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Anterior chamber-associated immune deviation (ACAID) is a well-known phenomenon that can occur after an antigen is introduced without any danger signal into the anterior chamber of a murine eye. It is reported to lead to an antigen-specific immune deviation throughout the body. Despite the relatively little evidence of this phenomenon in humans, it has been suggested as a potential prophylactic strategy in allograft rejections and in several autoimmune diseases. Cellular and molecular mechanisms of ACAID have been explored in different murine models mainly as proofs of concept, first by direct analyses of immune components in normal immunocompetent settings and by cell transfer experiments. Later, use of knockout (KO) mice has helped considerably to decipher ACAID mechanisms. However, several factors raise questions about the reliability and validity of studies using KO murine models. This mini-review summarizes results obtained with KO mice and discusses their advantages, their potential weaknesses, and their potential methods for further progress.
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INTRODUCTION

For over a century, the eye has been considered as an immune-privileged site, for its local immune characteristics and its systemic modulation of antigen-specific immune responses. Both its local properties, such as the blood–retinal barrier and the secretion of immunosuppressive molecules (e.g., somatostatin, TGF-β), and some peripheral mechanisms, such as anterior chamber-associated immune deviation (ACAID), highlight the eye’s very specific and pro-tolerogenic status (1, 2). As demonstrated in different animal models, an antigen (e.g., ovalbumin) injected into the anterior chamber of the eye is taken up and processed by antigen-presenting cells (APCs) that migrate via the blood to the thymus and the spleen (Figure 1). The source of these APCs is still controversial: they may be recruited as monocytes from the blood after the injection (3) or, alternatively, could be resident APCs. In any case, these F4/80+ CD11b+ ocular APCs migrate to the thymus and induce the generation of NKT cells (NK1.1+ CD4− CD8−), which, in turn, play a role in producing splenic suppressor cells. In the marginal zone (MZ) of the spleen, F4/80+ CD11b+ APCs emigrating from the eye also interact with various types of cells and molecules, helping to generate immunomodulatory cells, such as CD8+ or CD4+ regulatory T cells (Tregs), MZ regulatory B cells, γδ Tregs, iNKT, and NKT regulatory cells, which spread throughout the body and induce antigen-specific immune deviation (4). Among the immunologic hallmarks of ACAID are its inhibition, first, of the initial activation and differentiation of T cells into Th1 effector cells (mainly characterized by secretion of IFNγ, TNFα, and IL-2), and second, of the expression of Th1-mediated immunity, such as delayed-type hypersensitivity (DTH) and skin allograft rejection (5). Moreover, the demonstration that the induction of ACAID also mitigates Th2-mediated immune responses, such as allergic inflammatory lung diseases, leads to the conclusion that this mechanism is not only a cross-regulation of the Th1 immunity produced by a robust Th2 response (mainly characterized by secretion of IL-4, IL-10, and IL-13), but rather a complex immunoregulatory phenomenon that involves multiple organ systems and cell populations (6).
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FIGURE 1 | Overview of the contribution of KO mice to understanding the molecular and cellular interactions in the ACAID mechanism. The ACAID mechanism is an immunomodulatory phenomenon induced following an injection of an antigen into the anterior chamber of an eye. The antigen (depicted here as green particles) is taken up and processed by ocular APCs expressing the F4/80 and CD11b molecules. These APCs migrate via the blood to the thymus and the spleen and contribute to the generation of immunomodulatory cells. The importance of KO models in understanding ACAID is demonstrated by the use of these models in elucidating the roles of molecules highlighted in yellow. AC, anterior chamber; BCR, B-cell receptor; MZ, marginal zone; MHC, major histocompatibility complex; NKT, natural killer T cell; TCR, T-cell receptor; VC, vitreous chamber; KO, knockout; ACAID, anterior chamber-associated immune deviation; APCs, antigen-presenting cells.



