

  cells-13-00639




cells-13-00639







Cells 2024, 13(7), 639; doi:10.3390/cells13070639




Review



Ex Pluribus Unum: The CD4 T Cell Response against Influenza A Virus



Caroline M. Finn and K. Kai McKinstry *





Immunity and Pathogenesis Division, Burnett School of Biomedical Sciences, College of Medicine, University of Central Florida, Orlando, FL 32827, USA









*



Correspondence: kai.mckinstry@ucf.edu; Tel.: 407-266-7137; Fax: 407-266-7002







Citation: Finn, C.M.; McKinstry, K.K. Ex Pluribus Unum: The CD4 T Cell Response against Influenza A Virus. Cells 2024, 13, 639. https://doi.org/10.3390/cells13070639



Academic Editor: Paola de Candia



Received: 26 February 2024 / Revised: 1 April 2024 / Accepted: 3 April 2024 / Published: 5 April 2024



Abstract

:

Current Influenza A virus (IAV) vaccines, which primarily aim to generate neutralizing antibodies against the major surface proteins of specific IAV strains predicted to circulate during the annual ‘flu’ season, are suboptimal and are characterized by relatively low annual vaccine efficacy. One approach to improve protection is for vaccines to also target the priming of virus-specific T cells that can protect against IAV even in the absence of preexisting neutralizing antibodies. CD4 T cells represent a particularly attractive target as they help to promote responses by other innate and adaptive lymphocyte populations and can also directly mediate potent effector functions. Studies in murine models of IAV infection have been instrumental in moving this goal forward. Here, we will review these findings, focusing on distinct subsets of CD4 T cell effectors that have been shown to impact outcomes. This body of work suggests that a major challenge for next-generation vaccines will be to prime a CD4 T cell population with the same spectrum of functional diversity generated by IAV infection. This goal is encapsulated well by the motto ‘ex pluribus unum’: that an optimal CD4 T cell response comprises many individual specialized subsets responding together.
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1. Introduction


Influenza A virus (IAV) represents a global health burden despite a highly coordinated worldwide vaccine program. The biggest current challenge in generating vaccine-induced protection is the annual reformulation of the vaccine that is required to target the predominant IAV strains that are predicted to circulate. The primary goal of vaccination is to promote protective neutralizing antibodies that recognize the major surface glycoproteins, hemagglutinin (HA) and neuraminidase (NA). This mode of protection is known as ‘homotypic’ immunity and stops the attachment of viral particles to target cells, thereby preventing infection and disease (Figure 1). A major weakness of this approach is that vaccine-primed antibodies can often be an imperfect match for circulating IAVs, due to incorrect annual predictions, for example. Indeed, HA and NA represent ‘moving targets’ for the antibody response due to antigenic shift and antigen drift [1]. There is thus much effort focused on developing improved ‘universal’ vaccines that can protect across diverse annual and even pandemic IAV strains [2,3,4]. Rather than focusing on immune responses against the variable portions of HA and NA to target specific IAV strains, a universal vaccine must instead target highly conserved epitopes that are shared between IAV strains. One approach towards this goal is focusing on the generation of ‘broadly neutralizing’ antibodies effective across different IAV strains by targeting more conserved parts of the HA and NA, like the stalk region, versus the more variable globular head region.



An alternative and not necessarily mutually exclusive approach to providing a broadly protective IAV vaccine is to prime antiviral T cells. In addition to recognizing strain-specific viral epitopes, T cells recognize viral peptides that are highly conserved between disparate IAV strains. These epitopes are commonly derived from ‘internal’ viral proteins, which are under far less immune pressure by antibodies to mutate compared to HA and NA [5]. Such T cell responses have been shown to mediate multiple mechanisms of protection underlying what is termed ‘heterosubtypic’ immunity [6]. Heterosubtypic immunity was first demonstrated in mice primed with one strain of IAV, then challenged several weeks or months later with a lethal dose of an IAV expressing a different HA/NA combination. Unlike neutralizing antibodies that can prevent infection, T cells can only recognize peptides derived from viral proteins that are presented by MHC molecules on infected cells, including lung epithelial cells [7], as well as on antigen-presenting cells and B cells (Figure 1). T cell responses thus cannot prevent initial infection [5], but instead, heterosubtypic immunity operates largely through T cell killing of infected cells, the release of diverse soluble factors from activated T cells, and the recruitment and regulation of other innate and adaptive cell types during the antiviral response. In the case of CD4 T cell-driven protection, these interactions require MHC-II-dependent interactions either with infected cells [8] or with antigen-presenting cells or B cells that have taken up viral proteins through various means (Figure 1).



