CD32b, being the CD32a:CD32b mRNA ratio ~5:1 in both cell subsets (n = 7, Figure 2H). On the other hand, and consistent with the higher expression of CD32 observed in activated cells, we found that cell activation also resulted in an increased ability of CD4+ T cells to bind aIgG, in a dose-dependent mode (Figures 3A,B). As expected, binding of aIgG was prevented by the anti-CD32 blocking IV.3 mAb (14.1% ± 2.2 vs. 3.4% ± 0.6, for aIgG and IV.3 plus aIgG, respectively, p < 0.01, n = 8; Figures 3C,D).
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FIGURE 3. CD4+ T cells bind aIgG. (A) Resting or activated purified CD4+ T cells were incubated with aIgG (400 μg/ml) or serum-free medium for 2 h. Then, cells were washed and the binding of aIgG was analyzed by flow cytometry. (B) Activated CD4+ T cells were incubated with increasing concentrations of aIgG (50, 100, and 400 μg/ml) or serum-free medium. Data show the percentage of aIgG+CD4+ T cells. (C,D) Activated CD4+ T cells were treated with or without an anti-CD32 blocking antibody (IV.3 clone, 30 μg/ml) during 30 m. After washing, cells were incubated with 100 μg/ml of aIgG or serum-free medium. (C) Representative histograms of aIgG percentage are shown. (D) Percentage of aIgG+CD4+ T cells is shown. Representative experiments are shown in (A,C). Mean ± SEM of n donors are shown in (B) (n = 8) and (D) (n = 8). **p < 0.01, ***p < 0.001, ****p < 0.0001. Kruskal–Wallis test followed by Dunn's multiple comparison was used for analysis in (B). Mann–Whitney test was used for analysis in (D).





Ligation of CD32 Promotes the Activation of CD4+ T Cells

Ligation of CD32 has shown to induce calcium signaling in myeloid cells and platelets (37, 38). To analyze the functionality of CD32, we first analyzed its ability to induce calcium transient in CD4+ T cells. In these experiments, cells were preincubated with the IV.3 mAb and then treated with a Fab'2 polyclonal goat anti-mouse IgG (39). Results in Figure 4A (upper panel) show that CD32 ligation caused the induction of a strong calcium transient.
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FIGURE 4. Stimulation through CD32 promotes the expansion of CD4+ T cells activated by suboptimal doses of different stimuli. (A) Purified CD4+ T cells labeled with fluo-3,AM fluorescent probe were treated with an anti-CD32 mAb (IV.3 clone) for 15 m. Then a F(ab′)2 fragment goat anti mouse IgG was added to induce the cross-linking of bound IV.3 mAb. Induction of cytosolic calcium transients was analyzed by flow cytometry at three different times: before and after addition of IV.3 and after stimulation with Fab′2 (upper panel). Cells were treated with ionomycin as a positive control (lower panel). A representative experiment is shown (n = 5). Geometric mean of fluo-3,AM vs. time is depicted. (B–E) Purified CD4+ T cells (1 × 106) were cultured in the presence of medium (control), cIgG or IV.3 plus a Fab′2 antibody directed to mouse IgG, for 18 h. When IV.3 was used as blocking mAb, cells were pretreated with IV.3 clone, before being exposed to cIgG. Then, cells were stimulated with a suboptimal concentration of PHA (0.5 μg/ml, B,C) or anti-CD3 coated beads (0.025 μg/ml, D,E) and cultured for 5 d. Proliferative response was evaluated by using Ki-67 staining. (B–D) Representative dot plots of CD4 and Ki-67 staining are shown. Results are expressed as cell percentages on gated CD4+ T cells. (C–E) Percentage of Ki-67+CD4+ T cells analyzed by flow cytometry. Representative experiments are shown in (B,D). Mean ± SEM of n donors are shown in (C) (n = 10) and (E) (n = 6). *p < 0.05, **p < 0.01. Kruskal–Wallis test followed by Dunn's multiple comparison was used for analysis in (C,E).



We then analyzed whether CD32 ligation was able to promote the proliferation of CD4+ T cells. In these experiments, isolated CD4+ T cells were stimulated, or not, with cIgG or IV.3 plus a Fab′2 polyclonal goat anti-mouse IgG (IV.3 plus Fab′2) for 18 h. Then, cells were re-stimulated with a suboptimal dose of PHA (0.5 μg/ml) and cultured during 5 d. The proliferative response was analyzed by studying the expression of the Ki-67 antigen as a proliferation marker. We found that ligation of CD32 does not induce proliferation of CD4+ T cells (data not shown), but significantly increased the proliferative response induced by PHA. As expected, pretreatment of CD4+ T cells with the blocking IV.3 mAb significantly prevented the enhancing effect induced by cIgG on the proliferation of CD4+ T cells (Figures 4B,C). No proliferation was observed in cells treated only with IV.3 or a secondary goat Fab2 anti-mouse IgG, compared with those cells cultured in medium alone (data not shown). Consistent with these findings, we found that CD32 ligation also stimulated the proliferative response of CD4+ T cells triggered by beads coated with anti-CD3 mAb (28.2% ± 7.1 and 3.5% ± 0.9, for CD4+ T cells pretreated, or not, with cIgG, respectively, p < 0.01; n = 6). Moreover, this enhancing effect was significantly inhibited in presence of the mAb IV.3 (Figures 4D,E).

Not only the proliferation, but also the production of a wide pattern of cytokines was stimulated by CD32 ligation in CD4+ T cells cultured with suboptimal doses of PHA. However, the two different approaches for CD32 ligation displayed a different stimulating ability (Figure 5A). Cross-linking of IV.3 with a Fab′2 goat anti-mouse IgG (IV.3 plus Fab′2) resulted in a strong enhancement in the production of IL-2 (1738.0 pg/ml ± 490.6 vs. 10.6 pg/ml ± 3.8, p < 0.001), IL-5 (267.9 pg/ml ± 57.9 vs. 17.9 pg/ml ± 11.0, p < 0.001), IL-10 (793.1 pg/ml ± 15.8 vs. 36.7 pg/ml ± 11.8, p < 0.0001), IFN-γ (4443.0 pg/ml ± 1218 vs. 1132.0 pg/ml ± 591.1, p < 0.05), and TNF-α (414.6 pg/ml ± 147.0 vs. 12.3 pg/ml ± 4.0, p < 0.001), compared with control cells (n = 10). There was also a non-significant increase in the production of IL-17. No cytokine secretion was detected in cells treated only with IV.3 or a secondary goat Fab2 anti-mouse IgG (data not shown). On the other hand, exposure of CD4+ T cells to cIgG did not increase IL-2 levels, but significantly enhanced the secretion of IL-5 (77.9 pg/ml ± 25.3; p < 0.01), IL-10 (142.9 pg/ml ± 33.6; p < 0.05), IFN-γ (4954.0 pg/ml ± 772.8; p < 0.001), and TNF-α (59.1 pg/ml ± 16.9; p < 0.01), compared with control cells. Pretreatment of CD4+ T cells with the IV.3 mAb significantly inhibited the stimulatory effect of cIgG on the production of IL5, IFN-γ, and TNF-α (Figure 5A).
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FIGURE 5. Stimulation through CD32 promotes the release of cytokines in CD4+ T cells activated by suboptimal doses of different stimuli. (A,B) Purified CD4+ T cells (1 × 106) were cultured in the presence of medium (control, white bar), cIgG (black bar) or IV.3 plus a Fab′2 antibody directed to mouse IgG (striped bar), for 18 h. When IV.3 was used as blocking mAb, cells were pretreated with IV.3 clone, before being exposed to cIgG (gray bar). Then, cells were stimulated with a suboptimal concentration of PHA (0.5 μg/ml, A) or anti-CD3 (0.025 μg/ml, B) and cultured for 5 d. Levels of cytokines were quantified in the culture supernatant by ELISA. (C–F) Purified CD4+ T cells (1 × 106) were cultured in the presence of medium or cIgG for 18 h. When IV.3 was used as blocking mAb, cells were pretreated with IV.3 clone, before being exposed to cIgG. Then, cells were stimulated with a suboptimal concentration of PHA (0.5 μg/ml) and cultured for 3 d. STAT5 (C,D) and STAT6 (E,F) phosphorylation was analyzed by flow cytometry. Results are expressed as percentage on CD4+ T cells. Representative experiments are shown in (C,E). The mean ± SEM of n experiments is shown in (A) (n = 10), (B) (n = 6), (D) (n = 5), and (F) (n = 5). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Mann–Whitney test was used for analysis in (A,B). Kruskal–Wallis test followed by Dunn's multiple comparison was used for analysis in (D,F).



Similar findings were observed in CD4+ T cells upon stimulation with anti-CD3 coated beads. Exposure of CD4+ T cells to cIgG significantly increased the secretion of IL-5 (338.1 pg/ml ± 90 vs. 75.7 pg/ml ± 37.4; p < 0.01), IL-17 (59.1 pg/ml ± 16.4 vs. 13.2 pg/ml ± 7.0; p < 0.01), compared with control cells. It also promoted the secretion of IL-2 (208.5 pg/ml ± 93.8 vs. 35.8 pg/ml ± 18.6), IL-10 (329.2 pg/ml ± 69.4 vs. 130.4 pg/ml ± 46.2), IFN-γ (27,323 pg/ml ± 8285 vs. 10,126 pg/ml ± 5704), and TNF-α (360.2 pg/ml ± 123.3 vs. 130.8 pg/ml ± 36.2) compared with control cells, even this enhancing effect did not reach statistical significance (n = 6). As expected, pretreatment of CD4+ T cells with the IV.3 mAb significantly inhibited the stimulatory effect of cIgG on the production of IL5, IL-10, IL-17, IFN-γ, and TNF-α (Figure 5B).

IL-2 supports the proliferation of CD4+ T cells being the activation of STAT5 one of the earliest events in IL-2 signaling through the high affinity IL-2 receptor (40). Results in Figures 5C,D show that cIgG promoted STAT5 phosphorylation in CD4+ T cells cultured with suboptimal concentrations of PHA (9.4% ± 3.2 vs. 4.4% ± 1.3, for cIgG treated vs. untreated cells, p < 0.05). Moreover, we found that cIgG also enhanced the phosphorylation of STAT6, which is the main transcription factor responsible for the development of Th2 cells (41) (38.6% ± 14.5 vs. 10.5% ± 4.6, for cIgG treated vs. untreated cells, p < 0.05). As expected, pretreatment with the blocking IV.3 mAb significantly prevented the stimulatory effect induced by cIgG on the phosphorylation of both, STAT5 and STAT6 (Figure 5E,F, n = 5).




DISCUSSION

The expression and function of FcγRs in innate immune cells and B cells have been clearly defined (2, 9, 10). Although it is generally assumed that T cells do not express FcγRs (8, 12, 42) a more detailed analysis of early published studies shows contradictory findings (17–19). In this study, we found not only that a minor fraction of resting CD4+ T cells expresses CD32, but also that T cell activation induces a marked up-regulation of CD32 expression in either the cell surface or the cytoplasmic compartment. The role of CD32, if any, in determining the function of CD4+ T cells remains undefined. Here we reported that, contrasting with the inhibitory effect of CD32 in B cell responses (3, 43), it promotes the activation of CD4+ T cells.

Our observations indicating that a small percentage of resting CD4+ T cells expresses cell surface CD32 are in agreement with those data recently reported by Martin et al. (16) in studies directed to analyze the role of CD32+CD4+ T cells as viral reservoirs in HIV-infected patients. Moreover, in accordance with Sandilands et al. (19), we also found that resting CD4+ T cells express a cytoplasmic pool of CD32. However, while these authors reported that more than 90% of resting CD4+ T cells stores an intracellular pool of CD32, we found that only ~9% of resting CD4+ T cells contain a cytoplasmic pool of CD32. The reasons underlying this discrepancy are unclear. On the other hand, and in agreement with early works (17, 18), we detected that activation of CD4+ T cells increases cell surface expression of CD32, reaching a peak at 36 h of culture. We also found that CD32 expressing CD4+ T cells displayed an activated phenotype characterized by the expression of activation markers such as CD25 and HLA-DR as well as by the expression of the inhibitory receptors PD-1 and Tim-3, which are usually associated with an exhausted CD4+ T cell phenotype. Accordingly, with these findings, we observed that activated CD4+ T cells bind higher amounts of aIgG compared with resting cell. Our results showing that concentrations of aIgG as high as 100 μg/ml were unable to saturate CD32 binding capacity are consistent with the fact that CD32 is a low- affinity FcγR.

It has long been known that IgG ICs suppress humoral immunity. This effect is mediated through the interaction of the Fc fragment of IgG antibodies with the only FcγR isoform expressed by B cells, FcγRIIb. In fact, cross-linking of FcγRIIb with the B cell receptor has shown to increase the threshold for B cell activation, inhibiting antibody production (3, 43, 44). Interestingly, our findings revealed for the first time that cross-linking of CD32 efficiently promoted the activation of CD4+ T cells stimulated by either suboptimal doses of PHA or anti-CD3 mAb. Our results showing that ligation of CD32 promotes the activation of CD4+ T cells suggest that CD32a is the predominant type of FcγRII expressed in this cell population. The similarity of the extracellular domains of CD32b and CD32a does not enable the differentiation of these receptors by flow cytometry because there are no commercially available antibodies that can distinguish between them. The present study provides evidence indicating the presence of both CD32 mRNA isoforms in activated CD4+ T cells, being CD32a the predominant one. In fact, we found that activation of CD4+ T cells resulted in the expression of both CD32a and CD32b transcripts in a ratio of 5:1, respectively.

Ligation of CD32 induced by seeding CD4+ T cells on immobilized IgG or by treatment with anti-CD32 mAbs promoted neither cell proliferation nor cytokine production by CD4+ T cells. However, both stimuli significantly enhanced the proliferative response and the production of a wide array of cytokines by CD4+ T cells treated with suboptimal doses of PHA or anti-CD3 mAb. We found a higher production of cytokines associated with the development of Th1 (IL-2, IFN-γ, and TNF-α), Th2 (IL-5), and Th17 (IL-17) profiles, suggesting that CD32 ligation does not promote a particular signature in CD4+ T cells. Because ICs are the most important ligands for FcγRs, our observations might be relevant in those disorders associated with the presence of high levels of circulating ICs, such as chronic infections (45–47), autoimmune diseases (48–51) and cancer (52–54). Our results suggest that ICs might promote the development of inflammatory responses, by acting directly on CD4+ T cells via CD32a. Moreover, our results could contribute to better explain why antigens contained in ICs promote a stronger T cell responses compared with non-complexed antigens, a phenomenon usually attributed to the ability of ICs to stimulate antigen presentation through major histocompatibility complex class II and class I molecules (27–30). Further studies are required to confirm both, the ability of ICs to activate CD32 in presence of the high concentrations of monomeric IgG found in plasma and the in vivo relevance of our observations.

It should be note that the ability of ICs to modulate the function of CD4+ T cells could be related not only to the expression of CD32, but also to the expression of CD16 (FcγRIII). Early studies showed the expression of CD16 in a small number of peripheral T cells in healthy individuals (12, 55). Moreover, more recent studies performed by Chauhan and coworkers (13, 56–58) reported that CD4+ T cell activation leads to the up-regulation of CD16 expression. In a first paper, the authors showed that ligation of CD16 in CD4+ T cells by ICs induces a co-stimulatory signal promoting IFN-γ production (56). In a second study, they reported that ICs isolated from systemic lupus erythematosus patients interact with CD16 expressed by CD4+ T cells and induce Syk phosphorylation, providing a co-stimulatory signal to T cells in the absence of CD28 signal. This mechanism was shown to be able to promote the development of Th1 and Th17 cells (57). Finally, the authors reported that stimulation of CD4+ T cells by ICs induced, not only the up-regulation of endosomal toll-like receptors (TLRs), but also the accumulation of TLR9 on the cell surface (13).

