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This Research Topic is a call for papers to provide an up to date assessment of current attempts to introduce tolerogenic therapies into clinical practice. Tolerance has been a highly sought after goal in the field of organ transplantation for over half a century, and is now readily achievable in rodent models, but considerable barriers remain to successfully translating tolerogenic treatments to the clinic. 

The initial call for this Research Topic has been aimed to provide an overview of recent advances made within the European RISET and American ITN networks with regard to tolerogenic strategies in clinical transplantation, autoimmune disease, and allergy. Articles will also cover the barriers to clinical tolerance induction and new emerging approaches to overcome such barriers. 
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Being able to induce therapeutic tolerance for the treatment of immunological diseases was once considered by many to be an unattainable dream, but recent developments in our understanding of immune regulation and tolerance-compatible immunosuppressive drugs may be turning that dream into reality. Tolerance induction in many rodent models of autoimmune disease and graft rejection is now almost trivial, and the problem has become not how to achieve tolerance experimentally but how to translate this knowledge to real clinical applications in human disease. This volume brings together 17 articles that highlight some of the different approaches being investigated for translating potentially tolerogenic therapies to the clinic and the barriers that still need to be overcome.

The first two articles review the current status of clinical trials that result from large networks of basic laboratories and clinical consortia coordinated by the International Tolerance Network (Page et al., 2012) and the European Framework Program (Issa and Wood, 2012). These networks encompass an enormous range of trials including the minimization of immunosuppressive drugs in organ transplantation, the induction of mixed hematopoietic chimerism without myeloablation, and the use of a variety of antibody and cell therapies that attempt to elicit immune regulation in autoimmune disease, and they vary in scope from small pilot studies to large scale phase III clinical trials. In addition, patients who do achieve long term graft survival or remissions are being analyzed in order to try and determine potential signatures or biomarkers to indicate whether and when, during the course of therapy, immunological tolerance has been established.

The next three articles focus on attempts to exploit immune mechanisms, either by generating regulatory T cells (Treg) in vitro for subsequent direct administration to patients, or by utilizing the inherent ability of appropriately differentiated dendritic cells to present antigens for the induction of tolerance and Treg in vivo. Sagoo et al. (2012) discuss the issue of the antigen specificity of Treg required for achieving full tolerance to alloantigens, particularly with respect to the issue of direct and indirect antigen presentation. The following two reviews focus on different aspects of tolerogenic antigen presenting cell-based therapies for the induction of immune regulation within the patient. Lutz (2012) focuses on the differentiation status of the dendritic cell required to present antigen for tolerance, Moreau et al. (2012) make a case for the use of autologous, donor antigen pulsed “TolDC.” Together, they highlight the promise of “cell therapy” in transplantation and autoimmunity.

The following six articles consider various novel approaches to tolerance induction. Becker et al. (2012) argue that as we gain a better understanding of the mechanisms by which Treg are induced we should reconsider the clinical use of monoclonal antibodies that target CD4, as these are proving to be particularly effective in a whole range of rodent models of transplantation and autoimmunity. Hamad et al. (2012) suggest that the side effects that so far have limited translation of CD3 or CD20 antibody treatments in Type 1 Diabetes to the clinic (i.e., cytokine release, immunosuppression and EBV proliferation) could be avoided by targeting the FasL molecule, based on the resistance of mice that carry mutations in the Fas pathway of apoptosis to this autoimmune disease. In a different vein, Hirayama et al. (2012) discuss how the naturally acquired tolerance to non-inherited maternal antigens (NIMA) due to reciprocal microchimerism between the mother and fetus during pregnancy may be exploited to limit the risk of graft versus host disease in the choice of donors for bone marrow transplantation. Staying in the arena of hematopoietic transplantation, Carvalho et al. (2012) tackle the question of fungal infections and how tolerogenic process may be required to limit the pathology caused by such infections in transplant recipients and how the interplay of anti-fungal and anti-allo responses may impact on the balance of effector cells and Treg generated. Andreev et al. (2012) similarly discuss this effector/regulatory balance in the lung in the context of asthma when compared to cancer. A paper by Mannie et al. (2012) describes how covalently coupling myelin derived peptide antigens to specific cytokines can target the antigen, presumably via the cytokine receptors, for presentation in a tolerogenic context in rodent models as a potential treatment for inflammatory demyelinating diseases such as multiple sclerosis.

The final six articles discuss in more detail some of the barriers that remain to clinical translation of tolerogenic therapies to the clinic. Pasquet et al. (2011) question the long held assumption derived from classical neonatal tolerance that achieving hematopoietic chimerism is sufficient for full tolerance and provide evidence that Treg activity is also required. Costimulation blockade has long been recognized as a means to induce tolerance and Treg with negative or coinhibitory signaling thought to be important for the maintenance of anergy and Treg activity. McGrath and Najafian (2012) highlight the increasing complexity and redundancy of these multiple pathways and how this provides both challenges and potential opportunities in attempts to target them therapeutically. A particular barrier to the translation of traditional costimulation blockade is the presence of memory T cells, as discussed in the article by Krummey and Ford (2012). Tolerance in rodent models is often induced in mice where naïve T cells predominate, having been maintained in a low pathogen environment while treatments for autoimmune disease are often tested at, or just after, disease induction. Real transplant and autoimmune patients, however, often have high frequencies of memory T cells generated either by heterologous immunity to previous pathogens or due to extended periods of autoreactive inflammatory disease. While memory T cells are often not dependent on CD154/CD40 costimulation, the authors suggest that the addition of LFA-1 or VLA-4 blockade may be a way to overcome this barrier. The final three papers discuss further, often ignored, potential difficulties for realizing tolerogenic therapies: the activation of the innate immune system, in particular NK cells (Benichou et al., 2012), the impact of lymphoid trafficking of regulatory and effector T cells to and from tissues (Burrell et al., 2011), and the interaction of the immune system with the tissue microenvironment, especially the vasculature (Bruneau et al., 2012).

In summary, we have made considerable progress toward translating potentially tolerogenic therapies from rodent models into the clinic, to the point where we now have a much clearer understanding of the barriers that remain and how we may yet overcome them.
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Since the concept of immunologic tolerance was discovered in the 1940s, the pursuit of tolerance induction in human transplantation has led to a rapid development of pharmacologic and biologic agents. Short-term graft survival remains an all-time high, but successful withdrawal of immunosuppression to achieve operational tolerance rarely occurs outside of liver transplantation. Collaborative efforts through the NIH sponsored Immune Tolerance Network and the European Commission sponsored Reprogramming the Immune System for Establishment of Tolerance consortia have afforded researchers opportunity to evaluate the safety and efficacy of tolerogenic strategies, investigate mechanisms of tolerance, and identify molecular and genetic markers that distinguish the tolerance phenotype. In this article, we review traditional and novel approaches to inducing tolerance for organ transplantation, with an emphasis on their translation into clinical trials.

Keywords: B cell therapeutics, cellular therapies, costimulation blockade, mixed chimerism, regulatory T cells, T cell depletion, tolerance, transplantation

INTRODUCTION

Immunologic tolerance was first introduced in 1945 when Ray Owen observed that placental interchange resulted in red cell chimerism between dizygotic bovine twins (Owen, 1945). In the ensuing decade, Peter Medawar, McFarlane Burnet, and colleagues elaborated upon this phenomenon of acquired immunologic tolerance with experimental models of transplantation, which awarded them the Nobel Prize in Physiology or Medicine in 1960. Most of the work at the time involved non-self antigen exposure in immunologically immature hosts, until 1959 when Schwartz and Dameshek demonstrated a marked delay in the adult rabbit immune response to iodine-labeled injections of human serum albumin when treated with 6-mercaptopurine (Schwartz and Dameshek, 1959). Their descriptions of the inhibition of immune pathways in this “drug-induced immunological tolerance” notably foreshadowed the era of pharmacologic development for tolerance induction.

The next 50 years heralded a boom in drug development and subsequent improvements in graft survival. In contrast to 1-year graft survival in 1977 of 53 and 78% for deceased and living-related donors, respectively (Eggers, 1988), modern immunosuppression has enabled transplant recipients to enjoy very favorable graft survival. One-year rates having asymptotically approached 93–96%; therefore, short-term graft survival alone can no longer be held as the metric of success for new immunosuppressants. Instead, as 10-year graft survival rates still trail at 47–61%, new agents must address factors leading to chronic rejection as well as the comorbidities associated with chronic immunosuppression. The decisive measure of success is for a therapy to demonstrate allospecific immunosuppression while minimizing side effects and preserving immune competence to infectious pathogens and cancer during drug administration, and permanent graft survival after its withdrawal.

While transplant tolerance has been largely elusive in human organ transplantation, it has been an achievable feat in animal – particularly murine – models. Non-human primate studies have identified successful preclinical tolerogenic approaches, from T cell depletion and mixed chimerism to costimulation blockade and cellular therapies (Hamawy and Knechtle, 1998; Kawai et al., 2011). Our experience with FN18-CRM9 CD3 immunotoxin in rhesus macaques showed that T cell depletion led to graft survival over 600 days, with five of six long-term survivors demonstrating donor-specific tolerance by skin grafting (Knechtle et al., 1997; Torrealba et al., 2003). Kawai et al. (1995) reported tolerance induction in four cynomolgus macaques that developed multilineage mixed chimerism. Costimulation (CD154) blockade enhanced mixed chimerism and tolerance induction when added to their chimerism-inducing non-myeloablative regimen (Kawai et al., 2004). In the above studies, however, a considerable number of animals developed chronic rejection, sometimes even years before their grafts were terminally rejected. This underscores the metastable nature of tolerance, at least in non-human primates, which is likely mediated by donor-specific regulatory T cells expressing TGFβ (Knechtle and Burlingham, 2004; Torrealba et al., 2004; Ashton-Chess et al., 2007).

Tolerance is infrequently achieved outside of liver transplantation in humans and is often encountered serendipitously due to non-compliance or physician-driven immunosuppression withdrawal for severe adverse effects or malignancy. In clinical practice, operational tolerance is defined as “a well-functioning graft lacking histological signs of rejection, in the absence of any immunosuppressive drugs (for at least 1 year), in an immunocompetent host” (Ashton-Chess et al., 2007; Orlando et al., 2010). Orlando et al. (2009) provided a comprehensive review of all successful and unsuccessful cases of clinical operational tolerance after liver or kidney transplantation. One hundred of 461 liver recipients (22%) remained immunosuppression free 1 year after withdrawal; a total of 163 cases of successful withdrawal were reported (Orlando et al., 2009). In kidney transplantation, over 200 claimed cases of operational tolerance of over 1 year were reviewed (Orlando et al., 2010). With approximately 28,000 patients undergoing organ transplantation each year, clinicians face a daunting statistic stacked against them.

In pursuit of tolerance, a concerted international effort was made to translate promising basic science findings into clinical practice in transplantation. The US National Institute of Allergy and Infectious Diseases (NIAID) recruited partnerships through tolerance experts in academia, industry, and foundations, and established the US National Institutes of Health sponsored Immune Tolerance Network (ITN) in 1999 (Bluestone et al., 2010). Similarly, the European Commission funded the multinational consortium Reprogramming the Immune System for Establishment of Tolerance (RISET) in 2003. These consortia afforded researchers to evaluate the safety and efficacy of tolerogenic strategies, investigate mechanisms of tolerance, and identify molecular and genetic markers that distinguish the tolerance phenotype. Here, we review traditional and novel approaches to inducing tolerance for organ transplantation (Figure 1; Table 1). We will discuss within each topic the pre-clinical studies that have or may lead to clinical trials, to focus this topic on the translation of these therapies.
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Figure 1. Approaches to transplant tolerance induction. (Top left) Mixed chimerism is achieved by infusing donor bone marrow into myelo-conditioned recipients, to establish co-existence of donor and recipient cells in the setting of organ transplantation. The dotted arrows indicate cell types originating from the bone marrow, unrelated to mixed chimerism. (Top right) Allospecific T cell responses can be abrogated through a number of mechanisms, including irradiation, pharmacologic lymphodepletion by ATG or alemtuzumab, suppression of activation by costimulation blockade or IL-2 receptor blockade. (Bottom right) Tolerogenic cell types, including regulatory T cells, macrophages, and mesenchymal stromal cells, can inhibit effector T cells through direct ligation or inhibitory cytokine production. (Bottom left) The humoral response can be suppressed through B cell depletion, and blockade of survival factors (BAFF), plasma cells, and complement.



Table 1. Strategies for tolerance induction. This table outlines the pharmacologic, biologic, and cellular therapies discussed in this article, categorized by T cell agents, B cell agents, and cellular therapies (including mixed chimerism).
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MOLECULE-BASED APPROACHES

T CELL THERAPIES – DEPLETION

Early attempts at transplantation in humans were fraught with early graft failure due to a robust alloimmune response mediated by activated T cells. We have since learned that the suppression of these alloreactive T cells permits long-term graft survival and, at times, operational tolerance (Starzl et al., 1963; Meier-Kriesche et al., 2004; Womer and Kaplan, 2009). In the 1980s, Strober et al. (1989) observed that some renal transplant patients undergoing total lymphoid irradiation acquired tolerance to their allografts after withdrawal of immunosuppression and demonstrated donor-specific unresponsiveness in vitro. Over 30 years later, the concept of eliminating alloreactive T cells upon induction continues to prevail, as T cell depletion remains the most common induction therapy in the U.S (HHS/HRSA/HSB/DOT, 2009). While steroids, calcineurin inhibitors, rapamycin, and mycophenolate mofetil comprise essential components of most immunosuppressive regimens, we will focus our discussion on induction strategies.

Anti-thymocyte globulin (ATG), the oldest depleting agent dating back to the late 1890s, has been a mainstay in induction therapy since the 1960s (Gaber et al., 2010). Due to its potency and markedly heterogeneous target antigen specificities, ATG is particularly useful in high-risk recipients as well as in preventing ischemia-reperfusion injury (Cecka et al., 1993; Shield et al., 1997; Michallet et al., 2003; Bunnapradist and Takemoto, 2005; Chappell et al., 2006; Beiras-Fernandez et al., 2009). ATG has been found to promote regulatory T cells in vitro and in murine studies (Lopez et al., 2006; Shimony et al., 2012). The NIAID and ITN are currently conducting a phase II clinical trial using rabbit ATG and rituximab (plus tacrolimus and sirolimus) for tolerance induction in living-donor renal recipients (Markmann, 2011).

Alemtuzumab (Campath-1H, Genzyme), a humanized mAb to CD52 found densely distributed on T and B lymphocytes and natural killer cells (Magliocca and Knechtle, 2006), has been an increasingly popular therapeutic, with three ITN-sponsored trials and over 40 clinical trials registered for liver and kidney transplantation. Ten years ago, we conducted a pilot study of 29 kidney transplant recipients receiving Campath-1H induction and a steroid and calcineurin inhibitor-free maintenance regimen, confirming its efficacy as an induction agent (Knechtle et al., 2003, 2009). When compared to other induction regimens, patients treated with Campath-1H experienced less rejection, especially in patients with delayed graft function, without increased risk of infection or malignancy (Knechtle et al., 2004). Hanaway et al. (2011) in a multicenter, randomized, prospective trial, found that kidney recipients treated with alemtuzumab had significantly reduced early acute rejection rates compared to induction with basiliximab in low-risk and rATG in high-risk patients. As alemtuzumab has been associated with rapid homeostatic proliferation of memory T cells after depletion, increased B cell activating factor (BAFF), and higher rates of alloantibody production and humoral rejection (Knechtle et al., 2003; Pearl et al., 2005; Trzonkowski et al., 2008; Bloom et al., 2009; Thompson et al., 2010), strategic pairing with other immunosuppressive agents may overcome these hurdles. Clinical studies evaluating alemtuzumab in combination therapy with costimulation blockade, regulatory T cell infusion, and donor stem cell transfusion are some of the novel approaches to tolerance induction currently in study.

T CELL THERAPIES – COSTIMULATION BLOCKADE

Alloreactive T cell activation requires antigen-specific engagement of the T cell receptor with major histocompatibility complex molecules (signal 1), followed by antigen non-specific ligation of a variety of receptor–ligand combinations, or costimulation (signal 2; Jenkins and Schwartz, 1987). Blockade of costimulation effectively prevents T cell activation and allograft rejection (Kirk et al., 1997; Li et al., 1999). While costimulation blockade renders the T cell anergic (Schwartz, 1990), these anergic T cells may express inducible costimulator (ICOS) and play a regulatory role (Vermeiren et al., 2004). In addition, costimulation blockade does not require radical ablation of the immune system by lymphocyte depletion or irradiation, thus shifting the emphasis from induction to maintenance immunosuppression (Larsen et al., 2006).

Costimulatory signals of the CD28:B7 (CD80/86) immunoglobulin superfamily and CD40:CD154 (CD40L) tumor necrosis factor (TNF) family are the most studied and potentially most important activating costimulation pathways. Cytotoxic lympocyte antigen-4 (CTLA-4) shares about 30% homology with CD28, and binds with 10–20-fold higher affinity than CD28 to B7 molecules on the antigen presenting cell (APC). Not only does this potently inhibit the T cell, but also its ligation with APC B7 molecules induces indoleamine 2,3-dioxygenase expression, promoting the suppressive functions in CTLA4+ regulatory CD4+ cells (Munn et al., 2004). Abatacept (Orencia, Bristol-Myers Squibb) and belatacept (Nulojix, Bristol-Myers Squibb), fusion proteins composed of CTLA-4 and immoglobulin IgG1, have utilized this mechanism to confer potent inhibition of alloreactive T cell responses. Belatacept was developed to increase affinity for CD86; with an increase in affinity by fourfold for CD86 and by twofold for CD80, Belatacept more effectively inhibited T cell activation in vitro compared to its predecessor CTLA-4Ig (Larsen et al., 2005). Preclinical studies using CD28:B7 blockade were able to demonstrate prolonged graft survival in non-human primate models of islet transplantation (Adams et al., 2002).

In a randomized, phase III human clinical trial called Belatacept Evaluation of Nephroprotection and Efficacy as First-line Immunosuppression Trial (BENEFIT), recipients of living or standard criteria deceased donors underwent basiliximab induction with mycophenolate mofetil and a steroid taper. Belatacept maintenance, compared to cyclosporine, resulted in superior renal function, cardiovascular and metabolic profiles in the first 2 years (Larsen et al., 2010; Vanrenterghem et al., 2011; Pestana et al., 2012); extension of the trial to recipients of extended criteria donors found similar protective effects on graft function as measured by mean calculated glomerular filtration rate (Pestana et al., 2012). All studies, however, documented increased risk of posttransplant lymphoproliferative disorder in the belatacept-treated arm, compared to the cyclosporine-treated arm.

Activated T cells rapidly upregulate CD154 (CD40L) expression and can bind to CD40, which is constitutively expressed on B cells, dendritic cells (ss), and macrophages (van Kooten and Banchereau, 1997a,b). Blockade of this pathway significantly prolongs allograft survival in non-human primate kidney, heart, skin, peripheral nerve, alloislet, and xenoislet transplantation (Kirk et al., 1997, 1999; Pearson et al., 2002; Xu et al., 2002, 2003; Brenner et al., 2004; Kawai et al., 2004; Adams et al., 2005; Azimzadeh et al., 2006; Hering et al., 2006; Pearl et al., 2007; Aoyagi et al., 2009; Thompson et al., 2011; Badell et al., 2012). Newer antibodies targeting this pathway have avoided platelet activation-induced thromboembolic complications observed with older anti-CD154 mAbs (Koyama et al., 2004). Newer CD40/CD40L blocking agents have yet to be translated to clinical trials.

The lymphocyte function-associated antigen (LFA-1): intracellular adhesion molecule (ICAM) costimulation pathway has also been studied through therapeutic blockade in transplantation. Badell et al. (2010) reported that short-term treatment with LFA-1 prolonged islet allograft in rhesus macaques, and suggested its utility in treating CD28-costimulation blockade-resistant T cell populations. Turgeon et al. (2010) observed that efalizumab (Raptiva, Genentech/Merck Serono) treated patients experienced fewer immunosuppression-related events compared to the standard Edmonton protocol, and also required no additional islet infusions to achieve insulin independence. Efalizumab was withdrawn from the market in 2009 due to a reported increased risk of progressive multifocal leukoencephalopathy (Carson et al., 2009).

OTHER T CELL THERAPIES

While numerous other surface molecules such as ICOS and very late antigen 4 (VLA-4) have been targeted (Matthews et al., 2003), we will limit discussion here to two trials sponsored by the ITN. In 1999, Shapiro and colleagues presented results from a multicenter, international clinical trial evaluating the Edmonton protocol for islet transplantation, which used interleukin-2 receptor α chain (CD25) blockade for induction (Shapiro et al., 2006). Fifty-eight percent of patients achieved insulin independence, although only 31% of them remained independent after 2 years. While daclizumab (Zenapax, Hoffmann-La Roche), used in the trial, was discontinued in 2009, basiliximab (Simulect, Novartis) remains a popular induction agent. The Kidney Disease: Improving Global Outcomes (KDIGO) group and European Renal Best Practice Advisory Board recommended for all non-high risk kidney transplant recipients to receive IL2R blockade as first line induction therapy (Kasiske et al., 2010).

The ITN is also sponsoring a phase I trial in type I diabetes, using a combination of IL-2 aldesleukin (Proleukin, Prometheus) and rapamycin to arrest islet cell destruction. Animal studies have shown that treatment with IL-2 increases regulatory T cell proliferation and survival (Rabinovitch et al., 2002; Tang et al., 2008). Combination with rapamycin, which stabilizes the expression of Forkhead box P3 (FoxP3) and enhances suppression (Battaglia et al., 2006; Singh et al., 2012), may promote tolerance in these autoimmune and potentially alloimmune settings.

B CELL THERAPIES

The role of B cells in operational tolerance has yet to be defined. On one hand, an ITN-sponsored collaboration identified a unique B cell signature associated with 25 operationally tolerant renal transplant recipients. Not only did tolerant patients exhibit an increase in total and naïve B cells, but also the majority of genes that were increasingly expressed were B cell-specific, particularly of transitional B cells (Newell et al., 2010). While these transitional B cells could represent a regulatory B cell population based on their increased IL-10 production as discussed by Redfield et al. (2011), no difference in B cell subsets (total, naïve, and transitional cells) or inhibitory cytokines (IL-10 and TGFβ) was detected when compared to healthy controls (Newell et al., 2010).

On the other hand, B cells play a major role in chronic rejection (Kwun and Knechtle, 2009), as donor-specific alloantibodies (DSA) have been causally linked to chronic rejection and long-term graft failure (Eng et al., 2008; Lefaucheur et al., 2008; Terasaki and Cai, 2008; Lee et al., 2009). Patients with pretransplant class I and II DSA have a 10-year graft survival of 30% compared to 72% without (Otten et al., 2012). Donor-specific antibodies, present in approximately 30% of renal transplant candidates on the waiting list (Jordan and Pescovitz, 2006; Jackson and Zachary, 2008) and developing de novo post-transplant in 26% of recipients (Terasaki et al., 2006), are a pervasive problem and relevant to the discussion of tolerance induction. While the mechanisms through which B cells may mediate tolerance are unclear, B cells and their therapeutics have certainly emerged as a growing field of interest in transplant immunology.

Long-term allograft acceptance has been achieved by augmenting traditional immunotherapy with B cell depleting antibodies. In cynomolgus macaques, Liu et al. (2007) observed long-term islet allograft survival when rabbit ATG was combined with CD20+ B cell-depleting rituximab for induction and rapamycin for maintenance. B cell reconstitution began 100 days after transplantation; long-term survivors exhibited immature and transitional B cells (CD19+ CD27-CD38+ IgM+) in contrast with early rejectors that attained a mature B cell phenotype (CD19+ CD27+ CD38+ IgM-). DSA production was inhibited only in the setting of continue rapamycin monotherapy. Compared to cyclosporine alone, treatment with cyclosporine plus rituximab induction (days – 1, 7, 14, and 21) prolonged graft survival, inhibited DSA production, and attenuated chronic rejection in a cynomolgus macaque heart transplantation model (Kelishadi et al., 2010). Kopchaliiska et al. (2009) found that renal transplant patients undergoing B cell depletion for desensitization experienced reconstitution with transitional CD38+ B cells and a significant delay in donor HLA-specific CD27+ memory B cell repopulation. These studies support that selective use or pairing of B cell depleting agents can generate tolerance promoting B cell phenotypes and eliminate factors leading to chronic rejection. As B cell depletion is inadequate for preventing xeno-specific antibodies (Alwayn et al., 2001) and has had mixed results in desensitization (Ramos et al., 2007; Munoz et al., 2008; Vo et al., 2008; Kozlowski and Andreoni, 2011), further evaluation is needed to optimize its use in transplantation.