Experimental [9,10] and clinical [11,12,13] studies support that CD4 T cells are a key component of optimal heterosubtypic immunity against IAV. A hallmark of CD4 T cells in general is that, once activated, a cell can differentiate into one of several different effector cell subsets directed by inflammatory factors in the priming environment. These subsets are labeled with a T-helper (Th) designation and are marked by distinct functional attributes from one another, as we will discuss below [14]. Most antiviral CD4 T cells display hallmarks of Th1 cells [15], but work using ever more sophisticated mouse models of IAV infection over the last two decades or so have revealed important contributions from other well-defined Th subsets, as well as from some CD4 T cell effectors that are not as easily binned. Here, we review these findings and discuss how they have improved the field’s understanding of the ways in which CD4 T cells can impact outcomes of IAV infection. Equally important, we will discuss how the murine IAV model continues to provide valuable insight into mechanisms controlling the effector and memory fates of CD4 T cells. An overarching theme uniting these studies is that an important goal for next-generation vaccines will be to prime a CD4 T cell landscape comprised of many distinct subsets that, in combination, synergize to provide maximal protection. This goal is encapsulated well by the Latin phrase ex pluribus unum: out of many, one.




2. Delineating Core Elements of CD4 T Cell Responses against IAV


Analysis of how CD4 T cells respond to IAV infection began in the late 1980s with assessments of the antigen specificity of MHC-II-restricted IAV-specific T cell clones in mice and humans. Studies with mice revealed broad reactivities of different clones derived from the spleens of IAV-primed mice against several different viral proteins [16]. Transferring CD4 T cell clones recognizing both conserved internal viral proteins and variable proteins like HA into syngeneic T cell-deficient hosts demonstrated help for virus-specific antibody production upon IAV infection [17], consistent with CD4 T cell-associated B-cell helper functions. Experiments over the next few years asking whether the adoptive transfer of different IAV-specific CD4 T cell clones could protect naïve mice against an otherwise lethal dose of IAV, for which they were specific, yielded mixed results depending on the clone [18,19,20,21]. This uneven set of early results may have been due to the different Th subset polarization statuses of different clones, as seminal work identifying functionally distinct Th1 vs. Th2 CD4 T cell clones was not published until around this same period [22]. Indeed, studies published in 1994 showed that IAV-specific Th1-polarized clones could protect naïve mice against lethal IAV infection while Th2 clones could not and instead promoted more severe disease [23]. The lack of protection against IAV from Th2-polarized CD4 T cells has been a consistent finding in the field.



Around the same time, work from Doherty’s group found that the depletion of CD4+ cells in mice prior to IAV infection delayed viral clearance by up to 4 days, but that the mice still survived [24,25]. Using mouse models to eliminate antiviral CD8 T cell responses also revealed relatively intact viral clearance, which was, however, abrogated if CD4 T cells were also depleted [26]. Further work revealed that CD4 T cells alone could not efficiently clear IAV, as B cell-deficient mice depleted of CD8 T cells (thus leaving only CD4 T cells as the major adaptive immune cell subset) were far more susceptible to infection-induced death than B cell-deficient mice treated with an isotype control antibody [27,28]. It should be noted that B cell-deficient mice depleted of CD4+ cells were marked by much higher mortality than B cell-deficient mice without CD4 T cell depletion [29], supporting the conclusion that responses from CD4 and CD8 T cells with B cells synergize to promote optimal IAV clearance. Together, these earlier studies thus revealed that while properly polarized CD4 T cells could be highly protective, especially in synergy with antiviral CD8 T cell or B cell responses, CD4 T cells are not an absolute requirement for IAV clearance in the presence of an otherwise intact adaptive immune response.



Subsequent work in the 1990s sought to characterize mechanisms by which CD4 T cells protect against IAV. Surprisingly, given that ‘Th1′ inflammation predominates during IAV infection and that early protection studies identified Th1 clones as protective, IFNγ was not found to be needed for successful IAV clearance in studies using IFNγ-deficient mice [30] or the neutralization of IFNγ by in vivo antibody treatment [31]. However, the neutralization of IFNγ by in β2-microglobulin-deficient mice (which lack CD8 T cells) did delay viral clearance [31], suggesting that IFNγ production by CD4 T cells may become more important in the absence of other major antiviral lymphocyte subsets. This conclusion is supported by studies in which the transfer of IFNγ-deficient Th1-polarized memory CD4 T cells was shown to protect wildtype mice, as well as B cell-deficient or CD8 T cell-deficient mice, from an otherwise lethal IAV challenge, but the cells could not promote viral clearance in host mice lacking T cells and B cells [32]. These outcomes are perhaps surprising as IFNγ is an absolute requirement for protection in several other models of viral, bacterial, and parasitic infections dominated by a Th1 response signature [33]. In the following sections, we will highlight findings showing that several distinct subsets of CD4 T cell effectors, including Th1, Th17, follicular helpers (TFH), regulatory T cell subsets, and cytotoxic CD4 T cells (ThCTL) (Figure 2) can all contribute in distinct ways to immunity against IAV.