Overall, our results suggest that CD32 ligation promoted CD4+ T cell activation. Whether CD16 might acts in concert with CD32 to induce the activation of CD4+ T cells remains to be addressed. Because autoimmune diseases are usually associated with the formation and tissue deposition of immune complexes (42), we hypothesize that they might contribute to tissue damage, not only by activating inflammatory mechanisms mediated by innate immune cells, but also by stimulating the chronic activation of CD4+ T cells. Finally, the fact that CD32 ligation can influence CD4+ T cell activation may have another important clinical implication. Modulating the ability of a therapeutic IgG antibody to bind to activating or inhibitory CD32 could promote the balance in favor of CD4+ T cell activation or suppression. Cellular activation is a desired characteristic in immunotherapies directed to cancer or in vaccine generation against infectious diseases. However, when it comes to chronic inflammation or autoimmune diseases, the contrary effect is sought, being the suppression of the immune response a requirement for the induction of immune tolerance. Thus, therapeutic strategies based on monoclonal IgG antibodies must take into account the potential modulation on CD4+ T cell function through their Fc portion as a novel key player.
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Autophagy is a homeostatic and inducible process affecting multiple aspects of the immune system. This intrinsic cellular process is involved in MHC-antigen (Ag) presentation, inflammatory signaling, cytokine regulation, and cellular metabolism. In the context of T cell responses, autophagy has an influential hand in dictating responses to self and non-self by controlling extrinsic factors (e.g., MHC-Ag, cytokine production) in antigen-presenting cells (APC) and intrinsic factors (e.g., cell signaling, survival, cytokine production, and metabolism) in T cells. These attributes make autophagy an attractive therapeutic target to modulate T cell responses. In this review, we examine the impact autophagy has on T cell responses by modulating multiple aspects of APC function; the importance of autophagy in the activation, differentiation and homeostasis of T cells; and discuss how the modulation of autophagy could influence T cell responses.
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INTRODUCTION

Autophagy is an evolutionarily conserved cellular response that can selectively or non-selectively direct cargo to the lysosome where cargo is degraded for subsequent recycling (1). Autophagy is upregulated under conditions of physiological stress, particularly amino acid starvation, during which it acts as a cell survival mechanism, recycling cytoplasmic macromolecules. The term “autophagy” encompasses three complementary processes; microautophagy, chaperone-mediated autophagy (CMA) and macroautophagy. Each form of autophagy involves the delivery of cytoplasmic substrates to lysosomes for degradation. Microautophagy involves the direct engulfment of cytoplasmic cargo by lysosomes (or the vacuole in plants and fungi) and can either be non-selective, or selective, as in the cases of micropexophagy (degradation of peroxisomes), micromitophagy (degradation of mitochondria), and piecemeal microautophagy of the nucleus (PMN) (2). CMA involves the selective targeting of soluble cytosolic proteins to lysosomes for degradation. Proteins targeted by CMA have a common pentapeptide motif (KFERQ) which is recognized by the chaperone protein Hsc70 (heat shock cognate protein of 70 KDa) (3). Macroautophagy involves the formation of double-membrane vesicles, termed autophagosomes, around a portion of cytoplasm, including organelles such as damaged/leaky mitochondria (e.g., mitophagy), misfolded or aggregated proteins (e.g., aggrephagy) or microbes (e.g., xenophagy) (4). Autophagosomes are then able to fuse with functional lysosomes (“maturation” or “flux”) for degradation of the luminal contents.

Macroautophagy (herein, called autophagy) is a fundamental, homeostatic process integrated into both the innate and adaptive arms of the immune system (4, 5). The immunological functions of autophagy appear to interact and modify “classical” innate immune pathways including (i) direct microbial elimination; (ii) cooperation with pattern recognition receptors (PRR); (iii) inflammasome regulation; (iv) secretion of biomolecules; and (v) major histocompatibility complexes (MHC) and antigen processing (4–6). In addition, autophagy plays a major role in B and T cell activation, proliferation and survival as well as affects positive and negative thymic selection of naïve T cells (7, 8). This integration points to autophagy as an important cellular process that safeguards the host with a functional innate and adaptive immune system. It also highlights how perturbations in autophagy, either because of genetics or environmental factors, might influence health and disease. Notwithstanding, autophagy is an attractive therapeutic target to modulate T cell responses directly in T cells or indirectly through APC like dendritic cells (DC) and macrophages. This network of communication between autophagy with the immunological pathways as well as cellular metabolism is discussed in the following few sections with an emphasis on how it affects T cell responses.



CROSSTALK BETWEEN AUTOPHAGY AND INNATE PATHWAYS TO INFLUENCE T CELL RESPONSES

The above immunological functions of autophagy represent the interplay and interaction of this cellular process within a single cell (e.g., pathogen elimination in APC; proliferation through clearance of cell cycle proteins in T cells). This section seeks to discuss the physiological and immunological relevance of autophagy and how it interacts at a systemic level—whereby autophagy in innate immune cells (e.g., DC and macrophages) affects CD8+ and CD4+ T helper (TH) cell responses. This type of crosstalk may play a critical role in the pathogenesis of various diseases such as Crohn's disease (CD), rheumatoid arthritis (RA) and multiple sclerosis (MS) as well as chronic infections like tuberculosis (TB).


Autophagy and Antigen Presentation

MHC-restricted antigen presentation is key to the specificity of immunity and marks an important intersection between innate and adaptive immune pathways. Processed antigenic peptides are loaded on Class I or II MHC molecules and presented by professional APC to T cells for priming and activation. MHC class I-restricted antigens, which stimulate primed CD8+ T cells, originate mostly from endogenous proteins, processed by proteasomes and transported to the ER for loading (9). MHC Class II-restricted antigens, on the other hand, are recognized by CD4+ T cells and were originally thought to be almost exclusively of extracellular origin, taken up by endocytosis, micropinocytosis, or phagocytosis and processed by specialized endosomal and lysosomal enzymes. However, some exogenous antigens can be cross-presented by MHC Class I (MHC I) molecules, while MHC Class II (MHC II) molecules can also present endogenous proteins (9).

Autophagy is an intricate pathway involving numerous proteins to execute several steps that lead to the degradation of biomolecules, organelles and pathogens (Figure 1). A number of studies indicate that autophagy represents an important factor in the presentation of endogenous antigens via MHC II (10). Particularly, autophagosomes have been shown to fuse directly with MHC II loading compartments (11, 12). Moreover, fusion of viral and tumor antigens to the ATG8 (autophagy-related-gene 8) family protein LC3-II, which localizes to autophagosomal membranes, increases presentation to CD4+ T cells (12–14). Interestingly, an unbiased study of the MHC II ligandome by mass spectrometry, revealed nutrient starvation (a mechanism to induce autophagy) leads to a 50% increase in the presentation of nuclear and cytosolic antigens (15). Many MHC II ligands express Atg8-binding domains (LC3-interacting regions; LIR) that may target them to autophagosomes (15). As it is, functional autophagy has been shown to facilitate presentation of several pathogen-derived antigens, including nuclear antigen 1 of the Epstein-Barr virus, the mycobacterial antigen Ag85B and modified vaccinia virus Ankara encoded antigens (16–18).
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FIGURE 1. Schematic of the autophagic process. The consecutive activation of the ULK (ULK1/ATG13/FIP200/ATG101) and PI3K-III (ATG14L/VPS34/Beclin-1/VPS15) complexes results in the generation of the phagophore and recruitment of the ATG16L1 (ATG16L1-ATG5-ATG12) conjugation complex to the phagophore. ATG16L1 complex initiates the elongation of the phagophore to become an autophagosome. The formation of the autophagosome and isolation of cargo is assisted by the LC3 (ATG8) conjugation system. The isolated cargo is then degraded in the autolysosome which is formed via autophagosome-lysosome fusion.



Autophagy also appears to play an important role in thymic selection of T cells, mediated by thymic epithelial cells (TEC). TEC express low levels of peripheral tissue-specific antigens under the transcriptional regulation of the autoimmune regulator (AIRE), which requires loading of endogenous antigens onto MHC II molecules for positive and negative selection (19). Nedjic and colleagues revealed TEC use autophagy to load endogenous molecules to MHC II molecules and interference of autophagy in TEC results in colitis and multi-organ inflammation (20). They further show positive selection of some, but not all, transgenic CD4+ thymocytes is inhibited in Atg5−/− thymi (20). In addition, targeting of cognate antigens to autophagosomes by fusing them with either LC3B or mitochondria results in negative selection of the respective TCR transgenic CD4+ T cells (21).

A role for autophagy in MHC I presentation has been controversial. MHC I presentation is dependent on proteasomal processing of antigenic peptides and is dependent on the transport of peptides from endosomal compartments to the cytosol, the very opposite of autophagy, which transports cytosolic components to endocytic compartments. Nevertheless, studies have indicated roles for autophagy in this antigen presenting pathway. Loss of autophagy can redirect autophagy substrates to proteasomes for processing and MHC I-restricted presentation (22). Furthermore, autophagosomes have been shown to target proteasome components for degradation (23, 24). Conversely, inhibition of normal MHC I processing pathways, which can occur in some viral infections, may result in increased endosomal/autophagosomal involvement (10). Autophagy has also been implicated in cross-presentation of exogenous antigens. Of note, mouse CD8+ DC, which are the predominant cross-presenters in vivo (25, 26), have higher basal autophagy rates than CD8− DC, which are not capable of cross-presentation (27). Similarly, both mouse and human DC more adept at cross-presentation of accumulated large ubiquitinated aggregates, also termed dendritic cell aggresome-like structures (DALIS), that can function as reservoirs for MHC I antigens (22), and these structures were also positive for the autophagy receptor p62/SQSTM1. Additionally, LC3 was recruited to zymosan-containing phagosomes in these cells, indicating that the autophagy machinery intersects with phagosomes containing exogenous antigens. This study went on to demonstrate that the contribution of autophagy was dependent on the form of antigen, being required for cross-presentation of soluble antigen (ovalbumin, OVA), but not OVA targeted to apoptotic bodies or the receptor DEC-205 (cell-associated antigen) (27). How autophagy regulates the cross-presentation of soluble antigens is not yet clear and requires further elucidation. Nonetheless, these studies support an underappreciated role for autophagy in MHC I presentation; however, the effect it has on CD8+ T cell responses remains unclear.

The intersection of autophagy with both MHC I and II pathways reiterate the importance of autophagy in innate cells in controlling T cell responses. Interestingly, MHC II molecules show the strongest linkage to inflammatory and autoimmune diseases like CD, MS, RA, systemic lupus erythematosus (SLE) and type 1 diabetes (T1D) (28, 29). Genome-wide association studies have also implicated autophagy genes Atg5 and Atg16l1 in the susceptibility of SLE and CD, respectively (30–34). It is unclear if this genetic linkage is tied to direct autophagy-MHC crosstalk, defects in autophagy, or hyperactive autophagy. However, it was recently shown in animal model of MS that the autophagy gene Atg5 was required in DC to present endogenous self-peptides to autoreactive CD4+ T cells (35). ATG5 assisted in the fusion of phagosomes containing injured oligodendroglial cells with MHC II compartments. In the absence of ATG5, there was a decrease in autoreactive CD4+ T cells which delayed the onset of disease and reduced clinical severity compared to mice expressing ATG5 in DC (35). Given the apparent role of autophagy in central tolerance, a mechanism to limit autoreactive T cells (20, 21), it is plausible to link autophagy to autoreactive T cells. Thus, while full mechanistic understanding of autophagy/autophagy genes and MHC I and II pathways remains elusive, it is evident autophagy in APC can greatly influence T cell responses via both MHC I and II pathways.



Autophagy and IL-1 Family Cytokines

Numerous studies have shown autophagy intersects with the production, processing and release of IL-1 family cytokines (36, 37). Loss of autophagy in macrophages and DC results in the increased release of IL-1β and IL-18 in response to Toll like receptor (TLR)3 and TLR4 ligation. This is dependent on Toll/IL-1 receptor domain-containing adaptor inducing IFN-β (TRIF), caspase-1 activation, potassium efflux and mitochondria-derived reactive oxygen species (ROS) and DNA (38–41). Moreover, this effect appears to be largely dependent on the NLRP3 inflammasome (38, 40).

Inflammasomes are multi-protein complexes which activate caspase-1 (and in certain cases caspase-4/5) in response to pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs) (42–45). The secretion of IL-1β and IL-18 is typically a two-stage process. First, transcription and translation of inactive pro-forms of the cytokines are induced following ligation of pattern recognition receptors, such as TLRs. Second, inflammasome activation occurs in response to ligation or activation of a NOD-like receptor (NLR), such as NLRP1, NLRP3, or NLRC4, or an AIM2-like receptor (ALR) (46). In most cases, the NLR or ALR forms a complex with apoptosis-associated speck-like protein containing a caspase activation and recruitment domain (ASC) to engage and activate caspase-1, which in turn leads to the cleavage and release of pro-IL-1β or pro-IL-18 into mature, bioactive cytokines (Figure 2). The NLRP3 inflammasomes is activated in response to multiple stimuli, including particulates, such as uric acid crystals, vaccine adjuvants and silica (47–49), as well as reactive oxygen species (ROS) and mitochondrial DNA (39, 41).
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FIGURE 2. Autophagy and the inflammasome. TLR signaling results in the activation of NF-κB which in turn regulates the expression of NLRP3 and pro-IL-1β. Mitochondrial reactive oxygen species (ROS) and DNA can lead to the activation and oligomerization of NLRP3 and recruitment of the adaptor protein ASC. This complex recruit and activates caspase 1 subsequently, recruiting, and activating IL-1β. Autophagy is also induced by TLR signaling which in turn can regulate the inflammasome pathway via direct clearance of activators (mitochondria), inflammasomes and subunits (NLRP3, ASC) as well as its substrates (pro-IL-1β). In the absence of autophagy, damaged mitochondria can accumulate and activate the inflammasome pathway leading to the dysregulation of IL-1β production and secretion.



Thus, loss of autophagy, and more specifically mitophagy (a form of autophagy that sequesters and degrades mitochondria) (50), in macrophages and DC, combined with inflammatory stimulation, can lead to the accumulation of damaged/dysfunctional mitochondria. This chain of events leads to the release of mitochondrial ROS and DNA into the cytosol, which in turns activates the NLRP3 inflammasome, leading to increased caspase-1-dependent processing and release of IL-1β and IL-18. However, the link between autophagy and inflammasome regulation does not end there (Figure 2).

Many studies suggest direct links between autophagy, inflammasomes, and inflammatory signaling pathways, although the complexity of this subject is considerable, due to the numerous means autophagy can regulate the same pathways. For example, regulation of inflammasome activation and release of IL-1 family members by autophagy has an indirect effect on nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) pathway, as these cytokines (IL-1, IL-18) all signal through NF-κB- dependent pathways. NF-κB is an evolutionary conserved transcription factor that regulates an ever-expanding network of genes with a wide range of functions in cell survival, differentiation, proliferation, and immunity, acting downstream TLRs and cytokine receptors. Studies have demonstrated that, following activation of NF-κB, autophagy plays a role in the degradation of the NF-κB inhibitor family IκB, leading to persistent activation and inflammation (51). Additionally, autophagy inhibits inflammasome activation and IL-1β release by stimulated macrophages through elimination of mitochondrial products, pro-IL-1β and inflammasome components, which in turns leads to reduced NF-κB activation by IL-1β (38, 52, 53). Conversely, loss of autophagy in macrophages and DC leads to increased IL-1β release which activates NF-κB in an autocrine manner (54). Accordingly, autophagy and NF-κB-dependent inflammation and cytokine release converge on multiple levels in APC, with significant impact on cell function and subsequent modulation of immune responses.