Recent studies have used selective targeting of B cell activation and signaling pathways to overcome the problems of DSA and desensitization. BAFF, a member of the TNF family involved in B cell survival, proliferation, and maturation, has been correlated with increased panel reactive antibodies, DSA, B cell repopulation, and C4d+ renal allograft rejection (Schneider et al., 1999; Mackay et al., 2003; Xu et al., 2009a,b; Zarkhin et al., 2009). Its blockade using human recombinant mAb belimumab (Benlysta, Human Genome Sciences/GlaxoSmithKline) promoted tolerance in murine cardiac and islet allograft models by (1) depleting follicular and alloreactive B cells, (2) promoting an immature/transitional B cell phenotype, (3) abrogating the alloantibody response, and (4) sustaining a regulatory cytokine environment (Zarkhin et al., 2009; Vivek et al., 2011). The same group evaluated belimumab in a phase II clinical trial for the desensitization of kidney transplant candidates, but recently terminated the study for not reaching efficacy in its primary goals (clinicaltrials.gov ID: NCT01025193). Atacicept (ZymoGenetics/Merck Serono) and BR3-Fc (Briobacept, Genentech/Biogen Idec, discontinued in 2011) are two other BAFF pathway-targeting agents that have demonstrated reduction of alloantibodies and peripheral B cells in non-human primates (Vugmeyster et al., 2006). As Atacicept has failed to show efficacy in clinical trials for rheumatoid arthritis and multiple sclerosis (EMD Serono, 2011; Nanda, 2011), the utility of BAFF/APRIL blockade in human B cell pathology remains to be answered.

Other strategies have focused on plasma cell and complement inhibition for diminishing the humoral response. Bortezomib (Velcade, Millennium), a proteosome inhibitor developed for multiple myeloma and mantle cell lymphoma (Richardson et al., 2003), is an antineoplastic agent causing apoptosis of mature plasma cells. It has been shown to remove alloantibodies and improve allograft function after antibody-mediated rejection (AMR) in kidney, lung, and heart transplant recipients, particularly when combined with plasmapheresis and intravenous immunoglobulin (Patel et al., 2011; Morrow et al., 2012; Stuckey et al., 2012; Sureshkumar et al., 2012), but has had less success in desensitization of renal candidates and late cardiac antibody-mediated rejection (Guthoff et al., 2012; Hodges et al., 2012). Waiser et al. (2012) found that bortezomib was more effective at preserving renal function than rituximab, when given in conjunction with standard therapy for antibody-mediated renal allograft rejection. Currently, three clinical trials are listed for the use of bortezomib in desensitization and clonal deletion of kidney recipients and candidates (clinicaltrials.gov, ID: NCT01349595, NCT00722722, NCT01408797). Eculizumab (Soliris, Alexion) is a recombinant humanized mAb to complement protein C5. Several clinical trials are currently evaluating its efficacy in reducing AMR in DSA + candidates, improving graft function in DSA + recipients, and preventing AMR in ABO blood group incompatible living donor kidney transplantation (clinicaltrials.gov, ID: NCT01327573, NCT01399593, NCT01106027, NCT00670774, NCT01095887).

CHIMERISM-BASED APPROACHES

Chimerism is the concept that cells of different donor origins can coexist in the same organism, i.e., a form of tolerance. Chimerism itself can be defined into two broad categories: “mixed” or “micro-chimerism” and “full” or “macro-chimerism.” Mixed chimerism is defined as the presence of both donor and recipient cell lineages coexisting in the recipient bone marrow. Full chimerism implies complete elimination of recipient hematopoietic lineages and population of the recipient bone marrow by 100% donor cells (Jankowski and Ildstad, 1997).

As described earlier, Owen was one of the first to describe this finding in the circulating red blood cells of freemartin cattle in which genetically different populations of red blood cells existed in the same animal (Owen, 1945). Its potential application to transplantation was revealed through the work of Medawar and colleagues who found that these same cattle could accept skin grafts from related, but non-identical donors with no immunosuppression (Billingham et al., 1953). Since that time, the idea of hematopoietic chimerism, as a mechanism for tolerance in transplant allograft recipients, has captured the imagination of physicians and researchers working the in the field of organ transplantation.

Practical implementation of this strategy in the clinic has only come to fruition in recent years. The lag in Medawar’s observations and the clinical implementation of his and his colleagues’ findings in solid organ transplant recipients suggests a number of barriers needed to be overcome before clinical application of chimerism could be successful (Jankowski and Ildstad, 1997). The most significant of those barriers is the conditioning of donors and recipients to produce an environment where both donor and host hematopoietic cells can co-exist (Jankowski and Ildstad, 1997; Sachs et al., 2011). In somewhat simplistic terms, a mature host immune system has had time to develop and produce a presumably robust and crowded repertoire of immune cell populations. In order to produce a mixed population of cells, that crowded repertoire must be reduced in size to allow donor hematopoietic cells to exist. Furthermore, recipients must be conditioned to accept these donor cells. Finally, donor cells that could attack the host and cause graft-versus-host disease (GVHD) also need to be eliminated while at the same time preserving the recipient’s ability to produce immune populations that can defend against infections (Jankowski and Ildstad, 1997; Sachs et al., 2011).

These barriers favored a strategy of pursuing mixed chimerism in solid organ transplant recipients, as total marrow ablation associated with full chimerism was thought to be too risky in patients undergoing a semi-elective procedure who would otherwise do well with standard immunosuppression regimens (Sachs et al., 2011). Numerous groups but particularly those of Ilstad and Sachs demonstrated in animal and non-human primate studies that partial irradiation of the recipient bone marrow with peripheral deletion of recipient T cells allowed for the development of both donor and recipient hematopoietic cells and induction of tolerance to donor tissue without the need for full myoablation (Ildstad and Sachs, 1984; Sharabi and Sachs, 1989; Kaufman and Ildstad, 1994; Colson et al., 1995). Mixed chimerism was also found to be beneficial over full chimerism from an infectious risk standpoint both in Ilstad and Sachs’ work as well as in humans undergoing bone marrow transplantation for hematopoietic malignancies (Rayfield and Brent, 1983; Ruedi et al., 1989). While non-myeloablative conditioning only promoted transient mixed chimerism in the HLA-mismatched setting, long-term renal allograft survival was achieved in most patients (Kawai et al., 2011).

Sachs and colleagues took their experimental findings and then went on to implement these strategies in the clinic (Kawai et al., 2008; Spitzer et al., 2011). To date, their group has published two series on induction of mixed chimerism in kidney transplant recipients and subsequent induction of tolerance. Having found that tolerance in chimerism has both a central and peripheral component, their induction strategy now includes thymic irradiation to allow for development of a donor T cell reservoir in these solid organ recipients (Kawai et al., 2008; Sachs et al., 2011; Spitzer et al., 2011).

The results from the aforementioned studies indicate that in both HLA-matched and -mismatched recipients induction of mixed chimerism may be a viable strategy for inducing tolerance in solid organ recipients. To date, of the HLA-matched recipients, seven of eight experienced no episodes of rejection with the single patient with rejection being treated and back on standard immunosuppression. All of these patients also had multiple myeloma so they underwent concomitant bone marrow transplantation. Unfortunately, despite the success of their solid organ transplants, three of the recipients have had recurrence of their multiple myeloma (Sachs et al., 2011; Spitzer et al., 2011). Among the HLA-mismatched patients, one of nine experienced acute rejection, which was effectively treated, and one of nine currently has chronic allograft injury (Kawai et al., 2008; Sachs et al., 2011). The Stanford group recently published their experience of sixteen patients undergoing HLA-matched kidney and hematopoietic cell transplants (Scandling et al., 2012). Conditioning with total lymphoid irradiation and ATG promoted increased proportions of CD4+ CD25+ regulatory T cells (compared to naïve CD4 T cells) and chimerism in 15 patients. Eight patients had successful withdrawal of immunosuppression for 1–3 years, and only four were unable to withdraw due to recurrent disease or rejection.

These results, though limited, indicate an exciting future for chimerism as a strategy for inducing tolerance in solid organ transplant recipients. They serve as evidence that observations in basic science serve as the basis for new discovery of effective clinical immunosuppressive therapies in the field of transplant surgery.

OTHER CELL-BASED APPROACHES

REGULATORY T CELLS

The immune repertoire of experimental animal models and operationally tolerant patients strongly suggests a major role of regulatory T cells (Tregs) in inducing and maintaining tolerance (Graca et al., 2002; Levitsky, 2011). The mechanisms by which these CD4+ CD25+ T cells exert regulatory control of immune responses are diverse. Upon allorecognition via direct or indirect pathways, Tregs can suppress other T cells through inhibition of cytokine production, down-regulation of costimulatory and adhesion molecules, promotion of anergy and cell death, and conversion of effector T cells to a regulatory phenotype (Wood and Sakaguchi, 2003; O’Garra and Vieira, 2004). A key transcription factor in Treg development and function, Forkhead box protein 3 (Foxp3) has been commonly used to distinguish this population (Hori et al., 2003; Collison et al., 2007), although FoxP3- T cells producing suppressive cytokines IL10 (type I), TGFβ (type 3), and IL35 (type 35) have been identified (Nakamura et al., 2004; Vieira et al., 2004; Collison et al., 2007).

In vitro expansion of Tregs has been shown to preserve suppressive function (Levings et al., 2001; Godfrey et al., 2004), thus making it an attractive tolerogenic therapy. Polyclonal expansion using magnetic beads coated with CD3 and CD28 antibodies may yield a several hundred-fold expansion of antigen non-specific Tregs that maintain classic surface and intracellular Treg markers and more importantly their regulatory function (Bluestone, 2005). Hoffmann et al. (2004) documented up to 40,000-fold expansion in vitro by repeatedly stimulating with CD3 and CD28 and high dose interleukin 2. While using this technique significantly inhibits graft-versus-host disease (GVHD) as well as allo- and auto-immunity (Taylor et al., 2002; Xia et al., 2006), the inhibitory effect is more pronounced when antigen-specific Tregs are administered (Masteller et al., 2005; Trenado et al., 2006; Nagahama et al., 2007; Zeng et al., 2009; Brennan et al., 2011).

Antigen-specific Tregs can be generated in several ways. Cohen et al. (2002) co-cultured purified CD4+ CD25+ CD62L+ T cells with irradiated splenocytes and observed a significant delay in GVHD development in a murine model. Interestingly, the treated mice later developed severe GVHD, suggesting a limited half-life of these ex vivo expanded Tregs. Joffre et al. (2008) observed long-term tolerance in irradiated mice were treated with alloantigen-specific Tregs in bone marrow, and subsequent skin and cardiac allograft models. In a rat liver transplant model, Pu et al. (2007) found that donor-specific splenocyte-stimulated Tregs prolonged graft survival when compared to third party splenocyte stimulated Tregs and freshly isolated syngeneic Tregs. Short-term tacrolimus administration with donor-specific Tregs further enhanced long-term graft acceptance. Yamazaki et al. (2006) observed that dendritic cells were more effective than splenocytes at expanding Tregs and sustaining their Foxp3 expression. Golshayan et al. (2007) used autologous dendritic cells pulsed with an allospecific peptide to promote skin graft tolerance; this approach was later implemented on murine cardiac allografts and paired with short-term rapamycin treatment to achieve indefinite graft survival in three of four mice (Tsang et al., 2009). Peptide-MHC multimers can also be used to create antigen-specific Tregs. Masteller et al. (2005) employed beads coated with recombinant islet peptide mimic-MHC class II plus CD28 antibodies and IL-2; expanded islet peptide mimic-specific Tregs were more efficiently able to suppress autoimmune diabetes in non-obese diabetic mice than polyclonally activated Tregs. Antigen-specific Tregs have also been generated using lentiviral T cell receptor gene transfer into polyclonally expanded cells (Brusko et al., 2010). Finally, Tregs expanded up to 50 million fold by artificial APC s have been shown to maintain suppressor function and reduce GVHD lethality (Hippen et al., 2011). The ability to massively expand functional Tregs in such ways may overcome the challenge of extracting enough circulating Tregs for therapeutic preparation.

In vivo expansion of antigen-specific Tregs has also been described in a mouse model (Nishimura et al., 2004). Yamazaki et al. (2003) described the use of antigen-loaded dendritic cells to stimulate CD4+ CD25+ T cell proliferation in vivo, and induce expansion of adoptively transferred CD4+ CD25+ T cells as well. Walker et al. (2003) found that Tregs deemed anergic based on in vitro stimulation assays were capable of proliferating in vivo in response to immunization. These studies suggest that therapeutically administered antigen-specific Tregs can continue to be expanded in vivo.

The initial clinical trials utilizing Treg immunotherapy for hematopoietic stem cell transplantation (HSCT) have shown promising results (Edinger and Hoffmann, 2011). Brunstein et al. (2011) recently published the University of Minnesota experience, where umbilical cord blood (UCB) derived Tregs were CD3/CD28/IL2 expanded and infused after double UCB transplantation. UCB Tregs were detectable for 14 days, were free of infusion toxicities, and reduced the incidence of severe GVHD. Di Ianni et al. (2011) from the University of Pergia, Italy, observed that co-infusion of Tregs with conventional T cells in the absence of concurrent immunosuppression prevented lethal GVHD and promoted immune reconstitution and protective immunity in 28 patients undergoing HLA-haploidentical HSCT. As interleukin-2 has been found to be critical for Treg survival, development, and expansion (Nelson, 2004; Malek, 2008), it has been administered in clinical trials of autoimmunity and refractory chronic GVHD to augment Treg numbers (Koreth et al., 2011; Saadoun et al., 2011). An important consideration to make of Treg therapy is its cost, with Treg expansion costing $32,000–48,000 per patient (Leslie, 2011).

TOLEROGENIC DENDRITIC CELLS, MACROPHAGES, AND MESENCHYMAL STROMAL CELLS

Tolerogenic dendritic cells recently have invoked interest in transplantation. Their tolerogenic properties include the ability to acquire and present antigen, expand and respond to antigen-specific Tregs, constitutively express low levels of MHC and costimulatory molecules, produce high IL-10 and TGFβ and low IL-12, resist activation by danger signals and CD40 ligation, resist killing by natural killer or T cells, and promote apoptosis of effector T cells (Thomson et al., 2009). Turnquist et al. (2007) demonstrated indefinite cardiac allograft survival in mice treated with rapamycin-conditioned alloantigen-pulsed dendritic cells. Tregs stimulated by rapamycin-conditioned DCs compared to control Tregs more effectively suppressed antigen-specific T cell proliferation. The regulatory function of DCs mediated by allospecific Treg expansion has also been confirmed in a murine GVHD model (Fujita et al., 2007). To prepare for translation to clinical practice, Boks et al. found that IL-10-generated human tolerogenic DCs were optimal in producing highly suppressive Tregs, compared to conditioning with vitamin D3, dexamathasone, TGFβ, and rapamycin (Boks et al., 2012). They recommended maturing IL-10 DCs with a cocktail of TNFα, IL-1β, and prostaglandin E2 (PGE2) for optimal migration and stability in pro-inflammatory conditions.

The RISET consortium has supported two clinical trials in the use of transplant acceptance-inducing cell (TAIC) to promote renal allograft survival. The concept of TAIC, an immunoregulatory macrophage, originated from animal models of transplantation and autoimmunity. First, intraportal infusion of rat embryonic stem cell lines in thymus competent rats induced mixed chimerism and allowed permanent acceptance of cardiac allografts (Fandrich et al., 2002). The same group extended this technique of infusing donor-derived TAIC cells to prolong allograft survival in a porcine lung transplant model (Warnecke et al., 2009). In a murine model of inflammatory bowel disease, the infusion of interferon gamma-stimulated monocyte-derived cells (IFNγ-MdC) procured from mouse spleen, blood, and bone marrow reduced inflammation from chronic colitis. These IFNγ-MdC, described as a non-dendritic cell and more mature form of resting macrophages expressing F4/80, CD11, CD86, and PDL-1, mediated their suppressive effects through the enrichment of CD4+ CD25+ Foxp3 cells and cell contact- and caspase-dependent depletion of activated T cells (Brem-Exner et al., 2008).

In a phase I/II clinical trial, 12 renal transplant recipients underwent postoperative intravenous infusion of macrophages derived from isolated donor splenic monocytes (Hutchinson et al., 2008b). Three of the 12 patients completed their immunosuppression minimization protocol of sequentially withdrawing steroids, sirolimus, and minimizing tacrolimus. Upon confirming the safety of TAIC infusion, a second clinical trial was conducted in five living-related kidney recipients. The induction regimen differed from the first trial, with ATG administered with steroids, tacrolimus, and a preoperative infusion of a greater number of TAICs. Although a higher rate of early acute rejection was observed, three patients were weaned to low-dose tacrolimus monotherapy and one off all immunosuppression for at least 8 months (Hutchinson et al., 2008a). None of the patients in either trial were sensitized to donor antigens using this technique.

Mesenchymal stromal cells (MSCs) have also been evaluated in the transplant setting. Their immunomodulatory properties are several, including their capacity to inhibit T cell activation and proliferation, possibly due to the production of nitric oxide and indoleamine-2,3-dioxygenase (Singer and Caplan, 2011). In addition, upon coculturing with purified immune subpopulations, Aggarwal and Pittenger (2005) described bone marrow-derived MSCs as increasing Treg proportions, decreasing TNFα and IFNγ production by mature DCs, TH1 cells, and NK cells, and increasing IL-10, IL-4, and PGE2 . Co-infusion of MSCs with donor bone marrow has been shown to enhance mixed chimerism, reverse GVHD, and improve vascularized skin grafts in rats (Aksu et al., 2008). In a rat islet transplantation model, Solari et al. (2009) demonstrated long-term islet allograft survival, normal serum insulin levels, and normoglycemia when autologous MSCs were co-transplanted with marginal islet masses. Promising results from a phase II clinical trial showed that 39 of 55 patients with steroid-resistant, severe acute GVHD responded to MSC therapy and experienced a significant survival benefit (Le Blanc et al., 2008). Phase III randomized, placebo-controlled clinical trials, however, failed to show benefit in the setting of refractory GVHD (Allison, 2009; Ankrum and Karp, 2010).

Recently, MSCs harvested from term fetal membranes have been shown to significantly suppress allogeneic lymphocyte proliferation in mixed lymphocyte reactions, by suppressing IFNγ and IL-17 production and increasing IL-10 production (Karlsson et al., 2012). Duijvestein et al. (2011) found that coadministration with immunosuppressive agents used in inflammatory bowel disease (azathioprine, methotrexate, 6-mercaptopurine, and anti-TNFα antibodies) did not affect MSCs suppressive function in vitro, and even had an additive inhibitory effect with some drugs. This suggests that the use of MSCs may be effective in the setting of immunosuppressive drugs used for transplantation as well.

Cell-based approaches to tolerance induction are promising, but further investigation in how these cell populations regulate alloimmune responses is necessary. Moreover, this technology may be limited due to prohibitive costs, availability (with only a few centers capable of amplifying cell populations to sufficient numbers), and issues of standardization and biologics regulation (Bluestone et al., 2007).

CONCLUSION

Operational tolerance in organ transplant patients continues to be an elusive clinical goal but has stimulated a broad variety of approaches. Research in tolerance has elucidated mechanistic pathways of rejection, T cell regulation, and T cell activation previously unknown. In concert with therapeutic approaches to tolerance, diagnostic assays to identify tolerance and distinguish it from “non-tolerance” are needed, and progress continues in this area relying in part on microarray analysis of tolerant patients. For instance, Li et al. (2012) have identified a small set of 13 genes common to both adult and pediatric liver transplant patients demonstrating operational tolerance. The work by the group of Sanchez-Fueyo continues to publish on biomarkers associated with operationally tolerant liver transplant recipients and their data suggest that both blood and liver tissue gene expression can predict the outcome of immunosuppression withdrawal (Bohne et al., 2012). Interestingly, the genetic signature of tolerance in liver transplantation may differ significantly from that of kidney transplantation for reasons that are unknown at this time (Sagoo et al., 2010). While most clinical work on tolerance focuses on liver transplantation since this organ lends itself best to transplant tolerance, only a miniscule fraction of liver transplant patients appear to have achieved stable tolerance to date, and efforts in this arena need to be conducted under strict clinical guidance in protocols designed to protect the patients’ best interests (Levitsky, 2011). Nevertheless, it would appear likely that as immunologic monitoring evolves into a clinical reality in the coming years, that some patients may benefit from successful withdrawal of immunosuppression while maintaining excellent graft function and intact host defenses.
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Manipulation of the immune system to prevent the development of a specific immune response is an ideal strategy to improve outcomes after transplantation. A number of experimental techniques exploiting central and peripheral tolerance mechanisms have demonstrated success, leading to the first early phase clinical trials for tolerance induction. The first major strategy centers on the facilitation of donor-cell mixed chimerism in the transplant recipient with the use of bone marrow or hematopoietic stem cell transplantation. The second strategy, utilizing peripheral regulatory mechanisms, focuses on cellular therapy with regulatory T cells. This review examines the key studies and novel research directions in the field of immunological tolerance.
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INTRODUCTION

Strategies to prevent the development of a specific immune response are invaluable in the quest to achieve improved outcomes after solid organ transplantation (SOT), bone marrow and hematopoietic stem cell transplantation (BMT; HSCT), as well as for the treatment of autoimmune diseases. Specific immune unresponsiveness is the hallmark of clinical tolerance, which in turn may be defined as the long-term survival of an allograft with normal function and no evidence for rejection, in the absence of immunosuppressive drug therapy. The quest for tolerance began with the landmark paper by Billingham et al. (1953), in which tolerance was induced to a mouse skin allograft by injection of a recipient mouse with donor-derived F1 cells as a neonate. Current experimental and early clinical strategies to promote tolerance center on the induction of central tolerance by deletion of donor-reactive leukocytes, most commonly the induction of chimerism, or on peripheral tolerance, most commonly the induction or expansion of regulatory T cells (Treg; Wood et al., 2012).

CHIMERISM

During T cell development in the thymus, T cells with T cell receptors (TCRs) that are strongly reactive to host MHC molecules are deleted by a process termed negative selection (i.e., central deletion). This physiological process has been harnessed experimentally for the induction of tolerance to foreign antigens. The method used by Medawar to achieve tolerance to skin allografts over 60 years ago was in a fortunate strain combination with only a class I MHC mismatch (Billingham et al., 1953). More recently, similar methods have been used to achieve “central deletion” in fully MHC-mismatched models of transplantation (Cober et al., 1999; Butler et al., 2000; Petit et al., 2004; Mathes et al., 2005). Nevertheless, such strategies are neither consistently successful nor easily translatable to the clinic. Alternatively, hematopoietic complete chimerism through myeloablative therapy and donor-derived bone marrow transplantation results in the repopulation of the host thymus with donor-type dendritic cells (DCs) that delete donor-reactive T cells. Complete chimerism is the replacement of all host hematopoietic cells with donor-derived stem cells such as hematopoietic stem cells (HSCs). Because such donor-derived stem cells have the ability to replicate perpetually, they theoretically continue to provide donor-type DCs indefinitely.

A number of successful clinical cases in SOT have been reported whereby patients with hematological indications for bone marrow ablation who also require renal transplantation have received a BMT and a kidney transplant from the same donor, resulting in long-term donor-specific tolerance (Buhler et al., 2002; Fudaba et al., 2006; Spitzer et al., 2011). Nevertheless, the morbidity and mortality of myeloablative therapy and risk of graft-versus-host disease (GvHD) in most transplant recipients makes this mode of therapy unacceptable to those without a hematological indication for bone marrow ablation. On the other hand, mixed chimerism, where donor cells represent a varying proportion (but not 100%) of the total hematopoietic pool is a more promising area of research (Kawai et al., 2011). Mixed chimerism can be established using non-myeloablative conditioning regimens, therefore maintaining immunocompetence and reducing the risk of GvHD (Figure 1).
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Figure 1. Development of tolerance through mixed chimerism. A conditioning regimen is administered which consists of a combination of drugs (occasionally together with irradiation) to allow the engraftment of allogeneic bone marrow (BM) or hematopoietic stem cells (HSCs). A bone marrow transplant (BMT) or hematopoietic stem cell transplant (HSCT) is given the to patient. The donor HSCs seed into the recipient’s BM niches together with the recipient’s HSCs, providing a self-renewing source of donor and recipient hematopoietic cells, leading to widespread multilineage mixed chimerism. Donor dendritic cells seed the thymus, and together with recipient dendritic cells, mediate central clonal deletion of newly developing donor-reactive and recipient-reactive thymocytes. Peripheral regulation also takes place whereby newly developing donor-reactive and recipient-reactive T cells that escape negative selection in the thymus are suppressed in the periphery by regulatory T cells (Treg).