3. Th1 Responses against IAV


Full Th1 differentiation in vitro requires IL-12 and IFNγ-mediated signals that operate through STAT4 and STAT1, respectively, to maximize the expression of the Th1 ‘master regulator’ transcription factor, T-bet. This transcriptional program supports not only strong Th1 induction but also restricts polarization towards other specialized Th subsets. Th1 criteria, highlighted by strong IFNγ production and T-bet expression, characterize the majority of IAV-primed CD4 T cells present both in lymphoid organs and in the lung. However, early experiments using adoptive transfer of naïve TcR transgenic CD4 T cells recognizing an IAV antigen to unprimed mice prior to infection revealed remarkable heterogeneity between effector cells derived from the donor cells in the spleen, mediastinal lymph node, and lung, and even within the cohort of effector cells present at each tissue site [34]. This heterogeneity between tissues was even more evident in experiments comparing the gene expression of sort-purified IAV-specific TcR transgenic populations at the peak of the antiviral response [35]. Nevertheless, and in agreement with earlier studies using long-term CD4 T cell clones, the transfer of relatively homogenous effector CD4 T cells generated in vitro from naïve IAV-specific transgenic cells under Th1-polarizing conditions (including blocking antibodies against IL-4 and recombinant IL-12 to drive the initial stages of Th1-differentiation) provided strong protection to unprimed mice against an otherwise lethal challenge dose [36] but did not require IFNγ production from the transferred effector cells [7]. Perhaps surprisingly, the identification of discrete protective mechanisms required for Th1 effector cells to protect against IAV remains largely elusive.




4. Does IAV Prime True ‘Th1′ Cells?


We recently used the in vitro-generated CD4 T cell effector transfer model to ‘strip away’ aspects of the Th1-ness of effector cells by using cells knocked out for major transcription factors driving Th1 fate, including T-bet, Eomesodermin (Eomes), STAT1, and STAT4. We initially compared the protective capacity of T-bet-deficient vs. WT OT-II cells primed in Th1 conditions after their transfer to unprimed mice that were infected with an IAV expressing the epitope recognized by the OT-II TcR. The protection and viral control afforded by both types of Th1 effectors were equivalent despite a reduction in the production of Th1-associated cytokines by the T-bet-deficient cells [37]. While at first glance this might suggest that Th1-mediated protection against IAV is independent of T-bet, many of the T-bet-deficient effectors developed strong Th17 attributes, and, as will be discussed below, Th17 responses have also been increasingly associated with positive outcomes of IAV infection. Teasing out the contributions of residual ‘Th1-ness’ from the emergent ‘Th17-ness’ or other protective attributes in these situations is difficult. STAT1-deficient OT-II cells primed in Th1 conditions also displayed reduced Th1 effector functions and reduced T-bet expression but retained similar protective capacity as WT effectors [38]. However, our results showed that STAT1 expression by antiviral CD4 T cells was required to prevent their deletion during IAV infection by NK cells [38]. These results highlight an absolute need for STAT1 signaling to promote productive antiviral Th1 responses during IAV infection.



Pioneering mouse studies found a role for IL-12 in the early coordination of innate immunity upon infection, but IL-12 signals did not impact the ability of IAV-primed CD4 T cells to produce IFNγ [39]. These findings were later extended with an analysis of STAT4-deficient mice that revealed only a marginal loss of Th1 identity by CD4 T cells responding to IAV infection [40]. As IAV-induced inflammation is altered in STAT4-deficient vs. wildtype mice, which could indirectly affect T cell priming, we compared responses to IAV by wildtype and STAT4-deficient CD4 T cells responding in otherwise wildtype mice. We also found minimal impacts of STAT4 expression on the magnitude or general Th1 character of the response [38]. However, the treatment of mice with recombinant IL-12 during IAV infection dramatically enhanced the Th1 imprint of responding wildtype but not STAT4-deficient cells [38]. These observations may help to explain the potent adjuvant effect of IL-12 found in studies assessing vaccine-induced immunity against IAV, including T cell-dependent heterosubtypic protection, by strengthening the Th1 arm of the antiviral response [41,42,43]. Indeed, a few observations have found that IFNγ production is required for optimal protection of mice against IAV [44,45,46], and it is tempting to speculate that these outcomes may be at least partially due to CD4 T cells with stronger Th1 imprints being generated. We speculate that strong IL-12 signaling may thus amplify the relative importance of Th1 attributes, like IFNγ, in the protective impact of antiviral CD4 T cells while perhaps reducing the importance of contributions from other effector subsets.