The ACAID mechanism exists in many mammalian species, including mice, rats, rabbits, and nonhuman primates (7–9). Although a direct and in-depth investigation of its presence in humans is difficult, the low rate of corneal allograft rejection and the sparse use of immune suppressors for these grafts compared with systemic transplants offer indirect proof of the pro-tolerogenic environment of the eye. Moreover, a Japanese study provided evidence of an ACAID-like mechanism in humans by testing DTH in both healthy controls and patients infected with ocular varicella-zoster virus (VZV). They showed that the controls displayed positive DTH in response to intradermal VZV, but that these responses were absent in 60% of the patients with ocular VZV. This finding thus revealed an immune deviation of the immune response toward VZV (10). Due to the difficulty of exploring ACAID mechanisms in humans, murine models have been widely used to study this immune process. The methodological approaches used have included splenectomy, thymectomy, monoclonal antibody (mAb) injections, cell transfers, and knockout (KO) mice; each of them has contributed to understanding ACAID and has confirmed or excluded the role of specific molecules and cell types. Splenectomy and thymectomy revealed the key role of these organs in the development of ACAID (11, 12). These approaches cannot, however, identify the cellular and molecular components involved in detail. Although mAbs display a limited half-life in vivo and induce only partial depletion due to the inaccessibility of targets in tissue or transient removal of the target from the cell surface (13), they have been informative in highlighting ACAID mechanisms (14). Another solution, albeit radical, for determining a molecule’s involvement in a physiological mechanism is definitively ensuring its absence: when certain molecules cannot be expressed in an animal, such as KO mice, specific cell types may not develop (15, 16). The difficulty in generating KO mice has long been an impediment in the use of this methodological approach, but this is no longer the case today, and many service companies offer KO mice relatively, rapidly, and inexpensively.

In this review, we examine the role that conventional (non-conditional) KO mice have played in deciphering and understanding the molecular and cellular interactions triggered in ACAID. We then discuss some important limitations of the KO mouse models used so far, as well as new alternatives to them.

USE OF KO MICE TO DECIPHER ACAID MECHANISMS

Knockout mice are generated by the replacement of an essential coding region in a genetic locus by a drug resistance marker (16), which prevents the expression of a molecule of interest; this in turn can lead to the absence of certain cell types. Table 1 summarizes the studies exploring ACAID mechanisms with KO mice according to whether or not the model of molecular deficiency is associated with a cellular deficiency.

TABLE 1 | Molecular and/or cellular deficiencies associated with KO mice and impact on ACAID induction.
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The use of mice that abolishes cellular compartment has helped researchers to understand both the innate and adaptive immunity involved in several steps of ACAID. Specifically, a deficiency in cells of either the adaptive system (i.e., B or T cells, especially CD4+ or γδ T cells) or the innate system (e.g., NKT cells) systematically impairs ACAID. T cells are of major interest in ACAID. In the late 1990s, D’Orazio and Niederkorn showed that ACAID induction was impaired in nude mice, as expected. Later on, experiments with more specific KO mice demonstrated that CD4+ T cells, γδ T cells, and NKT cells are all required to induce ACAID. No studies, however, appear to have taken place with CD8+ KO mice, even though these cells are essential for ACAID (29, 37). Skelsey and colleagues showed in 2003 that CD4+ T cells are required for the non-contact-dependent generation of CD8+ Tregs with CD4+ KO mice. Skelsey et al. used γδ T cell KO mice to show in 2001 that γδ T cells are required for the generation of regulatory cells in ACAID. In 2002, Xu et al. confirmed these results and reported that they are also essential for the inhibition of cytotoxic immune responses. More recently, in 2006, Ashour et al. showed that the tolerogenic characteristics of these γδ T cells are due to their secretion of IL-10, which induces the generation of Tregs.