Another important function of autophagy is to clear protein complexes that are too large for proteasomal degradation. One study suggests that active inflammasomes may be targeted for lysosomal degradation by autophagosomes (53). These data would suggest that autophagy might represent an important checkpoint for controlling excessive inflammasome activation, which can lead to inflammatory pathologies. Autophagosomes have also been shown to specifically target IL-1β following activation with TLR agonists (38). However, the fate of this autophagosomal IL-1β is potentially more complex than that suggested for inflammasomes. Induction of autophagy during or after priming of cells with a TLR agonist results in a reduction of intracellular pro-IL-1β (38), but it is unclear whether it is degraded in the autophagosomes, or whether it is transported elsewhere for proteasomal degradation, which appears to be the more common route of degradation for this cytokine (55). However, autophagy may also have a role to play in the secretion of IL-1β. While most secreted proteins have an N-terminal signal peptide that allows them to traffic through the classical secretion pathway, a number of secreted proteins, including IL-1β and IL-1α, lack such a signal peptide and are released by largely undefined mechanisms, termed unconventional secretion. Two studies have demonstrated that autophagy may play a role in the unconventional secretion of IL-1β (56, 57). Together, these studies may indicate that autophagosomes act as temporary repository for IL-1β, which can either be directed to a degradative or secretory pathway, depending on the context and specific stimuli. It is not clear whether IL-18 is also targeted to autophagosomes. While the biological effects of IL-1α are similar to those of IL-1β, its release is independent of inflammasome activation per se. IL-1α's biological activity does not require proteolytic cleavage, although it can be cleaved by both the calcium-dependent cysteine protease calpain and by the cytotoxic lymphocyte-derived protease granzyme B (58, 59). Nevertheless, inflammasome activation does enhance IL-1α release, possibly due to increased cell death. As with IL-1β and IL-18, autophagic defects in APC increases the release of IL-1α in response to inflammatory stimuli, including TLR agonists and allergens (38, 60, 61). However, unlike IL-1β, this release is independent of NLRP3, caspase38, -1 and TRIF (60), but dependent on ROS and calpain (60). It is not yet clear whether autophagy is involved in the unconventional secretion of IL-1α, or whether IL-1α associates with autophagosomes.



APC Autophagy and the TH17 Connection

A large and ever-growing body of evidence has established multiple roles for autophagy in the regulation of proinflammatory cytokines (IL-1, IL-18) secreted by APC. A disruption in the autophagy pathway has also been shown to impact the secretion of other proinflammatory cytokines (IL-17, IL-23) and chemokines (CXCL1) (54, 60). For example, IL-1β released from macrophages can stimulate IL-23 secretion in an autocrine manner (62) and this occurs in LPS-stimulated macrophages and DC in which autophagy is inhibited (54). Secretion of IL-23 under these circumstances can be inhibited with an IL-1 receptor antagonist or neutralizing antibody against IL-1β. Similarly, autophagy-deficient macrophages that secrete excess IL-1α have increased CXCL1 output that can be curbed by an IL-1 receptor antagonist (60). Conversely, inducing autophagy after in vitro APC stimulation reduces IL-1α, IL-1β, IL-23, and CXCL1 secretion (54, 60). Additionally, treating mice with the autophagy inducer rapamycin inhibits both IL-1β and IL-23 in response to intraperitoneal injection of LPS (38, 54).

Whether directly or indirectly, autophagy appears to regulate cytokines and chemokines that promote IL-17-mediated immune responses. The combination of IL-23 with IL-1α/IL-1β, promotes TH17 cellular differentiation and stimulates the secretion of IL-17 from innate-like γδ T cells (63–65). IL-1, IL-17, and CXCL1 can cause neutrophilic tissue infiltration (66–68). Furthermore, in vitro treatment of naïve murine CD3+ T cells with supernatants from LPS and 3-MA-treated dendritic cells (high in IL-1α, IL-1β, and IL-23), enhances secretion of IL-17A, IL-17F, IFN-γ, and IL-22 (54).

Regarding TH17 cells, these CD4+ T cells play an important role in controlling extracellular bacteria and fungi by producing the cytokines IL-17A and IL-17F that act on epithelial cells to recruit neutrophils. TH17 cells and cytokines associated with TH17 responses have also been implicated in numerous autoimmune and infectious diseases (69, 70). In fact, several studies confirm that autophagy disruption in APC during infection leads to excessive inflammation which is associated with upregulated levels of IL-1 and IL-17 (Figure 3) (60, 61, 71, 72). Given the loss of autophagy in APC leads to increased secretion of IL-1 family cytokines and IL-23 upon inflammatory stimulation, it is perhaps not surprising that mice with autophagy-deficient myeloid cells (Atg5fl/fl-LysM Cre mice) show elevated serum IL-17 in response to infection with Mycobacterium tuberculosis (60). Similarly, mice deficient in the autophagy protein LC3B (MAP1-LC3B) exhibit increased IL-17-induced lung pathology upon infection with respiratory syncytial virus (RSV) and Map1lc3b−/− CD11b+ DC infected with RSV induce IL-17 secretion from CD4+ T cells in an IL-1-dependent manner (72). Moreover, Atg5fl/fl-CD11c Cre mice develop spontaneous airway hyperreactivity and severe neutrophilic lung inflammation, with elevated IL-1 and IL-17 levels in the lungs (61). Together, this points to autophagy as a key regulator of TH17 immune responses.
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FIGURE 3. Mononuclear phagocytes cell-autonomous autophagy curbs TH17 responses. Autophagic defects in mononuclear phagocytes results in the accumulation of damaged/dysfunctional mitochondria. Inflammatory activation of mononuclear phagocytes can increase mitochondrial dysfunction and the release of mitochondrial ROS and DNA that activates the inflammasome. Inflammasome activation results in excess IL-1β production and secretion. IL-1β can have (i) autocrine effects and induce IL-23, (ii) IL-1β and IL-23 can drive TH17 differentiation; and (iii) along with IL-17, IL-1β can recruit neutrophils. The inability to curb inflammasome activation due to an autophagic defect can result in continuous inflammation and tissue damage.





Autophagy and APC-Derived MIF

Similar to IL-1 family cytokines, loss of autophagy in human and mouse macrophages leads to increased secretion of macrophage migration inhibitory factor (MIF) in response to LPS (73). MIF is expressed in multiple immune cell types, including macrophages, DC, T, and B cells, neutrophils, eosinophils, and mast cells. MIF is critical in the innate immune response to different bacteria, including Salmonella and Mycobacterium species. MIF can also upregulate TLR4 and increase the release of other pro-inflammatory cytokines, including TNF-α, IL-1, and IFN-γ (74). Interestingly, MIF also directly regulates NLRP3 inflammasome activation, facilitating the processing and release of IL-1β and IL-18 (75). The regulation of MIF by autophagy is dependent on mitochondrial ROS, which accumulates in the cytosol of autophagy-deficient cells. Amino acid starvation, an inducer of autophagy, also results in increased MIF secretion (73, 76). Given that amino starvation is a strong inducer of autophagy, these results may seem contradictory. However, MIF release is unaffected by other autophagy inducers (mammalian target of rapamycin; mTOR inhibitors) (73), suggesting that autophagy induction through mTOR inhibition is not responsible for MIF release. Concerning MIF and T cell activation, MIF has also been shown to induce IL-17 expression and secretion in mouse lymph nodes (77). Moreover, in a mouse model of gout, MIF levels are raised, and MIF deficiency or blockade lowers levels of IL-1β and reduces neutrophil infiltration and pathology (78). Thus, MIF might represent another connection between autophagy, inflammasome activation, and TH17 responses.



Autophagy and a Possible Role in Controlling TH1 Responses

The above observations suggest functional autophagy may curb detrimental IL-17-mediated inflammatory disorders. Nonetheless, it needs to be pointed out that the exacerbated IL-17 response observed in autophagy-deficient APC animal models could be due to compartmentalization of the infection to the lung. In the intestine, autophagy, specifically in epithelial cells, has proven to be important to maintain intestinal homeostasis (79–83). Additionally, an underappreciated role for autophagy in intestinal mononuclear phagocytes has been established. Saitoh et al. first showed hematopoietic cells lacking Atg16l1 (through the generation of bone marrow chimeras) succumbed to colitis induction demonstrating autophagy in hematopoietic cells controls intestinal inflammation (40). More recently, mice with autophagy-deficient myeloid cells (Atg7fl/fl-LysM Cre and Atg16l1fl/fl -LysM Cre mice) but not CD11c-expressing innate cells (Atg16l1f fl/fl-CD11c Cre mice) displayed enhanced inflammation of the colon after colitis induction with heightened IL-1β levels found in the serum and being produced by macrophages (84–86). Interestingly, Lee et al. found colonic lamina propria T cells from Atg7fl/fl-LysM Cre mice displayed robust TH1 skewing (IFN-γ production) with no difference in TH17 cells (IL-17 production) after colitis induction (84). IL-12p70, a potent inducer of IFN-γ, was not assessed by either group; however, IL-1β can synergize with IL-12p70 to induce IFN-γ (87–90). Interestingly, enhanced IL-12p70 secretion was reported in macrophages deficient in Atg5 as was serum IL-12p70 during TB infection in Atg5fl/fl-LysM Cre mice (60). But it remains unclear if autophagy directly regulates IL-12p70 production or if this an IL-1 autocrine effect as seen with IL-23 (54). And while cytokines involved in TH1 responses (IFN-γ and TNF-α) can affect the autophagy pathway, the intersection of autophagy and APC-derived cytokines driving TH1 (IL-12p70) responses need to be investigated further (91–96).

Past studies have revealed the importance of IFN-γ responses in enteric infections. Specifically, IFN-γ-deficient mice were shown to be susceptible to Citrobacter rodentium infection as were IL-12p40-deficient mice both demonstrating IFN-γ responses are critical for C. rodentium infections (97, 98). IL-12p40 is a protein subunit that dimerizes with IL-12p35 to form the heterodimeric cytokine, IL-12p70 or IL-23p19 to form IL-23 (90). Regarding enteric infections and autophagy, the Cadwell lab revealed ATG16L1 hypomorph mice were resistant to C. rodentium infection albeit in the absence of CD4+ T cells (99). It is unclear if this resistance is due to an exacerbated IFN-γ response by innate lymphocytes. Several studies have shown the influence of lamina propria IFN-γ-producing innate lymphocytes in intestinal infections and IBD (100–102). If IL-12p70 production is dysregulated in autophagy-deficient APC this could lead to enhanced IFN-γ response by T cells and innate lymphoid cells and resistance to C. rodentium infection. It could also explain human diseases associated with autophagy defects and strong TH1 and TH17 responses such as IBD, 103–MS, and RA (105). Collectively, these studies highlight the impact autophagy may have on skewing immune responses and suggest the microenvironment could ultimately determine how autophagy controls TH cell polarization.




CELL-AUTONOMOUS AUTOPHAGY GOVERNS T CELL BIOLOGY

As discussed above, autophagy affects APC function in a way that can modulate T cell responses. Similarly, autophagy is quite functional in both CD8+ and CD4+ T cells from naïve to memory cellular states. Mature naïve T cells display a very small, but detectable, level of basal autophagy but are also capable of up-regulating autophagy in response to multiple stimuli. This autophagic program appears to regulate survival and proliferation as well as organelle quality control. Effector and memory T cells both utilize an autophagic program that interacts with intracellular metabolic pathways. This intersection of autophagy and metabolic pathways assists in T cell differentiation and functional capabilities. Through extensive work in genetics, various groups have shown autophagy is an active pathway involved in numerous aspects in T cell biology (Figure 4) as discussed below.
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FIGURE 4. Autophagic regulation of T cell function and metabolism. Autophagy activation via TCR stimulation (and possibly IL-2 production) assists in the proliferation and survival of T cells through direct targeting of p27 (cell cycle inhibitor) and pro-apoptotic factors (i.e., caspases, Bim). Autophagy also targets Bcl10 for degradation to limit NF-κB activation. Additionally, autophagy and metabolic pathways are activated via TCR stimulation and γc-cytokine signaling. These pathways can communicate to generate ATP in TH1 cells which assists in the production of IL-2 and IFN-γ. Autophagy in Tregs impedes glycolysis which stabilizes the regulatory phenotype by maintaining FoxP3 expression and inhibiting the transcriptional network of effector T cells. Lastly, autophagy inhibits TH9 differentiation and subsequent effector function (IL-9 production) via selective targeting of the TH9 lineage specific transcription factor, PU.1.




Autophagy Regulates T Cell Survival and Proliferation

Over the last decade, several groups have confirmed autophagy as an active cellular process in T cells (106–112). Initially, the confirmation of this pathway, detection of autophagosomes and up-regulation of autophagy proteins, was only observable in T cells after T cell receptor (TCR) stimulation. It was further substantiated to be an active process in naïve T cells due to the expression of numerous autophagy genes (Atg5, Atg7, Atg8, and Beclin-1) found prior to stimulation. To further understand the role of autophagy in T cells, several groups generated numerous T cell-specific conditional knockout mice to delete various autophagy genes (i.e. Atg3, Atg5, Atg7, Atg16L1, Beclin-1, Vps34) involved at difference steps of the autophagy pathway (Figure 1) (106–113). Nevertheless, no matter the autophagy gene deleted, the results were similar between the conditional knockout mice: a reduction in the frequencies of thymocytes as well as peripheral CD8+ and CD4+ T cells. Also, the T cells present in the periphery of these mice displayed a memory-like phenotype likely due to lymphopenia-induced proliferation (114–117). Additionally, autophagy-deficient T cells showed enhanced apoptosis which was linked to enhanced expression of pro-apoptotic molecules pro-caspase-3, caspase-8, and -9 as well as Bim (106, 113). These early studies pointed to autophagy as a key regulator of T cell homeostasis.

The survival of peripheral T cells is an active and involved process for both naïve and memory T cells. Naïve T cells require continuous MHC-TCR interaction as well as cytokine signals from the tissue microenvironment whereas memory T cells require only the latter (118). IL-7 and IL-15 are two common γ-chain (γc) receptor cytokines important for both naïve and memory T cell homeostasis (119). Interestingly, both IL-7 and IL-15 activate autophagy in T cells along with γc cytokines, IL-2, and IL-4, highlighting an emerging role for the JAK-STAT pathway in regulating autophagy (120). Nevertheless, autophagy appears to be important in long-term T cell homeostasis as IL-7 can maintain autophagy-deficient naive T cells in short-term cultures. In long-term cultures (over 24 days), Atg3−/− CD4+ and CD8+ T cells exhibited a higher rate of apoptosis compared to autophagy-proficient T cells (110). Supporting these findings, another study revealed mature T cells lacking Atg7 quickly undergo apoptosis despite being in conditions with high levels of pro-survival homeostatic cytokines (121). These Atg7−/− T cells also failed to efficiently proliferate in response to TCR stimulation (121). T cells lacking Atg3, Atg5, or Vps34 also exhibit proliferation defects (107, 112, 122) which appear to be dependent on the accumulation of Cyclin-dependent kinase inhibitor 1B (CDKN1B/p27/Kip1) which controls the cell cycle progression at G1 by inhibiting the activation of cyclin E-CDK2 and cyclin D-CDK4 complexes. Consequently, demonstrating autophagy provides numerous non-redundant mechanisms to ensure the survival and proliferation of T cells beyond homeostatic cytokine signaling and constant TCR-to-MHC contact that is required for both naive and memory T cell homeostasis.