The results discussed above indicate that IAV infection does not induce a maximal Th1 imprint in responding CD4 T cells, as is seen in responses against other intracellular pathogens, particularly those driving phagosomal infections in macrophages [47]. It is possible that a weaker Th1 imprint is important to restrain the otherwise too-damaging immunopathological consequences of antiviral CD4 T cells in the lung. In support of this hypothesis, accumulating data indicate the capacity of IFNγ to exacerbate disease symptoms via several different mechanisms [48,49,50,51]. It is also possible that a more limited Th1 induction is important for the striking heterogeneity in effector phenotypes (Figure 2) that characterize the effector and memory CD4 T cell pools [52], which will be discussed below and which may be required for optimal protection. Given the correlation of CD4 T cells expressing higher levels of T-bet [37,53] and producing more IFNγ [54] and less IL-2 [55] with reduced memory capacity, it is also possible that a submaximal Th1 program is important to establish optimal CD4 T cell memory following the resolution of IAV infection. Indeed, T-bet expression by CD4 T cells appears to restrict the generation of circulating and lung tissue-resident cells (TRM) primed by IAV infection [37,56].




5. Th17 Responses


Virus-specific T cells producing IL-17 during IAV infection [57] and the protective capacity of in vitro-polarized Th17 cells [58] in mice were first reported in 2009. Protection mediated by IAV vaccine-primed Th17 cells has also been demonstrated in mice [59]. A separate set of observations directly correlated IL-17 production during IAV infection with increased lung immunopathology in mice [60], a relationship that has been observed in many subsequent studies [59,61,62,63,64]. On the other hand, IL-17 has been shown to be an important component promoting optimal B cell responses in the lung during IAV infection in mice [65,66]. More recent studies have identified IAV-specific Th17 lung tissue-resident memory cells and demonstrated their protective capacity during recall infection [67,68]. It thus appears that, just as for the production of IFNγ by Th1 cells discussed above, the production of IL-17 by Th17 cells responding to IAV must be well-calibrated to avoid excess immunopathology.



Two challenges, however, in stating with confidence that Th17 cells can mediate protective responses against IAV are introduced by their relatively small representation in the IAV effector CD4 T cell pool in wildtype mice [69] and their well-documented functional plasticity leading to the adoption of Th1 attributes in Th1-associated inflammatory settings [70]. This plasticity can give rise to a mixed Th1/Th17 response on the population level, as seen in the response of T-bet-deficient cells to IAV, discussed earlier. In our studies on the regulators of Th1-polarization during IAV infection, we found that virus-specific CD4 T cells lacking T-bet and Eomes gave rise to effectors with strong Th17 imprints without concomitant Th1 functionality [71]. When these T-bet/Eomes double knockout (DKO) cells were used to generate Th17 effectors in vitro and then transferred to unprimed wildtype mice to test their protective capacity during IAV infection, the effectors not only held their Th17 phenotype but the imprint was boosted, resulting in nearly 80% of the cells expressing the Th17 ‘master regulator’ Rorγt. This model thus allows for more definitive conclusions regarding the protective capacity of Th17 responses in the setting of IAV. Indeed, Th17 effectors generated from DKO precursors in vitro, which were unadulterated by Th1 attributes when assessed in vivo, were equally protective to Th1-polarized wildtype effector cells when transferred to naïve mice challenged with a lethal dose of IAV. In agreement with known drivers of Th17 differentiation in vitro, the blockade of IL-6 and TGFβ in mice during IAV infection abrogated the development of effectors derived from DKO CD4 T cells expressing Rorγt and Th17 cytokines [71]. Interestingly, the treatment of mice receiving transferred non-plastic Th17-polarized cells with IL-17 neutralizing antibodies did not impact their ability to protect [37]. Less is known about how other cytokines produced by Th17 cells, including IL-17F, IL-21, and IL-22, affect outcomes of infection, though a generally positive role for the latter two factors during IAV infection has been reported [72,73].



The endogenous antiviral T cell response in DKO mice not expressing a TcR transgene is also Th17 (and Tc17)-polarized, with virtually no Th1/Tc1 signature. Furthermore, we showed that protection against an H3N2 heterosubtypic challenge in DKO mice primed by an H1N1 virus could be mediated by either memory CD4 or CD8 T cells [71], consistent with previous observations of robust heterosubtypic immunity in wildtype mice being mediated by either CD4 or CD8 memory cells [74], and also consistent with a protective impact of Tc17 CD8 T cells against IAV [57]. Interestingly, the same DKO mice rapidly die following LCMV infection due to T cell-dependent Th17-driven inflammation [75]. More research is thus required to understand the mechanisms by which Th17 responses impact positive versus negative outcomes during infection with IAV and viral infection more generally [76,77,78].



Beyond Th17-mediated antiviral impacts, targeting a Th17 component in the IAV-specific CD4 T cell landscape may have other benefits. For example, vaccine priming of Th17 cells might lead to improved memory longevity, as evidence from many studies indicates that Th17-polarized effector cells are better able to survive acute contraction than Th1 effectors [79]. This consideration may be particularly relevant for IAV-specific memory TFH cells [80], which, as will be discussed, are important for optimal long-term humoral immunity.