There is evidence for the operation of both central deletional and peripheral regulatory mechanisms in mixed chimerism (Pilat and Wekerle, 2010; Sachs et al., 2011). In models where mixed chimerism is induced following total body irradiation (TBI), the specific depletion of donor cells is associated with the appearance of donor-reactive T cells in the periphery and the loss of tolerance (Khan et al., 1996). This loss of tolerance may be avoided by removal of the thymus before depletion of donor cells, highlighting the importance of the intrathymic chimerism in the maintenance of tolerance. In less intensive conditioning mechanisms where costimulatory blockade is used to facilitate mixed chimerism, intrathymic deletion remains an important mechanism contributing to tolerance and there is no evidence of a role for Treg (Wekerle et al., 2000; Fehr et al., 2008). Nevertheless, regimens that produce less complete deletion of pre-existing donor-reactive T cells may be dependent on peripheral tolerance mechanisms. For example, in a costimulation-based non-myeloablative BMT model, depletion of CD25+ cells at the time of BMT prevents the induction of tolerance (Bigenzahn et al., 2005). CD4+ T cells isolated from these chimeras display regulatory capabilities. In another model, the challenge of mixed chimeras with naïve T cells does not lead to the rejection of skin allografts, suggesting a role for peripheral regulatory mechanisms (Domenig et al., 2005). Moreover, mixed chimerism induction techniques that actively employ peripheral regulation, for example, by the infusion of Treg, may facilitate the development of mixed chimerism and lead to more robust tolerance (Seung et al., 2003; Pilat et al., 2010).

A series of promising clinical trials for SOT utilizing mixed chimerism for the induction of tolerance have been performed. An initial trial enrolled six patients with renal failure consequent to multiple myeloma (Fudaba et al., 2006). Patients received non-myeloablative BMTs and renal transplants from an HLA-identical sibling followed by a donor leukocyte infusion as treatment for both the multiple myeloma and renal failure. Four patients transiently developed mixed chimerism, which was later lost, while the other two patients eventually developed full donor chimerism. Interestingly, all patients successfully accepted their renal transplants long-term (up to >9 years) without any immunosuppression. Following this study, a similar approach was piloted in five patients without a hematological malignancy (Kawai et al., 2008; LoCascio et al., 2010). Patients received an HLA-mismatched haploidentical bone marrow transplant along with a renal transplant from the same donor. All patients developed transient mixed chimerism, but this was lost after day 21. Four patients in the trial currently maintain graft function after weaning from their initial immunosuppression (follow-up 2–5 years post-weaning). However, one kidney graft was lost due to acute antibody-mediated rejection, leading to a modification in the trial protocol to include B cell depletion with rituximab.

In another recent proof-of-concept study, 12 living donor HLA-matched kidney transplant recipients received a donor-cell infusion of 5–16 × 106/kg CD34+ cells mixed with 1–10 × 106/kg CD3+ T cells after conditioning with total lymphoid irradiation and five doses of rabbit antithymocyte globulin (Scandling et al., 2011), as per a protocol previously reported as a case report (Scandling et al., 2008). None of the patients developed GvHD. In 8 of the 12 patients, maintenance immunosuppression was eventually discontinued and patients have since been immunosuppression-free with good graft function and without evidence of acute or chronic rejection (follow-up 12–36 months). The remaining four patients experienced rejection episodes on weaning from immunosuppression and have therefore remained on immunosuppression. The authors now plan to apply the protocol to HLA-mismatched transplant recipients. Given the notable immunosuppression-free success rate and safety profile, it will be interesting to observe the efficacy of the protocol in this situation.

A recent Phase II clinical trial investigated the use of HSCT together with a facilitating cell (FC) infusion to promote the development of chimerism and subsequent tolerance in eight HLA-mismatched living donor renal transplant recipients (Leventhal et al., 2012). FCs were defined as CD8+ bone marrow-derived cells that did not express the TCR and primarily contained a plasmacytoid DC population (Kaufman et al., 1994; Grimes et al., 2004; Fugier-Vivier et al., 2005). In this clinical trial, combined FC and HSCT transplantation initially led to high levels of chimerism in all eight renal allograft recipients. Five of the recipients displayed stable chimerism and donor-specific tolerance and were subsequently weaned off maintenance immunosuppression one year post-transplant. Two patients developed only transient chimerism and were therefore maintained on low-dose tacrolimus monotherapy. One patient, although displaying robust chimerism, developed viral sepsis 2 months post-transplantation and subsequently lost the kidney graft due to renal artery thrombosis. Immunological monitoring of the patients enrolled in the trial showed a significant reduction in circulating CD4+ but not CD8+ cells post-transplantation. The significance of this observation is unclear, however it may be indicative of central deletion of alloreactive CD4+ T cells or peripheral regulation by Treg. Indeed, an increase in the Treg to effector T cell ratio was observed in chimeric recipients but not those that achieved only transient macrochimerism.

While the above approaches have demonstrated some success in living donor transplants, the induction of mixed chimerism in recipients of cadaveric organ transplants may prove more challenging. BMT has only been trialed on a small scale in cadaveric donor transplants, principally in the context of vascularized composite allograft (VCA) transplants. The first face transplant performed in France used a post-transplant donor-derived bone marrow infusion, although it does not appear that this approach accorded any clear benefit in terms of a reduction in episodes of rejection (Hequet et al., 2008). Furthermore, microchimerism was only detectable at a single point 2 months post-operatively and not thereafter (Hequet et al., 2008). Since then, five VCA transplants performed in Pittsburgh have employed the “Pittsburgh Protocol” in which a bone marrow infusion is given within 15 days of VCA transplantation (International Hand and Composite Tissue Allotransplantation Society Congress, Atlanta 2011). Early reports indicate that patients treated in this manner have been maintained successfully on single drug immunosuppression with tacrolimus.

Interestingly, the presence of vascularized bone marrow in many VCA transplants raises the possibility that chimerism may develop by nature of the simultaneous transplantation of HSCs within the VCA. To this end, various rat models of hindlimb transplantation using T cell depleting antibody along with immunosuppression have achieved long-term allograft survival (Siemionow et al., 2002a,b, 2003; Ozer et al., 2003, 2004; Siemionow and Klimczak, 2009), although mixed chimerism is not always readily detectable (Quatra et al., 2006). In these models, the bone marrow component of the VCA transplant is critical to the attainment of mixed chimerism and long-term allograft survival (Siemionow et al., 2005; Siemionow, 2011). Moreover, increased levels of chimerism are detectable with larger sized VCA allografts in rats, indicating the role of the transplant in providing donor cells (Nasir et al., 2008). In a rat model of facial allograft transplantation, mixed macrochimerism has been observed with the use of only cyclosporine monotherapy (Demir et al., 2004; Kulahci et al., 2010). Mixed chimerism has also been achieved using non-depleting CD4+ blockade and depleting CD8+ antibody in conjunction with rapamycin and α-CD154 costimulatory blockade, without a bone marrow transplant, relying on bone marrow in a mouse hindlimb VCA to provide donor cells for chimerism (Li et al., 2008). In general, clinical data have not been particularly encouraging, with no evidence for the development of chimerism in VCA transplantation. This may be due to only small amounts of bone marrow being transferred that have limited functionality in the adult (Granger et al., 2002; Petruzzo et al., 2003). Moreover, there is experimental evidence that the recipient thymus is necessary for peripheral chimerism to develop after transplantation of a bone marrow-containing VCA (Li et al., 2007). In humans the thymus involutes and becomes atrophic after puberty and is therefore less likely to support the development of chimerism. It is important to note that in theory, chimerism is a double-edged sword, whereby the greater the likelihood of chimerism, the greater the anti-host alloresponse and risk of GvHD (Wood, 2003).

REGULATORY T CELLS

While the methods described above relate to exploiting the natural mechanisms used by the immune system to ensure self-tolerance through central mechanisms, several peripheral regulatory mechanisms also exist as a fail safe mechanism to maintain self-tolerance and to prevent an overshoot of the normal immune response (Issa and Wood, 2010; Wood and Goto, 2012). While most autoreactive cells are deleted centrally in the thymus, some autoreactive T cells escape this process and require peripheral regulation to prevent autoimmunity. CD4+ Treg are central to these mechanisms. Scurfy mice lacking the Treg-specific transcription factor forkhead box P3 (foxp3) develop a lymphoproliferative disorder (Brunkow et al., 2001) and humans with mutations in FOXP3 can develop IPEX (immunodysregulation, polyendocrinopathy, and enteropathy, X-linked; Bennett et al., 2001). FOXP3 is closely linked to suppressive activity and its sustained expression is required for the maintenance of regulatory activity (Josefowicz and Rudensky, 2009).

Treg can be divided into thymus-derived naturally occurring CD4+CD25hiFOXP3+ Treg (nTreg or tTreg; Hori et al., 2003) and induced or adaptive CD4+ Treg (iTreg), which upregulate FOXP3 in the periphery under defined conditions of antigen-exposure, for example, in the presence of transforming growth factor β (TGFβ; Kingsley et al., 2002; Karim et al., 2004, 2005). Type 1 Treg (Tr1) cells are a distinct population of peripherally induced Treg that develop in the presence of IL-10 and regulate responses through FOXP3-independent secretion of IL-10 and TGFβ, leading to bystander regulation of effector T cells (Battaglia et al., 2006a). nTreg represent 5–10% of the peripheral CD4+ pool and constitutively express high levels of surface CD25 although this is not a reliable marker due to its upregulation on recently activated T cells. Nevertheless, although CD25 appears on recently activated CD4+ T cells, some of these are true proliferating Treg. For example, during the secondary antigenic response that develops after human tuberculin purified protein derivative is injected into skin, CD4+CD25+ cells proliferate within the skin. Many of these proliferating cells are in fact FOXP3+ and display functional and phenotypic markers of Treg (Vukmanovic-Stejic et al., 2008). It is unclear how much of the peripheral CD4+ population iTreg represent, but given that these cells are induced in specific inflammatory environments it is likely that their number is location and time-dependent.

In transplantation, both direct and indirect allorecognition contribute to the immune response that results in graft destruction. However, with time after transplantation, passenger antigen-presenting cells are lost and organ parenchyma is less able to stimulate the host via the direct pathway. The indirect alloresponse therefore becomes of increasing importance and may be more relevant in chronic rejection (Baker et al., 2001). Interestingly, alloreactive T cells that respond by the indirect pathway are more resistant to inhibition by conventional immunosuppression and are detectable in the peripheral blood of transplant recipients years after transplantation (Sawyer et al., 1993; Vella et al., 1997). The alloreactivity of Treg may therefore be important in determining their ability to promote tolerance. Indeed, Treg that are both directly and indirectly alloreactive are able to prevent both acute and chronic rejection in mice, whereas those that are only directly alloreactive appear to only be able to prevent acute rejection (Joffre et al., 2008; Tsang et al., 2008).

Studies assessing the potential of nTreg, iTreg, and Tr1 cells to promote allograft survival in experimental transplantation have yielded promising results to date. In these studies Treg may be induced in vivo by employing costimulatory blockade or lymphocyte depletion around the time of transplantation, often together with an antigen challenge (Cobbold et al., 1986; Qin et al., 1993; Graca et al., 2000; Kingsley et al., 2007; Francis et al., 2011). Alternatively nTreg may be expanded ex vivo or converted from non-Treg cell types to iTreg in vitro.

EX VIVO EXPANSION

Human Treg for cell therapy protocols are produced by isolation of cells from peripheral or umbilical cord blood (UCB) and subsequent ex vivo expansion or direct use in vivo. In order to isolate Treg efficiently and to a high purity, reliable markers of identification are required. Given the non-exclusivity of CD25 and FOXP3 expression, a number of other markers are in use. Of these, CD127 (the IL-7 receptor α-chain), CD49b (the α-chain of the integrin VLA-4 – a4b1), CD45RA, and latency-associated peptide (LAP) are particularly useful. Other Treg markers include CD152 (CTLA-4), GITR, CD69, and CD44 but these are less useful as they may also be expressed in almost identical patterns on non-regulatory activated T cells.

The use of the low expression of CD127 for the isolation of Treg was described approximately 5 years ago (Liu et al., 2006; Seddiki et al., 2006; Putnam et al., 2009) and is particularly helpful as it defines a highly suppressive population of Treg. In a humanized mouse model of vessel allograft rejection, human ex vivo-expanded CD25hiCD4+ or CD127loCD25+CD4+ nTreg were used to modulate immune responses in vivo to reduce neointimal expansion. Treg expressing low levels of CD127 were found to be five times more potent than those expressing only CD25. The same population of CD127loTreg have been shown to be active in the prevention of human skin graft rejection in a similar humanized mouse model (Issa et al., 2010). The absence of CD49b is another helpful marker for Treg identification, as together with CD127 it allows for Treg isolation by negative selection alone (Kleinewietfeld et al., 2009).

CD45RA allows cells to be divided into CD25+CD45RA+FOXP3lo (resting naïve Treg), CD25hiCD45RA-FOXP3hi (activated Treg), and CD25+CD45RA-FOXP3lo (non-suppressive T cells) populations (Miyara et al., 2009). Resting naïve and activated Treg are both suppressive in vitro, whilst only resting naïve Treg proliferate in vivo and evolve into suppressive CD45RA-Treg. UCB contains a high number of naïve CD45RA+ cells, and is therefore an attractive source of resting naïve Treg (Riley et al., 2009). However, UCB Treg are low in frequency and require either in vitro culture or pooling of multiple blood units. Furthermore, as UCB Treg are allogeneic to both the donor and recipient they are likely to be subject to an alloresponse therefore complicating their in vivo use.

LAP has been shown to define a population of Treg that express high levels of foxp3, secrete immunosuppressive TGFβ, and exhibit enhanced in vivo regulatory activity (Chen et al., 2008). Moreover, LAP itself is functionally suppressive independent of TGFβ (Ali et al., 2008). In Treg expansion cultures, the expression of LAP allows the distinction and selection of activated Treg from activated non-Treg cell types (Tran et al., 2009).

Ex vivo expansion of isolated Treg is largely performed by stimulation with αCD3/αCD28 microbeads in the presence of recombinant human (rh) IL-2 (Sagoo et al., 2008; Trzonkowski et al., 2009). The non-specific TCR stimulation in this system leads to the production of a polyclonally reactive population of Treg. Donor alloantigen-reactive Treg that have been expanded in the presence of donor-derived APC have been shown to be more potent suppressors in vitro and in vivo than polyclonally reactive Treg, and their specific reactivity implies that they are safer for in vivo use (Golshayan et al., 2007; Sagoo et al., 2011). Selection of alloantigen-stimulated Treg from a culture where allogeneic stimulators are used may be possible by enrichment of Treg that co-express the activation markers CD69 and CD71 (Sagoo et al., 2011; J. Hester and K.J. Wood, unpublished data). Other methods for the production of alloantigen-reactive Treg include retroviral vector transduction of Treg with genes that encode for TCRs with known antigen specificities (Jiang et al., 2006).

IN VIVO INDUCTION

In vivo approaches are based on increasing the frequency or potency of Treg by exposure to antigen, inducing an expansion of nTreg or converting non-Treg to iTreg (Long and Wood, 2009; Francis et al., 2011). Treg may be generated in vivo by pre-treating mice with a donor alloantigen (in the form of a donor-specific transfusion) along with a non-depleting α-CD4 mAb (Kingsley et al., 2002, 2007). Treg produced in this manner are capable of preventing allograft rejection in vivo (Wood et al., 1991; Bushell et al., 1994,1995; Saitovitch et al., 1995, 1996, 1997; Kingsley et al., 2002, 2007; Bushell et al., 2003; Karim et al., 2005; Warnecke et al., 2007). While this tolerance appears to be antigen-specific in nature, another “boosting” blood transfusion allows tolerance to develop to a third-party allograft (Karim et al., 2005). CD4+CD25+ Treg isolated from these animals may prevent allograft rejection in naïve mice by adoptive transfer (Hara et al., 2001; Kingsley et al., 2002) and are able to prevent skin graft rejection initiated by both CD4+ (Hara et al., 2001; Golshayan et al., 2007) and CD8+ (van Maurik et al., 2002; Jones et al., 2010) T cells. Alternatively, costimulatory blockade or lymphocyte depletion using monoclonal antibodies around the time of transplantation may also promote tolerance induction (Qin et al., 1990; Qin et al., 1993; Graca et al., 2000; Waldmann et al., 2006). Interestingly, even nTreg isolated from naïve animals may prevent rejection, although 10-fold more such Treg are required to attain long-term allograft survival compared to Treg isolated from tolerant mice treated with antigen exposure (Graca et al., 2002). The folate receptor 4 (FR4) allows the identification of these alloantigen-stimulated Treg (Yamaguchi et al., 2007). Alloantigen-stimulated FR4high Treg are significantly more effective at prolonging mouse skin allograft survival compared to FR4intermediate Treg.

Another method for in vivo generation is the injection of IL-2-IL-2 mAb complexes into mice, resulting in an over 10-fold expansion of Treg in vivo. Animals treated by this method are resistant to experimental autoimmune encephalomyelitis (EAE) induction and display tolerance to islet allografts (Webster et al., 2009). Injection of IL-2-IL-2 mAb complexes together with recombinant granulocyte-colony stimulating factor (G-CSF) induces expansion of Treg and myeloid-derived suppressor cells (MDSCs) in vivo, promoting mouse skin allograft survival in MHC Class II-mismatched models (Adeegbe et al., 2010).

There has been a great deal of discussion regarding the functional stability of Treg. Zhou et al. (2009) demonstrated that some Treg lose foxp3 (becoming exfoxp3 cells), developing an activated memory-type phenotype, and are pathogenic in vivo. This loss of foxp3 was linked to a proinflammatory microenvironment in which Treg acquire an effector T cell phenotype, secreting IL-17 and interferon γ (IFNγ; Yang et al., 2008; Ayyoub et al., 2009; Komatsu et al., 2009; Voo et al., 2009; Chadha et al., 2011). Importantly, Treg may not be particularly effective at suppressing IL-17 producing T cells (Heidt et al., 2010; Zhang et al., 2010; Chadha et al., 2011), although data from our own studies in kidney transplant patients treated with the leukocyte depleting monoclonal antibody alemtuzumab (Campath or anti-CD52 antibody) suggest that Treg present in these patients can regulate Th17 cells (Hester et al., 2011). Stability of Treg is important to consider in transplantation as there is evidence that Treg transfer into lymphopaenic mice may result in the loss of foxp3 expression in up to 50% of the adoptively transferred cells (Duarte et al., 2009). This is a particularly important point to consider if Treg cellular therapy is to be employed in patients who are lymphopaenic post-immunosuppressive induction therapy. However, a recent study by Miyao et al. (2012) has elegantly demonstrated that the plasticity of Treg is due to only a minor population of foxp3+ cells. In this study, suppressive foxp3+Treg do not develop effector cell function even in inflammatory or lymphopaenic environments. While such Treg may transiently lose foxp3 expression, on activation foxp3 is re-expressed and suppressive capabilities return. It is therefore only a small minority (2–3%) of the peripheral foxp3+ pool which are originally non-regulatory and which may then lose foxp3 to become pathogenic. Overgrowth of this small population may explain previous data demonstrating the plasticity of Treg. Importantly in this study, it is epigenetic control of Foxp3 that dictates whether foxp3+ cells are true Treg. Demethylation of the Treg cell-specific demethylated region (TSDR) indicates that cells are committed suppressive Treg, regardless of the ongoing expression of foxp3. Identification of the methylation status of the TSDR is therefore a valuable indicator of the purity of cell preparations produced for clinical use.

REGULATORY B CELLS

There are multiple reports of clinical operational tolerance, or long-term functioning allograft survival in the absence of any immunosuppression. This has most commonly been observed in liver transplantation (Lerut and Sanchez-Fueyo, 2006) but has also been reported in a small number of renal transplant recipients (Orlando et al., 2010). In a study where the immune profile of tolerant renal transplant recipients was analyzed, the most striking feature was a bias towards a differential expression of B cell-related genes and an expansion of peripheral blood B cells in tolerant patients (Newell et al., 2010; Sagoo et al., 2010). This latter observation raises the interesting possibility that regulatory B cells (Bregs) may be playing a role. Bregs express high levels of CD1d, CD21, CD24, and IgM, have an immature or transitional phenotype, and are active through the secretion of suppressive IL-10 (Mauri and Blair, 2010). IL-10-secreting B cells have been shown to regulate autoimmune responses in vivo (Fillatreau et al., 2002; Mauri et al., 2003). There are currently no clinical studies examining Bregs as a cellular therapy. Further work is required to determine the optimal methods for the production of a functionally suppressive population of Bregs that may be used clinically.

DENDRITIC CELLS

While DCs are known to be pivotal in the development of the alloresponse, some populations of DCs may also be active in the promotion of tolerance (Morelli and Thomson, 2007; van Kooten et al., 2011). Immature myeloid-derived DCs have been shown to promote the survival of heart allografts in a donor-specific manner (Lutz et al., 2000) and regulatory DCs with low costimulatory ability may prevent the development of GvHD in mice (Sato et al., 2003). However, even mature DCs expressing normal or high levels of MHC and costimulatory molecules may promote the development of tolerance. These DCs prime CD4+ and CD8+ T cells that in turn develop regulatory activity in vitro (Albert et al., 2001; Verhasselt et al., 2004). In vivo, myeloid-derived DCs matured with tumor necrosis factor α (TNFα) and expressing high levels of MHC II are able to protect mice from CD4+ T cell-mediated EAE (Menges et al., 2002).

The tolerogenic effects of DCs can be potentiated by the administration of costimulatory blockade agents. For example, plasmacytoid DCs have been shown to promote the induction of IL-10-secreting Treg and may promote heart allograft survival in vivo (Gilliet and Liu, 2002; Abe et al., 2005). However, with the addition of anti-CD154 antibody, this effect is significantly enhanced (Bjorck et al., 2005). A similar effect may be observed with the administration of costimulatory blockade with immature myeloid-derived DCs (Lu et al., 1997). Plasmacytoid DCs may also be important in facilitating mixed chimerism as described earlier when in the form of FCs (Kaufman et al., 1994; Grimes et al., 2004; Fugier-Vivier et al., 2005; Leventhal et al., 2012). Importantly, FCs have been demonstrated to promote the generation of Treg and prevent GvHD development in mice (Colson et al., 2004; Taylor et al., 2007; Huang et al., 2011).

MYELOID-DERIVED SUPPRESSOR CELLS AND REGULATORY MACROPHAGES

Myeloid-derived suppressor cells are a heterogeneous population of cells with both innate and adaptive immune targets, which include T, B and NK cells (Boros et al., 2010). Common phenotypic markers among MDSCs include GR1 and CD11b in mice and CD33, CD11b, CD34, and low MHC Class II expression in humans. Experimentally, mouse MDSCs induced by costimulatory blockade in vivo migrate to heart transplants where they prevent the development of alloresponses and promote the development of Treg (Garcia et al., 2010). Similarly, anti-CD28 antibody-induced rat kidney allograft tolerance leads to the accumulation of MDSCs in the blood. These MDSCs inhibit effector T cell proliferation in vitro through the activity of inducible nitric oxide (NO) synthase. Interestingly, however, the adoptive transfer of MDSC in this model does not induce kidney allograft tolerance.

Regulatory macrophages (Mregs) are a population of macrophages which produce large amounts of IL-10 and are able to suppress T cell proliferation in vitro (Fleming and Mosser, 2011). A population of cells termed “transplant acceptance inducing cells” (TAICs) has also been shown to promote the survival of heart and lung transplants in animal models (Fandrich et al., 2002a,b,c). TAICs are impure populations of macrophages contaminated with other leukocytes, whereas Mreg preparations are a uniform population of macrophages (Hutchinson et al., 2012).

CLINICAL TRIALS OF CELLULAR THERAPY FOR PERIPHERAL REGULATION

Several studies have investigated the use of Treg for the treatment of GvHD post-HSC transplantation. These studies are paving the way for Treg therapy in SOT. Trzonkowski et al. (2009) reported the “first-in-man” trial of ex vivo-expanded recipient-derived Treg in two patients: in one case of chronic GvHD a significant alleviation of symptoms and a reduction of required immunosuppression was achieved, whereas in one case of severe grade IV acute GvHD only a transient improvement in symptoms and signs was reported.