Autophagy Is Essential for CD4+ T Cell Differentiation

Naïve CD4+ T cell differentiation is an intricate process involving interaction with professional APC. T cell activation and differentiation is driven by two simultaneous events—signal (1) MHC II-Ag/TCR interaction and signal (2) co-stimulation (e.g., CD80/CD86–CD28). In addition, APC-derived cytokine signaling assists in lineage commitment. These events trigger a signaling cascade that induces proliferation as well as differentiation that is mediated by the expression of lineage-specific transcription factors (123). This differentiation process grants CD4+ TH cell subsets with specific effector functions. In fact, the differentiation of each TH subset is driven by a specific cytokine like IL-12 for TH1 cells, IL-4 for TH2 cells and TGFβ for regulatory CD4+ T cells (Treg) (123). Other TH subsets require a combination of cytokines as is the case for TH17 cells which require TGF-β, IL-1, and IL-6 whereas TGF-β and IL-4 drives TH9 differentiation (123). The outcome allows each CD4+ T cell effector subset (TH1, TH2, TH9, TH17) to play an important role in activating both innate and adaptive arms of the immune system to specific pathogens. In addition, differentiation can lead to immunosuppressive functions as is the case for Tregs. Both effector and regulatory CD4+ T cells play an important role in host immunity, and a defect in these pathways are linked to numerous inflammatory and autoimmune diseases (123).

Given that TCR and cytokine stimulation can activate autophagy it is easy to speculate autophagy has a hand in CD4+ T cell differentiation and function. However, autophagy's influence on T cell differentiation and function has remained unclear for many years due to autophagy's critical role in T cell survival (107, 112, 124, 125). Moreover, it appears there is a varying degree to which each subset of CD4+ T cells utilize autophagy for differentiation and function. For example, autophagy appears to have an inhibitory effect in the expansion and differentiation of both TH2 and TH9 cells (126–128). Whereas, TH1 and Treg cells appear to rely heavily on autophagy for differentiation and function (121, 126). This discrepancy could be due to cytokine signaling pathways utilized by each CD4+ T cell subset as well as their respective metabolic phenotype (discussed in the next section).

In CD4+ T cells, cytokine signaling plays a major role in regulating both T cell differentiation and function. For instance, IL-2 is secreted immediately after TCR engagement and acts in autocrine fashion. This is crucial for sustained proliferation, survival and effector differentiation. As mentioned above, IL-2 can induce autophagy, thus, there is a high probability CD4+ T cell differentiation and function may stem from cytokine-induced autophagy activation (120, 129). Interestingly, TH1 differentiated T cells lacking autophagy display defects in IL-2 and IFN-γ production (121). Moreover, there were no reported defects in TCR signaling suggesting autophagy may be required for T cell function (i.e., cytokine production). It is unclear if this functional defect is due to inaccessibility of the cytokine loci(s) for optimal transcription following activation (130) or the inability to generate ATP in autophagy-deficient cells which is required for optimal cytokine production (121). Il2−/− naïve T cells also produce low levels IFN-γ upon stimulation in TH1 differentiating conditions demonstrating IFN-γ production is partially dependent on both IL-2 and IL-12 signals (131, 132). Therefore, this phenotype in autophagy-deficient TH1 cells regarding IFN-γ production may be like the one observed in autophagy-deficient APC regarding the overexpression of IL-1 and its influence on IL-23 production (54, 60). It would be interesting to determine the level and function of autophagy and ATP generation occurring in TCR-stimulated Il2−/− T cells, specifically, whether IL-2 is required for ATP generation through mitophagy.

Harris (91) reviewed evidence suggesting that pro-inflammatory cytokines including IFN-γ, TNF-α, IL-1, IL-2, and IL-6 induce autophagy, while anti-inflammatory cytokines IL-4, IL-10, and IL-13 inhibit autophagy (5, 36, 133, 134). Recent reports, however, suggest that autophagy may be induced by various components of antagonistic immune signaling pathways. For example, IL-10 has been shown to promote mitophagy in macrophages (135) and IL-4 promotes autophagy during DC differentiation (136). Cytokine-induced autophagy is therefore likely to be cell- and context-dependent. IL-4, a potent inducer of TH2 differentiation, induces autophagy in DC; however, autophagy appears to hamper TH2 differentiation. Another example is with TH9 cells, whereby autophagy activation is not required for differentiation and in fact inhibits lineage commitment (128). TH9 cells are a subset of CD4+ T cells that secrete the proinflammatory cytokine IL-9 and can contribute to antitumor immunity. Additionally, TH9 cells (IL-9 expression) increase during chronic inflammatory diseases like CD (123). TH9 lineage commitment and IL-9 expression are controlled by the transcription factor and master regulator of TH9 cell differentiation, PU.1. Interestingly, PU.1 is selectively targeted for autophagic degradation upon TH9 differentiation (128). A combination of TGF-β and IL-6 stimulation is required for TH9 differentiation and both cytokines can induce autophagy (91, 133). It is still unclear how PU.1 expression/TH9 cells are maintained but autophagy clearly impacts the stability of this subset of CD4+ T cells.

Recently, new targeted deletion of autophagy genes in T cell subsets (i.e., CD4-Cre, FoxP3-Cre), has provided clues into autophagy role in the stability of other TH lineages (126, 137, 138). Genetic deletion of Atg5, Atg7, or Atg16l1 in Foxp3-expressing T cells results in multi-organ inflammation in mice. There was still a dramatic decrease in Treg cells due to enhanced apoptosis. However, one study found a defective autophagic pathway in Tregs leads to destabilization of the Treg phenotype and loss of suppressive function (137). It was suggested the Treg phenotype was in peril due to a decrease in expression of the lineage-specific transcription factor Foxp3 and enhanced TH1/TH17 effector function (IFN-γ/IL-17 production). It is unclear if this is a direct effect of autophagic function or systemic inflammation as inflammatory stimuli destabilizes FoxP3 expression in Tregs (139). Moreover, whether FoxP3 is a target for autophagic degradation like PU.1 is unclear but these studies suggest autophagy may play a role in lineage stabilization. Nevertheless, further investigation is necessary to definitively demonstrate that autophagy is required for Foxp3 stabilization and Treg function independent of autophagy's impact on Treg survival.

To conclude, these studies shed new light on the autophagic pathway in T cell differentiation. But they also emphasize new possibilities with regards to how autophagy is induced especially along with other signaling pathways. For instance, TCR signaling can activate both autophagy and mammalian target of rapamycin (mTOR) complex nutrient sensing pathways (121, 131). So how does a differentiating T cell deal with these opposing pathways on top of cytokine stimulation? Additionally, are specific autophagic functions being induced by various TH-differentiating cytokines, and do these functions differ from the canonical degradative autophagic pathway? Similar to TH9 cells and possibly Treg cells, does autophagy degrade other TH lineage specific transcription factors? To decipher the numerous autophagic functions in T cells, new sophisticated genetic models are required to understand the complexity of TH differentiation. To add further complexity to these questions, we are finding metabolism is influential in T cell function and that autophagy and metabolism are interconnected as we discuss below. A complete understanding of these intricate details could provide clues to the next therapeutic agents to modulate T cell responses via autophagy.




CONVERGENCE OF AUTOPHAGY AND METABOLISM TO CONTROL IMMUNE FUNCTION

Recent evidence has highlighted the importance of intracellular metabolic programming in immune cells (140, 141). This metabolic change between aerobic glycolysis and oxidative phosphorylation (OXPHOS) impacts both the innate and adaptive arms of the immune system, particularly the function and differentiation of cells. These metabolic pathways are triggered by environmental cues such as nutrients, O2 levels, and activation state, which are each modulated by numerous stimuli. Moreover, autophagy has been shown to affect these metabolic pathways (142).

A functional autophagic pathway is frequently required for successful metabolic reprogramming during differentiation states of immune cells. For competent immunogenic (or homeostatic) cellular differentiation, both metabolism and autophagy must accurately sense nutrient levels and respond such that nutrients and biomolecules are appropriately utilized, stored, or recycled (5, 7, 143). For instance, induced shifts between different metabolic and autophagic profiles in immune cells are often regulated by shared networks of nutrient-sensing pathways, such as the mammalian target of rapamycin complex 1 (mTORC1) and AMP-activated protein kinase (AMPK) axes (144–146).

Evidence from various immune cells converges around two distinct inducible profiles of metabolic signaling and function: one for an “active-state” and another for the “steady-state” (140, 144–146). This evidence is summarized in Table 1. The kinase mTOR is a potent negative regulator of autophagy, and its associated mTORC1 complex is known to play a role in inducing a metabolic active-state (145–147). AMPK, conversely, triggers ATP generation via fatty acid oxidation (FAO), promoting a metabolic steady-state. Additionally, AMPK indirectly and directly facilitates autophagy by suppressing mTORC1 activity and activating autophagy-initiating kinase ULK1 (148).



Table 1. Active and steady state metabolic profiles of immune cells.
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An active-state metabolic profile is generally anabolic, relying on aerobic glycolysis, glutaminolysis, fatty acid synthesis (FAS), and/or the Pentose-5 Phosphate Pathway (PPP) to generate amino acids, nucleotide precursors, redox co-enzymes, and membrane lipids to facilitate immunogenic functions (149–151). The steady-state metabolic profile, on the other hand, relies on the more sustainable and efficient ATP-generation capacity of catabolic pathways such as 140, 148, 149, OXPHOS and FAO (151). A growing literature suggests many hallmarks for active- versus steady-states are conserved across hematopoietic and non-hematopoietic cell-types (7, 140, 146, 149).

Autophagy plays numerous roles in basic cellular function during both “active” and “steady” metabolic states across immune cell-types, including for immunogenic function during antigen presentation, cytokine secretion, and regulation of inflammation (152–155). Surprisingly, autophagy is induced by various components of antagonistic immune and metabolic signaling pathways. For example, anti-inflammatory cytokines such as IL-10 and IL-4 appear to promote both steady-state metabolism and autophagy (135, 156–158), while IL-2, TGF-β, and IFN-γ promote the metabolic active-state as well as induce autophagy (133, 134). Nevertheless, the influence autophagy and these metabolic pathways have on immune cell function highlights potential therapeutic targets to modulate T cell responses. Below we discuss the interconnection between autophagy and metabolism in both APC and T cells.


Cross-Talk Between Autophagic and Metabolic Pathways in Antigen-Presenting Cells

Studies have shown that macrophages and DC undergo profound metabolic changes in response to activation. For instance, stimulation of macrophages with lipopolysaccharide (LPS) leads to a shift in metabolism toward increased glycolysis, while IL-4 promotes OXPHOS (156–158), suggesting that metabolic profiles may influence, or are influenced by, macrophage polarization. More recently, Ip et al..reported the loss of IL-10-responsiveness in macrophages increased glycolysis and lowered OXPHOS in response to LPS treatment which promoted a proinflammatory phenotype (135). They went on to show that IL-10 inhibits glycolysis by reducing LPS-induced glucose uptake and downregulating glycolytic gene expression. Moreover, the reduced OXPHOS in LPS-treated Il10−/− macrophages was accompanied by an increase in dysfunctional mitochondria, suggesting that IL-10 is required for mitophagy during activation to limit proinflammatory responses in macrophages (135).

The mechanism by which IL-10 induces autophagy is not fully understood, but IL-10 was shown to regulate mTOR through STAT3-dependent upregulation of the mTOR inhibitor DDIT (135). IL-10 may simultaneously regulate autophagy/ mitophagy through activation of AMPK (135, 159). Another study has shown that LPS induces the expression of interferon regulatory factor-1 (IRF-1), which increases mitochondrial damage (160) and inhibits macrophage mitophagy (161, 162). It is not fully clear whether IRF-1 directly regulates IL-10, or vice versa, but one study has demonstrated that Irf1−/− DC express higher levels of IL-10 (163), suggesting a possible connection. Other studies have suggested that IL-10 inhibits autophagy in response to starvation, rapamycin and IL-17 via both STAT3 and Akt signaling pathways (164–166). Whether IL-10 can exert different effects on autophagy depending of stimulus or context, or whether it specifically regulates mitophagy, rather than other forms of autophagy, remains to be elucidated.

Interestingly, Il10 polymorphisms confer increased risk for CD as well as autoimmune diseases SLE, 167–RA and MS (170). Additionally, defects in IL-10 signaling specifically in intestinal macrophages disrupt an educational process that differentiate macrophages to become anti-inflammatory and tolerant (i.e., limiting proinflammatory cytokine secretion) to microbial stimulation; and a loss of this educational process leads to colitis in mice (171–173). Moreover, studies have indicated that autophagy may influence the polarization of other tissue macrophages. Notably, autophagy promotes cell survival during monocyte-macrophage differentiation (174, 175) and loss of autophagy appears to promote differentiation of M1 macrophages and decreases their potential to differentiate into M2 macrophages (176–178). This, in turn, will greatly affect the response of those macrophages to stimuli, particularly their cytokine profile, which has the potential to change the resulting T cell response. In the most simplistic terms, M1 polarization of macrophages will favor TH1 polarization of T cells, while M2 macrophages (particularly M2a and M2b) promote TH2 responses (179). Nevertheless, as discussed above, defects in the autophagy pathway in macrophages or DC tend to drive a hyperresponsive IL-17/TH17 response (Figure 3).



Autophagy and T Cell Metabolism

Initial stimulation of TCR leads to the activation of both mTOR and mTOR-independent autophagy nutrient sensing pathways. Autophagy is possibly induced by a JAK/STAT pathway downstream of IL-2 and IL-4 signaling (120). Induction of autophagy in CD4+ T cells by other common γc cytokines such as IL-7 and IL-15 may act through the same pathway. These signals initiate complete metabolic reprogramming in activated T cells. This reprogramming is also associated with a global change in the metabolic transcriptome, with induction of endogenous myelocytomatosis oncogene (c-Myc) and hypoxia inducible factor 1, alpha subunit (HIF1α). The mTORC1-c-Myc pathway has been demonstrated to directly regulate T cell proliferation through transcriptional control of cell cycle regulators (180, 181), and has been implicated as an essential coordinator of T cell activation-induced cell growth and proliferation (182). HIF1α and c-Myc are both critical for the upregulation of glucose transporters and glycolytic enzymes, and at least some of mTOR's pro-glycolytic actions are mediated by its upregulation of HIF1α (183, 184).

Interestingly, autophagy-deficient CD4+ T cells show increased expression of c-Myc and a glycolytic phenotype suggesting autophagy inhibits glycolysis. In Tregs, this loss of autophagy and subsequent enhanced glycolytic metabolism results in lineage destabilization and loss of effector function (126, 137). Although this an extreme scenario, these studies demonstrate (i) metabolism dictates effector function in T cells and (ii) autophagy is a major regulator of metabolic profiles. T cells generally conform to the “active” and “steady-state” metabolic profile dichotomy, though the unique demands of T cell immunogenic functions give rise to distinct metabolic trajectories between subsets (7, 149, 185). For example, Lunt and Vander Heiden (149) report that the shift toward glycolytic anabolism during the active state supports the needs of proliferation across cell types by generating the materials required to produce new daughter cells (149). Activated T cells have been shown to rely on OXPHOS to support early proliferation and cytokine production. Glycolytic-incompetent T cells can proliferate upon activation whereas OXPHOS-incompetent T cells fail to do so (144). Consequently, activated T cells appear to maintain mitochondrial ATP generation via OXPHOS for between 1 and 2 days after activation in part to support the metabolic demands of proliferation (144, 185). ATP generation via OXPHOS is also required for efficient IFN-γ production by TH1 cells. A disruption in autophagy (a catabolic process) diminishes ATP and IFN-γ output from TH1 cells (121). Furthermore, glycolytic-incompetent differentiated CD4+ T cells, while able to proliferate, exhibit a diminished effector response, mediated in part by GAPDH's competitive role as a negative regulator of IFN-γ mRNA in the absence of glycolytic metabolism (144).