Another way in which incorporating Th17 responses into IAV vaccine strategies may promote positive outcomes is by ensuring inflammatory flexibility in the lung to avoid bacterial superinfection, the most serious comorbidity of IAV infection [81,82]. Enhanced neutrophil responses are commonly associated with Th17 activation, and neutrophils have been found to mediate protective impacts in some models of IAV infection [83]. Importantly, Th17-associated cytokines and neutrophils are strongly linked to resistance to bacterial superinfection in mice following IAV infection caused by pathogens like Streptococcus pneumoniae [81,84]. Indeed, studies using T-bet-deficient mice found that the mixed Th1/Th17 response following IAV infection correlates with IL-17- and neutrophil-dependent protection from otherwise lethal superinfection with Streptococcus pneumoniae [85]. Further studies are required to determine the extent to which antiviral Th17 cells responding in a wildtype environment can promote superinfection resistance.




6. Cytotoxic CD4 T Cells (ThCTL)


That some CD4 T cells develop cytotoxic function during IAV infection, and that this correlates with protection, was noted in early work analyzing virus-specific CD4 T cell clones [23]. Mouse studies have since found decreased protection afforded by CD4 T cell effectors deficient for perforin [32,45], and preexisting cytotoxic CD4 T cells have been correlated with protection against IAV infection in humans [11]. The benefits of priming an MHC-II restricted ThCTL subset in addition to CD8+ T cells may include broadening the antigenic determinants able to promote the killing of ‘factories’ producing new virions and/or by serving as a backup in cases where CD8+ T cell killing may be compromised. For example, IAV can downregulate the expression of MHC-I on infected epithelial cells and other cell types [86]. Supporting the concept that ThCTL may impact immune responses against IAV largely through the killing of infected cells, ThCTL cells are mostly found in the lung (the site of infection), and the differentiation of this subset appears to occur locally in the lung well after the initial priming in secondary lymphoid organs [87].



The relationship between the programming of cytotoxic potential in CD4 T cells and Th1 imprinting is not entirely clear. Initial studies into this question found that the key Th1-inducing cytokines IFNγ and IL-12 were not required to prime ThCTL in vitro but that IL-2 was a critical factor promoting perforin-dependent cytotoxic function [88]. Earlier work with IAV-primed clones also found IL-2 to promote FasL/Fas-dependent cytotoxicity [89]. The importance of IL-2 in promoting ThCTL is further supported by more recent observations indicating that the transcription factor Alios is a key factor in regulating IL-2 sensitivity, with cells deficient for Alios gaining more hallmarks of cytotoxic function, including the expression of the transcription factor Eomes during IAV infection [90]. Interestingly, while Eomes expression is broadly associated with CD4 T cell killing in diverse settings [91], we found the in vivo cytotoxic activity of T-bet/Eomes double knockout effector cells primed by IAV to be largely intact when compared to wildtype CD4 T cells with the same TcR specificity [71]. These discordant results may reflect that multiple, distinct transcriptional programs are able to support the acquisition of cytotoxic function by CD4 T cell effectors.



Another important signal for ThCTL differentiation appears to be type I IFN. Sun and colleagues found that STAT2-dependent type I IFN signals synergized with STAT5-dependent IL-2 signals to increase the expression of the cytolytic factor granzyme B by CD4 T cells during IAV infection [92]. These studies also found a requirement for the transcription factor Blimp-1 in promoting ThCTL, a finding confirmed by studies by Swain’s group, who also identified NKGA/C/E as a reliable phenotypic marker of IAV-primed ThCTL [93]. More recent work identifies IL-15, driven by type I IFN during IAV infection, as another important signal to optimize ThCTL development in the lung [87]. Like IL-2, IL-15 signals through CD122 and STAT5. As CD4 T cells responding to IAV in the lung make far less IL-2 than effectors in secondary lymphoid organs [35], it is tempting to speculate that local IL-15 serves as a replacement for IL-2 in directing ThCTL development in the lung.




7. Follicular Helper Cells (TFH)


Given the critical importance of long-lived neutralizing antibodies for homotypic immunity against IAV, much investigation has focused on the molecular interactions required for CD4 T cell help for B cells during IAV infection. Specialized programming associated with TFH is required for optimal CD4 T cell-dependent Ab production as shown with experiments comparing the responses of wildtype and SLAM-associated protein (SAP)-deficient CD4 T cells. While SAP-deficient cells formed effector populations characterized by Th1 functional criteria that were similar to wildtype cells, their ability to help B cells was highly compromised, as shown by the slower kinetics and reduced amounts of antiviral IgG production [94]. This is consistent with a requirement for SAP expression by CD4 T cells for optimal humoral responses against T cell-dependent antigens more generally [95]. Further studies have shown that signals found to be required to generate TFH in other settings, namely IL-6 and IL-21, are required for TFH development and optimal antibody responses following IAV infection [96]. In contrast, IL-2 signals seem to restrict TFH differentiation [97]. Evidence suggests that TGFβ, which is activated by the IAV neuraminidase [98], is important in suppressing the expression of the high affinity IL-2 receptor by CD4 T cells activated by IAV, thus helping to promote TFH differentiation [99]. IL-2 signaling thus seems to be an important regulatory switch that promotes ThCTL fate, as discussed above, while restricting TFH fate.