Significantly, two major Phase I/II trials have been carried out at the University of Minnesota and in Italy. Blazar’s group in Minnesota evaluated the safety profile of human UCB-derived partially HLA-matched ex vivo-expanded Treg (Brunstein et al., 2011). The study was designed as a Phase I dose-escalation trial and reported a reduced incidence of grades II–IV acute GvHD in the test group of 23 patients compared to 108 identically treated historical controls not receiving Treg therapy. Doses of Treg ranged from 1 × 105/kg to 30 × 105/kg and there was no reported increase in infectious complications. The Italian study was performed to assess the safety and efficacy of expanded CD4+CD25+ human nTreg in prevention of GvHD in 28 patients with high-risk acute leukaemias undergoing HLA-haploidentical HSC transplants. Patients were also given donor conventional T cells to enhance immune reconstitution. Treg were derived from the same HLA-haploidentical donor by apheresis followed by large scale CD4+CD25+ magnetic bead selection. Despite no GvHD prophylaxis being given, chronic GvHD did not develop in 26 out of 28 patients in whom full donor-type engraftment was achieved. However, in two of the 26 patients acute GvHD of grade II or above developed, which may be due to these two patients being given the highest dose of conventional T cells. Patients in the Italian trial displayed an overall faster post-transplant immune reconstitution as well as a reduction in the risk of CMV reactivation compared to those not receiving Treg (Di Ianni et al., 2011). While Brunstein et al. (2011) used UCB-derived Treg, Di Ianni et al. (2011) used adult expanded Treg. The difference in efficacy between these two populations on a cell-by-cell basis is unclear from these studies. However, as discussed earlier, UCB-derived Treg may contain a higher proportion of “naïve” CD45RA+ Treg and therefore a greater number of Treg which may readily proliferate in vivo. This would theoretically represent an advantage in terms of the cell dose required to prevent disease.

Other ongoing trials not yet published include one being conducted by Matthias Edinger at the University Hospital in Regensburg using CD25hi magnetically isolated non-expanded Treg infused into post-HSCT recipients (Edinger and Hoffmann, 2011). Trials using Tr1 cells for GvHD are also ongoing at the San Raffaele Hospital in Milan. Early results have been promising with no adverse side effects (Roncarolo and Battaglia, 2007; Allan et al., 2008; Battaglia and Roncarolo, 2011).

Two Phase I/II trials of TAICs assessed the safety of administration of these cells in 5–12 kidney transplant patients (Hutchinson et al., 2008a,b, 2009). The studies aimed to determine the possibility of immunosuppression withdrawal. The infusion of TAICs appeared safe but did not promote tolerance, with acute rejection developing in several patients on withdrawal of immunosuppression. Nevertheless, renal function was maintained in four out of five patients that were tapered to low-dose tacrolimus monotherapy. Moreover, one patient achieved complete immunosuppression withdrawal for 8 months before experiencing a rejection episode. Moving on from this approach, more uniform Mreg populations have been trialed in two renal transplant recipients, leading to a reduction in the required dose of immunosuppression with good graft function at 3 years post-transplantation (Hutchinson et al., 2011).

The European Union is currently funding the first study for the evaluation of immunomodulatory cellular therapy in SOT (www.onestudy.org). The ONE Study, a multicenter Phase I/II clinical trial, will evaluate the safety and feasibility of various types of cell therapy including expanded nTreg, Tr1 cells, Mregs, and tolerogenic DCs in living-donor kidney transplantation. All centers will utilize a common adjunctive immunosuppressive protocol in order to provide a true comparison of the various cellular therapies. Control patients will be transplanted in 2013 and cell therapy groups in 2014, providing a follow-up period of 12 months. Table 1 summarizes the concluded and ongoing clinical trials of cellular therapy.

Table 1. Concluded and ongoing clinical studies using cellular therapy for peripheral regulation.
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IMMUNOTHERAPY FOR THE PROMOTION OF TOLERANCE

Treg and effector T cells preferentially employ different intracellular activation pathways. Treg utilize IL-2-dependent STAT-5 (Burchill et al., 2007; Vogtenhuber et al., 2010), whereas effector T cells utilize the phosphoinositide 3-kinase/Akt/mTOR pathway (Delgoffe et al., 2009). Rapamycin, an mTOR inhibitor, takes advantage of this distinction. The beneficial effects of rapamycin on Treg survival and proliferation have been demonstrated in vitro and in vivo (Battaglia et al., 2005, 2006b,c; Gao et al., 2007; Zeiser et al., 2008; Hendrikx et al., 2009). Experimental work in mouse allograft models has demonstrated that rapamycin inhibits chronic cardiac allograft rejection and that this effect is potentiated when used in combination with an α-CCR5 antibody (Li et al., 2009). In this study, an increase in intragraft numbers of CD4+CD25+foxp3+ Treg was observed. A similar effect has also been observed clinically, with rapamycin increasing the frequency of CD62Lhigh Treg in the peripheral blood of lung transplant recipients (Lange et al., 2010). Experimentally, the adoptive transfer of a small number of alloantigen-specific Treg along with low dose rapamycin treatment has been shown to induce long-term survival of cardiac allografts in mice (Raimondi et al., 2010). Moreover, alloantigen-pulsed rapamycin-conditioned DCs have been shown to promote long-term engraftment of vascularized skin allografts in rats with an associated expansion of CD4+foxp3+ Treg (Horibe et al., 2008).

Rabbit anti-murine thymocyte globulin (mATG), a T cell depleting polyclonal antibody has also shown promise. ATG promotes the generation of Treg (Lopez et al., 2006), and when combined with CTLA4-Ig and rapamycin, mATG shifts the effector memory T cell-Treg balance in favor of Treg, prolonging the survival of skin allografts in a fully MHC-mismatched mouse model (D’Addio et al., 2010).

Interestingly, glucocorticoids may act on human Langerhans cells to promote a phenotype that favors the induction of Treg in vitro (Stary et al., 2011). Some patients treated with glucocorticoids have increased numbers of dermal FOXP3+CD25+ Treg as well as increased numbers of epidermal Langerhans cells that display upregulated expression of TGFβ mRNA. However, there is no clear clinical evidence that ATG or glucocorticoids are beneficial in terms of increasing Treg numbers in transplant recipients.

Alemtuzumab may favor Treg survival, with evidence from one study demonstrating a higher proportional depletion of T effector cells than Treg (Bloom et al., 2008). However, data in this study are confounded by the introduction of rapamycin in patients early after transplantation. Indeed, in a separate study Treg numbers in alemtuzumab-treated patients remained low until the late introduction of rapamycin (Trzonkowski et al., 2008). Interestingly, Bregs have been identified in renal transplant recipients treated with alemtuzumab (Heidt et al., 2012). Alemtuzumab induction has been trialed at the University of Wisconsin for the minimization of immunosuppression (Knechtle et al., 2009). In this study, induction with alemtuzumab together with rapamycin maintenance monotherapy successfully led to long-term graft survival in nine of 10 patients although five patients developed anti-donor antibodies and graft C4d deposition.

Blockade of the IL-2-CD25 or CD28-CD80/CD86 pathways is an effective method of producing T cell anergy experimentally (Vincenti, 2008), however these pathways are also essential for the survival of Treg. Indeed, in mouse models where these pathways are targeted, there is a reduction in the survival and function of Treg with an associated exacerbation of autoimmunity in vivo (Tang et al., 2003; Wing et al., 2008). Clinically, however, there is no difference in circulating Treg numbers between renal transplant recipients treated with both belatacept (a second-generation CTLA-4-related. Ig fusion protein) and basiliximab (an α-CD25 monoclonal antibody, mAb) compared to those treated with calcineurin inhibitors (CNIs; Bluestone et al., 2008). Nevertheless, CNIs such as cyclosporine have a detrimental effect on Treg (Ma et al., 2009; Presser et al., 2009), thus confounding this observation. In this same study patients receiving belatacept displayed higher levels of intragraft FOXP3+ T cells during acute rejection (Bluestone et al., 2008). Belatacept has proven to be an effective immunosuppressant, but has not yet demonstrated any efficacy in the promotion of transplant tolerance in clinical transplantation. This may be related to the blockade of CD80/86-CTLA-4 interaction by CTLA-4.Ig. In a study investigating a novel CD28 antagonist for use in transplantation, there was an increase in the number and activity of Treg in a non-human primate (NHP) renal transplantation model (Poirier et al., 2010). The benefit of this costimulatory blockade, unlike CTLA-4.Ig, is that it allows physiological immune regulation through CD80/86 to continue (Wing et al., 2008). The effects α-CD25 mAb on Treg are not entirely clear. In the study by Bluestone et al. (2008), basiliximab was shown to deplete all CD25-bearing cells, including Treg. However, in another study examining daclizumab (a humanized α-CD25 mAb) in cardiac transplant patients, Treg generation in the periphery was not affected (Vlad et al., 2007). The timing of treatment with α-CD25 antibodies or CTLA-4.Ig may be of critical importance and may explain some of the differences between data from animal and human studies. Early use of these molecules may target Treg, resulting in deleterious effects in models dependent on Treg function, whereas later use post-transplantation may preferentially target activated effector T cells. Other possibilities include a lower sensitivity of human Treg to CD28 blockade or the presence of other costimulatory molecules on human Treg that may substitute for the absence of CD28 costimulation.

While CNIs are normally detrimental to Treg, there is some evidence that low-dose cyclosporine may enhance the number of Treg in the skin of patients with atopic dermatitis (Brandt et al., 2009). This appears to be related to the retained ability of patients on low-dose cyclosporine to produce IL-2, which is necessary for Treg survival and expansion (Baumgrass et al., 2010; Brandt et al., 2010).

Memory T cells present a formidable barrier to the induction of tolerance in higher mammals (Brook et al., 2006; Ford and Larsen, 2011). A solution to overcoming this barrier is the use of immunosuppressants that target memory T cell responses while promoting the generation of immunoregulatory elements. In this respect, targeting adhesion molecules such as CD2 or LFA-1 is a promising strategy. Alefacept, an LFA-3.Ig fusion protein binds to and polymerizes CD2, leading to selective elimination of memory T cells. Treatment together with CTLA-4.Ig prevents acute rejection and allows prolonged engraftment of kidney transplants in a NHP model (Weaver et al., 2009). Efalizumab, an anti-LFA-1 antibody, initially displayed promise in early clinical trials of islet transplantation (Badell et al., 2010; Posselt et al., 2010; Setoguchi et al., 2011). Its use however is no longer possible due to withdrawal from the market after the development of progressive multifocal leukoencephalopathy in four patients treated for psoriasis with efalizumab (Tavazzi et al., 2011).

CONCLUSION

With the trailblazing work of Medawar, clinical tolerance appeared to be eminently within reach. Yet 70 years on, tolerance has been achieved in only a small number of patients in whom full or mixed chimerism was generated. We propose that achieving tolerance in each and every transplant recipient will require a more complete understanding of the biovariability between patients that allows tolerance to be easily induced in some but not others. The attainment of tolerance in a heterogeneous population of transplant recipients may therefore require a tailored approach, with the balanced use of both central and peripheral tolerance induction techniques.
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Current clinical strategies to control the alloimmune response after transplantation do not fully prevent induction of the immunological processes which lead to acute and chronic immune-mediated graft rejection, and as such the survival of a solid organ allograft is limited. Experimental research on naturally occurring CD4+CD25highFoxP3+ Regulatory T cells (Tregs) has indicated their potential to establish stable long-term graft acceptance, with the promise of providing a more effective therapy for transplant recipients. Current approaches for clinical use are based on the infusion of freshly isolated or ex vivo polyclonally expanded Tregs into graft recipients with an aim to redress the in vivo balance of T effector cells to Tregs. However mounting evidence suggests that regulation of donor-specific immunity may be central to achieving immunological tolerance. Therefore, the next stages in optimizing translation of Tregs to organ transplantation will be through the refinement and development of donor alloantigen-specific Treg therapy. The altering kinetics and intensity of alloantigen presentation pathways and alloimmune priming following transplantation may indeed influence the specificity of the Treg required and the timing or frequency at which it needs to be administered. Here we review and discuss the relevance of antigen-specific regulation of alloreactivity by Tregs in experimental and clinical studies of tolerance and explore the concept of delivering an optimal Treg for the induction and maintenance phases of achieving transplantation tolerance.
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INTRODUCTION

Transplantation presents a life-saving treatment for patients with end stage organ failure, however the success of this procedure is restricted by the recipient immune response directed against donor graft alloantigens and the clinical caveats associated with immunosuppressive drugs aimed at controlling this immune response. Current strategies for clinical management of transplant recipients using sustained immunosuppression do not fully prevent induction of the immunological processes which lead to graft rejection, namely chronic allograft failure, and as such the survival of a solid organ allograft is limited (Meier-Kriesche et al., 2004b; Lamb et al., 2010). Whilst early attrition rates for solid organ transplantation have significantly improved over the last few decades, attributed to reduced ischemia times, improved clinical procedures and patient care management, long term survival of allografts have remained relatively unchanged, requiring the majority of patients to have further organ transplants (Meier-Kriesche et al., 2004a; Lodhi et al., 2011). As this inevitably results in an escalating shortage of donor organs, there is a pressing need to develop an alternative method to control the alloimmune response which can establish stable long-term graft acceptance through induction of donor-specific immunological tolerance.

Transplantation tolerance can be defined as a state of immune unresponsiveness, downregulation or deviation of an immune response to an inflammatory situation or insult such as that generated by the recipient immune response following transplantation. Decades of experimental research have identified that mechanistic bases of immune tolerance may be through processes of deletion, anergy, antigen sequestration or immunological ignorance, and also the focus of this review, through processes of active regulation. Implementing mechanisms of immune regulation for tolerance induction are more desirable as an approach as it will, in principle, provide a mechanism which can adapt to the dynamic and evolving immune response post-transplantation. Amongst the T cell subsets with immunomodulatory properties, the regulatory roles of thymus derived CD4+CD25highFoxP3+ naturally occurring regulatory T cells (Tregs) have been recognized for many years and substantial research efforts have sought to exploit their suppressive functions to deliver a tolerogenic cell therapy for transplantation (Hippen et al., 2011; Lombardi et al., 2011). This transition to the clinic has been facilitated by the significant progress made over the last 5 years in identification of further markers to delineate stable suppressive Treg subsets, such as CD45RA, CD161, CCR6, and low expression of IL-7 receptor α chain CD127, in addition to previously described expression of transcription factor Forkhead box p3 (FoxP3), CTLA-4, GITR, and CD62L (Liu et al., 2006; Miyara et al., 2009). Recently, their development as a cell therapy has been translated to clinical hematopoietic stem cell transplantation settings (Sakaguchi, 2004; Sagoo et al., 2008) and use in phase I and II clinical trials are showing tentative yet encouraging results in terms of both safety and efficacy (Brunstein et al., 2011; Di Ianni et al., 2011). The main therapeutic approach currently in use is to infuse freshly isolated or ex vivo polyclonally expanded Tregs into graft recipients with an aim to provide a more favorable in vivo balance of T effector cells to regulatory cells. However, our current understanding of the alloimmune response suggests that regulation of donor-reactive immunity primed by specific pathways of alloantigen-presentation following transplantation may be central to achieving long-term or indefinite graft survival (Nepom et al., 2011; Wood et al., 2011). This concept is now being supported by mounting experimental evidence from basic and clinical studies, which indicate that the next stage in optimizing translation of Tregs to solid organ transplantation will be through the refinement and delivery of donor alloantigen-specific Treg therapy.

This review article discusses the relevance of antigen-specific regulation of alloreactivity by Tregs and explores the concept and goal of defining an optimal Treg for the prevention of transplant rejection and induction of organ transplant tolerance. We identify the main features of the immune response which Tregs need to control by firstly reviewing evidence for the induction and temporal pattern of the alloimmune response, in terms of alloantigen presentation and allopriming following transplantation, and the resulting effector mechanisms of graft rejection. We then review evidence for the association of Tregs and Treg-mediated donor-specific immune regulation in clinical transplantation with particular focus on data emerging from the study of operationally tolerant transplant recipients. After reviewing these findings we then discuss the mechanistic bases of tolerance induction by antigen-specific Tregs, and the requirements of an optimized Treg to improve the success of this approach for the induction and maintenance phases of achieving donor-specific tolerance.

THE ALLOIMMUNE RESPONSE

Induction of the adaptive immune response to an allograft begins with recognition of alloantigen by recipient T cells which is now well characterized and known to occur through three main processes known as the direct, the indirect, and the semi-direct pathways of antigen presentation. The relative contributions of the direct and indirect pathways of alloantigen presentation toward graft rejection have been reviewed in detail elsewhere (Afzali et al., 2007; Gokmen et al., 2008), however the key questions we examine here are whether the differential activity of these alloantigen presentation pathways are associated with transplantation tolerance, and whether their activity is modulated though a process of active regulation which may otherwise be achievable using alloantigen-specific Treg therapy. Our understanding of factors such as the temporal activity and intensity of alloantigen presentation pathway activity, and resulting alloimmune priming following transplantation is integral to identifying the specificity of the Treg required and the time or frequency at which it needs to be administered to deliver an optimized and targeted therapeutic. We therefore begin by providing a brief updated overview of allorecognition, which is summarized in Figure 1A.
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Figure 1. (A) Alloantigen presentation via the direct, semi-direct and indirect pathways following organ transplantation, and (B) the relative intensity of each antigen-presentation pathway during the post-transplantation (post-Tx) period.


PATHWAYS OF ALLOANTIGEN PRESENTATION

The direct pathway of alloantigen presentation is so named as intact allogeneic major histocompatibility complex (MHC) molecules expressed by donor allograft derived cells are directly presented to recipient T cells. The most potent driver of CD4+ and CD8+ T cell responses with specificity for alloantigen presented by the direct pathway is through the migration of donor antigen-presenting cells (APCs) from the allograft to the secondary lymphoid organs (Larsen et al., 1990). Here, donor MHC alloantigens are recognized by alloreactive T cells which are estimated to be of a relatively high endogenous frequency of between 1:100 and 1:100,000 T cells in humans (Hornick et al., 1998; Game et al., 2003; Benitez and Najafian, 2008), and even higher (1:10) in mouse (Suchin et al., 2001). As such, they are able to elicit a vigorous inflammatory T cell response toward the allograft resulting in early or acute rejection. This pre-existing population of T cells with specificity for the direct pathway is a long-standing conundrum in immunology, as recipient T cell recognition of foreign MHC molecules which have not previously been encountered in the thymus violates the rules of self-MHC restriction therefore, direct allorecognition may be attributed to cross-reactivity, namely the ability of self-MHC restricted T cell T cell receptors (TCRs) to recognize polymorphic residues on foreign MHC through structural similarities between donor and recipient MHC molecules (Lombardi et al., 1991; Lechler et al., 1992), although evidence exists which favors the hypothesis that the peptide primarily determines the diversity of the T cell response (Weber et al., 1995). The latter may also explain the occurrence of alloreactivity when donor and recipient MHC are structurally dissimilar. Based on the nature of direct pathway allorecognition (Gras et al., 2011), the direct pathway alloreactive T cell compartment is predicted to arise equally from within either naive CD45RA+ or memory CD45RO+ T cell compartments and is polyclonal in nature (Merkenschlager and Beverley, 1989; Lombardi et al., 1990). Macedo et al. have recently provided further evidence for this by studying effector functions (IFNγ production), proliferation and precursor frequencies in isolated human CD4+ and CD8+ naive and central/effector memory T cell subsets, in response to stimulation with allogeneic peripheral blood mononuclear cells (PBMCs; Macedo et al., 2009). These characteristics have particular relevance to the development and application of effective immunosuppressive approaches to control the direct alloresponse. A lesser described stimulator of the direct alloresponse is that of the presentation of allogeneic MHC by non-professional antigen presenting cells such as activated donor endothelium or epithelium within donor tissue. While several studies have shown this may be able to stimulate T cells requiring lower costimulatory signal thresholds, such as memory T cells (London et al., 2000; Berard and Tough, 2002), other work has shown this may not necessarily result in productive stimulation of alloreactivity (Marelli-Berg et al., 1996).

The indirect pathway of alloantigen presentation occurs when recipient bone-marrow derived APCs capture, process, and present allogeneic MHC determinates to recipient T cells. In this pathway, alloantigen may be acquired from the circulation from shed donor graft material, collected by recipient APCs trafficking through the allograft, or through the phagocytosis of donor APCs that have migrated to the draining lymph nodes. As stimulation of this pathway is dependent upon the limitless supply of graft-derived antigens, it is initiated immediately post-transplantation and sustained throughout the life of the graft. The pre-existing endogenous frequency of alloreactive T cells with specificity for the indirect pathway is detected to be much lower than that of the direct pathway, with a range in frequency of 1:100,000–1:1,000,000 T cells (Hornick et al., 2000; Baker et al., 2001a). Although this antigen presentation pathway becomes active immediately following transplantation, the initially low frequency indirect alloresponse is not generally considered to be of sufficient intensity to be the main stimulus of early or acute graft rejection in a clinical setting, although in some experimental models of graft rejection described later it has been shown to induce acute rejection. Instead, the continuous and progressive priming of the immune response to indirectly presented alloantigens is thought to gradually amplify effector T cell responses with indirect allospecificity to culminate in chronic immune-mediated rejection (Vella et al., 1997; Hornick et al., 2000; Baker et al., 2001a; Gokmen et al., 2008).

The semi-direct pathway is the most recently described pathway of antigen presentation and occurs when intact allogeneic MHC:peptide complexes are captured from donor cell membranes by recipient APCs and incorporated, with maintenance of sufficient molecular and structural integrity to prime recipient T cell alloresponses to the direct pathway (Herrera et al., 2004; Smyth et al., 2006; Riond et al., 2007; Smyth et al., 2007). There is, therefore, the potential for any given APC to simultaneously present alloantigen both via the direct and indirect pathways. In addition to dendritic cells (DCs) and macrophages, a significant proportion of B lymphocytes have also been shown to acquire allogeneic MHC molecules, and this process is also now known to be bidirectional whereby cells of donor origin can also capture and present recipient derived MHC complexes (Brown et al., 2008, 2011).

The ability of the semi-direct pathway to link both the direct and indirect pathways of alloimmune priming of T cell responses may simplify the matter of selecting an appropriate allospecific Treg to regulate the alloreponse by permitting linked or bystander suppression by allospecific Treg, a concept which we return to later. The semi-direct pathway, therefore, illustrates that neither pathway of alloantigen presentation is mutually exclusive post-transplantation. This is further revealed by studying the mechanisms, kinetics, and altering intensity of the alloimmune response.

DYNAMICS OF ALLOANTIGEN PRESENTATION

An important aspect of administering optimized donor-specific Treg cell therapy is to determine when to deliver their immmunoregulatory effects in vivo. A sensible presumption would be to apply them in advance of or simultaneously to the induction of alloantigen presentation pathway activities, to counteract the allopriming effect. Our understanding of the dynamics of the alloimmune response is provided in part by studying the survival and trafficking of donor and recipient APCs in vivo but is also revealed more directly by experimental and clinical studies reporting on the duration and intensity of both direct and indirect pathway primed T cell alloresponses following transplantation (Figure 1B).

The contribution of alloimmune priming by the direct pathway was first demonstrated by seminal experiments examining the effects of donor allograft passenger APCs on kidney allograft survival (Lechler and Batchelor, 1982a). Several studies have since confirmed that abrogation of the direct pathway typically results in a prolongation of graft survival rather than achieving an outcome of true tolerance (Garrod et al., 2010; Fernandes et al., 2011; Gupta et al., 2011), suggesting it is not the only driver of graft rejection. Due to the clearance of donor passenger APCs, the direct alloresponse it is thought to be a relatively short-lived (Lechler and Batchelor, 1982a,b; Hornick et al., 1998), allowing indirect allospecific T effectors responses to dominate. Clearance of donor APCs has recently been shown to be a highly efficient process mediated by recipient cytotoxic lymphocytes (CTLs; Laffont et al., 2006) and natural killer (NK) cell killing, the latter of which can efficiently remove allogeneic donor APC introduced by adoptive transfer or by a skin allograft within hours post-transplantation, to limit any consequent priming of direct pathway alloreactive effector T cell responses (Laffont et al., 2008; Garrod et al., 2010). However, the discovery of the semi-direct pathway implies that the direct pathway is not completely inhibited by this process. Therefore, these data clearly suggest that targeted approaches to control both the direct pathway, perpetuated by the semi-direct pathway, and the indirect pathway may be better able to deliver tolerance induction.