An overview of active and steady state profiles of T cells are provided in Table 1. Activated and differentiated T cells are highly anabolic, while naïve and memory T cells are overall more catabolic. Evidence also supports further nuance in metabolic phenotypes of other TH subsets. For example, TH17 cells appear to rely more heavily on fatty acid synthesis than do other effector T cell subsets (186), and TH2 cells are more dependent on glycolysis for effector function than are Tregs, TH1, or TH17 cells (126). In fact, autophagy (and its inhibitory role in glycolysis) appear to restrict TH2 expansion. Several of TH2 effector functions are also in part dependent on 187, FAO and OXPHOS (188). This dual nature of TH2 metabolism is represented by its placement in both “active” and “steady” states. Additionally, AMPK has been shown to support CD8+ T cell effector function in glucose-starved conditions while FAO is needed for the transition from effector to memory CD8 T cell (145, 148, 151, 185–187, 189).

Discerning the degree to which different autophagic pathways coincide with, negatively regulate, or enhance polarization toward active- or steady-state metabolic pathways remains a considerable challenge. Still, evidence suggests that some major autophagic pathways may more readily co-occur with the catabolic steady-state, an effect in part mediated by AMPK (145, 146, 148). Future therapeutic and research programs will benefit from the consideration of the substantial cross-talk between metabolic and autophagic signaling pathways. Additionally, treatments targeting autophagy should include holistic consideration of the treatment's effect on the metabolic and profile of the target cell-type compared to the known profile for cells with the desired therapeutic effector or suppressor function.




THERAPEUTIC TARGETING OF AUTOPHAGY TO MODULATE T CELL RESPONSES

Recently, there has been surge of interest in examining the therapeutic potential of autophagy in various human diseases (190). In fact, numerous clinical trials are on-going with autophagy modulating agents for both neurodegenerative diseases and various cancers (190, 191). This tremendous attention is supported by both animal models and clinical conditions demonstrating alterations in the autophagic pathway is linked to these human pathological conditions. Besides neurological diseases and cancer, autoimmune diseases and metabolic disorders have also been linked to autophagy (192, 193). Additionally, there has been considerable interest in discovering novel agents as well as repurposing FDA-approved pharmaceuticals to modulate autophagy (194–196). Below we discuss potential T cell-linked diseases that may benefit from autophagy modulation.


Inflammatory Bowel Disease

Inflammatory bowel disease (IBD) is a chronic relapsing inflammatory response of the gastrointestinal tract, and CD and ulcerative colitis (UC) are its major forms (197, 198). There are several underlying causes of IBD including immune dysregulation, intestinal barrier defects and dysbiosis, which all pose a significant barrier for clinicians. Dysregulated T cell responses including TH1 (IFN-γ) and TH17 (IL-17) cells also appear to contribute to IBD pathogenesis (103); however, an elusive goal in the field of IBD is to identify the causative factors initiating and maintaining chronic inflammation. Furthermore, this diversity of physiological defects along with the numerous cell-types (T cells, APC and epithelial cells) and cytokines (IL-1, IL-2, IL-6, IL-12, IL-13, IL-17, IL-23, IFN-γ, and TNF-α) involved in inflammation make treating IBD a daunting task (199, 200).

Currently, there are five main categories of therapeutics utilized to treat IBD patients: aminosalicylates, corticosteroids, immunomodulators (e.g., azathioprine), antibiotics (e.g., ciprofloxacin and metronidazole), and biological therapeutics (201). Biologics currently show the most potential for patients with moderate to severe 202, CD and UC (203). As mentioned above proinflammatory cytokines are highly expressed during IBD and are a current target for biological therapeutics. One biologic, infliximab, an antibody targeting TNF-α, a cytokine highly elevated in IBD patients, has had some clinical success (204, 205). At least 40% of CD patients and 25% of UC patients go into clinical remission when treated with infliximab alone. When used in combination with the immunomodulator drug azathioprine up to 56% of CD patients go into clinical remission (205). Regarding T cells, vedolizumab, a monoclonal antibody against α4β7 integrin which should prevent T cell binding to MAdCAM-1 and entry into the intestinal mucosa has had some clinical success in patients with moderate to severe CD and UC with clinical remission rates up to 39% and 41.8% at week 52, respectively (206, 207). Overall, the best treatment affects a little more than 50% of the subjects, which at best gives patients a 2-3-year period of remission before relapsing and left with no other option but surgery. Therefore, novel therapeutics are urgently needed to offer better and longer-lasting treatment options for IBD patients.

Through the work of many, autophagy appears to be vital for immune regulation, the intestinal barrier and host-bacteria interaction. Not surprisingly, there have been numerous genes identified that are within IBD risk loci that contribute to the autophagic pathway [reviewed in (208)]. The most well-known and studied is the autophagy gene ATG16L1 which in Crohn's patients is encoded as a missense variant ATG16L1 T300A (30–33). ATG16L1 functions as a core autophagy factor (Figure 1) and individuals carrying the variant ATG16L1 T300A display immune dysregulation and intestinal barrier defects (79, 80, 82, 209). Other identified IBD risk loci involved in autophagy include ULK1 and MTMR3 or specifically, in xenophagy (a form of autophagy utilized to degrade pathogens) include IRGM and SMURF1 (210–216). Recently, several animal models of colitis that mimic IBD have demonstrated targeting autophagy can prevent intestinal inflammation (217, 218). These autophagy-inducing agents reduced the expression of proinflammatory cytokines and CD4+ T cell infiltration into the mucosa in vivo. It is likely autophagy induction is also acting on numerous other cells and pathways that contribute to intestinal inflammation. For example, autophagy induction in colonic intestinal epithelial cells enhances barrier function (81, 82, 209, 219). Some of the autophagy modulators utilized in these studies include sirolimus (rapamycin), everolimus (a derivative of sirolimus), and trehalose (a disaccharide). The mode of autophagy induction for sirolimus and everolimus is through mTORC1 inhibition (220). Trehalose induces autophagy through AMPK activation independent of mTORC1 (221). Interestingly, dietary trehalose (commonly used as a food additive) has been shown to exacerbate another intestinal disease caused by the nosocomial bacterium Clostridioides difficile by increasing its virulence (222). Nevertheless, these studies provide a proof-of-concept that autophagy can dampen inflammatory responses. Lastly, a recent clinical trial reported targeting the IL-12p70 and IL-23 shared subunit IL-12p40 with the monoclonal antibody ustekinumab induced remission in patients with moderate to severe active Crohn's disease (223). Given the data autophagy may curb both IL-12p70 and IL-23 (via IL-1) production (54, 60), autophagy modulation rather than biological therapy could prove beneficial on many fronts of IBD treatment. This includes dampening inflammation by turning off IL-12p70 and IL-23 that would promote TH1 and TH17 cell differentiation as well as induce xenophagy and enhance the intestinal barrier. Moreover, it would allow the avoidance of issues associated with biologics like immunogenicity and loss of function over time, and the cost associated with maintenance therapy (224).



Autoimmune and Infectious Diseases

Concerning autoimmune diseases (e.g., RA and MS) and chronic infectious diseases like TB, can autophagy modulation ameliorate disease progression? Targeting autophagy in several animal models of neurodegenerative diseases and TB supports a role for autophagy in ameliorating disease (225). However, these models are assessing autophagy's degradative role in clearing pathogen or disease-causing proteins. Thus, it remains unclear if these therapeutic agents are impacting immune responses, i.e., TH and APC effector and metabolic profiles.

Rheumatoid arthritis (RA) is an autoimmune disease and like IBD is a chronic inflammatory disease except it primary site of inflammation is in the joints (105). IL-17 and TH17 cells have been implicated in early- and disease-onset phase of RA (69, 105) along with T cell plasticity (TH17 to TH1 conversion) and the ability to produce both 226, IFN-γ and IL-17 (227). In addition, unique metabolic profiles of both T cells and macrophages are associated with disease severity reviewed in (228). Furthermore, a variant of the autophagy-related gene ATG5 has been identified in group of RA patients and protein levels of ATG7 and BECN1 that are involved in autophagy are upregulated in RA patients (34, 229, 230). It is unclear if this variant contributes to the enhancement or inhibition of autophagy as evidence is suggested for both (231, 232) but chloroquine and hydroxychloroquine (inhibitors of autophagy) have shown efficacy in patients with mild to moderate RA (233). Other evidence to support active autophagy in RA pathogenesis comes from the role of autophagy in generating citrullinated peptides which are targeted by autoantibodies and a cause of bone loss (234, 235). Thus, autophagy may act at several levels of disease including the generation and presentation of citrullinated peptides, increased T cell survival, and manipulation of T cell and macrophage metabolism.

MS, a chronic autoimmune disease that attacks the central nervous system is also characterized by potent TH1 and TH17 responses (104). TH17 and IL-17 appear to be involved in both the initiation and maintenance phase of disease for MS (69, 236) and CD4+ T cells capable of producing both IFN-γ and IL-17 are present in the disease tissue (104). Similar to RA, autophagy and autophagy genes maybe upregulated in inflammatory cells that contributes to disease pathogenesis. As mentioned above, the autophagy gene Atg5 was critical in the processing and presentation of self-peptides by dendritic cells to autoreactive T cells suggesting autophagy factors contribute to disease (35, 237). In T cells, enhanced Atg5 levels have been found in patients with MS possibly leading to enhanced survival and an active metabolic state (238, 239). Further evidence for a role of autophagy activation in MS pathogenesis was the identification of a single nucleotide polymorphism in the CLEC16A gene (240). CLEC16A regulates MHC II presentation in APC and can regulate autophagy through the modulation of mTOR activity (241, 242). So unlike in IBD (autophagy defects leads to inflammation), hyperactive autophagy appears to contribute to the pathogenesis observed in both RA and MS through T cell survival and metabolism as well as APC antigen presentation.

M. tuberculosis infection is the quintessential bacterial model that have been utilized to understand xenophagy (243–247). Additionally, autophagy's role in immune function during TB infection appears to be extremely important for host protection (60, 71). As discussed above, autophagic defects in APC affects cytokine secretion and subsequently promotes an exacerbated TH17-mediated immune response in animal models of TB infection (54, 60, 61, 72). Moreover, polymorphisms in the autophagy-related genes IRGM, ULK1, and P2RX7 are associated with susceptibility to TB infection (243, 248–251). It is unclear if autophagy acts as a double-edge sword controlling TB and the immune response but animal models show the gene Atg5 in myeloid cells appear to be the most critical for both functions (60, 71, 252).

TH17 cells and TH17-related cytokines are beneficial in the initial phase of TB infections; however, continuous IL-17-mediated inflammation (i.e., neutrophilic infiltration) contributes to TB pathogenesis (70). Thus, curbing TH17-mediated immune responses through autophagy could prove beneficial in TB (60, 70, 252). Furthermore, numerous autophagy inducing agents have been utilized in vivo to induce xenophagy to control M. tuberculosis infection (225). It could be that the induction of autophagy also limits APC-derived TH17-promoting cytokines (IL-1, IL-23, MIF) and neutrophil recruiting factors (IL-1, CXCL1) as well as influencing TH17 cells toward the catabolic “steady” state. Additionally, whether autophagy has a role in IL-12-TH1/IFN-γ responses remains to be seen but tipping the TH1/TH17/Treg balance could have serious implications in disease progression.

In conclusion, it is clear the complex interconnections between autophagy, immune function and metabolism highlight vital intracellular events that must be coordinated in both T cells and APC to provide protection against pathogens. The last decade has provided novel results demonstrating the importance of autophagy in immune cells with recent research elucidating the interrelationship between autophagy and cellular metabolism. These recent findings highlight how autophagic and metabolic pathways are profoundly intertwined and help determine the balance between health and disease. Autophagy is an attainable therapeutic target; however, numerous details that surround autophagy, metabolism, and immune function as well as the full extent of their crosstalk are still unclear. Therefore, future research must further dissect and understand the many roles autophagy has in immune function and metabolism. Understanding these biological events will have an influential impact on future therapeutic treatments for both autoimmune and infectious diseases.
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In this study we examined the metabolic requirements of human T helper cells and the effect of manipulating metabolic pathways in Th17 and Treg cells. The Th17:Treg cell axis is dysregulated in a number of autoimmune or inflammatory diseases and therefore it is of key importance to identify novel strategies to modulate this axis in favor of Treg cells. We investigated the role of carbohydrate and fatty acid metabolism in the regulation of human memory T helper cell subsets, in order to understand how T cells are regulated at the site of inflammation where essential nutrients including oxygen may be limiting. We found that Th17 lineage cells primarily utilize glycolysis, as glucose-deprivation and treatment with rapamycin resulted in a reduction in these cells. On the other hand, Treg cells exhibited increased glycolysis, mitochondrial respiration, and fatty acid oxidation, whereas Th17 cells demonstrated a reliance upon fatty acid synthesis. Treg cells were somewhat reliant on glycolysis, but to a lesser extent than Th17 cells. Here we expose a fundamental difference in the metabolic requirements of human Treg and Th17 cells and a possible mechanism for manipulating the Th17:Treg cell axis.
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INTRODUCTION

Th17 cells are highly proinflammatory cells which have been implicated in the development and perpetuation of many autoimmune and inflammatory diseases, including rheumatoid arthritis, inflammatory bowel disease, psoriasis, and multiple sclerosis (1–3). In contrast, regulatory T (Treg) cells play a crucial role in maintaining immune tolerance to self-antigen as well as dampening the inflammatory immune response (4). A balance between immune regulation and inflammation is required to maintain optimal immunity and disruption of the Th17:Treg cell axis may contribute to disease. Therefore, skewing the Th17:Treg cell axis in favor of immune regulation by exploiting mechanisms of Th17 cell inhibition may combat inflammation and autoimmunity, and targeting cellular metabolism may be one way to modulate this axis (5, 6).

The carbohydrate metabolism of immune cells shifts between glycolysis and oxidative phosphorylation, depending on their activation state and the availability of surrounding nutrients. The transition from quiescence to activation results in greater metabolic demands. Aerobic glycolysis is induced within minutes after TCR activation via pyruvate dehydrogenase kinase 1 (PDHK1), which diverts pyruvate away from oxidative phosphorylation to lactate production independent of transcription, translation, or increased glucose uptake (7). Following activation, glycolysis involves increased glucose uptake, mammalian target of rapamycin (mTOR)-dependent pathways and a subsequent increase in the synthesis of essential biomolecules for cell growth (7, 8). Activated T cells can still utilize oxidative phosphorylation (9); however, glycolysis is required for the differentiation of specific effector T cell subsets. In mice, mTOR inhibition with rapamycin results in the decreased differentiation of Th17 cells and a subsequent increase in Treg cell generation (10, 11). Additionally, newly differentiated murine Th17 cells demonstrate increased glucose transporter 1 (Glut1) expression and glucose uptake, whilst Treg cells show a decrease in both, compared with Th1 cells (12). Murine Treg cells have been shown to express less mTOR complex 1 (mTORC1), which is known to promote glycolysis, and subsequently express high levels of AMP-activated protein kinase (AMPK), a protein which promotes oxidative phosphorylation as AMP levels increase (12). Additionally, the mTOR complexes have been shown to be differentially expressed in murine effector T cells, with Th17 and Th1 cells expressing mostly mTORC1, while Th2 cells predominantly express mTORC2 (13). In agreement with these findings, the deletion of the hypoxia-inducible factor 1α (HIF-1α), which is known to increase the expression of glycolytic enzymes (10) and promote glycolysis during low oxygen availability (14), was shown to promote FoxP3 expression and Treg cell differentiation, and conversely decrease Th17 cell differentiation (10, 15).