A further body of evidence indicates that, as compared to the acquisition of Th1 or Th17 attributes, which occurs relatively early during IAV infection, TFH differentiation occurs during a late-acting window. TFH seems to develop in the draining lymph node after interacting with migratory dendritic cells that traffic from the lung only at around 6 days after infection [100]. This timeframe is in agreement with more recent work that found that no particular subset of antigen-presenting cells was required to promote TFH differentiation [101], as opposed to studies in other models that have demonstrated an obligate role for migratory CD11b+ dendritic cells in promoting TFH differentiation [102]. Recent findings also indicate that the expression of the transcription factor Tox2 is important for IAV-primed TFH to maintain their programming, even into memory [103]. Perhaps surprisingly, given the correlation of Th2 cytokines with worsened outcomes of IAV infection, IL-4 production by IAV-primed TFH has been shown to be required for optimal germinal center responses [104].



Interestingly, mice deficient in the expression of Bcl6, the hallmark ‘master regulator’ of TFH differentiation, have been shown to generate largely intact IgG responses after IAV vaccination, which can protect against an otherwise lethal homotypic challenge. This antibody response was nevertheless shown to require CD4 T cell-dependent, CXCR3-expressing Th1 cells and their production of IFNγ and IL-21 [105]. While this suggests that multiple modes of CD4 T cell help can promote a protective level of humoral immunity, the detection of IAV-specific TFH strongly correlates with improved antiviral Ab responses in clinical studies [106,107,108], highlighting the value of TFH indication as a target of vaccination.




8. CD4 T Cell Help for Antiviral CD8 T Cell Responses


Several studies have shown that CD4 T cells have a strong impact on aspects of the CD8 T cell response against IAV. While optimal help for B cell responses seems to require a specialized subset of CD4 T cell effectors (TFH), it is not clear that this is the case for CD4 T cell help for CD8 T cells. However, recent studies have shown an important role for IL-21-dependent help for CD8 T cell responses against IAV in the lung by a population of TFH-like resident memory cells [109]. Most data indicate that CD8 T cell responses generated against IAV in the absence of CD4 T cell help are similar during the effector phase but that a reduction in CD8 T cell memory formation is seen. The un-helped CD8 T cells are characterized by several changes versus helped CD8 T cells including alterations in metabolic pathways [110] and transcription factor expression including higher levels of T-bet that correlate with a more terminal fate [111]. Analysis of the mode of CD4 help involved supports that their activation of APC through the delivery of CD40 ligand signals licenses APC to deliver critical pro-memory signals to the CD8 T cells [112]. This general mechanism may also act to promote optimal CD4 T cell responses during IAV infection [113]. However, stimulation through NKG2D on CD8 T cells has been shown to be able to substitute for CD4 T cell help in IAV-infected mice [114], suggesting redundancy in pathways able to promote effective primary and secondary CD8 T cell responses against IAV.




9. Regulatory CD4 T Cells


FoxP3+ regulatory CD4 T cells (Treg) are detected during IAV infection both in the lungs and in secondary lymphoid organs [115,116]. Tregs have been shown to restrict effector T cell responses in the lung during primary IAV infection in some studies [116] and to temper innate inflammatory responses [117,118]. Treg depletion during heterosubtypic infection has been shown to have broader impacts, including increasing lung pathology and decreasing pulmonary function [119]. The more severe outcomes of Treg depletion during heterosubtypic challenge may be due to the more potent suppressive capacity of IAV-primed memory versus primary Tregs more generally [120] coupled with a need for increased regulation to keep potentially more damaging larger secondary effector T cell responses in check. Beyond traditional regulatory function, recent studies have identified novel ways in which Tregs can impact the outcome of IAV infection. These include the optimization of epithelial repair [121] and helping to optimize TFH development by limiting local IL-2 signals, which, as discussed earlier, can interfere with TFH differentiation [122]. Furthermore, FoxP3+ CD4 T cells co-expressing the TFH hallmarks Bcl6 and CXCR5 have been shown to be critical in optimizing IAV-primed antibody responses in germinal centers [123], though the mechanisms involved are not yet clear.