Recent data supports this view by providing evidence of the presentation of donor alloantigen by the semi-direct pathway for prolonged periods post-transplantation. In a rat model of complete MHC mismatched (LEW→BN) liver transplantation, Toyokawa et al. were able to detect donor MHC Class II L21-6+ CD11c+ cells within allografted tissues up to 200 days post-transplantation (Toyokawa et al., 2008), but surprisingly found they disappeared much earlier when grafts were performed into recipient animals pre-depleted of macrophage and DC compartments using clodronate liposomes. While the authors speculated that this early loss of cells expressing donor MHC class II may be due to lack of a survival advantage conferred by recipient APCs through microenvironment conditioning, other studies of surface MHC transfer suggest that the prolonged persistence of donor MHC expression of CD11c+ cells is more likely to be due to the semi-direct pathway. In a mouse kidney graft model of spontaneous tolerance (DBA-2→C57BL/6), Brown et al. were able to demonstrate activity of the semi-direct pathway as early as 8 days post-transplantation by counter-staining lymphoid tissues for both recipient and donor MHC class II expression (Brown et al., 2008). They were able to detect a surprisingly high proportion of APCs with I-Ad (DBA-2 MHC class II) and I-Ab (C57BL/6 MHC Class II) expression (~30%), which remained detectable for extended periods of over 80 days post-transplantation. In the study by Tokoyawa et al., the semi-direct pathway is, therefore, a more likely explanation for prolonged direct pathway donor alloantigen presentation, particularly as in this same study they also detected upregulation of MHC class II expression by donor allograft epithelial and endothelial cells during inflammation, which could have provided a continuous source of donor alloantigen. This would however need to be confirmed by staining for both donor and recipient MHC expression.

Although CD4+ T cells with direct allospecificity are well placed to provide help to alloreactive CD8+ T cells, through the likely 3-cell clusters formed between direct alloreactive CD4+ and CD8+ T cells interacting with a donor-derived APC expressing both allogeneic MHC class I and II, there must be an alternative provision of help for CD8+ T cells, as otherwise the clearance of donor passenger APCs would result in a parallel reduction of alloreactive CD8+ CTL responses. This long-standing conundrum is partly resolved by demonstration of a helper T cell-independent mechanism of CD8+ T cell alloactivation (Jones et al., 2006) and partly by the provision of T cell help via CD4+ T cells with indirect allospecificity (Lee et al., 1994). Precisely how an indirect alloreactive CD4+ T cell with self-MHC restriction would encounter a direct allospecific CD8+ T cell interacting with a cell expressing intact allogeneic Class I MHC, is resolved by the semi-direct pathway where an APC can present both allogeneic class I and processed allopeptides in the context of Class II self-MHC. Fischer et al. have shown that combining tolerogenic conditioning of recipient murine DCs through Rapamycin drug treatment, with DC capture of intact MHC Class I from allogeneic cell lysates, results in alloantigen presentation via the semi-direct pathway, and drives regulation of direct alloreactive CD8+ T cell responses in vitro and in vivo. This study indicates the potential of this pathway in mediating effective immune regulation as well as alloimmune priming (Fischer et al., 2011). Whereas presentation of donor-derived MHC Class I via the semi-direct pathway may remain sustained, as stable graft function develops through sustained immunosuppression or developing immune regulatory processes, presentation of MHC Class II via this pathway may play a lesser role during the post-transplant period as it's sources and activation-induced expression subside with diminution of the inflammatory microenvironment.

Combined, these data shed an alternative view on the role of donor APCs in priming the alloresponse early post transplantation, where their main effect may also be through the provision of an early and high density source of donor antigen to prime the indirect and semi-direct pathways. Activity of these two pathways has recently been demonstrated on a more direct visual basis by the detection of Yae (antibody with specificity for Class I H2-Kd peptide presented by I-Ab complex) and MHC class II I-Ad double positive APCs within lymphoid tissue of C57BL/6 (H2-Kb) mice that have received a BALB/c (H2-Kd) heart graft, demonstrating the capacity of recipient APCs to simultaneously prime both direct and indirect T cell alloresponses (Brown et al., 2011). The predominance of alloantigen presentation via the indirect pathway early in the post-transplantation period in addition to its more usual role in chronic rejection is now becoming a better established phenomenon.

In this respect, the contribution of the indirect pathway toward allograft rejection has been firmly established by studies using donor grafts from MHC class II−/− mice, where rejection can be efficiently induced in the complete absence of direct pathway presentation of alloantigen (Auchincloss et al., 1993; Honjo et al., 2004). Graft rejection dependent on indirect pathway presentation of alloantigens or minor antigens is also now well described (Jurcevic et al., 2001; Sims et al., 2001; Smith et al., 2001; Fernandes et al., 2011), and can occur with little or no change (Garrod et al., 2010; Gupta et al., 2011) in the kinetics of graft rejection compared to when the direct pathway is also active. In support of these findings Brennan et al. have demonstrated the efficiency of the indirect pathway compared to the direct pathway of alloantigen presentation (Brennan et al., 2009). This study co-transferred murine CD4 and CD8 T cells with TCR transgenes conferring specificity for either the direct pathway (I-Ad and H2-Kd, respectively), or the indirect pathway (H2-Kd:I-Ab complex) into C57BL/6 mice (I-Ab) which were then challenged with BALB/c (I-Ad) heart or skin grafts. On adoptive transfer, T cells with indirect allospecificity proliferated with much more rapid kinetics compared to T cells with direct specificity, which was also reflected by endogenous alloreactive T cell populations. Using a murine transplant model Gupta et al. were able to measure the kinetics of alloantigen presentation though the direct or indirect pathways by grafting skin from a BALB/c or CB6F1 (C57BL/6 × BALB/c F1) mouse onto a C57BL/6.TEa.Rag2−/− recipient mouse, in which the T cells have indirect specificity for I-E alpha peptide presented by C57BL/6 MHC class II I-Ab (Gupta et al., 2011). They found that on indirect presentation alone, where BALB/c donor alloantigens must first be processed via the indirect pathway for presentation to TEa T cells, rejection was delayed by 6 days compared to direct antigen presentation (endogenous expression of I-Eα:I-Ab complex by CB6F1 DCs), suggesting this short delay was caused by the time lag required for antigen processing and presentation by the recipient DCs before subsequent T cell proliferation. Although these findings concur with the concept that late graft rejection is associated with a gradually priming and maintenance of the indirect pathway, they fundamentally differ from the findings by Brennan et al., however these differences may be attributed to the allograft model or TCR transgenic T cells used, suggesting although these models are ideal for dissecting mechanistic basis of alloimmune priming, examining clinical data may be more informative for developing practical therapeutic strategies for intervention.

IMPLICATIONS FOR DONOR-SPECIFIC TREG THERAPY

The experimental findings described above underpin two main features of alloimmunity, firstly that the indirect pathway is active immediately following transplantation and secondly that the direct pathway can contribute toward the maintenance of the indirect pathway and may be active later in the post-transplantation period through the semi-direct pathway. It may, therefore, be tempting to speculate that Treg therapy would be best applied either pre-transplantation or at the time of transplantation to prevent any initial priming of memory alloreactive T cell responses, perhaps through modulation of APC activities (Misra et al., 2004; Mahnke et al., 2007; Herman et al., 2012). However, several recent studies have demonstrated that maintenance of alloantigen presentation throughout the lifetime of the organ transplant is also key to achieving tolerance, particularly so when mechanistically Tregs are involved.

Chiffoleau et al. have shown that a rat model of donor-specific heart transplant tolerance (fully MHC mismatched LEW.1W→LEW.1A) is associated with an expansion of splenic Tregs. In parallel, the study detected the persistence and even proliferation (possibly a consequence of the deoxyspergualin analogue tolerising protocol used) of donor DCs for over 100 days post-transplantation, which were restricted to the allografted tissue, achieving a localized tissue chimerism (Chiffoleau et al., 2002). Interestingly, this group found that pre-depletion of donor APCs from the heart allograft prior to transplantation by cyclophosphamide treatment, resulted in a reduction in splenic Tregs and abrogation of the tolerogenic effect. In vitro analysis further confirmed that CD4+ T cells from tolerised animals showed direct pathway donor-specific suppressive activity. Therefore, using this particular tolerising protocol, alloantigen presentation via the direct pathway was critical for induction of transplant tolerance and generation of donor-specific Tregs, suggesting this may be mechanistically a critical contributor toward the successful approach of using mixed-chimerism to induce tolerance to a solid organ transplant (Ko et al., 1999b; Andreola et al., 2011).

Several other studies have also shown that persistent presentation of donor alloantigen is also essential for the maintenance of solid organ transplant tolerance in rodent models. Hamano et al. showed that stable tolerance of a murine allogeneic heart graft induced by anti-CD4 monoclonal antibodies and donor-specific transfusion (DST) was lost when second donor-matched hearts were transplanted 200 days after the removal of the primary hearts, that is, once all donor-alloantigen had been cleared from the recipient mouse (Hamano et al., 1996). This implies that unlike the study by Chiffoleau et al., donor-microchimerism through the survival of donor APCs is not essential for maintenance of tolerance (Ko et al., 1999a), but rather that activation of semi-direct or indirect pathways of alloantigen presentation, by any source of alloantigen, may be more critical. This theory corresponds with evidence of the requirement of continuous presence of donor alloantigens for Treg survival in allograft tolerance models (Scully et al., 1994; Chen et al., 1996; Hamano et al., 1996). Two recent studies add further support to this concept by using miniature swine models of allotransplantation to study the stability of tolerance and the contribution of alloantigen presentation via the indirect pathway toward maintenance of tolerance (Okumi et al., 2008; Weiss et al., 2009). Okumi et al. were able to demonstrate that once a primary MHC class I mismatched tolerised kidney allograft had been removed and all endogenous donor alloantigen had been cleared, animals could be sensitized to reject a second identical donor graft by injection of donor MHC Class I peptides. However, immunization of long-term tolerised animals with donor MHC Class I peptides did not lead to the rejection of a primary graft, indicating that alloantigen presentation via the indirect pathway could both break tolerance and be crucial in the induction and maintenance of tolerance.

The relevance of these studies toward developing Treg therapy is challenging to conclude, largely because of the intricacies and variation within each experimental model, with respect to transgenic mice used or tolerising protocols applied, which may or not be associated with Treg mediated regulatory processes. What can be deduced is that for induction of long-term stable graft tolerance, active presentation of alloantigen is required, which over the life-time of an allograft will be mediated primarily by the indirect pathway. Sustained alloantigen presentation may function by promoting antigen-driven activation, expansion, or survival of in vivo induced or adoptively transferred donor-specific Tregs (Walker et al., 2003; Sanchez-Fueyo et al., 2006), which may in turn stimulate other alloantigen-specific immune regulatory processes, a concept which is explored in more detail in the following section.

DONOR-SPECIFIC TREG CONTROL OF ALLOIMMUNE RESPONSES FOLLOWING TRANSPLANTATION

As well as their critical role in immune homeostasis and regulation of autoimmunity (Sakaguchi and Sakaguchi, 2005), Tregs can function to regulate the alloimmune response through a number of mechanisms which include release of immunosuppressive cytokines, modulation of APC and endothelial functions, or direct suppression of CD8+ and CD4+ T effector cells to summarize but a few (Shevach, 2009). Here we examine the requirements of Tregs to control several important aspects of the alloimmune effector response, outlining where the advantages of donor-specific Treg use for immune regulation may lie.

DONOR-SPECIFIC TREGS DELIVER LOCALISED IMMUNE REGULATION

Targeting the immunoregulatory properties of Tregs to the sites of anti-donor effector responses would circumvent the issue of the relative paucity of Tregs, which would otherwise limit their efficacy in vivo. The effector arm of the indirect alloresponse is broad and can occur at remote sites to the donor allograft as discussed later, however as indirect allospecific T cells are unable to recognize the tissue allograft directly to mediate direct lysis or cell mediated immunity, that is in a completely MHC mismatched donor recipient setting, they would only potentially be able to directly damage the allograft by bystander killing. In contrast, direct allospecific T cells accumulate and act at the graft site through recognition of expressed intact MHC. An immediate advantage of transferring Tregs with direct pathway alloantigen-specificity would, therefore, be that they would naturally localize to the equivalent site of allospecific effector T cell priming to mediate their regulatory effects. Indeed, Tregs have been described to specifically accumulate at sites of alloantigen sources, alloimmune effector priming or target activity, to establish a state of local immune privilege (Golshayan et al., 2007, 2009; Dijke et al., 2008). In experimental models of allograft tolerance, Tregs with the ability to transfer tolerance to naive recipients have also been detected within draining lymph nodes and also donor allografted tissue (Graca et al., 2002). In a recent study by Heslan et al., analysis of T cells isolated from tolerised allografts, also capable of transferring donor-specific tolerance to naive recipients, showed skewed TCR Vβ repertoires which may reflect an accumulation of oligioclonal donor alloantigen specific regulatory T cells (Heslan et al., 2005). What many studies have been unable to demonstrate is whether Tregs are generated elsewhere and then migrate to the graft site from the periphery or whether they are induced within an allografted tissue itself. However these studies do highlight the major advantage offered by a therapeutic strategy to adoptively transfer donor-specific Tregs into transplant recipients, by allowing their immunomodulatory functions to be readily concentrated at the source of their cognate alloantigen expression and subsequent immune activation (Golshayan et al., 2007). We have recently demonstrated that transfer of human Tregs selected for direct pathway donor allospecificity are more effective at preventing rejection of a human skin graft in a humanized mouse xenograft model, compared to polyclonal Tregs (Sagoo et al., 2011). On studying early trafficking of adoptively transferred human Tregs (3 days), similar numbers of both allospecific and polyclonal Tregs were recruited to skin allografts, although a higher proportion of allospecific Tregs were found to be in contact with skin resident alloantigen (HLA-DR+) bearing donor cells. These data allow speculation that donor-specific Treg mediated suppression occurs primarily at sites of alloantigen expression and effector target tissue, and possibly acts through early interaction and modulation of APC function and effector cell recruitment, as implicated by other in vitro and in vivo studies (Golshayan et al., 2009; Herman et al., 2012). Analysis at later time points (4 weeks) showed significantly higher numbers of allospecific Tregs were present in allografted tissues, which concurs with the hypothesis that antigen-driven expansion or survival of allospecific Tregs had occurred (Walker et al., 2003; Sanchez-Fueyo et al., 2006), and which may contribute to the improved efficacy of donor-specific Tregs in this model. These findings also resonate with functional differences detected between antigen-specific and polyclonal Tregs in other murine models of tolerance induction (Golshayan et al., 2007; Joffre et al., 2008; Tsang et al., 2009). In contrast, considerable success using polyclonal Tregs in preventing experimental graft versus host disease (GvHD) has also been demonstrated (Edinger et al., 2003; Trenado et al., 2003). The disparity between the relative efficacy of polyclonal Tregs in these transplantation settings may again be related to the localization of alloreactive responses, which during GvHD is more systemic and, therefore, equally amenable for polyclonal Treg mediated regulation.

The frequency and distribution of Tregs have also been studied in the context of clinical transplantation both in observational/association studies, and also in several studies extending to cellular function analysis of Treg mediated suppression, the latter of which is discussed later. As summarized in Table 1 (Columns A and C), several studies examining clinically stable allograft recipients, those undergoing rejection, and healthy “control” individuals, in general find no consistent differences in the frequencies of peripheral blood circulating levels of Tregs. Shan et al. (2011) have recently compiled a more comprehensive review of over 20 observational clinical studies which have examined the association of detected human Tregs with liver, heart, lung, and kidney allograft outcome. Their meta-analysis shows that elevated intra-graft Tregs detected by relative increase in FoxP3+ cells or quantitative mRNA expression expression could, in general, be positively correlated with improved graft function or outcome, whereas numbers of circulating Tregs, the most common method of analysis, could not be consistently correlated with outcome. This finding again reinforces the concept of targeting Tregs to the correct in vivo site for optimal alloimmune suppression. This is further supported by a study by Bestard et al. which found that renal transplant patients whom developed T cell hyporesponsiveness toward their donor after transplantation also had significantly higher levels of CD4+FoxP3+ cells within their allograft infiltrates compared to patients whom showed donor-reactivity (Bestard et al., 2007). Similar observations of elevated foxp3 mRNA expression in allograft biopsies have also been made in combined bone marrow transplant (BMT) and kidney allograft patients whom develop operational tolerance (Kawai et al., 2008).

Table 1. Evidence of donor-specific regulation by Tregs in clinical transplantation.
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Indeed, studies of human Tregs in patients with operational tolerance are more revealing and in general bode well for cell therapy approaches aiming to increase in vivo Treg numbers (Table 2, Column A). Several studies have detected increases in percentages of CD4+CD25+ Tregs as a proportion of total CD4+ T cells and also absolute numbers of Tregs in peripheral blood circulation in tolerant liver transplant recipients compared to healthy controls, patients with stable graft function whom are maintained on immunosuppressive drugs, and patients with active immune-mediated graft rejection (Li et al., 2004, 2008; Martinez-Llordella et al., 2007; Pons et al., 2008). Li et al. have further confirmed that higher percentages of FoxP3+ cells are also detected in biopsy material from some tolerant liver transplant patients (Li et al., 2008). More recently, expansion of in vivo numbers of circulating Tregs has been strongly linked to immunosuppression withdrawal protocols and establishment of tolerance in cohorts of liver transplant recipients (Nafady-Hego et al., 2010). The association of Tregs with operational tolerance in other organs such as kidney is not as consistent, with the majority of studies observing that tolerant patients do not have higher percentages or absolute number of Tregs in circulation compared to other patient groups described (Louis et al., 2006; Braudeau et al., 2007; Newell et al., 2010; Sagoo et al., 2010). In two recent studies examining the largest cohorts of renal transplant patients with established long-term operational tolerance to date, neither study detected expansion of CD4+CD25high Tregs in peripheral blood (Newell et al., 2010; Sagoo et al., 2010). While all clinical studies of renal transplant recipients described in Table 2 identified no differences in percentages or numbers of circulatory Tregs between tolerant individuals and healthy control subjects, two studies did detect a significant reduction of Tregs in patients with chronic graft rejection (Louis et al., 2006; Braudeau et al., 2007). This observation suggests that tolerance may not be directly related to a numerical advantage in peripheral Tregs, more rather that tolerant individuals may maintain Tregs numbers similar to that of healthy individuals, whereas reduced Treg numbers may be associated with poor graft outcome. This difference may of course be a consequence of patients whom go on to develop chronic rejection having lower pre-transplant frequencies of Tregs, which is an important question that can be examined by the prospective and longitudinal immune monitoring of transplant recipients. Reviewing the clinical studies of operational tolerance summarized in Table 2 highlights an emerging dichotomy between liver and kidney transplantation and the differing role of circulatory Tregs within each organ transplant setting. This deserves further investigation and warrants deeper phenotypic and functional analysis, particularly in view of some divergence in genetic profiles of immunological tolerance that have recently been identified between these two organs (Martinez-Llordella et al., 2008; Perucha et al., 2011; Sawitzki et al., 2011).

Table 2. Observational and functional study of Tregs in clinical operational transplantation tolerance.
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As suggested earlier, analysis of Treg frequencies in peripheral blood may be entirely perfunctory, and may not be indicative of allograft infiltrating Tregs or active mechanisms of regulation taking place within the tissue. Interestingly, despite observing no differences in peripheral blood Treg numbers between patient study groups, by studying urine sediment, which is anticipated to be reflective of the cellular composition of the kidney allograft, Newel et al. were able to detect higher foxp3 expression by operationally tolerant patients compared to healthy control subjects, highlighting the subtleties of immunological monitoring that need to be considered when interpreting observations in clinical transplantation (Newell et al., 2010). Although intragraft Treg composition is challenging to measure directly, an intermediate method of assessing the role of Tregs and immune regulation in tolerance is through the detection of donor-specific hyporesponsiveness by allograft recipients.

EVIDENCE FOR DONOR-SPECIFIC TREG-MEDIATED REGULATION OF ALLOIMMUNITY

Measuring recipient alloreactivity toward donor antigen presented by the direct or indirect pathways has been achieved using several ex vivo methods as summarized in Tables 1 (Column A) and 2 (Column B), and has evidenced that detectable active donor-reactive immunity is in general correlated with poor graft outcome and development of acute and chronic graft rejection, respectively (Table 1 Column B and Table 2 Column C; Vella et al., 1997; Ciubotariu et al., 1998; Poggio et al., 2004; Hernandez-Fuentes and Lechler, 2005). Furthermore, by comparing recipient T cell responder frequencies against donor stimulation to that of HLA mismatched third party (3rdParty) stimulation, it can be used as a method to detect donor-specific hyporesponsiveness and, therefore, determine whether established stable graft function or immunological tolerance is alloantigen-specific. Monitoring of donor-reactive immune responses has demonstrated that hyporesponsiveness to the direct pathway can develop shortly after solid organ transplantation and is in general associated with stable graft function (Hornick et al., 1998; De Haan et al., 2000). Donor-specific cytotoxic or T cell hyporesponsiveness has been detected in kidney (Ghobrial et al., 1994; Mason et al., 1996; Mestre et al., 1996; Hornick et al., 1998; Baker et al., 2001b), heart (Hu et al., 1994; Hornick et al., 2000; Van Hoffen et al., 2000) and lung (De Haan et al., 2000) transplantation, although this is not a universal finding (Eberspacher et al., 1994; Loonen et al., 1994; Steinmann et al., 1994; Oei et al., 2000). In addition, hyporesponsivessness to donor antigen presented by the indirect pathway has also been described (Salama et al., 2003b). As shown in Tables 1 and 2, the contribution of Tregs toward regulation of donor alloreactivity can be measured by the recovery of effector functions or proliferation when Tregs are removed or added into an assay in which donor alloantigen is used as a stimulator of either the direct or indirect T cell alloresponse. Again, comparison of suppressive activity toward a 3rdParty stimulator can further reveal whether Tregs have alloantigen-specific suppressive functions.

Our review of clinical studies which have examined the contribution of Tregs toward established donor-hyporesponsiveness shows a high degree of concordance in demonstrating donor-specific Treg mediated suppression of T cell alloreactivity toward direct (Velthuis et al., 2006, 2007; Bestard et al., 2007; Kreijveld et al., 2007; Akl et al., 2008; Sewgobind et al., 2008; Hendrikx et al., 2009) and indirect (Salama et al., 2003b; Spadafora-Ferreira et al., 2007) pathway anti-donor responses in patients with stable allograft function. Two of these studies were prospective and were, therefore, able to show that donor-specific Treg activity with direct pathway specificity developed relatively early on post transplantation from 6 months onwards (Bestard et al., 2007; Hendrikx et al., 2009). Within the studies examined the percentage of stable allograft recipients with detectable evidence of donor-specific Treg functions ranged from 20 to 83% of donor-hyporesponsive patients between study cohorts. Some studies however, were either unable to detect any donor-specific T cell hyporesponsiveness (Baan et al., 2007), or unable to uncover any donor-specific Treg activity despite patients showing donor-specific T cell hyporesponses to direct pathway donor stimulation (Game et al., 2003). These variations may be in part explained by the differing immunocompetence and immune status between individual patients and within patient cohorts based on their pre- and post-transplant immunosuppressive regimens, or simply technical peculiarities of the assays performed. Incongruence's may also be influenced by differences in time post-transplantation that patients were screened for donor-specific Treg activity, where in addition to Tregs, other more dominant donor-specific immunoregulatory mechanisms may be actively contributing toward the detected dampening of anti-donor responses.

In support of this latter hypothesis, a study examining regulation of direct pathway alloreactivity in tolerant liver transplant recipients (Yoshizawa et al., 2005), suggests that donor alloantigen specific Treg activity is one of multiple mechanisms that may contribute to the maintenance of liver graft survival. Yoshizawa et al. were able to detect an increase in donor-directed alloreactivity after depletion of Tregs from in vitro MLR assays, however tolerant recipient T cells still remained largely hyporesponsive to donor stimulation suggesting other mechanisms such as clonal deletion, induction of donor-specific cell anergy or involvement of other immunomodulatory cell subsets were established during tolerance. Further evidence for this is provided by work from our group as part of the Indices of Tolerance and Riset consortium, where we were able to correlate direct pathway donor-specific hyporesponsiveness with tolerance in renal transplant patients, but this could not be attributed to CD4+CD25+ Treg mediated donor-specific functions by ex vivo analysis (Sagoo et al., 2010). As increased numbers of Tregs were more strongly associated with operational tolerance in liver transplantation as described earlier, the findings by Nafady-Hego et al. may be readily anticipated (Nafady-Hego et al., 2010). In their ex vivo functional assays to study donor-specific Treg suppression, Nafady et al. found that only the patient cohort with established tolerance demonstrated donor-specific Treg mediated regulation of donor-directed T cell alloresponses, with patients undergoing active weaning showing a similar emerging although not significant effect.