In addition to carbohydrate metabolism, fatty acid (FA) metabolism has key roles in regulating innate and adaptive immune responses. The enforced expression of carnitine palmitoyltransferase 1 (CPT1; transporter of FAs into the mitochondria in order to promote their oxidation) in macrophage cell lines results in decreased production of proinflammatory cytokines (16). In murine studies, newly differentiated Treg cells demonstrated the highest oxidation of the FA palmitate compared with other effector T cell subsets (12). Additionally, Treg cell differentiation was inhibited following treatment with etomoxir (inhibitor of CPT1), while Th17 cell differentiation was unaffected (12). As previously described, Treg cells have enhanced expression of AMPK, which is known to promote mitochondrial lipid oxidation and therefore could give rise to increased FA oxidation (FAO). Interestingly, the upregulation of fatty acid synthesis (FAS) correlates with a downregulation of FAO, demonstrating that these pathways are reciprocally linked (17). The inhibition of acetyl-CoA carboxylase (ACC) enzymes (involved in the FAS pathway) with soraphen A can decrease IL-17-expressing T cell differentiation, the expression of Th17 cell-specific genes, and IL-17 production by murine T cells under Th17-skewing conditions (18). Following induction of experimental autoimmune encephalomyelitis (EAE), mice with a T cell-specific knockdown of ACC1 showed no signs of disease. Moreover, these mice exhibited a marked reduction and promotion in the percentage of IL-17+ and FoxP3+ T cells respectively in the central nervous system compared with wild-type controls (18). Additionally, ACC1 is required in obesity for the DNA-binding activity of RORγt in differentiating Th17 cells, and therefore can regulate Th17 cell-mediated pathogenesis in disease (19). These studies highlight a requirement by murine Th17 cells for FAS, contrasted with the need for FAO by Treg cells during T cell differentiation. However, the metabolic pathways utilized by differentiated human Th cells at sites of inflammation is as of yet unknown. In this study, we investigated the role of carbohydrate and FA metabolism in the regulation of human memory Th cell subsets, in order to better understand how T cells are regulated.



MATERIALS AND METHODS


Isolation of Human Cells

PBMC were isolated by Ficoll gradient centrifugation from leukocyte-enriched buffy coats from anonymous healthy donors (HC) (obtained with permission from the Irish Blood Transfusion Board, St. James's Hospital, Dublin and ethical approval from the School of Biochemistry and Immunology Research Ethics Committee, Trinity College Dublin). Total or memory (CD45RO+) CD4+ T cells were enriched using magnetic microbeads (Miltenyi Biotec). CD161+ (CD4+ CD45RO+ CD161+), CD161− (CD4+ CD45RO+ CD161−), conventional T (Tconv; CD4+CD45RO+notCD25+CD127Lo), and Treg (CD4+CD25+CD127Lo) cells were sorted from HC PBMC on a MoFlo Legacy (Dako Cytomation/ Beckman Coulter) or FACSAria Fusion (BD Biosciences) cell sorter, with purities routinely >98%.



T Cell Stimulation and Culture

Memory CD4+ T cells were cultured in complete RPMI (RPMI (Labtech) supplemented with 10% FCS (Sigma Aldrich), 2 mM L-glutamine with 1% penicillin/streptomycin (Sigma Aldrich) with irradiated antigen-presenting cells (irrAPC), anti-CD3 (eBioscience) and, where indicated, in the presence of dichloroacetate (DCA) (10 mM, Sigma Aldrich), rapamycin (20 nM, Sigma Aldrich), 5-(Tetradecyloxy)-2-furoic acid (TOFA) (1.2 μg/ml, Sigma Aldrich), C-75 (0.6 μg/ml, Sigma Aldrich), cerulenin (3.1 μM, Sigma Aldrich), or palmitate (25 μM, Seahorse Biosciences) for 5 days. Isolated CD161+, CD161−, and Tconv cells were cultured with irradiated antigen presenting cells (irrAPC), anti-CD3 and IL-2 (20 u/ml, eBioscience) for 6 days or in some cases with PMA/ionomycin for 18 h prior to Seahorse analysis. Isolated Treg cells were cultured using the Treg cell expansion kit (Miltenyi Biotec) in the presence of IL-2 (500 u/ml) for 6 days prior to Seahorse analysis. During glucose deprivation, memory CD4+ T cells were cultured in glucose-free complete RPMI (RPMI (Biosciences) supplemented with 10% dialysed FCS (Sigma Aldrich), 1% vitamin cocktail (InvivoGen), and 1% selenium/insulin cocktail (InvivoGen) supplemented with either 10 mM glucose (Sigma Aldrich) or 10 mM galactose (Sigma Aldrich) for 5 days.



Flow Cytometry

Cells were labeled with the Fixable Viability Dye eFluor506 (eBioscience), then stained extracellularly with fluorochrome-conjugated antibodies specific for CD3, CD4, CD69, CD71, CD98, CD161, (BD Biosciences), CD8, CD25, CD127 (eBioscience), CD45RO (BioLegend), Glut1-GFP (5 μg/ml, Metafora Biosystems), MitoTracker Green (4 nM, InvivoGen), pS6 (Cell Signaling), and 2-NBDG (100 μM, InvivoGen). For FoxP3 (eBioscience) and/or pS6 analysis, cells were fixed and permeabilized for intranuclear staining (FoxP3 staining buffer kit, eBioscience). For intracellular cytokine analysis, cells were stimulated with PMA (50 ng/ml) and ionomycin (500 ng/ml) in the presence of brefeldin A (5 μg/ml, Sigma) for 5 h; then surface stained, fixed and permeabilized (Caltag fix and perm kit, Biosciences) and stained intracellularly for IL-17 (eBioscience) and IFN-γ (BD Biosciences). PMA and ionomycin stimulation of human CD4+ T cells down-regulates the expression of CD4, therefore CD4+ T cells were alternatively identified as CD3+CD8−. For proliferation of cells, the cells were stained intracellularly with Ki67 (BD Biosciences). Cells were acquired on a FACSCanto II or LSRFortessa cytometer (BD Biosciences) and analyzed using FlowJo software (FlowJo LLC). Viable lymphocytes were identified by forward and side scatter, with dead cells (Fixable Viability Dye eFluor506 positive) and doublets subsequently excluded. IrrAPC were stained with CellTrace CSFE and excluded from the analysis. Gates were set using fluorescence minus one (FMO) controls, isotype controls or unstimulated cells as appropriate.



Metabolic Marker Expression and Glucose Uptake

For the examination of Glut1 expression, cells were washed with warmed Glut1 staining buffer A (complete RPMI, 0.2% EDTA, 2% sodium azide) and stained with Glut1-GFP (5 μg/ml, Metafora Biosystems) and surface markers in staining buffer A and incubated for 20 min at 37 °C. The cells were then washed with the Glut1 staining buffer B (PBS, 0.2% EDTA, 2% sodium azide, 2% FCS) and analyzed by flow cytometry.

For investigating glucose uptake, cells were washed twice in glucose-free RPMI and incubated at 37 °C for 15 min. Cells were incubated with 2-NBDG (100 μM) in glucose-free RPMI for 1 h at 37 °C, washed in pre-cooled PBS and stained for surface markers as previously described. Unfixed cells were then analyzed immediately by flow cytometry.



Metabolic Flux Analysis

Extracellular acidification rate (ECAR) and oxygen consumption rate (OCR) were measured with an XF24 or XFe96 extracellular flux analyzer (Seahorse Bioscience). T cells were stimulated with PMA and ionomycin for 24 h prior to analysis by the Seahorse analyzer (6 x 105 cells/well) and adhered to the plate with Cell-Tak (1 μg/well, Corning). ECAR and OCR were measured in real time following injections of oligomycin A (1 μg/ml), FCCP (450 nM), antimycin A (2.5 μM) and rotenone (500 nM), and 2-deoxyglucose (25 mM) (Sigma Aldrich).

FAO was measured using the XF Palmitate-BSA FAO Substrate (Seahorse Bioscience) using the manufacturer-recommended protocols. T cells were stimulated with PMA and ionomycin for 24 h prior to analysis by the Seahorse analyzer (6 × 105 cells/well) and adhered to the plate with Cell-Tak. Cells were washed in substrate-limited medium (DMEM supplemented with 0.5 mM glucose, 1 mM L-glutamine, 0.5 mM L-carnitine (Sigma Aldrich), and 1% FCS), counted and then seeded in FAO assay medium [KHB (111 mM NaCl, 4.7 mM KCl, 1.25 mM CaCl2, 2 mM MgSO4, 1.2 mM NaH2PO4) supplemented with 2.5 mM glucose, 0.5 mM L-carnitine, and 5 mM HEPES, adjusted to pH 7.4 at 37 °C]. Etomoxir (40 μM) in FAO assay medium was added to control wells 15 min prior to running the assay in the Seahorse analyzer. Finally, BSA or Palmitate-BSA FAO Substrate was added to the appropriate wells immediately before running the assay. OCR was measured in real time following injections of oligomycin A, FCCP, antimycin A and rotenone, and 2-deoxyglucose.



RT qPCR Analysis of Glycolytic Genes

Memory CD4+ T cells (1 × 106 cells per well of 12-well plate) were left unstimulated or stimulated with anti-CD3 and−28 antibodies and treated in the presence or absence of DCA (10 mM) for 4 h. Following incubation, the cells were lysed using Qiazol lysis reagent (Qiagen) and frozen to −80 °C. RNA was isolated according to manufacturer's instructions (miRNeasy kit, Qiagen) and transcribed to cDNA using a high-capacity cDNA binding kit (Bio-Sciences). The cDNA was analyzed by RT-qPCR for the expression of Glut1, hexokinase 2 (HK2), lactate dehydrogenase (LDHa), and glucose 6 phosphate dehydrogenase (G6PD) using forward and reverse primers (Integrated DNA Technologies), relative to the housekeeper gene ribosomal protein lateral stalk subunit p0 (RPLP0). Data was normalized to the unstimulated control.



Statistical Analysis

Statistical analyses were performed using Prism 5 software; 2 groups within a sample were determined by Student's Paired T-test with two-tailed p-values. P-values of < 0.05 were considered significant and denoted as follows: *p < 0.05, **p < 0.01, and ***p < 0.001.




RESULTS


Th17-Lineage Cells Show Increased Expression of Glycolytic Markers Compared With Non-th17 Cells

Initially we sought to examine the presence of metabolic markers that correlate with metabolic pathways in human Th17 cells. Human PBMC were stained with MitoTracker® dye which provides an indication of mitochondrial mass, a correlate of oxidative phosphorylation. Memory CD4+CD161− (non-Th17 lineage cells) exhibited significantly higher levels of MitoTracker® dye compared with memory CD4+CD161+ (Th17-lineage cells) (p < 0.05) (Figure 1A), suggesting that Th17-lineage cells may utilize less oxidative phosphorylation than non-Th17 cells. Glycolysis relies on the uptake of glucose via specific cell surface transporters such as Glut1, and the expression of Glut1 has been shown to correlate with glycolytic activity (20, 21). We therefore examined the expression of Glut1 on sorted and activated human memory CD45RO+CD4+ T cells and demonstrated significantly increased Glut1 expression on Th17 vs. non-Th17 lineage cells (p < 0.001) (Figure 1B). We also examined the uptake of 2-NBDG, a fluorescent glucose analog, and showed significantly increased uptake of 2-NBDG by Th17-lineage cells compared with non-Th17 lineage cells (p < 0.001) (Figure 1C). These data suggested that Th17-lineage cells have an increased capacity for glucose uptake, indicative of increased glycolytic activity.
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FIGURE 1. Th17-lineage cells show increased expression of glycolytic markers compared with non-Th17 cells. PBMC were isolated from healthy controls and cells were stained ex vivo with fluorochrome-conjugated antibodies specific for CD4, CD45RO, CD161, and MitoTracker® Green. The expression of MitoTracker® Green in CD4+CD45RO+CD161+ (CD161+) and CD4+CD45RO+CD161− (CD161−) (n = 9) (A). Memory CD4+ T cells were isolated from HC by magnetic separation and stimulated in the presence of anti-CD3 and irrAPC. Cells were stained with fluorochrome-conjugated antibodies specific for CD4, CD161, Glut1, and 2-NBDG. The expression of Glut1 in CD4+ CD161+ (CD161+) and CD4+ CD161− (CD161−) (n = 10) at 24 h stimulation (B). The uptake of 2-NBDG in CD161+ and CD161− cells compared with unstimulated CD4+ T cells (control) (n = 10) at 72 h stimulation (C). *p < 0.05, ***p < 0.001.





Th17-Lineage Cells Are Dependent on Glycolysis

Having demonstrated that Th17-lineage cells expressed markers consistent with a glycolytic profile, we next determined whether they were dependent on glycolysis for their function. Replacement of glucose with galactose as a fuel source is known to inhibit glycolysis (22) as confirmed in Figure 2A, where activated CD4+ T cells cultured in galactose containing medium exhibited reduced ECAR levels compared with those cultured in glucose containing medium, whereas OCR was unchanged except for basal OCR which was relatively increased in galactose containing medium. No differences in cell viability were observed between glucose and galactose conditions (data not shown). Having confirmed that glucose deprivation inhibits glycolysis, human CD45RO+CD4+ T cells were activated and cultured for 5 days in medium containing either glucose or galactose and their expression of CD161, IL-17, or IFN-γ was examined by flow cytometry. CD4+ T cells cultured in galactose exhibited significantly reduced expression of both CD161 (p < 0.01) and IL-17 (p < 0.01) by CD4+ T cells (Figure 2B). On the other hand, there was no significant change in the expression of IFN-γ by CD4+ T cells (Figure 2B). Glycolysis has been shown to be dependent on mTOR signaling (10), therefore sorted CD45RO+CD4+ T cells were stimulated for 5 d in the presence or absence of the mTOR inhibitor rapamycin. Expression of both CD161 (p < 0.01) and IL-17 (p < 0.05) by CD4+ T cells was significantly reduced in the presence of rapamycin (p < 0.05), whereas IFN-γ was unchanged (Figure 2C). As an alternative strategy to inhibit glycolysis, we also treated memory CD4+ T cell cultures with DCA, which directly inhibits pyruvate dehydrogenase kinase in the glycolytic pathway. As shown in Figure S1, DCA significantly reduced the frequency of Th17 cells (p < 0.001) (Figure S1A) in addition to their survival (p < 0.01) (Figure S1B) and proliferation (p < 0.05) (Figure S1C). In contrast, DCA had no significant effect on the frequency, viability or proliferation of Th1 cells (Figures S1A–C). The efficacy of DCA in inhibiting glycolysis was confirmed in Figure S2A, where DCA inhibited the expression of genes associated with glycolysis HK2, LDHa, G6PD, and GLUT1. Furthermore, Seahorse analysis showed that DCA reduced the ECAR and ECAR:OCR ratio in memory CD4 T cells, indicating inhibition of glycolysis (Figures S2B,C). Taken together, these data indicate that inhibition of glycolysis via glucose removal, inhibition of pyruvate dehydrogenase kinase or mTOR inhibition reduced the frequency of Th17 cells but did not appear to constrain Th1 cells, suggesting that Th17 cells are dependent on glycolysis.
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FIGURE 2. Inhibition of glycolysis constrains Th17-lineage cells. PBMC were isolated from healthy donors. CD4+ T cells were isolated by magnetic separation and stimulated for 18 h with PMA and ionomycin in glucose-free RPMI supplemented with glucose (10 mM) (Gluc) or galactose (10 mM) (Gal). Representative plots of ECAR and OCR over time are shown (A). Memory CD45RO+CD4+ T cells were isolated by magnetic separation and cultured for 5 d in the presence of anti-CD3 and irrAPC in glucose-free medium supplemented with glucose or galactose. Cells were re-stimulated with PMA and ionomycin in the presence of brefeldin A; stained for CD161, IL-17, IFN-γ, CD3, and CD8 and analyzed by flow cytometry. Representative dot plots (gated on single, live, CD4 [CD3+CD8−] cells), accompanied by the frequencies of CD4+ T cells expressing CD161 and proinflammatory cytokines (n = 11) (B). Memory CD4+ T cells were cultured for 5 d with anti-CD3 and irrAPC in the presence or absence of rapamycin (Rapa). Cells were re-stimulated with PMA and ionomycin in the presence of brefeldin A, stained for CD161, IL-17, IFN-γ, CD3, and CD8 and analyzed by flow cytometry. The frequencies of CD4+ T cells (gated on live, single CD3+CD8− cells) expressing CD161, IL-17, or IFN-γ (n = 8–10) (C). *p < 0.05, **p < 0.01.