CD4+ FoxP3− IL-10-producing regulatory T cells have also been well-described during IAV infection. In fact, we found that most IL-10 produced in the lungs of IAV-infected mice is derived from FoxP3- CD4 T cell effectors [58], often termed ‘Tr1′ cells, consistent with a more recent study that described an unexpected degree of heterogeneity within the IAV-primed Tr1 cohort [124]. Interestingly, IL-10′s impacts during IAV infection appear to be variable: both improved outcomes [58,125] in the absence of IL-10 and more severe disease [124,126] have been reported. In our studies, the improved outcomes of IAV infection in mice deficient for IL-10 or treated to block IL-10 signaling correlated with the emergence of a much stronger antiviral Th17 response [58], consistent with other reports of IL-10 negatively regulating Th17-associated cytokine expression [127]. It is likely that the positive versus negative impacts of IL-10 on the outcome of IAV infection can be impacted by subtle changes in the constituents of heightened inflammation between experimental models. Beyond a regulatory role during IAV infection, IL-10 production by CD4 T cells may, somewhat paradoxically, be required to support the development of prototypical Th1-like antiviral function by countering the suppressive impact of TGFβ produced early during IAV infection [128]. We found that STAT1 expression by IAV-primed CD4 T cells is critical for their ability to develop the capacity to produce IL-10 [38]. This is consistent with the requirement for the STAT1-dependent cytokine IL-27 to generate IAV-primed Tr1 cells [124]. Expression of the TEC kinase ITK also seems to be important for optimal development of IAV-primed Tr1 cells [129].




10. Outlook for Vaccine-Mediated CD4 T Cell Protection against IAV


The studies discussed above highlight the tremendous potential of CD4 T cells to impact outcomes of IAV infection through multiple independent mechanisms that are mediated by distinct subsets of effector cells. However, several major challenges remain in translating this potential into improved vaccines. First, to harness the multiple modes of action discussed here, a vaccine must be able to reproduce the surprisingly broad heterogeneity within the CD4 T cell effector landscape that is seen during IAV infection. It is likely that ever-increasing heterogeneity within IAV-primed CD4 T cells will be uncovered by more powerful analysis platforms, as shown recently with the advanced interrogation of human CD4 T cells [130]. One approach to achieve this is to formulate vaccines with multiple adjuvants that are each able to promote the polarization of specialized effector cells [131]. But, perhaps the most straightforward route to replicate IAV-induced CD4 T cell effector landscapes is to use attenuated IAV vaccine platforms that encode all of the innate triggers of virulent IAV and that target local responses in the airways [132].



Secondly, an ideal vaccine should aim to replicate the patterns of the location of memory T cells primed by natural infection. As it is increasingly clear that lung TRM cells are critical in T cell-mediated protection against respiratory viruses [133], and CD4 TRM cells in particular have been shown to be highly protective in animal models [134,135], the seeding of this subset is highly desirable. Due to their location at the site of infection, CD4 TRM can be activated and drive protective inflammatory responses in the lung prior to activation of memory T cells in secondary lymphoid organs [136,137]. As supported by animal studies, attenuated IAV vaccines delivered intranasally represent a straightforward approach to target the priming of protective airway-resident memory T cells [134]. However, it is important to note that the performance of licensed live attenuated IAV vaccines based on cold-adapted IAV backbones in humans has been uneven. This is highlighted by the very low efficacy found during the 2013–2015 flu seasons among children, a group in which live attenuated vaccines have generally been found to have high efficacy [138]. Several potential issues have been raised in explaining the relatively low efficacy of live attenuated IAV strains including issues with the parental vaccine strain resulting in decreased infectivity, a high concentration of non-infective viral particles, and issues related to thermal degradation of the vaccine in the field. The optimization of live attenuated vaccines is thus an active field of research [139].



Third, the signals that promote optimal CD4 T cell memory formation are incompletely understood. We have shown that antigen recognition by CD4 T cells responding to IAV during the effector phase is important to induce autocrine IL-2 signaling, which helps promote the improved memory fitness of the effector cells [55,140]. Importantly, this phase of the response occurs several days after initial CD4 T cell priming. Providing more antigen to stimulate antiviral CD4 T cells at this later phase of the response, or more IL-2 signals, to boost memory does not seem to restrict the development of specialized subsets like TFH or THCTL [141]. This suggests that vaccine platforms able to improve antigen persistence in order to boost CD4 T cell memory may still allow for the priming of a heterogeneous effector CD4 T cell landscape. Importantly, we found that increasing antigen stimulation of CD4 T cells during this later effector phase of the response primed by a cold-adapted IAV vaccine strain boosted memory formation, especially in the lung [140]. But increasing the magnitude or duration of vaccine-induced T cell stimulation may also carry risks. For example, IL-2 production by CD4 T cells recognizing viral antigens can contribute to IAV-induced immunopathology [142,143]. Earlier signals that operate during CD4 T cell priming have also been shown to be important in directing memory fates [144], but their impacts during IAV infection are not clearly understood. Delineating the full set of signals regulating the efficiency by which antiviral CD4 T cells can realize memory potential is thus a critical goal to facilitate vaccine approaches to optimize T cell immunity.