Several studies have focused on the role of NKT cells in ACAID. In 2001, Sonoda et al. showed that IL-10 secreted by NKT cells during ACAID is necessary for the induction of specific Tregs. The following year, they reported that the CD1d molecule, which must interact with NKT cells to induce tolerance, is expressed by APCs from the eye and B cells from the MZ of the spleen. In 2003, Nakamura et al. showed that NKT cells involved in ACAID express the CD4 marker and are required for the generation of regulatory CD8+ T cells. Two years later, the same group reported that ACAID induction does not require that NKT cells secrete IL-4 and IL-13. Finally, in 2007, Sonoda et al. demonstrated that NKT cells secrete urokinase-type plasminogen activator (uPA), which is required for ACAID induction.

B cells also play a crucial role in ACAID, especially in the splenic phase. In 1998, D’Orazio and Niederkorn reported that ACAID could not be induced in B-cell deficient mice, but that the reconstitution of this compartment with wild-type B cells restored ACAID. Interestingly, ACAID APCs co-cultured with splenocytes from B-cell KO mice did not induce efferent suppressors of DTH. Further clarification of the role of B cells from the MZ came in 2002 from Sonoda et al. who identified these cells as presenters of the CD1d molecule to NKT cells. Finally, Ashour and Niederkorn reported in 2006 that B cells must simultaneously express major histocompatibility complex (MHC) class I and II molecules to generate Treg cells during ACAID. Thus, B cells, especially those from the MZ, appear essential for ACAID induction. Overall, these findings about the cellular mechanisms of ACAID using KO mice reveal a very complex and intricate process in which all cell partners seem to play crucial and non-redundant roles.

Several other models of KO mice produce molecular deficiencies without a cellular deficiency (Table 1); these can affect cell communication, T-cell polarization, inflammation, immune regulation, and cell migration. The molecules involved in direct cell–cell contact demonstrated to be essential to the ACAID mechanism are CD1 and F4/80. The CD1 allelic variants are non-polymorphic MHC class I-like proteins that present lipids and bacterial metabolites to T cells (38). Expression of the F4/80 molecule (also known as EMR1/EGF-like module-containing mucin-like hormone receptor-like 1, Ly71, Gpf480, TM7LN3, DD7A5-7, or EGF-TM7) on APCs is involved in the generation of efferent CD8+ T regulatory cells, as Lin et al. reported in 2005. Although it is not yet clear why this adhesion G protein-coupled receptor is essential for the function of APCs involved in ACAID, the F4/80 marker has already been used to identify tolerogenic APCs able to suppress autoimmune diseases, such as experimental autoimmune uveitis by induction of CD8+ Treg cells (39, 40).

Another category of molecules involved in cell communication that have been demonstrated to be essential to the ACAID mechanism comprises the secreted molecules and their receptors, including CXCR2, DR5, TNF-related apoptosis-inducing ligands (TRAIL), IFNγ, IFNγR, IL-4, IL-13, IL-6, IL-10, TGFβRII, TNFRI, TNFRII, uPA, uPAR, plasminogen, substance P, and neurokinin A (Table 1). The chemokine receptor CXCR2 and its ligands are mainly described as regulating neutrophil recruitment and neural repair mechanisms (41). Besides its involvement in neuroinflammatory brain pathologies, however, CXCR2 is crucial to the ACAID mechanism, since NKT cells are recruited by MIP-2, a ligand of CXCR2 (32). A lack of CXCR2 thus prevents the accumulation of NKT cells in the spleen and the subsequent generation of Tregs. The TRAIL, expressed by CD8+ Treg cells, and their receptor DR5 (Death receptor 5 or TRAIL receptor 2) also play an essential role in the peripheral suppression of cell-mediated immunity after antigen injection into the anterior chamber of the eye (33), through TRAIL T-cell homeostasis and differentiation: the so-called “helpless” CD8+ T cells, primed in the absence of CD4+ T-cell help, are unable to undergo a second round of clonal expansion upon restimulation with their cognate antigen because they are eliminated by activation-dependent killing via TRAIL. Moreover, Th1 cells can be killed by TRAIL, whereas Th2 cells are resistant to TRAIL-induced apoptosis (42). Since ACAID is mainly tested by Th1 responses (such as DTH), ACAID cannot be induced in TRAIL KO or DR5 KO mice. We might wonder how ACAID could be impaired in IFNγ or IFNγR deficient mice, since IFNγ is known to be down-regulated (29). As Falschlehner et al. (42) showed, however, IFNγ induces the expression of TRAIL on the surface of monocytes, dendritic cells (DCs), and natural killer (NK) cells. It is thus important to distinguish the positive local (i.e., ocular) involvement of IFNγ in ACAID from its systemic pro-inflammatory effect, which ACAID inhibits.