Th17 Lineage Cells Are Dependent on Fatty Acid Synthesis

We next investigated the role of fatty acid synthesis in fuelling human CD4+ T cells. Initially, the expression of ACC1/2 was determined on CD161+ and CD161− CD4+ T cells, since ACC1/2 enzymes are involved in the FAS pathway. Increased expression of ACC1/2 was observed on the CD4+CD161+ cells when compared with CD4+CD161− T cells (p < 0.05) (Figure 3A). Next, the effect of TOFA, which is an ACC1/2 inhibitor, on CD4+ T cells was investigated. Memory CD45RO+CD4+ T cells were isolated and stimulated for 5 days in the presence or absence of TOFA. In cells cultured with TOFA we observed a significant decrease in the frequency of CD4+CD161+ (p < 0.01) and CD4+IL-17+ (p < 0.01) T cells (Figure 3B). In contrast however, there was no change in the frequency of CD4+IFN-γ+ T cells (Figure 3B). The effect of blocking the FAS pathway downstream of ACC1/2, by using inhibitors of FASN was investigated next. Memory CD45RO+CD4+ T cells were isolated and stimulated for 5 days in the presence or absence of the fatty acid synthase (FASN) inhibitors C75 or cerulenin. In cells cultured with C75 we observed a significant decrease in the frequency of CD4+CD161+ (p < 0.05) and CD4+IL-17+ (p < 0.01) T cells (Figure 3C). In contrast however, there was no change in the frequency of CD4+IFN-γ+ T cells (Figure 3C). As shown in Figure S3, C75 significantly inhibited the proliferation of Th17 lineage cells (p < 0.0001) with a lesser effect of the proliferation of Th1 cells (p < 0.05). Cerulenin exerted a similar effect to that of C75, showing a significant decrease in the frequency of CD4+CD161+ (p < 0.01) and CD4+IL-17+ (p < 0.05) T cells, but had no effect on the frequency of CD4+IFN-γ+ T cells (Figure 3D). Taken together, these data indicate that Th17-lineage cells utilize, and are relatively more dependent on fatty acid synthesis than Th1 cells.
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FIGURE 3. Th17-lineage cells are reduced following the inhibition of fatty acid synthesis. Memory CD45RO+CD4+ T cells were isolated from PBMC of healthy donors, stimulated with anti-CD3 and irrAPC for 5 d and stained for CD4, CD161, and ACC1/2. Representative histograms and MFI of ACC1/2 expression on CD4+CD161+ (CD161+) and CD4+CD161− (CD161−) cells (n = 5) (A). Memory CD45RO+CD4+ T cells were cultured for 5 d with anti-CD3 and irrAPC in the presence or absence of TOFA, C75, or cerulenin. Cells were re-stimulated with PMA and ionomycin in the presence of brefeldin A; stained for CD161, IL-17, IFN-γ, CD3, and CD8 and analyzed by flow cytometry (gated on live, single CD3+CD8− cells). The effect of TOFA (n = 4) (B), C75 (n = 8) (C), or cerulenin (n = 9–10) (D) on the frequencies of CD4+ T cells expressing CD161, IL-17 and IFN-γ are shown. (B) *p < 0.05, **p < 0.01.





Treg Cells Exhibit Increased Oxidative Phosphorylation and Glycolysis, but Are Not Dependent on Glycolysis

Next the metabolic profile of Treg cells was investigated and compared to that of non-Treg (Tconv) cells. PBMC were stained for the expression of Treg cell markers and MitoTracker® Green as an indicator of mitochondrial mass. Memory Treg cells (CD4+CD45RO+CD25+CD127Lo) trended toward higher mitochondrial mass than memory Tconv cells (CD4+CD45RO+ NOT CD25+CD127Lo) (p = 0.07) (Figure 4A). We also examined the expression of Glut1, pS6, and uptake of 2-NBDG on Treg vs. Tconv cells. Although no difference in the expression of Glut1 between Treg and Tconv cells was observed, there was a significant increase in the uptake of 2-NBDG by Treg cells (p < 0.001) (Figure 4B). There was also a significant increase in the expression of pS6 in Treg cells compared with Tconv cells (p < 0.001), indicating increased activation of mTOR in Treg cells (Figure 4B). These data suggest that indicators of both glycolysis and oxidative phosphorylation were elevated in Treg cells when compared with Tconv cells. In order to investigate the metabolic profile of Treg cells further, we performed Seahorse flux analysis using purified Treg and Tconv cells. As shown in Figure 4C, Treg cells exhibited an overall higher ECAR profile, and significantly increased basal glycolysis (p < 0.05) and maximal glycolysis (p < 0.05) compared with Tconv cells (Figure 4D). No difference in glycolytic reserve was observed (Figure 4D). In addition, Treg cells exhibited an overall increase in OCR profile compared with Tconv cells (Figure 4E). This was reflected in significantly increased basal respiration (p < 0.05), maximal respiration (p < 0.01), and respiratory reserve (p < 0.05) in Treg vs. Tconv cells (Figure 4F). These data indicated that activated Treg cells utilize both glycolysis and oxidative phosphorylation to a greater extent than activated Tconv cells. Since it was possible that the expansion protocol used above prior to Seahorse flux analysis may have altered the metabolic profiles of Treg or Tconv, we also performed Seahorse analysis on freshly sorted Treg and Tconv that were stimulated for 18 h. However, as shown in Figure S4, Treg cells failed to be fully activated after 18 h stimulation with PMA/Ionomycin. Both OCR (Figure S4A) and ECAR (Figure S4B) were very low in Treg compared with Tconv. Nonetheless the ECAR:OCR ratio was higher in Treg than Tconv (Figure S4C). A relative lack of activation of Treg relative to Tconv cells was indicated by significantly lower expression of the early activation marker CD69 on Treg cells (Figure S4D). Furthermore, the fact that similar levels of activation (Figures S5A–C) and proliferation (Figure S5D) were observed after the 5 day expansion protocol validates this protocol which was used in Figure 4. Next we investigated the dependence of Treg cells on glycolysis by inhibiting glycolysis via glucose deprivation or mTOR inhibition. Culture of memory CD4+ T cells in the presence of galactose vs. glucose resulted in an increased frequency of Treg cells relative to Tconv cells (p < 0.05) (Figure 4G), as did culture with rapamycin (p < 0.01) (Figure 4H). We also used DCA as an alternative strategy to inhibit glycolysis, and determined the effect on the frequency of Treg cells as well as their viability and proliferation. Culture in the presence of DCA did not significantly alter the overall frequency of Treg cells although there were variable effects in different donors (Figure S1A). DCA reduced the viability (p < 0.05) and reduced proliferation of Treg cells in the majority of donors (ns), but not to the extent that was seen for Th17 cells (Figures S1B,C). Taken together these data indicate that activated Treg cells can utilize both glycolysis and oxidative phosphorylation. Furthermore, Treg cells are somewhat dependent on glycolysis for their proliferation but not to the same extent as Th17 cells. Hence any increased frequency of Treg cells observed when glycolysis was inhibited is the result of a relative advantage for Treg cells.
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FIGURE 4. Treg cells demonstrate increased glycolysis and oxidative phosphorylation relative to conventional T cells, but do not depend on glycolysis. PBMC were isolated from healthy controls and cells were stained ex vivo for CD4, CD25, CD45RO, CD127 and MitoTracker® Green. MitoTracker® Green staining in CD4+CD45RO+CD25+CD127Lo (Treg) and CD4+CD45RO+NotCD25+CD127Lo (Tconv) (n = 9) (A). Memory CD4+ T cells were isolated from PBMC by magnetic separation and stimulated with anti-CD3 and irrAPC. Cells were stained for CD4, CD25, CD127, FoxP3, Glut1, pS6, and 2-NBDG uptake was measured. The expression of Glut1 in Treg and Tconv at 24 h stimulation, 2-NBDG at 72 h, and pS6 at 24 h (n = 10) (B). Treg and Tconv cells were cell sorted from PBMC. Cells were cultured for 6 d in the presence of anti-CD3, irrAPC and IL-2. Cells were stimulated for 18 h with PMA and ionomycin prior to Seahorse extracellular flux analysis. Representative plot of ECAR over time for Treg and Tconv (C). Basal glycolysis, maximal glycolytic capacity and glycolytic reserve rates for Treg and Tconv (n = 5) (D). Representative plot of OCR over time for Treg and Tconv (E). Basal respiration, maximal respiratory capacity and respiratory reserve rates for Treg and Tconv (n = 5) (F). Memory CD4+ T cells were isolated by magnetic separation and cultured for 5 d in the presence of anti-CD3 and irrAPC in glucose-free medium supplemented with glucose (Gluc) or galactose (Gal). Cells were stained for CD4, CD25, CD127, and FoxP3; and analyzed by flow cytometry. Representative dot plots accompanied by the frequencies of Treg cells in glucose or galactose medium (n = 9) (G). Memory CD4+ T cells were cultured for 5 d with anti-CD3 and irrAPC in the presence or absence of rapamycin (Rapa). Cells were stained for CD4, CD25, CD127, and FoxP3; and analyzed by flow cytometry. The frequencies of Treg cells following control or Rapa treatment (n = 6) (H). *p < 0.05, **p < 0.01, ***p < 0.001.





Treg Cells Exhibit Increased Oxidation of Fatty Acids Compared With Tconv Cells and Are Not Dependent on Fatty Acid Synthesis

Next we investigated the fatty acid metabolism requirements of human Treg cells. In order to measure FAO, the Seahorse XF FAO assay was utilized where palmitate-BSA is provided as a source of FA and uptake of fatty acids is inhibited using etomoxir as an inhibitor of CPT1. In the presence of palmitate, Treg cells exhibited an increased OCR profile and this was inhibited by etomoxir (Figure 5A), indicating that Treg cells were taking up and oxidizing FA. On the other hand Tconv cells did not exhibit obviously increased OCR in the presence of palmitate (Figure 5A). Overall there was a highly significant increase in OCR from Treg cells in the presence of palmitate-BSA vs. the control BSA (p < 0.001), while there was a lesser increase in OCR from Tconv cells in the presence of palmitate vs. BSA control (p < 0.05) (Figure 5B). Having previously shown that Th17 cells relied on the synthesis of fatty acids, we next investigated the effect of promoting FAO on the Th17:Treg cell ratio. In order to exclude the confounding factor of cells utilizing glycolysis as an alternative source, we inhibited glycolysis by using galactose medium. Memory CD4+ T cells were stimulated and cultured in glucose free medium supplemented with galactose in order to inhibit glycolysis, and in the presence or absence of palmitate. Culture with palmitate decreased the ratio of Th17:Treg cells (p < 0.05), indicating that promoting FAO in the absence of glycolysis manipulates the Th17:Treg cell ratio in favor of Treg cells (Figure 5C). Finally, we investigated the role of FAS in Treg cells by culturing memory T cells in the presence or absence of the ACC1/2 inhibitor TOFA or the FASN inhibitor C75. In contrast to the previously shown dependence on FAS for Th17-lineage cells, inhibition of FASN exerted no overall effect on the frequency of Treg cells compared with control (Figure 5D). However, when the ratio of Th17:Treg cells was compared in the presence or absence of C75, there was a significant decrease in the Th17:Treg cell ratio when FASN was inhibited (p < 0.05) (Figure 5D). Similarly, ACC1/2 inhibition did not affect the frequency of Treg cells, but did significantly decrease the ratio of Th17:Treg cells (p < 0.05) (Figure 5E). Together these data indicate that inhibition of FAS or promotion of FAO modulates the Th17:Treg axis in favor of Treg cells.
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FIGURE 5. Treg cells demonstrate increased oxidation of fatty acids compared with Tconv cells and are not reliant upon fatty acid synthesis. Treg (CD4+CD25+CD127Lo) and Tconv (CD4+CD45RO+NotCD25+CD127Lo) cells were cell sorted from PBMC. Cells were cultured for 6 d in the presence of anti-CD3, irrAPC, and IL-2. Cells were stimulated for 18 h with PMA and ionomycin prior to Seahorse extracellular flux analysis. The Seahorse XF Palmitate-BSA FAO assay was performed to analyse the oxidation of fatty acids to fuel mitochondrial respiration. Representative plot of OCR over time for Treg and Tconv in the presence of BSA (BSA) or palmitate (Palm) and in the presence or absence of etomoxir (Etx) (A). OCR for Treg and Tconv in the presence of BSA control or palmitate (n = 6) (B). Memory CD4+ T cells were isolated by magnetic separation and cultured for 5 d in the presence of anti-CD3 and irrAPC in glucose-free medium supplemented with galactose in the presence or absence of palmitate (Palm). The ratio of IL-17+ to Treg cells is shown (C). Memory CD45RO+CD4+ T cells were cultured for 5 d with anti-CD3 and irrAPC in the presence or absence of TOFA or C75 and stained directly for Treg markers CD4, CD25, CD127, and FoxP3, or re-stimulated with PMA and ionomycin and stained for IL-17, CD3, and CD8 and analyzed by flow cytometry (gated on live, single CD3+CD8− cells). The frequencies of Treg cells, and the ratio of IL-17+ to Treg cells following culture with TOFA (n = 4) (D) or C75 (n = 9) (E). *p < 0.05, ***p < 0.001.






DISCUSSION

In this study we examined the metabolic requirements of human T cell subsets and the effect of manipulating metabolic pathways on Th17 and Treg cells. As the Th17:Treg cell axis is dysregulated in a number of autoimmune or inflammatory diseases, it is therefore of key importance to identify novel strategies to modulate this axis in favor of Treg cells. We investigated the role of carbohydrate and fatty acid metabolism in the regulation of human memory T cell subsets in order to gain insight as to how effector T cells and Treg cells may be regulated at sites of inflammation. We found that Th17-lineage cells were dependent on glycolysis, as glucose-deprivation, inhibition of glycolysis, and treatment with rapamycin resulted in a reduction of these cells. Interestingly, activated Treg cells exhibited increased glycolysis, mitochondrial respiration and FAO; whereas Th17 cells demonstrated a reliance upon FAS for survival. Here we expose a fundamental difference between human Treg and Th17 cells and a possible mechanism for targeting and/or manipulating the Th17:Treg cell axis.