Several other considerations are also important. For example, do specific viral proteins or epitopes of proteins mark ideal vaccine targets? Work by Sant and colleagues indicates that HA-specific CD4 T cells mark TFH as able to best promote HA-specific antibody responses versus TFH recognizing other viral proteins [145]. Their studies have also made clear the challenge of overcoming preexisting virus-specific T cells to populate new TcR specificities in the memory CD4 T cell pool [146]. Indeed, complex patterns of preexisting cellular and humoral immunity against IAV between individuals induced by annual seasonal infections and/or vaccinations are likely to impact live attenuated vaccine efficacy. This is primarily due to the need for the vaccine to evade neutralizing antibodies, and perhaps heterosubtypic T cell responses, to induce a level of infection that is sufficient to stimulate robust new immune responses [147]. In support of the negative impact of preexisting immunity on the induction of new memory T cells against IAV, we have shown that preexisting neutralizing antibodies somewhat restrict the priming of antiviral CD4 T cells after IAV infection in mice but severely restrict their memory potential [148]. Similar findings have been made assessing CD8 T cell responses induced by live attenuated vaccination in mice in the face of preexisting immunity [149]. Novel approaches to overcome preexisting immunity may be critical for vaccination to prime durable T cell immunity against IAV.



Finally, the definition of more incisive correlates of protective CD4 T cells is needed. IFNγ production by CD4 T cells responding to IAV is almost universally used as a functional readout of clinical and vaccine studies [150] but is not found to be required universally for their protective impact in animal models or humans. Furthermore, the production of IFNγ is not necessarily a hallmark of all of the specialized subsets found to affect the outcomes of infection, as discussed here. The detection of multicytokine-producing CD4 T cells may be more informative, as effectors able to produce IFNγ together with IL-2 and TNF are correlated with improved protection in some mouse studies [35,151]. However, a full evaluation of the protective capacity of any vaccine-induced CD4 T cell response is likely to require an even broader analysis able to interrogate the diverse functions of the several subsets described here that together comprise the anti-IAV CD4 T cell response.




11. Conclusions


Research over the past few decades has solidified the protective impact of CD4 T cells during IAV infection but it has also revealed unexpected complexities in the antiviral CD4 T cell landscape. Key shorter-term goals for the field include the identification of critical functional components underlying optimal CD4 T cell responses against IAV and signals controlling the development of lung-resident and systemic memory CD4 T cell pools. Advances on these fronts are prerequisite for the development of universal IAV vaccines that leverage diverse populations of CD4 T cells as a key element of long-lived heterosubtypic protection.
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Figure 1. Homotypic versus heterosubtypic immunity against IAV. The left-hand column depicts homotypic re-infection of an IAV-primed individual. In this case, neutralizing antibodies against the HA and NA of the challenge virus (or vaccine) preexist, which can prevent infection upon reencounter with a virus expressing the same HA and NA. The middle column depicts heterosubtypic re-infection, where prexisting antibodies raised by an initial IAV encounter cannot neutralize the newly encountered IAV, but T cells recognizing epitopes of viral proteins that are conserved between the priming and the challenge virus do preexist. In this case, viral infection is not prevented, resulting in infected cells presenting viral peptides on MHC-II. The final column indicates the major interactions through which antiviral CD4 T cells can contribute to heterosubtypic immunity after recognizing the viral antigens presented by MHC-II. 






Figure 1. Homotypic versus heterosubtypic immunity against IAV. The left-hand column depicts homotypic re-infection of an IAV-primed individual. In this case, neutralizing antibodies against the HA and NA of the challenge virus (or vaccine) preexist, which can prevent infection upon reencounter with a virus expressing the same HA and NA. The middle column depicts heterosubtypic re-infection, where prexisting antibodies raised by an initial IAV encounter cannot neutralize the newly encountered IAV, but T cells recognizing epitopes of viral proteins that are conserved between the priming and the challenge virus do preexist. In this case, viral infection is not prevented, resulting in infected cells presenting viral peptides on MHC-II. The final column indicates the major interactions through which antiviral CD4 T cells can contribute to heterosubtypic immunity after recognizing the viral antigens presented by MHC-II.



[image: Cells 13 00639 g001]







[image: Cells 13 00639 g002] 





Figure 2. Many subsets of specialized CD4 T cells contribute to optimal protection against IAV. A schematic of the diverse types of CD4 T cell responses found to impact the outcomes of IAV infection in murine models. Key inflammatory factors induced by IAV infection known to guide the differentiation of subsets are shown in green, along with hallmark transcriptional regulators and secreted products of each subset. Dotted lines between subsets represent some of the possible plasticity reported in the literature between adjacent subsets. 
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