TNFα, another Th1 cytokine, also contributes to the generation of ACAID (43), by upregulating the Fas receptor and promoting Fas-induced apoptosis and the subsequent induction of ACAID. Although expression of TNFRII on corneal cells confers protection against immune rejection of corneal allografts, this mechanism is independent of ACAID (36). IL-4 and IL-13 KO mice have helped to demonstrate that these Th2-related molecules are not indispensable, since ACAID is inducible in their absence (15, 24, 26–28). It is nonetheless important to keep in mind that these studies have been conducted predominantly in C57Bl/6 mice, which have a pro-Th1 background. In contrast to IL-6, which is not essential for ACAID induction, IL-10 has been demonstrated to be indispensable (15, 24, 26–28). IL-10 can be produced by Th2 lymphocytes. This finding is nonetheless consistent with the previous demonstration that IL-4 and IL-13 are not necessary for ACAID induction, since IL-10 is an important soluble regulator produced by many different suppressive cells and should not be considered here as a Th2-associated molecule. IL-10 appears to play a central role in ACAID. Indeed, it is a master regulator of effector cells and helps to maintain APCs in a tolerogenic state, by directing the immune response away from a Th1 pathway and suppressing DTH (44). Interestingly, TGFβ predisposes ocular APCs to secrete IL-10 during antigen processing. This is consistent with the finding that TGFβ, a powerful inhibitory molecule (in the absence of IL-6), also seems to be required for ACAID, as demonstrated by the use of CD4-dnTGFβRII dominant-negative mice (35).

The plasminogen activation system, including plasminogen, uPA, and the urokinase receptor (also known as uPAR or CD87), is another important contributor to the ACAID mechanism, as Sonoda et al. demonstrated in 2007. It is not yet clear exactly how these molecules contribute to ACAID, but besides the production by cells from the retinal pigment epithelium (RPE) of plasminogen activators and expression of receptors for urokinase, which may allow local proteolysis and migration, the plasminogen activation system is involved in various other non-proteolytic processes, including cell migration, cell cycle regulation, and cell adhesion (45). Interestingly, RPE cells from TSP-1 null mice cannot either convert latent TGFβ into its active immune inhibitory form or inhibit T-cell activation (30). In contrast, the ability of mice KO for substance P and neurokinin to induce ACAID demonstrates that these molecules are not required for ACAID. More precisely, the secretion of these molecules is induced in the context of a retinal laser burn which in turn impairs ACAID (28).

The intracellular signaling Cbl-b molecule comprises the final category of molecules demonstrated to be essential to the mechanism of ACAID. Cbl-b is known to be a negative regulator of T-cell activation, controlling the extent of this activation during antigen presentation (46). Cone et al. demonstrated in 2009 that DTH reactions are not inhibited (that is, ACAID is not induced) in Cbl-b deficient mice; this is thought to be due to an abnormality in Cbl-b−/− T cells in the phosphorylation of Smad2.