Drawing any firm conclusions from these findings is a challenge as very few studies to date have directly assessed Treg activity in clinical transplantation tolerance. However, the data reviewed in Tables 1 (Columns B and C) and 2 (Columns C and D) clearly indicate that donor-specific hyporesonsivess to the direct and indirect pathways of alloantigen presentation are features of stable graft function and also operational tolerance. Furthermore they suggest that naturally occurring Tregs may play a prominent role in the establishment and possibly maintenance of donor-specific immunological tolerance in liver transplantation. This is an important aspect which can only be assessed by clinical studies which perform longitudinal immune monitoring of transplant recipients during immunosuppression weaning protocols as is more routinely performed in liver transplantation. In contrast, while in kidney transplantation Tregs with direct pathway donor-specificity appear to contribute toward suppression of donor-specific responses during stable graft function or the phase of tolerance induction, they do not appear to play a prominent role in toward the maintenance of established operational tolerance.

Although there is evidence of Treg-mediated regulation of indirect pathway directed anti-donor responses in stable renal transplant patients (Salama et al., 2003a), clinical studies of operational tolerance suggest that maintenance of the immunological donor-specific hyporesponsive state can also be attributed to other immuoregulatory processes than naturally occurring Tregs. Several years ago, VanBuskirk et al. were able to demonstrate that some patients displaying stable tolerance to either a kidney or liver allograft had evidence of donor-specific regulation of indirect pathway T cell responses. This was detected using a trans-vivo delayed-type hypersensitivity (DTH) linked suppression assay, measuring DTH swelling responses to tetanus toxin recall antigen stimulation when applied with or without donor antigen (VanBuskirk et al., 2000). This study identified regulation of donor-specific responses was dependent on either IL-10 or TGFβ, although no further analysis of the mechanistic basis or source of either cytokine was studied. Following on from this work, Haynes et al., have recently been able to correlate both reduced T cell responses to indirectly presented donor alloantigens and evidence of active regulation of indirect alloreactivity with improved kidney transplant outcome (Haynes et al., 2012). Again using the trans-vivo DTH assay, they were able to show that tolerant patients had reduced donor-specific T cells responses with reactivity toward indirectly presented donor antigens, which were actively regulated through a TGF-β dependent mechanism detected using an in vivo linked suppression assay. Although again, immune regulation was not directly attributed to antigen-specific naturally occurring FoxP3+ Tregs or any particular lymphocyte subset, this certainly implies a role for adaptive or induced Th3 Treg mediated regulation, by CD4 or possibly CD8 T cell subsets. In this study, the importance of alloimmune priming and immune regulation of the indirect pathway for tolerance induction was also very clearly illustrated by the complete absence of indirect pathway alloresponses detected in identical twins receiving isogenic kidney transplants. Haynes et al. also performed a parallel assessment of other kidney graft patients including those with stable graft function and those undergoing chronic rejection, and showed a progressive spectrum of immune responses to the indirect pathway and the degree of active regulation of this alloresponse, associated with graft function, where patients with biopsy proven chronic rejection had the highest level of indirect alloreactivity, with the lowest regulatory ability.

These studies highlight the significance of active processes of regulation of the indirect pathway of alloantigen presentation in tolerance, suggesting that deletion may not be the primary mechanism involved, however they did not examine and, therefore, exclude the role of naturally occurring CD4+CD25highFoxP3+ Tregs, either their direct suppressive activities or their ability to mediate linked suppression and thereby induce alternative networks of immunomodulatory cells. Indeed, the clinical studies of operational tolerance reviewed here are all restricted by their assessment of only limited immunoregulatory cellular phenotypes or mechanisms. Nonetheless, what can be inferred from these studies is that in both liver and kidney transplantation tolerance, naturally occurring Tregs with donor-specificity may be related to immune regulation of the alloresponses early post-transplantation, to induce transplantation tolerance. There then appears to be some divergence between allografted tissues which requires further investigation, however current data suggests that in operational kidney transplantation tolerance, immunoregulation mediated by Tregs does not remain a dominant mechanism. An emerging hypothesis is, therefore, that Tregs with indirect allospecificity may induce other immunosuppressive mechanisms through linked or bystander suppression to generate infectious tolerance which are involved in maintenance of the tolerant state. We can find evidence to support this hypothesis by examining the mechanisms and immunological factors identified following experimental and clinical transplantation tolerance induction protocols.

LESSONS ON RELEVANCE OF DONOR-SPECIFIC TREGS FROM TOLERANCE INDUCTION PROTOCOLS

Linked suppression is a feature of immune regulation which can be elicited by Tregs with indirect allospecificity, whereby a Treg can encounter an APC presenting its specific MHC:peptide complex and can exert suppression upon other T cell responses, with specificity for other unrelated antigens also presented by the same APC, namely via the indirect pathway (Chen et al., 1996; Wise et al., 1998; Niimi et al., 2001). Mechanistically, linked suppression is achieved through many of the classical suppressive functions of Tregs described, such as modulation of APC functions to generate tolerogenic functions, Treg-T cell competition for space or ligands on the APC both of which can result in anergy, or local production of immunosuppressive cytokines or factors which modulate lymphocyte functions (Qin et al., 1993; Waldmann et al., 2006). In addition to induction of adaptive CD4+CD25+FoxP3+ Tregs, these mechanisms may result in the generation of other immunomodulatory cell subsets, such as the recently described CD8+CD28− suppressor T cells (Suciu-Foca et al., 2003), Tr1 cells (Battaglia et al., 2006), or Th3 cells, the importance of which has been further underlined in transplantation tolerance by recent work from the Burlingham research group described earlier (VanBuskirk et al., 2000; Haynes et al., 2012). The presence of donor-specific Tregs may, therefore, act to dampen the inflammatory alloimmune response early on post-transplantation by suppressing alloimmune T effector responses for induction of transplantation tolerance. Once a tolerogenic environment is established in vivo, subsequent antigen presentation may occur predominantly via the indirect pathway within a tolerogenic environment, and depending on the degree of HLA mismatching, resulting in the expansion of naturally occurring Tregs, or the induction of adaptive or induced Treg populations, such as the Th3 to propagate infectious tolerance and maintain an operational tolerant state. This may explain the incongruence between clinical studies that have examined the presence and activities of Tregs with direct pathway allospecificity during the late transplantation period. Although it remains to be formally demonstrated in a clinical setting, several studies have implicated a direct link between Tregs and induction of other immunoregulatory processes, which is emphasized by the persistence of the indirect pathway and indirect allospecific Treg functions.

Review of experimental tolerance induction strategies have shown that in addition to clonal deletion, anergy and exhaustion, immune regulation mediated by Tregs form a common mechanistic basis in achieving indefinite graft survival, particularly using methods such as DST, tolerogenic DCs and also costimulatory blockade (Sykes, 2007). Many tolerance induction protocols have been shown to require active presentation of alloantigen through the indirect pathway (Yamada et al., 2001; Niederkorn and Mayhew, 2002; Rulifson et al., 2002). This corresponds to studies of allograft tolerance in mice, where Tregs have been described as being generated by indirect presentation, which can then exert their suppressive properties against donor alloantigen presented by the indirect pathway (Wise et al., 1998; Hara et al., 2001). Also as mentioned previously, the detection of effective immune regulation of donor alloreactivity to the indirect pathway in clinical studies is correlated with stable graft function and tolerance. As several studies have indicated that thymically derived naturally occurring CD4+CD25+ Tregs have a higher propensity for recognition of self-MHC and thus indirect allospecificity (Jordan et al., 2001; Apostolou et al., 2002; Romagnoli et al., 2002; Hsieh et al., 2004), it is, therefore, conceivable that presentation of alloantigen by the indirect pathway following transplantation results in the preferential activation and expansion of Tregs with indirect allospecificity. This may in part explain their improved efficacy in experimental models of indirect pathway antigen presentation compared to direct pathway antigen presentation (Sanchez-Fueyo et al., 2007), and support their role in the early induction phase of transplantation tolerance.

The requirement of the indirect pathway and the role of Tregs in tolerance induction are heavily implicated by tolerance induction protocols using DST or hematopoietic stem cell transplantation (HSCT) in experimental and clinical transplantation (Kishimoto et al., 2004). Generation of mixed chimerism as an approach to achieve tolerance to a solid organ transplant aims to generate both peripheral and central tolerance to the allograft, and has recently been extensively reviewed by Pasquet et al. (2011). Establishing mixed chimerism creates an in vivo situation where alloantigen presentation via the indirect pathway is significantly potentiated in activity and intensity and may, therefore, be more permissive to the promotion of indirect allospecific Tregs and tolerance induction. Le Guern et al. have provided experimental data which links the mixed chimerism approach for tolerance induction, with Treg induction and linked suppression. In a murine model of fully mismatched heart transplantation (C57BL/6→ CBA), recipient mice received an autologous BMT (I-Ak+) which had been retrovirally transduced to express a single donor MHC Class II donor allele (I-Ab), followed by a donor or 3rdParty heart allograft. This protocol resulted in the induction of donor-specific tolerance, in the complete absence of sustained immunosuppression, which was associated with immune deviation from a Th1 to Th2 predominate cytokine response and with no indications of chronic rejection associated vasculopathy (LeGuern, 2004; LeGuern et al., 2010). Furthermore, they were able to transfer protection against graft rejection to naïve recipients through CD4+CD25+FoxP3+ Tregs isolated from tolerant mice.

An impressive Phase II clinical study by Leventhal et al. (2012) has employed the mixed chimerism approach to show induction of stable operational tolerance in all their study patients that underwent HLA-mismatched combined HSCT and kidney transplantation. This study used a protocol which included transfer of pre-plasmacytoid tolerogenic DC graft facilitating cells in addition to HSC donor inoculum, which by in vitro and in experimental in vivo research had previously been shown to mediate induction of CD4+CD25+FoxP3+ donor-specific Tregs. In patients whom developed durable chimerism, an increase in the ratio of Tregs to T effectors was detected, along with lack of donor alloreactivity toward the recipient, which may explain the absence of GvHD within the cohort. An additional observation, which we discuss later, was the expansion of CD19+ B cells by a large proportion of the patients, occurring within the first year post-transplantation. Based on detectable responses to 3rd Party alloantigens in vitro, it is likely that established donor-specific immune modulation in these patients was mechanistically linked to the induction of donor-specific Tregs. In another study of combined BMT and kidney transplantation in HLA-mismatched individuals, Tregs were found to play a more dominant role early post-transplantation, being expanded in numbers in the periphery and demonstrating the development of donor-specific suppressive activity compared to pre-transplant function. However at 6–12 months post-transplantation, only some study patients displayed evidence of donor-specific suppression by Tregs, which was no longer detectable after 1 year, despite the maintenance of donor-specific hyporesponsiveness. This suggests other forms of immune regulation such as antigen-specific T effector cell depletion or anergy may have evolved to maintain allograft tolerance (Andreola et al., 2011). These studies suggest that maintenance of established tolerance may be manifested through CD4+CD25+FoxP3+ Treg dependent or independent activity, which may act in concert with or independent of several other induced immunomodulatory mechanisms.

The use of donor-specific Tregs for transplantation immunotherapy, therefore, provides an opportunity for the generation of infectious tolerance and as such, an improved likelihood of developing stable long-term donor-specific unresponsiveness (Cobbold and Waldmann, 1998; Waldmann et al., 2006). We next explore the concept of linked suppression in the context of the improved capacity of donor-specific Tregs to mediate maintenance of tolerance induction.

DONOR-SPECIFIC TREGS AND CONSEQUENCES OF REGULATION THROUGH LINKED SUPPRESSION

As described, a key advantage of immunotherapy using Tregs with indirect donor allospecificity is that they have the capacity to mediate linked suppression. This allows them to exert control over broader effector arms of the alloimmune response, which is particularly relevant for the control of alloantigen-specific B cells of the alloimmune response.

One of the main effector mechanisms of alloreactive T cells with indirect allospecificity is through the provision of T cell help to B cells, which results in the generation of the humoral alloantibody response to an allograft (Suciu-Foca et al., 1995; Colvin, 2007), and leads to alloantibody mediated chronic graft rejection. The dominant role of T cells with indirect pathway allospecificity in providing germinal center help to B cells for alloantibody induction and graft rejection has recently been firmly established. By adoptive transfer of CD4+ T cells with indirect allospecificity (BALB/c Class I H2-Kd molecule presented in the context of C57BL/6 class II I-Ab) or T cells with direct allospecificity (CD4+ T cells with direct specificity for I-Abm12), Conlon et al., were able demonstrate that only T cells with indirect allospecificity had the capacity to provide B cell help and induce an alloantibody response to a heart allograft (BALB/c→C57BL/6), whereas T cells with direct allospecificity alone were incapable (BALB/cxBM12→C57BL/6; Taylor et al., 2007; Conlon et al., 2012). Interactions between cognate T cells and B cells, recognizing different allogeneic peptides presented by the same APC also promotes epitope spreading of the T cell and alloantibody responses, resulting in the recognition and alloimmune targeting of effector responses to more cryptic antigenic determinates over the lifetime of the transplant. This correlates with the main pathological markers of chronic rejection which are typically that of wound healing such as fibrosis or vasculitis, where proinflammatory cytokines generated by antibody-mediated complement or cellular dependent mechanisms of allograft damage, induce endothelial and epithelial hyperproliferation. Indeed in clinical transplantation, epitope spreading has been detected in patients with detectable indirect pathway T cell alloreactivity with evidence of chronic allograft dysfunction (Vella et al., 1997; Ciubotariu et al., 1998; Suciu-Foca et al., 1998; Hornick et al., 2000). Previous work from our laboratory has demonstrated the unique capacity of Tregs with indirect allospecificity to control alloantibody mediated vasculopathy in experimental heart and skin graft models (Tsang et al., 2009). Using both MHC-mismatched and semi-allogeneic transplantation models, Tregs generated with both direct- and indirect pathway allospecificities were found to be more effective at inducing indefinite survival of heart transplants than Treg cell lines generated for direct allospecificity alone. Whilst Tregs with allospecificity for the direct pathway were only marginally less effective at inducing indefinite graft survival compared to Tregs with both direct and indirect pathway allospecificities, Tregs with indirect allospecificity were essential to prevent chronic vasculopathy, determined by allograft histopathology. These findings correspond to clinical observations, where Tregs with indirect pathway donor-specific suppressive activity in stable renal transplant recipients have been shown to be able to regulate a shift in recipient alloreactivity to different donor MHC epitopes during the post-transplant period (Salama et al., 2003b).

These data clearly argue that development of Tregs with donor-specificity for the indirect pathway as a cell therapy product for transplant recipients is likely to be critical for the induction of long-term graft survival, enabling immunoregulatory mechanisms to adapt to the evolving immune response through the ability of Tregs to control epitope spreading through linked-suppression. Recipient B cell presentation of donor graft alloantigens is now known to make a critical contribution toward graft rejection (Noorchashm et al., 2006). As only Tregs with indirect specificity would have the capability of interacting directly with its cognate MHC: donor allopeptide complex as presented by a B cell, it would, therefore, have the potential to modulate the B cell alloresponse. Treg-mediated modulation of B cell activity has been evidenced in a previous study of MHC class I mismatched heart allograft rejection mediated by the indirect pathway, where graft rejection, induced specifically via CD4+ T cell dependent induction of alloantibody, was prevented using a tolerance induction protocol of anti-CD4 and DST, which was shown to generate Tregs with indirect allospecificity with the capacity to suppress alloantibody generation (Callaghan et al., 2007).

In addition to the indirect regulatory T cell effect on B cell activity, through inhibition of helper T cell activity, Tregs have also been shown to modulate B cell activity through a number of direct suppressive mechanisms. For example, antigen-specific murine Tregs raised against a common allergen, through in vivo administration of an immunodominant peptide, have been shown to mediate B cell killing on recognition of specific epitope:MHC complexes through Treg cytolytic activity of Fas-Fas-L interactions (Janssens et al., 2003). Lim et al. (2004) have shown that on antigen-mediated activation, Tregs can modulate their expression of germinal center (GC) B cell follicular zone homing chemokine receptors (increase CXCR5, decrease CCR7) and migrate to the T cell B cell boundary areas within human lymphoid tissue, where they can then directly prevent B cell class switching and Ig production (Lim et al., 2005). This latter study went further and by isolating Tregs and B cells from human lymphoid tissue, were able to demonstrate that Tregs were not only able to directly suppress B cell class switching, detected by monitoring Ig transcript analysis in ex vivo transwell assays, but were also able to suppress the helper T cell response, by preventing CXCL13 secretion. More recent studies in mouse have shown that naturally occurring Tregs can migrate and reside in the GC follicular zone where they regulate B cell humoral responses, and that inhibiting their migration to these zones (using B cells derived from CXCR5−/− mice) results in aberrant B cell IgM, IgA, IgG1, and IgG2b antibody production (Wollenberg et al., 2011). More recently experimental evidence suggests that Tregs may also have the capacity to protect pre-sensitized individuals, through their ability to control plasma B cell activity (Jang et al., 2011). Tregs are, therefore, key in preventing B cell mediated graft destruction and limiting indirect alloimmunity, which correlates with an absence of donor-specific alloantibody in clinical transplantation tolerance and experimental models of transplantation tolerance.

Although the classic view of B cells in transplantation has focused on their pathogenic activities, an alternative emerging view is that of the complimentary roles of Regulatory B cells (Bregs) and Tregs. Bregs have recently been identified to play roles in regulating autoimmunity in experimental models of collagen-induced arthritis, experimental autoimmune encephalitis (EAE) and colitis, which is associated with B cell production of IL-10 (BR1 or B10 cells in human or mouse respectively) or TGFβ production (Mauri and Blair, 2010). Ashour and Niederkorn have demonstrated that Breg and Treg collaboration are associated with the process of immune modulation in anterior chamber associated immune deviation (ACAID). Their study showed that following antigen transfer into the anterior chamber of the eye, the APC function of B cells was essential in generating peripheral tolerance through the induction of CD4+ and CD8+ regulatory T cells (Ashour and Niederkorn, 2006). Further evidence is provided in a model of EAE, where depletion of B cells was related to a lack of recovery from the disease and delayed emergence of FoxP3+ cells within the CNS (Ray et al., 2012). Interestingly, in this model, B cell induction of Treg proliferation was found be dependent on B cell expression of glucocorticoid-induced TNF ligand (GITRL) rather than IL-10 expression. In fact, B cells are now becoming well described in their abilities to both positively and negatively regulate T effector responses, in addition to both induce and expand Tregs (Lund and Randall, 2010). Thus, an emerging controversial role of B cells in immunity is apparent, which is particularly surprising given the established contribution of allospecific B cells and alloantibody toward organ allograft rejection.

Currently very few studies have identified a role for Bregs in the context of transplantation tolerance (Le Texier et al., 2011; Wang et al., 2011). Le Texier et al. have recently revealed that B cells isolated from tolerant recipients in a rat model of heart transplantation can mediate infectious tolerance on adoptive cell transfer (Le Texier et al., 2011). In this model, B cells infiltrated and were localized to the tolerated organ, did not undergo class switching being maintained as IgM+ cells within the tissue and the periphery, and were found to express high levels of BANK-1 and the inhibitory FcgR2b receptor, indicating the generation of an inhibitory B cell phenotype. In clinical transplantation, the study by Haynes et al. mentioned earlier has been the first to examine the functional regulatory contribution of Bregs. In their study, they observed highest regulation of indirect pathway alloreactivity in operationally tolerant recipients which was predominantly TGFβ dependent. One of the methods they used to examine a Breg effect was by incorporating B cell depletion into their studies measuring the in vivo DTH response, which showed regulation of indirect alloreactivity was mediated through a B cell–independent mechanism. These two studies suggest that maintenance of established tolerance may be more dependent on B cells, rather than tolerance induction. One possibility may be that following immunosuppression withdrawal, Breg populations may emerge which are actively involved in mediating tolerance through other mechanisms such as IL-10 production (Iwata et al., 2011), which allows speculation that they then have the potential to promote other immunomodulatory mechanisms such as induction of Tr1 Tregs. These studies correspond with the B cell dominant gene expression profile and peripheral expansion of B cells detected within operationally tolerant patient cohorts (Newell et al., 2010; Pallier et al., 2010; Sagoo et al., 2010), some of which show alterations in specific memory or transitional B cell subsets. One of the main difficulties in assessing the role of Bregs in clinical transplantation tolerance is the current lack of a definitive Breg marker. In view of these findings, a resurgent interest in the regulatory and allopriming role of B cells in transplantation tolerance is occurring (Adams and Newell, 2012) which may identify a Breg subset phenotype. More research may also reveal whether Tregs can influence or alter the generation of a Breg or B cell repertoire composed of more tolerogenic anti-inflammatory subtypes post-transplantation. This and other questions raised throughout this review may only be answered by the sequential immunological monitoring of patients pre- and post-transplantation, operationally tolerant patients or patients undergoing tapered weaning protocols, as are currently being performed within the GAMBIT study (Genetic Analysis and Monitoring of Biomarkers of Immunological Tolerance) at King's College London UK.

SUMMARY AND PERSPECTIVE

Achieving transplantation tolerance may be viewed as two interlinked phases, tolerance induction and maintenance of established tolerance. This review finds that while Tregs are associated with, and in some studies, integral to tolerance induction, Treg-mediated immune regulation may not be a consistent feature of long-term tolerance, although this may be an organ-specific phenomenon. To obtain a clearer perspective of the role of Tregs in the process of establishing tolerance, the evolving alloimmune response needs to be studied on a longitudinal basis in terms of several immunomodulatory population phenotypes, e.g., Treg, Tr1, Th3, Bregs, and functions, using an array of complementary methods, with parallel monitoring of clinical allograft function. This sort of comprehensive immune monitoring will require a solidly collaborative approach, but may reveal the true potential of Tregs for induction of transplant tolerance.

In developing an optimized Treg therapy for clinical induction of transplantation tolerance, Tregs with indirect donor-alloantigen specificity are likely to be most effective at delivering long-term stable graft survival, which is attributed to their ability to suppress multiple immune cell types, and their potential to interact with and promote other immunoregulatory processes, through linked suppression and infectious tolerance. New findings highlight an emerging role of the semi-direct pathway in alloantigen presentation, which combined with the prominent role of the indirect pathway in driving rejection and tolerance, makes a stronger case for the use of indirect allospecific Treg therapy. Indeed, although Tregs with direct allospecificity may be able to deliver localized immune regulation to the allograft, they would be limited in their ability to control the effector and allopriming arms of the indirect alloresponse, which occur at different anatomical sites, however this would again be dependent upon the degree of HLA matching between the donor and recipient. Furthermore, although direct allorecognition can lead to a vigorous inflammatory response resulting in direct cell mediated damage and hyperacute rejection of allografted tissues, it can be effectively controlled with immunosuppressive drugs to avoid acute rejection, as evidenced by the high success rate of graft acceptance early post-transplantation.

Clinical translation of Treg cell therapy faces several major challenges. First and foremost is the challenge of developing clinically transferrable protocols for the selection and expansion of human donor alloantigen-specific Tregs, particularly Tregs with indirect allospecificity (Jiang et al., 2006; Peters et al., 2008). Very little progress has been made in this respect, which is primarily due to the complexity of studying indirect allorecognition with the tools and methods currently available, which is further complicated by the breadth of mismatched allogeneic HLA peptides that alloreactive T cells may respond to (Waanders et al., 2008). The advantage is that by generating Tregs with specificity for a single immunodominant allopeptide, the Tregs will be able to mediate regulation against all allogeneic peptides through linked suppression as evidenced by the work described above (LeGuern et al., 2010). Indeed, work is currently underway in our laboratory to generate human Tregs with indirect allospecificity, to demonstrate this potential in an in vivo humanized mouse xenograft model.