In this project we considered the role of metabolic pathways in regulating differentiated human memory T cells, since these are the cells that would be found at sites of autoimmune inflammation where nutrients are most likely to be limiting, requiring cells to undergo metabolic reprogramming. Murine studies have shown a clear role for metabolism in reciprocally regulating the de novo differentiation of Th17 and Treg cells, where differentiation of Th17 cells depended on HIF-1α and glycolysis, while Treg cell differentiation was inhibited by HIF-1α and required oxidative phosphorylation (10, 12, 23). In addition development of Th17 cells was dependent on fatty acid synthesis, whereas Treg cell differentiation required FAO (12, 18). However, recent evidence indicates that there may be important differences in the metabolic requirements for differentiation of Treg cells as opposed to activated Treg cells engaged in suppression (24). Furthermore, in the context of autoimmunity where already differentiated natural/thymically derived Treg cells control pathogenic autoreactive effector T cells, the regulation of activated Treg cell proliferation and suppressive function may be more relevant than that of Treg cell differentiation. Thus, if metabolic pathways are to be targeted to regulate T cell pathogenicity in disease then it will be important to gain a clearer understanding of how metabolic requirements impact on the effector and regulatory functions of differentiated human T cells, where the metabolic requirements are poorly understood.

We demonstrated that activated human Th17 cells required glycolysis since they were inhibited in the absence of glucose and after mTOR or pyruvate dehydrogenase kinase inhibition. Consistent with this, Th17-lineage cells exhibited increased expression of Glut1 and uptake of a glucose analog relative to non-Th17 lineage cells. On the other hand, IFN-γ producing Th1 cells were not inhibited when glycolysis was blocked. Memory CD161− T helper cells (comprising mostly Th1 cells) exhibited increased mitochondrial mass relative to Th17 lineage cells, suggesting that Th17 cells are less inclined to utilize oxidative phosphorylation than other Th cells. Together these data indicated that Th17 cells utilize glycolysis and are dependent on it. Whilst there is a dearth of directly comparable studies in human T cells, murine studies have demonstrated that activation and differentiation of naïve T cells into various effector T cell subsets in general requires metabolic reprogramming and a switch to aerobic glycolysis (25). Specifically, murine Th17 cell differentiation was shown to be dependent on HIF-1α and glycolysis, with reciprocal effects on Treg cells (10). In contrast to the study by Shi et al. (10) a recent study demonstrated that various conditions that promote cellular stress, including glucose deprivation induced by 2-deoxyglucose, actually promoted Th17 cell differentiation and inhibited Th1, Th2, and Treg cell differentiation (26). It is not yet clear how this disparity can be explained. Another murine study showed that differentiation of murine Th cell subsets including Th1, Th2, and Th17 cells depended on glycolysis, whereas differentiation of Treg cells required FAO (12). The latter findings indicate that differentiation of all effector T cell subsets require glycolysis, whereas we found that committed human Th17 lineage cells depended on glycolysis, but other effector T cell subsets such as IFN-γ producing Th1 cells did not. However, in support of our findings, in a recent study the metabolic requirements of in vitro polarized murine Th1, Th17, and Treg cells were compared where Th17 cells exhibited the highest ECAR rate followed by Th1 cells, while Treg cells had substantially lower ECAR (27). Interestingly, PDHK1 which diverts pyruvate away from oxidative phosphorylation toward lactate, was expressed in Th17 cells but not Th1 or Treg cells (27). Thus, it would be of interest to determine whether PDHK1 expression in human Th17 cells promotes their glycolytic profile. It is possible that there may be different requirements for in vitro or in vivo differentiation, proliferation and effector functions of established T cell subsets. In support of this idea, a surprising recent finding was that differentiated murine Th17 cells generated in vivo were dependent on oxidative phosphorylation for their energy and cytokine production (28). Furthermore, inhibition of oxidative phosphorylation using oligomycin ameliorated Th17-driven mouse models of psoriasis and colitis (28).

We also investigated the metabolic requirements of Treg cells. Interestingly, both glycolytic and oxidative phosphorylation profiles were increased in Treg cells compared with Tconv cells, indicating flexibility in the metabolic requirements of activated Treg cells. In contrast to the findings for Th17 cells however, inhibition of glycolysis either enhanced or did not affect the frequency of Treg cells. However, this increased or unaltered Treg frequency observed after inhibition of glycolysis, appeared to result from a relative advantage conferred to Treg cells, since their proliferation was inhibited but to a lesser extent than that of Th17 cells. These data suggest that activated Treg cells utilize glycolysis as well as oxidative phosphorylation, and they are partly dependent on glycolysis. It is possible that this lesser dependence on glycolysis results from their ability to utilize oxidative phosphorylation when glycolysis is blocked. Our finding that mTOR inhibition promoted Treg cells over Tconv cells is consistent with a study which showed that rapamycin treatment favored the expansion of suppressive Treg cells, while proliferation of Tconv cells was inhibited (29). In support of our data showing that activated Treg cells utilized both glycolysis and oxidative phosphorylation, a proteomic signature of both glycolysis and FAO/oxidative phosphorylation in activated human Treg cells has been identified (30). On the other hand activated human Tconv cells exhibited a metabolic signature consistent with glycolysis (30). However, in the Procaccini et al. study, inhibition of either glycolysis or FAO inhibited the expansion of Treg cells (30), whereas we found that inhibition of glycolysis promoted the frequency of Treg cells relative to Tconv cells. This disparity may be accounted for by technical differences between the studies; the previous study used anti-leptin in addition to anti-CD3/28 stimulation in order to overcome Treg cell anergy. It is possible that the stronger stimulation may have rendered the Treg cells more dependent on glycolysis than those in our study which were stimulated with anti-CD3/28 plus IL-2. Another recent study found that human nTreg cells and tumor associated Treg cells utilized glycolysis and depended on it for their suppressive function (31). In further support of a key role for glycolysis in activated Treg cells, the relative advantage of Treg over Tconv cells in tumors was attributed to their flexibility in responding to the tumor microenvironment by utilizing glycolysis and FAS (32). In these studies (30–32), Treg cells exhibited a greater degree of dependence on glycolysis, whereas in our study Treg cells were partly dependent on glycolysis. Furthermore, the utilization of FAS by tumor Treg cells contrasts with our findings that Treg cells in vitro appeared to take up and oxidize FA and were not inhibited by FAS inhibitors, however it is possible that Treg cells exhibited metabolic flexibility in response to the nutrient availability within the tumor (32).

Taken together these findings challenge the dogma that Treg cells favor oxidative phosphorylation over glycolysis; and since the majority of such studies were performed in mice, it is possible that human and murine Treg cells may differ in their metabolic requirements. In addition the metabolic profiles exhibited by T cells are likely to be context specific and dependent on the activation status of the cells and availability of nutrients (33).

Human peripheral blood includes both Treg cells that originated in the thymus (tTreg) as well as those differentiated in the periphery (pTreg/iTreg). However, since it is not possible to distinguish memory tTreg from pTreg, we could not dissect the individual contributions of pTreg and tTreg to the increased glycolytic and FAO activity that we observed in Treg vs. Tconv cells. It has been shown that Treg cells induced in vitro by the presence of low tryptophan and high kynurenine exhibited increased glycolysis and oxidative phosphorylation relative to T effector cells and tTreg cells (34). In support of this, another study showed that the induction and function of in vitro differentiated pTreg was dependent on glycolysis, and that the glycolytic enzyme enolase regulated FOXP3 splicing (35). Thus, it is possible that the increased Treg cell glycolysis and oxidative phosphorylation that we observed may be accounted for by the pTreg component of the Treg population and hence will require further investigation. Our data, showing partial dependence of Treg cell proliferation on glycolysis, taken together with other studies, call into question the wisdom of strategies to target glycolysis in Th17 driven inflammatory disease. Although inhibition of glycolysis conferred a relative advantage to Tregs in terms of frequency, an overall reduction in Treg cell proliferation and number could be disadvantageous. It has also not yet been determined how glycolytic inhibition would impact on Treg suppressive function which is an important consideration for future studies.

Lipid metabolism is another important pathway by which immune cells can potentially be modulated. We found that human Th17 cells were dependent on FAS for their lipid requirements since they were inhibited in the presence of an ACC1/2 inhibitor and two different FASN inhibitors. Consistent with this finding, Th17 cells expressed higher levels of the ACC1/2 enzymes involved in the FAS pathway. In contrast however, Treg cells were not inhibited by ACC1/2 or FASN inhibitors. Furthermore, ACC1/2 or FASN inhibition significantly decreased the Th17:Treg ratio, suggesting that FAS could be targeted to modulate this axis in favor of Treg cells. Rather than synthesizing fatty acids, Treg cells oxidized exogenous fatty acids as shown by Seahorse analysis of oxygen consumption, where Treg cells increased their consumption to a greater extent than Tconv cells in the presence of added palmitate. In addition, culturing memory Th cells in the presence of palmitate while blocking glycolysis modulated the Th17:Treg axis in favor of Treg cells. Of interest, a recent study using CPT1a deficient mice, has shown that murine Treg cells in vivo did not depend on FAO, since Treg homeostasis and suppressive function were not affected in these mice (36). It is not yet clear whether these findings extrapolate to human Treg cells, since conclusions drawn from previous studies using etomoxir (>100 μM) to inhibit CPT1a are likely to be compromised as a result of off-target effects of etomoxir (36). Our study indicates that human Treg cells oxidize fatty acids in a CPT1a dependent manner when exogenous palmitate is provided, but does not provide evidence of Treg dependence on FAO. It is possible that such a dependence on FAO may only be evident in the absence of glycolysis as an alternative energy source.

Thus, our data suggest that human Th17 lineage cells are dependent on FAS, whereas Treg cells are dependent on the uptake and oxidation of fatty acids which feed into oxidative phosphorylation. These findings are broadly consistent with other studies performed using mice, although these mostly examined the role of fatty acid metabolism in the differentiation of Th cells whereas we show effects on CD4+ T cells that have already differentiated into subsets. Inhibition of ACC1, which is required for FAS, inhibited the in vitro differentiation of Th17 cells and promoted the differentiation of Treg cells from naïve T cells, in both mice and humans (18). In addition, T cell-specific deletion of ACC1 inhibited Th17-mediated EAE, and since Th17 cells are likely to exert their effects during the induction phase of EAE, these effects were likely mediated by reduced differentiation of Th17 cells as a result of FAS inhibition (18). In addition, blockade of FASN, which is downstream of ACC1, inhibited the development of Th17 cells, and Th17-specific inhibition of FASN ameliorated EAE (37). In another murine study, enhancing FAO via AMPK activation using the AMP analog 5-aminoimidazole-4-carboxamide ribonucleotide (AICAR), promoted the polarization of Treg cells and inhibited Th17 cells both in vitro and in vivo (38). Interestingly, it was suggested that obesity induces the expression of ACC1 which drives Th17 cell differentiation via RORγt, as shown in mice fed a high fat diet (19). In addition, there was a correlation between expression of ACC1 and the frequency of Th17 cells in obese humans, suggesting that ACC1 also drives Th17 differentiation in vivo in humans (19). FAS was also implicated in T cell pathogenicity in RA, where blockade of FAS inhibited the tissue invasiveness of RA T cells in vivo (39). Together with our findings, these studies provide further support for the strategy of targeting Th17 cells via the FAS pathway on which they depend, although further investigation will be required to determine whether these findings can be extrapolated to disease settings in vivo.

In summary, our data indicates that inhibition of either glycolysis or FAS can tilt the Th17:Treg axis in favor of Treg cells, suggesting that these pathways could be targeted to combat multiple inflammatory diseases. However, as discussed above, the concept of a clear dichotomy between the requirements for glycolysis vs. oxidative phosphorylation by Treg and Th17 cells may be too simplistic and therefore targeting of the glycolytic pathway in inflammatory disease may not be viable. Fatty acid metabolism however, represents a promising target for the modulation of the human Th17:Treg cell axis, since inhibition of FAS or induction of FAO tips the axis in favor of Treg cells.
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2-NBDG, 2-[N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)amino]-2-deoxy-D-glucose; ACC, Acetyl-CoA carboxylase; AICAR, 5-Aminoimidazole-4-carboxamide ribonucleotide; AMPK, AMP-activated protein kinase; CPT1, carnitine palmitoyltransferase I; EAE, experimental autoimmune encephalomyelitis; ECAR, extracellular acidification rate; FA, fatty acid; FAO, fatty acid oxidation; FAS, fatty acid synthesis; FASN, fatty acid synthase; HC, healthy control; HIF-1α, hypoxia-inducible factor 1α; Glut1, glucose transporter 1; MFI, median fluorescent intensity; mTOR, mammalian target or rapamycin; PDHK1, pyruvate dehydrogenase kinase 1; pS6, phosphorylated ribosomal protein S6; OCR, oxygen consumption rate.
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Metabolic
polarization axis

Bias of
metabolic profile

Upstream
activated
nutrient sensing
pathway
Nutrient sensing
pathway's effect
on autophagic
profile

Active state
M1 macrophages
Activated DC.
THY

TH2

TH17

Activated CD8* T cells

Anabolism: aerobic
glycolysis, glutaminolysis,
fatty acid synthesis, pentose
phosphate pathway

mTOR

mTOR: inhibits autophagy
via inhibiting ULK1 activity

Steady state

M2 or quiescent
macrophages

Quiescent or Naive DG
Naive mature CD4*
T-cells, CD4+ Memory T
cells

TH2, Naive mature CD4*
T cells, CD4* memory T
cells

CD4* Treg, CD4+
memory T cells

Naive mature CD8* T
cells, CD8*+ memory T
cells

Catabolism: oxidative
phosphorylation, fatty acid
oxidation

AMPK

AMPK: stimulates
autophagy via activating
ULK1 and inhibiting mTOR

This table provides a general overview of immunometabolism in various immune subsets
including APC and CD4* and CD8* T cels.
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DT1 50 22 48526 383 524 072 135
DT2 22 18 132317 324 207 0.46 052
D13 8 18 126716 391 sl 0.48 0.65
DT4 11 5 27244 465 535 0.45 074
DTS 25 5 4612 408 739 0.48 1.00
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DT8 5 12 >500000 279 528 0.26 072
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DoTi1 22" 12 10033 819 819 0.88 1.36
DT12 9 8 111893 629 830 0.85 1.53
ETY 2 14 >500000 627 594 0.66 0.89
T2 4 18 283441 187 502 0.20 088
ET3 1 11 36338 768 1099 118 1.83
ET4 3 14 17292 612 1842 0.33 1.82
ET5 3 15 20106 787 829 1.06 1.69
ET6 2 18 >500000 421 854 031 1.89
ET7 1 13 >500000 435 942 0.13 1.52
ET8 3 12 172468 435 657 059 1.16
ET9 3 17 26547 400 728 0.70 1.79
ET10 3 11 231360 330 1080 0.18 124
ETH1 2 12 >500000 654 1026 0.42 1.47
ET12 4 16 >500000 330 691 0.08 066
ET13 4 12 >500000 213 386 0.19 081

2DT, Delayed Treatment Group; ET, Early Treatment Group.

®Relative to the presumed date of infection.

¢Time from the moment of cART initiation to sample obtaining.
?Determinations evaluated at the closest sample obtained before cART initiation.

*Versant HIV-1 RNA 3.0 assay, Siemens. Lower and upper detection lmits are 50 and 500,000 RNA copies/mi, respectively (1.7 and 5.7 log1o).

! Determined by flow cytometry.
9Determinations evaluated in samples used in this study.
“Estimated time to cART initiation, as informed by the clinician.
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GGGTGTAGCCTCCTTTCT
TGTATTTGGACGATGGTTT
ATGACTGCCCAGGAAACAAC
ATGACTGCCCAGGAAACAAC
GCTTCGGCTCAGGGTCTA
AGTCACCTGGGAGTTTGC
CCAGGAAGTGGTCATATTCACGA
GCAGACAAGGCTTCCAACCAC
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GGACTGAGGGCTGCTGACAC
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