RELIABILITY AND VALIDITY OF STUDIES USING KO MURINE MODELS

The studies of ACAID with KO mice have predominantly used mice with a C57Bl/6 (H-2b) background. This mouse background is well-known for its pro-Th1 profile, and is often contrasted with BALB/c mice, which are considered to be pro-Th2 (47). Interestingly, BALB/c is the predominant animal model in the general experimental field of ACAID, but very few KO mice exist in this background, and they have not been used to test KO effects on ACAID. Moreover, bovine serum albumin (BSA) and ovalbumin (OVA) are frequently used as antigen models in experiments with ACAID, and BSA has not yet been used in KO mouse models. These points might bias the analysis of the results obtained with these KO mouse models that have been used. Finally, the most common outcome measure or endpoint used to assess ACAID models is footpad or ear measurement of the swelling caused by DTH. This variable provides evidence of the recruitment of inflammatory cells, especially macrophages, but gives no direct clue about either the involvement of regulatory cells or the Th1/Th2 profiles.

Despite the advantages of their ability to target several molecules and cell types and their easy availability, the physiological relevance of conventional KO mice can be contested, since the existence of compensatory mechanisms or potential physiological impacts of molecular and cellular deficiencies cannot be totally excluded. The KO murine models used to decipher ACAID mechanisms have been exclusively conventional. It would be interesting to explore the same questions with conditional KO mice to rule out the possibility of non-physiological conditions, with an effect that is not already present at birth and may be temporary. Although it has not yet been used for deciphering ACAID mechanisms, knock-in or KO mouse technology expressing the diphtheria toxin receptor (DTR) under the control of a cell-specific promoter (48) could be useful for conditional depletion of specific target cells in vivo. This kind of DTR mouse, however, presents problems related to the persistence of a non-negligible proportion of target cells (and their consequent weak expression of the receptor), as well as the inability of this strategy to target soluble molecules and the potential toxicity of in vivo use of diphtheria toxin.

Another alternative is the use of Cre/Lox system in conjunction with the selective and inducible expression of Cre-recombinase, by using a TetOn/TetOff system with doxycycline (49). This technology makes it possible to abrogate the expression of a given molecule in a specific cell type, at a precise time point. An interesting question to address with this technology is the central role of IL-10. More precisely, inhibiting IL-10 expression specifically in NKT or γδT cells (e.g., floxed IL-10 and cre expression under Jα281 or TCRd promoters, respectively) before, during, and after the induction of ACAID might pinpoint the cellular source of this crucial cytokine and provide precisions on the timing of its action. This approach may shed light on the potential non-redundant role of IL-10 producing NKT or γδT cells in ACAID induction. Furthermore, the sympathetic nervous system has been described as a major player in ACAID induction (50), but deeper studies could be performed to refine its precise role. The two major molecules involved in this pathway are acetylcholine and norepinephrine (51). To avoid possible lethal issues due to the KO of acetylcholine or norepinephrine in the whole organism, we suggest to KO their receptors specifically in lymphoid cells such as CD3+ cells, which actually express these receptors (52). This would help to refine the interactions between the immune system and the sympathetic nervous system in ACAID induction, especially highlighting the T-cell direct dependence to acetylcholine and norepinephrine in the production of splenic suppressor cells involved in ACAID.

Recent discovery of the clustered regularly interspaced short palindromic repeats (CRISPR/Cas9) system, a new powerful tool for genome editing, has opened up a wide range of applications, related in particular to site-specific knock-in and conditional KO (53). Despite some limitations due to the presence of potential off-target genomic sites, this approach should be used in the future to further decipher the mechanisms of ACAID in mice, but also in humans. For example, strategies to inhibit the immune tolerance of the eye in order to induce an antitumor immune response in ocular lymphomas could be designed by KO molecules such as EMR2 (F4/80 human counterpart) (54). Another conceivable track is that knocking out some genes, such as TAC1 encoding for substance P (28), might induce tolerance and thereby limit or control ocular inflammation.

CONCLUSION

Animal models of ACAID have served as tools to identify key factors involved in the immune privilege of the eye. KO mice have helped considerably in decoding this mechanism, aiding in identifying essential cells and molecules. Despite the debatable physiological relevance of KO mice, techniques including cell staining and adoptive cell transfer experiments in physiological models have corroborated these findings. These KO mice have thus been fruitfully used to study ACAID and have set the essential foundations for the development of future immunomodulatory therapies.
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