A potentially serious caveat to using donor alloantigen-specific Tregs in vivo is the potential of transferring contaminating alloreactive T effectors, or indeed alloantigen-specific Tregs with the capacity to convert to proinflammatory Th17 effector cells, particularly in light of their emerging role in contributing toward graft rejection (Burlingham et al., 2007; Chadha et al., 2011). Efforts to limit this possibility are focusing on identifying key triggers and Treg subset markers which describe Tregs with Th17-conversion potential. However, do we really need to limit transfer of effector populations of Th17 differentiating cells or will the transfusion of Tregs into a regulatory or suppressive environment induced by immunosuppression for example, result in immunodominance by Tregs? Treg cell products currently being used in clinical HSCT can often be composed of only 50% FoxP3+CD4+ T cells, to deliver a Treg and graft versus leukemia (GvL) effect in vivo, with no adverse or aggressive GvHD effects reported as a direct consequence (Edinger and Hoffmann, 2011). Further in vivo studies are required to understand the real risk of donor-specific Treg infusion in cell therapy.

Another potential limitation of Treg therapy is assessing its capacity to control alloreactive memory. Memory T cell responses naturally provide rapid and potent T cell immunity and are a barrier to most transplantation tolerance induction strategies (Lakkis and Sayegh, 2003). Although Tregs have been demonstrated to work extremely effectively at inducing transplantation tolerance in murine models, very few have examined the capacity of Tregs to primed T cell responses (Marshall et al., 1996), to inhibit allograft rejection. Studying the efficacy of Tregs in experimental rodent systems and models cannot be accurately assessed due to the absence of a memory T cell pool, the importance of which has recently been demonstrated in a study correlating the presence or frequency of pre-existing T cell memory cells in non-human primates, with graft rejection (Nadazdin et al., 2011). The ability of Tregs to regulate memory T cell responses has been shown to be limited compared to naïve T cells when applied at the same ratio of Tregs to effectors cells (Yang et al., 2007; Afzali et al., 2011), which has important implications for the timing at which Treg therapy may need to be applied as pre-existing alloreactive memory T cells may otherwise be stimulated by the transplanted organ to provoke an aggressive alloimmune response (Brook et al., 2006). Treg therapy may need to be applied in concert or in succession to immunosuppression to efficiently overcome donor-specific memory T-cell responses, as recently demonstrated by Yamada et al. using a presensitised non-human primate model of combined renal allograft and mixed chimerism, to induce transplantation tolerance (Yamada et al., 2012). The humanized mouse also represents a useful tool which can be engineered as a clinically relevant model of human graft rejection to study human Treg function (Shultz et al., 2007; Nadig et al., 2010; Sagoo et al., 2011). By reconstituting mice with human PBMCs, human immune subsets, replete with memory compartments can be established to permit an assessment of the capacity of human Tregs to regulate memory immune subsets or processes in order to achieve transplantation tolerance. It may also allow a more comprehensive evaluation of the immunoregulatory effects of Tregs on a more complete spectrum of functional human immunity, such as priming of indirect alloresponses and B cell mediated alloimmunity.

In summary, review of experimental and clinical data on transplantation tolerance support the use of donor-specific Treg therapy for establishing immunological tolerance in the clinc, in particular, Tregs with indirect allospecificity. Although current studies lack a clear demonstration of the comparative efficacy of Tregs with either direct or indirect allospecificity, there is strong evidence for an integral role of Tregs in establishing tolerance, although their contribution toward maintaining the stable tolerant state is unclear, and requires further investigation. Treg cell therapy may, therefore, be envisaged as being administered early during the post-transplantation period to accelerate the generation of other associated immunoregulatory processes that act toward maintaining stable immunological graft acceptance.
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Dendritic cells (DCs) are major players in the control of adaptive tolerance and immunity. Therefore, their specific generation and adoptive transfer into patients or their in vivo targeting is attractive for clinical applications. While injections of mature immunogenic DCs are tested in clinical trials, tolerogenic DCs still are awaiting this step. Besides the tolerogenic potential of immature DCs, also semi-mature DCs can show tolerogenic activity but both types also bear unfavorable features. Optimal tolerogenic DCs, their molecular tool bar, and their use for specific diseases still have to be defined. Here, the usefulness of in vitro generated and adoptively transferred semi-mature DCs for tolerance induction is outlined. The in vivo targeting of semi-mature DCs as represented by steady state migratory DCs are discussed for treatment of autoimmune diseases and allergies. First clinical trials with transcutaneous allergen application may point to their therapeutic use in the future.
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IMMATURE DCs

Tolerogenicity of dendritic cells (DCs) has been shown by many experiments in vitro and in vivo (Manicassamy and Pulendran, 2011). There has been a debate whether certain subsets or the maturation/activation state defines DC tolerogenicity. In mice, all known lymphoid organ DC subsets have been demonstrated to bear tolerogenic potential, as shown for CD4+ (Sato et al., 2003b; Chung et al., 2005), CD8α+ (Belz et al., 2002; Ferguson et al., 2002; Yamazaki et al., 2008), and plasmacytoid DC (pDC) subsets (Martin et al., 2002; Ochando et al., 2006; Hadeiba et al., 2008) but also human monocyte-derived DCs (Sato et al., 2003a). Conditional ablation of DCs during the steady state in mice results in a loss of self-tolerance (Birnberg et al., 2008; Ohnmacht et al., 2009). Experimental animal models in transplantation, autoimmunity or allergy and indications from human studies suggest a tolerogenic potential of immature DCs (Bluestone et al., 2007; Morelli and Thomson, 2007; Hilkens et al., 2010; Manicassamy and Pulendran, 2011). Human immature DCs, loaded with the influenza matrix peptide and keyhole limpet hemocyanin and then injected i.v. into healthy individuals induced tolerance (Dhodapkar et al., 2001). Together, not a defined DC subset or the presentation of foreign antigens dictates DC tolerogenicity but their maturation state.

In vivo most of tissue- and lymphoid organ-resident DCs are immature (Wilson et al., 2003) but after ex vivo isolation they lose their tolerogenic potential due to maturation induced by the preparation procedure (Maldonado-López et al., 1999). Thus, immature DCs need to acquire maturation resistance to subsequent stimuli to act strictly tolerogenic. This can be achieved for in vitro generated DCs by specific conditioning to preserve their immature state (Thomson, 2010). Alternatively, targeting of immature DCs in vivo can be used to induce tolerance by targeting certain surface receptors that mediate tolerance, such as first demonstrated for the 33D1 (DCIR2) antibody binding to the CD4+ DC subset (Finkelman et al., 1996) and later for the CD8α+ DC subset by DEC205 (CD205) antibody (Hawiger et al., 2001).

As a third possibility intravenous injection of soluble antigens reach thymic and splenic DCs, which are then presented under steady state conditions with half-lives between 3 and 22 h (Muller et al., 1993). Soluble protein injections such as myelin antigens may reach preferentially the CD4+ CD11b+ DCs and can lead to protection from autoimmunity (Li et al., 2008). Injected apoptotic cells as a source for tolerogenic antigens are captured by spleen DCs and may represent promising tolerogenic tools in allogeneic transplantation settings (Steinman et al., 2000; Morelli and Larregina, 2010).

It is of note that s.c. injection of immature DCs leads to their upregulation of costimulatory molecules and a loss of tolerogenicity (Fu et al., 1996). TNF-matured DCs that were tolerogenic when injected i.v., turn into highly immunogenic DCs when applied the s.c. route (Voigtländer et al., 2006). This may indicate that tissue injury mediated maturation by ex vivo isolation procedures or via the s.c. injection route causes danger signals strong enough to abrogate tolerogenicity of immature DCs. Recently, human autologous monocyte-derived DCs, treated with antisense oligonucleotides against CD40, CD80, and CD86 but not loaded with specific antigens were injected intradermally into type 1 diabetes patients (Giannoukakis et al., 2011). Although these DCs were not further characterized, not even on the stability of the costimulation blockade, they appeared save for the patients but also without clinical benefit. Thus, DC injections or in vivo targeting may prefer the i.v. route or require specific treatments to gain maturation resistance.

MATURE DCs

Mature DCs or, as we proposed earlier, rather fully mature DCs (Lutz and Schuler, 2002), are inducers of effector T cell responses by their costimulation, homing, and cytokine production capacities and therefore candidates for anti-microbial or tumor vaccine approaches (Steinman, 2008). Further “licensing” of DCs through CD40 signals leads to elevated cytokine secretion and resistance to Treg-mediated loss of costimulatory molecules on mature DCs (Hänig and Lutz, 2008; and references therein). However, although immature DCs are more efficient in Treg de novo induction from naive T cells, mature DCs have been demonstrated to act superior in activating the suppressor function of Tregs. Details on the role of DC costimulation for Treg generation and function has been reviewed elsewhere (Pletinckx et al., 2011a).

SEMI-MATURE DCs

Partial maturation resulting in upregulation of MHC and costimulatory molecules and lymph node homing capacity but lack of proinflammatory cytokine production was termed semi-maturation (Lutz and Schuler, 2002). An advantage of semi-mature tolerogenic DCs over immature tolerogenic DCs is their lymph node homing potential by which DCs can reach T cells at their anatomical locations. Although under debate, to create the term “semi-maturation” allowed the collection of arguments for or against it and then to keep or discard it. So far, further experimental evidences for the phenotype and tolerogenic potential of semi-mature DC stages have been obtained and reviewed (Mills and McGuirk, 2004; Morelli et al., 2005; Braun et al., 2006; Nouri-Shirazi and Thomson, 2006; Rutella et al., 2006; van Duivenvoorde et al., 2006; Young et al., 2007; Frick et al., 2010; Morel and Turner, 2011). Recently, gene-expression profiling of different semi-mature DCs (TNF, Trypanosoma antigens) was compared to fully mature DCs (LPS) and revealed mainly quantitative differences between these DC types. A common signature of only 24 proinflammatory genes characterized the semi-mature DC types with a total of 160–466 genes regulated as opposed to almost 5000 genes regulated by LPS (Pletinckx et al., 2011b). These data underline that besides the qualitative instruction of pathogen- versus self-antigen-recognition by triggering or not of pattern recognition receptors also more fine-tuned quantitative differences in gene regulation seem to determine DC tolerogenicity versus immunogenicity (Figure 1). Here, some specific aspects of semi-mature tolerogenicity will be discussed.
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Figure 1. Semi-maturation as a quantitative level of gene regulation in DC maturation. DC maturation and the subsequent induction of polarized Th1 or Th2 responses has been considered mostly as a consequence of qualitative differing maturation pathways, meaning the microbial direction of either Th1- or Th2-inducing genes in DCs with simultaneous down-regulation of tolerance genes (Quality Model). Indeed, the Notch ligands Jagged-2 and Delta-4 characterize the different DC types. In parallel, quantitative differences appear for Th1- or Th2-polarizing DCs (Quantity Model). DC that reach only a semi-mature stage with various stimuli and induce Th2 cells are characterized by a low number of regulated proinflammatory genes and only few hundred genes more in total. In contrast, the same proinflammatory genes are induced in Th1-polarizing fully mature DCs but almost 5000 genes in total. Thus, semi-maturation can be observed also by the number of regulated genes.



TOLEROGENICITY OF SEMI-MATURE DCs

Initial findings in the mouse, that TNF-matured bone-marrow-derived DCs (TNF/DCs) and intravenously injected into mice could act tolerogenic (Menges et al., 2002) were similar to findings that cross-tolerance of CD8+ T cells in vitro induced by human DCs also required TNF stimulation (Albert et al., 2001). Repetitive injections of peptide-loaded TNF/DCs into mice allowed complete protection from experimental autoimmune encephalomyelitis (EAE). The resulting T cell response was characterized by a lowered IFN-Γ production, absence of IL-4, and increased IL-10 production of CD4+ T cells as detected by ELISA (Menges et al., 2002). Thus, a tolerogenic response being compatible with induction of a regulatory T cell type 1 (Tr1)(Roncarolo et al., 2006). Similar observations have been made with TNF/DCs in a murine thyroiditis model (Verginis et al., 2005), DNA-matured DCs in experimental collagen-induced arthritis (Jaen et al., 2009), MyD88-silenced, and then LPS-matured DCs in rat intestinal allograft transplantation (Yang et al., 2011). Others generated semi-mature DCs by dexamethasone and 1α,25-dihydroxyvitamin D3 (VD3) treatment alone (Unger et al., 2009) or in parallel with LPS exposure of cells that were protective in collagen-induced arthritis model (Stoop et al., 2010). Semi-mature DCs generated by sequential dexamethasone and LPS treatment were superior to immature DCs to prolong allograft survival in mice (Emmer et al., 2006). In a murine graft versus Of note, in macaques a tolerogenic DC semi-maturation stage seems to be achieved by using bone marrow as a source but not peripheral blood monocytes (Moreau et al., 2008). When human monocyte-derived DCs were generated in GM-CSF, IL-4, TGF-β, and IL-10 for 7 days the resulting regulatory immature DCs could respond to TNF only by partial upregulation of costimulatory molecules as compared to DCs cultured without TGF-β and IL-10 (Sato et al., 2003a). Unfortunately, their cytokine production, CCR7 expression or homing potential was not tested and the murine counterparts generated from bone marrow appeared rather immature, although successful in the treatment of graft-versus-host disease model (Sato et al., 2003a,b).

A recent study tested the clinical potential of different human monocyte-derived semi-mature DCs, considering also CCR7-dependent homing potential and maturation stability (Boks et al., 2012). Human immature monocyte-derived DCs were compared with DCs that received additional treatments of dexamethasone, rapamycin, TGF-β, or IL-10. The results indicated that the treatments with the inhibitors for 1 h, revealed immature DCs without migration capacity, while following cocktail maturation (TNF, IL-1β, PGE2) allowed the acquisition of migratory capacity on CCL21 in vitro and maturation resistance to further TLR exposure. However, it appeared that IL-10, the strongest inhibitor of DC maturation and the best Treg inducer, also showed the poorest migration, indicating that a balanced inhibition/maturation protocol will be essential for successful application of semi-mature DC in the clinic. Together, weak maturation stimuli alone or combinations of suppressive treatments followed by maturation stimuli leads to partial DC maturation with tolerogenic capacity.

ROLE OF REPETITIVE SEMI-MATURE DC INJECTIONS

After establishing that repetitive injections of TNF/DCs lead to Tr1 cell generation (Menges et al., 2002) additional studies in our lab indicated that this might be a result of chronic Th2 immunity. After peptide restimulation of spleen cells from IL-4R deficient mice in the EAE protection model IL-4 production by ELISA (and in addition IL-13) was detectable (Wiethe et al., 2008), indicating that low amounts of IL-4 were produced in wild-type mice but consumed completely and therefore not detectable. Intracellular flow cytometry showed that both CD4+ T cells and NKT cells recognize peptide or glycolipid antigens presented by TNF/DCs leading to their IL-4 and IL-13 production. More detailed investigations on CD1d presentation by TNF/DCs identified both type I and II NKT cells to secrete these cytokines (Wiethe et al., 2007). A further augmented activation of so-called non-classical or type II NKT cells, i.e., CD1d-restricted and glycolipid-recognizing CD4+ T cells with a diverse TCR repertoire (Godfrey et al., 2004), was observed when the co-inhibitory molecule B7-H1/PD-L1 was absent on the DCs (Brandl et al., 2010). Thus, repetitive TNF/DC injections induce IL-10, little IL-4, and IL-13 production of conventional CD4+ T cells (Figure 2), together with IL-4, IL-13, but not IL-10, by invariant type I NKT cells as well as by non-classical type II NKT cells.
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Figure 2. Two distinct DC semi-maturation pathways induce different types of regulatory T cells. Immature tissue-resident DCs or in vitro generated BM-DCs that are triggered through the Wnt/β-catenin pathway or proinflammatory cytokines become semi-mature DC with migratory potential to T cell areas. Upon induction of IL-10 production by the DCs as observed via intranasal antigen application Tr1 cell generation from naive T cells is favored. Alternatively, repetitive injections of IL-10-deficient semi-mature DC also lead to Tr1 cell generation. Different, only incompletely understood maturation pathways activate tissue-resident DC into RelB/p52+ semi-mature DCs homing to the T cell areas of peripheral lymph nodes. Transport of soluble and cell-associated antigens have been observed for ssmDCs. By using TGF-β and retinoic acid naive T cells are converted into Foxp3+ Tregs by ssmDCs.



Recent analyses showed that a single stimulation of T cells by TNF/DCs induced a Th2-like profile in vitro and in vivo (Pletinckx et al., 2011b), that allows immune deviation of antigen-specific T cells away from pathogenic Th1 and Th17 responses in EAE. Only repetition leads to dominant Tr1-mediated control of EAE. We also tested whether this mixed Th2/Tr1 response would influence asthma as a Th2 disease model. The data revealed that TNF/DCs could neither boost nor protect Th2-mediated asthma in mice, presumably pointing to a neutral effect of Th2-booster together with Tr1-suppression (Pletinckx et al., 2011b). This is different to what has been described by others with intranasally applied OVA allergen also leading to Tr1 cells without additional Th2 induction and protecting from asthma (Akbari et al., 2001). These differences in the clinical outcome may however, also be explained by IL-10 production by the endogenous lung DCs after intranasal asthma therapy, which was not observed with our adoptively transferred TNF/DCs. Alternatively, a local control of the disease in lung lymph nodes (Akbari et al., 2001) rather than systemically injected TNF/DCs, reaching the spleen, may be beneficial in the asthma model. Together, semi-mature DC-induced mixed Th2/Tr1 responses can protect from Th1/Th17-induced (Sato et al., 2003a) diseases but pure Tr1 induction will be necessary to treat also Th2-mediated diseases.

INFLAMMATION, PATHOGENS, COMMENSALS, AND TUMORS AS INDUCERS OF SEMI-MATURATION

There is accumulating evidence that typical Th2-inducing pathogens also induce only partial DC maturation such as shown for Leishmania amazonensis (Prina et al., 2004), Bordetella pertussis (Vojtova et al., 2006), cholera toxin (Bimczok et al., 2007), Nippostrongylus brasiliensis (Balic et al., 2004), or Echinococcus multilocularis (Nono et al., 2012). As a consequence the resulting Th2 response will be dominated by Tr1 cells due to the chronicity of the infection (O’Garra et al., 2004) and was similar as observed for repetitive injections of TNF/DCs in the autoimmune models mentioned above. In addition, commensals such as Lactobacillus rhammnosus (Veckman et al., 2004) or Bacteroides vulgatus (Frick et al., 2006) but also exogenous noxes such as nicotine (Hu et al., 2012) or endogenous inflammasome triggers such as ATP (Ben Addi et al., 2008) can induce partial DC maturation.

Receptors that mediate semi-maturation include both TNFR1 and TNFR2 (Funk et al., 2000), IL-6R (Frick et al., 2010), allergen targeting to FcΓR I (Hulse and Woodfolk, 2008) but also Trypanosoma brucei-derived VSG antigens with presumably low affinities for MyD88-dependent Toll-like receptors (TLR; Pletinckx et al., 2011b). Treatment of human patients with psoriasis and multiple sclerosis by fumaric acid similarly induces a Th2-inducing DC type (Ghoreschi et al., 2011). In sum, inflammatory mediators, commensal bacteria, or typical Th2-pathogens can induce DC semi-maturation. This may indicate that commensals and pathogens exploit “this is only an inflammation” signaling pathways in DCs to escape strong immunity and elimination but also immunopathology (MacDonald and Maizels, 2008).

It has been shown that a mild DC activation can occur through disrupting DC–DC contacts formed by homotypic interaction via E-cadherin and this dissociation is indeed accompanied by partial maturation of the DCs through the Wnt/β-catenin signaling pathway (Jiang et al., 2007). These disrupted DCs upregulated MHC II and costimulatory molecules but did not secrete proinflammatory cytokines. When pulsed with myelin antigen they induced IL-10 producing T cells that controlled EAE (Jiang et al., 2007) using the same protocol and reaching very similar results as demonstrated by our group with TNF/DCs before (Menges et al., 2002). In a colitis model Wnt signals activating β-catenin in DCs were required to control the disease, indicative for a tolerogenic DC activation (Manicassamy et al., 2010). However, so far it remains unclear whether DCs matured along the β-catenin pathway are resistant to further stimulation that would be demanding for therapeutic use.

Finally, in human patients suffering from pancreatic ductal adenocarcinoma or chronic pancreatitis conventional DCs and pDCs isolated from the peripheral blood appeared at a semi-mature stage with impaired stimulatory function on T cells (Tjomsland et al., 2010). Similarly, DC infiltrating tumors of non-small cell lung cancer patients appeared immature or semi-mature or remained semi-mature when exposed to maturation stimuli (Perrot et al., 2007). Further investigations have to elucidate whether such DCs are actively tolerogenic.

LIMITATIONS OF SEMI-MATURE DC TOLEROGENICITY

As already mentioned above injections of semi-mature DCs protected from Th1/Th17 immunity in the EAE model but not in Th2-mediated asthma (Pletinckx et al., 2011b). In addition, TNF/DC application for EAE therapy, i.e., after EAE induction, failed (our unpublished observations). The reasons for this failure, however, are obvious. In the preventive setting a large part of the auto-antigen-specific naive CD4+ T cell repertoire is primed and polarized into Th2 and subsequently into Tr1 phenotypes. If EAE induction follows by immunization with the same auto-antigenic peptide, the frequency of the remaining auto-antigen-specific naive CD4+ T cells is insufficient to generate enough pathogenic Th1 and Th17 cells. This is the principle of tolerance induction by immune deviation. Reversely, if most auto-antigen-specific cells are polarized into Th1 or Th17 cells by the EAE protocol, it is difficult at later time points to generate enough protective Th2 or Tr1 cells from the remaining antigen-specific T cell pool. Thus, tolerance induction by immune deviation or induced Tregs/Tr1 cells relies on sufficient numbers of naive auto-antigen-specific T cells at the time of therapy.

In a type I diabetes model TNF/DCs loaded with an auto-antigenic peptide on MHC class I molecules also failed to act tolerogenic on CD8+ T cell autoimmunity (Kleindienst et al., 2005), indicating that the DC semi-maturation may not allow tolerization of high affinity CD8+ T cells such as the OT-I transgenic T cells used in this system. Furthermore, dose-dependent effects have been observed in collagen-induced arthritis, where semi-mature DCs injected at low amounts were protective whereas high amounts failed to do so (Lim et al., 2009).

As for immature DCs also the stability of the semi-mature phenotype is important to maintain tolerogenicity and for this the injection route may play an essential role. While three i.v. injections of TNF/DCs were completely protective in the EAE model, s.c. application of the same DCs was deleterious and all mice died from severe EAE. One reason was a remaining responsiveness of TNF/DCs to further maturation signals such as LPS in vitro, which led to IL-12 production. In vivo, TNF/DCs injected s.c. homed to the draining lymph node but appeared cytokine negative unlike endogenous DCs, which showed proinflammatory cytokine production (Voigtländer et al., 2006). This indicates that s.c. injection abrogates semi-mature DC tolerogenicity, in part by interactions with other DCs. In cancer patients, only s.c. or intralymphatic but not i.v. injections of DCs matured with tumor antigens could prime Th1 responses, while T cell activation was observed under all conditions (Fong et al., 2001), but tolerogenic parameters were not analyzed for the i.v. settings. Interestingly, intracerebral injections of TNF/DCs in mice still could act tolerogenic (Zozulya et al., 2009).

As mentioned above, it will be necessary to establish semi-mature DCs that remain stable, and this might be achieved by subsequent treatment with a maturation inhibitor followed by a maturation inducer (Sato et al., 2003a; Boks et al., 2012).

STEADY STATE MIGRATORY DCs

IN VIVO COUNTERPARTS OF IN VITRO GENERATED SEMI-MATURE DCs?

After all, the question remained whether semi-mature stages of DCs can be detected in vivo and whether they also exert tolerogenic functions. Early observations indicated that the afferent lymph contained “veiled cells” representing DCs with dendrites as a sign of their maturity (reviewed in (Lutz and Schuler, 2002). Later it has been shown that peripheral lymph nodes of mice contained a fraction of DCs that expressed high levels of MHC II and the costimulatory molecules CD80, CD86, and CD40 on their surface (Ruedl et al., 2000; Henri et al., 2001). Another remarkable similarity of these lymph node DCs was their endocytosis capacity despite the mature cell surface marker profile (Ruedl et al., 2001), indicative for an incomplete maturation. These partially mature DCs exclusively represent the immigrated steady state migratory fraction of formerly skin-resident DCs. Their migration through the lymphatics depends on CCR7 expression like for pathogen-induced migratory DCs (Ohl et al., 2004). They consist of three major subsets, identified as epidermal Langerhans cells (LCs), dermal Langerin+, and dermal Langerin− DC subtypes (Romani et al., 2010), although even more subsets or functional states may exist (Henri et al., 2010). Also the intestine contains CCR7-dependent state migratory DCs (ssmDCs) but they appear less mature after arrival in mesenteric lymph nodes as compared with their skin migratory counterparts (Worbs et al., 2006). The reasons for this are unclear.

Analyses in pigs revealed that their skin-draining lymph nodes contained ssmDC and they appear at a semi-mature state (Bertho et al., 2011). Human tonsils contain a mature DC fraction (Summers et al., 2001) but it remains to be shown that these cells are not resident DCs matured by inflammatory processes since tonsils lack connection to afferent lymphatics and surgical removal of tonsils (which enable such studies) are indicated only after chronic inflammations. Analyses of human peripheral lymph nodes from tumor-free melanoma patients, and thereby considered as steady state lymph nodes, contained two subsets of skin-derived CD1a+ CD11cint LCs and CD1a+ CD11chigh dermal DCs (van de Ven et al., 2011). Both subsets expressed more CD80, CD86 CD40, and CD83 as compared to their resident counterparts. Despite their more mature phenotype, these DCs produced lower amounts of proinflammatory cytokines and were weaker in priming T cell responses, indicative for primarily tolerogenic functions. Supernatants of human tumor cell lines (Kuang et al., 2008) could induce partial DC maturation in vivo, similar to what has been observed in pancreatic adenocarcinomas (Tjomsland et al., 2010) and non-small cell lung cancers (Perrot et al., 2007) where such cells accumulated in the tumor tissue.

Together, ssmDCs of the skin-draining lymph nodes in mice, pigs, and humans DCs display a semi-mature phenotype by expressing higher costimulatory molecules and having the homing capacity to lymph nodes.

TOLEROGENIC FUNCTIONS OF ssmDCs

It became evident from early studies that ssmDCs transport self-antigens to the draining lymph nodes (Huang et al., 2000; Hemmi et al., 2001), but the consequences for T cells by the presentation of these antigens were still open, although tolerance induction was proposed. Subcutaneously implanted osmotic minipumps indicated that Foxp3+ Tregs could be de novo converted by this type of constant low dose soluble antigen delivery (Apostolou and von Boehmer, 2004). Later we could show that this low dose soluble antigen delivery by the pump system requires RelB+/p52+ CCR7+ ssmDCs (Azukizawa et al., 2011). Since pump implantation requires a surgical intervention, this system may not fully represent steady state conditions, despite equivalent induction of Tregs. Direct comparison of soluble antigen delivery via subcutaneous minipumps with cell-associated transgenic neo-self-antigen expression of OVA in the epidermis (K5-mOVA mice), revealed the same dependency on ssmDCs with the same kinetics and frequency of CD4+ Treg induction (Azukizawa et al., 2011; Figure 2) or CD8+ T cell depletion (Waithman et al., 2007). Recent data suggest that ssmDCs may control the whole pool of homeostatic lymph node T cell circulation by producing VEGF that stimulated formation of high endothelial venules (HEVs) to enable T cell entry and stimulated fibroblastic reticular cells to secrete CCL21 that acts chemotactic for T cells (Wendland et al., 2011). Thus, ssmDCs control T cell homeostasis in peripheral lymph nodes and act tolerogenic on CD4+ and CD8+ T cells, unlike TNF/DCs.

It is however unclear to date what distinguishes these ssmDCs in the mentioned self-antigen model systems that induced IL-10− Foxp3+ Tregs from ssmDCs that captured exogenous OVA or Bordetella flagellin that was applied intranasally and induced IL-10+ Foxp3− Tr1 cells (Akbari et al., 2001; McGuirk et al., 2002). One possibility could be that tolerogenic immune evasion strategies of bacterial flagellin or low doses of endotoxin attached to OVA may lead to IL-10 release by the DCs, which is not observed under completely pathogen-free conditions.

IN VIVO TARGETING OF ssmDCs FOR TOLERANCE INDUCTION

The existence of ssmDCs, which bear lymph node homing potential, are partially mature but still tolerogenic, offer their clinical exploitation by specific targeting. In fact earlier studies may have targeted ssmDCs for tolerance induction in an unscheduled manner. We found that DEC205 is expressed at higher levels on ssmDCs than lymph node resident or splenic DCs (own unpublished observations). Therefore antigen-targeting to this marker by i.v. injection may also or even preferentially target ssmDC in peripheral lymph nodes (Hawiger et al., 2001; Kretschmer et al., 2005).

An alternative route to reach ssmDCs is via epicutaneous antigen application. Plaster-mediated delivery of self-antigenic myelin peptide was able to prevent EAE induction (Bynoe et al., 2003; Szczepanik et al., 2005). Although not further investigated, it is likely that ssmDCs have been the vehicle to induce myelin-specific Tregs in the skin-draining lymph nodes. Surprisingly, even approaches using gene gun delivery of antigens, that has been developed for immunogenic vaccines, may be used to induce stable tolerance by induction of Foxp3+ Tregs and this may occur through ssmDCs (Ettinger et al., 2012).

This principle of targeting ssmDCs through the skin may also account for tolerogenic strategies in allergy treatment (Werfel, 2009; Senti et al., 2011). Such treatment showed therapeutic success in murine allergy models using OVA, pollen, house dust mite, or peanut as allergens (Mondoulet et al., 2010, 2011, 2012; Dioszeghy et al., 2011). First clinical studies using epicutaneous immunotherapy in childhood cow milk allergy patients demonstrated safety although the three months of treatment did not reach therapeutic success (Dupont et al., 2010). The reversal of an existing allergy may need extended periods of treatment as suggested from other studies in patients with pollen allergy that showed a moderate benefit (Senti et al., 2009, 2010). Alternatively, the intranasal application route may be superior to the skin and also employs partially mature migratory DCs and led to Tr1 induction in the pulmonary lymph nodes (Akbari et al., 2001).

Finally, the potential success of such epicutaneous or transcutaneous tolerance strategies may be encouraged by the fact that some pathogens hitchhike ssmDCs for immune evasion. A prominent example is HIV, which infects peripheral immature DCs resident in the skin or mucosa and then awaits to be transported to the draining lymph nodes for further infection of CD4+ T cells as their major targets, and even converting some of these into HIV-specific Tregs (Smed-Sorensen and Lore, 2011). Together, semi-mature DCs as represented by ssmDCs may prove valuable targets for clinical epicutaneous or transcutaneous tolerance induction protocols in the future.

SEMI-MATURE pDCs

So far this review concentrated on conventional/myeloid semi-mature DC or ssmDCs. However, this does not exclude the existence of semi-mature stages also for pDCs. The biology of pDCs is very different as compared to conventional DCs but certainly they have in common to present antigens to T cells in tolerogenic or immunogenic fashions.

Recent data indicate that pDCs infected in vitro with HIV may be modified by the virus to reach a semi-mature stage that facilitates Treg induction (Smed-Sorensen and Lore, 2011). Similar observations have been made with tumor-infiltrating pDCs that show impaired maturation potential but without providing T cell assays (Perrot et al., 2007; Tjomsland et al., 2010). In contrast, freshly isolated pDC from mice also appeared semi-mature, but pulsed with Leishmania antigen and reinjected into mice showed a protective effect, indicative for their immunogenic activity (Remer et al., 2007).

Together, more detailed analyses for pDCs are required to evaluate a therapeutic potential of semi-mature pDCs.

CONCLUSION

The initially surprising finding that partially matured DCs can still act tolerogenic has now reached a broader base by numerous reports and more mechanistic insights. Semi-mature DCs can be generated in vitro and exert a distinct spectrum of tolerogenicity after injection. The finding that semi-mature ssmDCs are continuously engaged to tolerize lymph node T cells against peripheral self-antigens opens further perspectives for therapies, especially against autoimmune diseases and allergies. Thus, tolerogenic regimens employing semi-mature DCs may in the future either be concentrated on in vivo targeting with antibodies or transcutaneous antigen application regimens.
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The use of immunosuppressive (IS) drugs to treat transplant recipients has markedly reduced the incidence of acute rejection and early graft loss. However, such treatments have numerous adverse side effects and fail to prevent chronic allograft dysfunction. In this context, therapies based on the adoptive transfer of regulatory cells are promising strategies to induce indefinite transplant survival. The use of tolerogenic dendritic cells (DC) has shown great potential, as preliminary experiments in rodents have demonstrated that administration of tolerogenic DC prolongs graft survival. Recipient DC, Donor DC, or Donor Ag-pulsed recipient DC have been used in preclinical studies and administration of these cells with suboptimal immunosuppression increases their tolerogenic potential. We have demonstrated that autologous unpulsed tolerogenic DC injected in the presence of suboptimal immunosuppression are able to induce Ag-specific allograft tolerance. We derived similar tolerogenic DC in different animal models (mice and non-human primates) and confirmed their protective abilities in vitro and in vivo. The mechanisms involved in the tolerance induced by autologous tolerogenic DC were also investigated. With the aim of using autologous DC in kidney transplant patients, we have developed and characterized tolerogenic monocyte-derived DC in humans. In this review, we will discuss the preclinical studies and describe our recent results from the generation and characterization of tolerogenic monocyte-derived DC in humans for a clinical application. We will also discuss the limits and difficulties in translating preclinical experiments to theclinic.
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INTRODUCTION

The success rates of transplant surgery have significantly improved over the past fifty years. However, without treatment, the development of an immune response against the donor organ by the transplant patients leads to graft destruction. To block this immunological response and protect the transplanted organs from rejection, a range of general immunosuppressive drugs (IS) is necessary. Unfortunately, the use of IS drugs induces numerous adverse side effects, increasing the risks of infection and cancer (Dantal et al., 1998). The aim of research in transplantation today is to find an approach to induce long-term acceptance of transplants in the presence of minimal IS drug exposure. Cell therapy appears to be an innovative and promising strategy to address these problems (Bluestone et al., 2007). A European project called the “One Study” has been set up to test the efficacy of different immunoregulatory cell products in organ transplant recipients. In our center, tolerogenic dendritic cells (DC) will be injected into humans in an attempt to achieve donor-specific tolerance.

TOLEROGENIC DC IN ANIMAL MODELS

DC are potent antigen-presenting cells (APC), able to induce either immunity or tolerance. After a brief description of the different types of mouse DC present in vivo, we will describe how tolerogenic DC can be derived in vitro in different animal models, and their efficacy in transplantation models. In the last part of this section, we will discuss the mechanisms of tolerance induced by TolDC.

DIFFERENT TYPES OF DC DESCRIBED in vivo IN MICE

DC are present in small numbers in vivo and are mainly localized in the spleen and lymph nodes (LNs). DC are a heterogeneous population of cells that can be classified into two main subsets: conventional DC and plasmacytoid DC. Conventional DC can be either resident or migratory cells.

Resident DC are present in the spleen, LNs and thymus. In the steady state, these DC are immature and become mature in the presence of danger signals. They can be divided into three subsets: CD4+CD8−, CD8α+ (DEC205+), and double negative, CD4−CD8−DC. They also differ in their methods of antigen (Ag) presentation. For example, CD8α+ resident DC are able to cross-present exogenous Ag on MHC Class I (den Haan et al., 2000). Thus, they mainly activate CD8+ T cells and produce high levels of IL-12, which leads to a type 1 response (Hochrein et al., 2001; Reis e Sousa et al., 1997). On the contrary, CD4+ resident DC present Ag on MHC Class II and mainly stimulate CD4+ T cells (Dudziak et al., 2007). In lymphoid organs, resident DC capture and present Ags to T cells. In contrast, migratory DC capture Ags in peripheral tissues and then migrate to LN where they present Ag to T cells. The most frequently described migratory DC are Langerhans cells present in the epidermis, although other migratory DC are also localized in the dermis and intestine. An inter-DC Ag transfer function was suggested by Allan et al. (Allan et al., 2006). In this context, migratory DC would bring Ag to LN, where resident CD8+ DC would efficiently present this Ag and induce CTL priming.

Plasmacytoid DC on the other hand, are actors of the immune response in the context of viral infections. These DC recognize viral DNA and RNA via TLR (Toll-Like Receptors) 7 and TLR9. Upon activation, plasmacytoid DC present Ag and produce high amounts of type 1 interferons.

In contrast to the different subsets of DC previously described, a last population of DC, called inflammatory DC (iDC), is not thought to exist in the steady state but to be produced in vivo in response to inflammation. A recent study by Cheong et al. showed that inflammatory DC originate in LN from circulating monocytes (Cheong et al., 2010b). Like the other DC, iDC are able to cross-present Ag by MHC Class I and stimulate naive or Ag-memory T cells (Cheong et al., 2010b). Interestingly, GM-CSF is essential for the generation of these DC as mice deficient in GM-CSF do not generate DC from monocytes in their spleen (Shortman and Naik, 2007).

GENERATION OF TOLEROGENIC DC IN ANIMAL MODELS

The dogma described in the literature is that immature DC are tolerogenic and mature DC are immunogenic (Probst et al., 2003). However, some properties of mature cells, such as Ag presentation to T cells and in vivo migration to lymphoid organs, are also found in certain tolerogenic DC (TolDC). Thus, TolDC could be either immature, maturation resistant, or alternatively-activated cells (Ezzelarab and Thomson, 2011).

In most protocols, mouse DC are derived from bone marrow (BM). The conventional cytokines used to derive DC from precursors are GM-CSF and IL-4. However, a study performed in mice in 2000 showed that DC generated with low doses of GM-CSF in the absence of IL-4 have the properties of immature tolerogenic DC. These cells have a high capacity for Ag capture/presentation and induce a low level of allogeneic T cell proliferation. Furthermore, they are maturation-resistant and increase graft survival after in vivo injection (Lutz et al., 2000). Various DC manipulations ex vivo have been described to generate TolDC. For example, treatment of DC with Dexamethasone, VitaminD3, IL-10, TGF-β, rapamycin, LPS, or gene transfer (Morelli and Thomson, 2007) has been shown to increase their efficacy and block the maturation process (see Table 1 for details).

Table 1. Examples of protocols used to generate BM-derived DC with tolerogenic properties in rodents—application in transplantation.

[image: image]

Compared to the different types of DC described in vivo, TolDC generated in vitro should be similar to inflammatory DC, as these cells are not normally found in the steady state but are present in vivo in a context of inflammation (Shortman and Naik, 2007). Furthermore, inflammatory DC need GM-CSF for their differentiation and this cytokine is also essential for the in vitro generation of TolDC.

While DC are derived from BM in rodents, monocytes are used in humans. To compare the importance of the precursors in the generation of tolerogenic DC, non-human primate models can be used. In most studies, DC are derived from peripheral blood monocytes. After CD14 positive selection, monocytes are cultured with GM-CSF (800–1000 U/ml) and IL-4 (500–1000 U/ml) to obtain DC (O'Doherty et al., 1997; Barratt-Boyes et al., 2000; Asiedu et al., 2002; Ashton-Chess and Blancho, 2005; Mortara et al., 2006; Zahorchak et al., 2007). In parallel, two studies have shown the possibility of deriving DC from CD34+ bone-marrow precursors (Pinchuk et al., 1999; Ashton-Chess and Blancho, 2005). Using cynomolgus macaques, we compared the generation of DC from monocytes and from BM (either from total cells as for rodents or from CD34+ precursors) (Moreau et al., 2008). Our results showed that the DC phenotype and function vary according to the origin of the precursors. As such, DC generated from monocytes (MoDC) have a more homogeneous phenotype with all cells expressing CD86. In BM derived DC, only half of the cells are CD86 positive, regardless of whether the CD34 precursors are isolated or not. However, neither MoDC nor BMDC express the maturation marker CD83, suggesting that these cells are semi-mature DC. In terms of their function, macaque MoDC induce less proliferation of freshly isolated natural Tregs than their BM-derived DC counterparts (Moreau et al., 2008). Another study performed in our center compared the generation of baboon DC from monocytes or from CD34+ BM precursors. The authors also concluded that different DC were obtained depending on the precursor cell-type (Ashton-Chess and Blancho, 2005).

EFFICACY OF TOLEROGENIC DC IN ANIMAL MODELS

In transplantation, DC present donor Ag to recipient T cells either by the direct pathway, the indirect pathway or the semi-direct pathway. By the direct allorecognition pathway, donor DC present donor peptide/donor MHC molecules to T cells, this type of Ag presentation is mainly associated with acute graft rejection. In contrast, the indirect pathway is defined by the presentation of donor peptide by recipient MHC molecules and is thought to induce chronic rejection. In the semi-direct allorecognition pathway, recipient DC present donor MHC molecules (transferred from donor cells) to T cells (Herrera et al., 2004; Smyth et al., 2006). In order to achieve donor-specific tolerance using DC therapy in transplantation, both donor tolerogenic DC (direct pathway) or recipient tolerogenic DC loaded with donor peptides (indirect pathway) have been tested in animal models of transplantation. The efficacy of these different types of DC has been demonstrated in rodent models, as described in Table 1 (Morelli and Thomson, 2007; Ezzelarab and Thomson, 2011).

Recently, Morelli's group demonstrated that injected donor DC are actually unable to directly regulate donor-specific T cells in vivo in mice. In fact, after injection, donor tolerogenic DC die quickly and the donor Ag is reprocessed and presented by the host DC via the indirect pathway (Divito et al., 2010). In this context, donor DC mediate their suppressive effects on T cells through endogenous conventional DC from the recipient mouse (Wang et al., 2012).

These results indicate that injected donor TolDC act as “donor Ag transporting cells”, which could be related to the DST (donor specific transfusion) protocol. DST, which consists in injecting donor blood into the recipient before transplantation, is still used in the clinic. Some studies have shown that DST improves graft survival and function (Sharma et al., 1997; Marti et al., 2006).

In parallel, we demonstrated in a rat model of fully MHC-mismatched cardiac allotransplantation that injection of unpulsed recipient DC the day before the transplant induces longer graft survival than the injection of donor DC (Peche et al., 2005). To improve the system and to create clinically applicable conditions, recipient DC were then injected into rats treated with a suboptimal dose of the IS drug, LF15-0195 (Beriou et al., 2005). This deoxyspergualin analog is known to inhibit DC maturation by blocking NF-κB activation (Yang et al., 2003). Both recipient DC and LF15-0915 have a synergic effect and this co-treatment induces tolerance to the allogeneic heart transplant in 90% of treated rats. We then investigated whether the tolerance was donor-specific. To answer this question, tolerant rats received syngeneic, donor or third-party skin grafts at 100 days post heart transplantation. Only the third-party skin graft was rejected, showing that the tolerance induced by recipient TolDC + LF 15-0195 was donor specific (Beriou et al., 2005).

To confirm the efficacy of cell therapy using recipient TolDC, we generated TolDC in mice (Segovia et al., 2011) and in non-human primates (Moreau et al., 2009). As previously shown in rats, injection of mouse recipient TolDC associated with a transient anti-CD3 treatment prolonged graft survival in both skin and pancreatic islet transplantation models (Segovia et al., in preparation). In macaques, we showed that TolDC are able to expand Treg in vitro (Moreau et al., 2008).

MECHANISMS OF ACTION OF TolDC

TolDC are thought to exert their actions using different mechanisms. First, these cells can induce either T cell anergy or clonal deletion. T cell anergy occurs when DC lacking costimulation molecules interact with T cells. In the presence of Ag but without costimulatory signals, T cells become anergic and lose their ability to proliferate (Schwartz, 1997; Lechler et al., 2001). On the other hand, TolDC can induce T cell apoptosis. One mechanism described to induce this clonal deletion is an over-activation of T cells, called AICD (Activation Induced Cell Death). The Fas/Fas ligand pathway (Lu et al., 1997), but also expression of IDO (indoleamine 2,3-dioxygenase) (Mellor et al., 2003) by DC, leads to AICD in effector T cells. The T cells targeted by clonal deletion are either naive or memory cells (Kenna et al., 2008).

Another major mechanism of action of TolDC is the generation/expansion of regulatory T cells. Some studies have shown the ability of GM-CSF-derived DC to induce expansion of natural CD4+CD25+FoxP3+ Treg (Yamazaki et al., 2003; Emmer et al., 2006) whereas others have shown the ability of TolDC to generate Treg from naive CD4+CD25− T cells (Fujita et al., 2007). In parallel, the generation of Tr1 by TolDC has also been demonstrated (Wakkach et al., 2003). Molecules expressed by TolDC, such as IDO or Galectin-1, have been shown or suggested respectively to be involved in the generation/expansion of regulatory T cells (Hill et al., 2007; Ilarregui et al., 2009). As the half-life of DC is short, the generation/expansion of Treg is an important mechanism. Indeed, Kendal et al. recently showed that Treg can maintain an infectious tolerance by de novo generation of Foxp3+ Tregs from naive CD4+ T cells (Kendal et al., 2011).

Besides the involvement of IDO expression by TolDC described in the two previous paragraphs, TolDC have also been shown to express tolerogenic markers such as HO-1 (Heme Oxygenase-1) and EBI3 (Epstein-Barr virus-Induced gene 3). Expression of HO-1 was demonstrated to correlate with DC maturation state (Chauveau et al., 2005) in that immature tolerogenic DC expressed high levels of HO-1, and this molecule enabled tolerogenic DC to inhibit allogeneic T cell proliferation. In both rats and macaques, blockade of HO-1 in TolDC impaired their ability to suppress T cell proliferation in vitro. Furthermore, in our model of tolerance to heart transplantation using both recipient TolDC and LF15-0195, blockade of HO-1 prevented tolerance induction (Moreau et al., 2009). EBI3+, another marker expressed by TolDC, also has a crucial role. In a rat cardiac allotransplantation model developed in the laboratory using syngeneic TolDC, an increase in double-negative T cells (TCRαβ+, CD3+, CD4−CD8− NKRP1−, DNT) was observed in the spleen of tolerant mice. These DNT cells produced IFN-γ, which was essential for the tolerance induction, as anti-IFN-γ treatment of recipient mice led to the loss of tolerance induction (Hill et al., 2011). To investigate how injection of TolDC mediates IFN-γ production by DNT and tolerance induction, we identified the possible regulatory cytokines produced by TolDC. Our results showed that TolDC express EBI3. By using anti-EBI3 antibody and EBI3 siRNA, we demonstrated that expression of EBI3 by TolDC is essential for IFN-γ production by DNT cells. Furthermore, in our in vivo model of tolerance induction using TolDC, anti-EBI3 treatment of the recipient mice induced graft rejection, highlighting the key role of EBI3 expressed by TolDC in tolerance induction (Hill et al., 2011). It is important to note that the cytokine IL-35 is made up of EBI3 and p35 subunits. It has previously been demonstrated that IL-35 is secreted by regulatory T cells (iTr35+ cells) and contributes to their regulatory function (Collison et al., 2007; Niedbala et al., 2007; Collison et al., 2010; Chaturvedi et al., 2011).

As we had proved the relevance of using unpulsed recipient TolDC to induce donor-specific tolerance in several animal models, we wanted to understand the mechanisms of action of these cells. In contrast to most studies using TolDC (donor TolDC or donor-pulsed recipient TolDC), recipient TolDC were injected the day before transplantation (instead of one week before). After injection, recipient cells migrated rapidly to the spleen and were still detectable in this organ 15 days later (Peche et al., 2005). In parallel, donor derived MHC ClassII+ cells (OX3+) from the graft were present in the spleen 3–5 days post transplantation and seemed to interact with the injected TolDC. We hypothesized that injected recipient TolDC were able to process the donor Ag at this stage. To reinforce this hypothesis, we depleted graft passenger leukocytes (interstitial DC) from the donor hearts by administration of cyclophosphamide to the donor rat before transplantation. In this context, treatment of recipient animals with unpulsed recipient DC and LF15-0195 failed to induce any graft prolongation (unpublished results). However, the effect of recipient DC and LF15-0195 was rescued when donor splenic APC were injected in this model. These results highlight the essential role of graft passenger leukocytes in recipient TolDC therapy.

TOLEROGENIC DC IN HUMANS AND CLINICAL TRIALS

Studies performed in rodents ensured the characterization and the efficient use of TolDC in vivo. The goal today is to transfer this knowledge to humans in order to treat patients with tolerogenic DC. However, even though it is technically possible to derive DC from BM in humans (Berger et al., 2009), the culture of peripheral blood monocytes appears to be a reliable means to generate DC in humans. As described above, we know from studies in non-human primates that the different origin of tolerogenic DC in rodents and human can limit their comparison.

GENERATION OF HUMAN TolDC

Protocols of human MoDC generation are based on the knowledge acquired in animals. In most cases, human MoDC are obtained by culture of monocytes with GM-CSF and IL-4. However, more recently, human MoDC generated in the presence of GM-CSF and without IL-4 were described to have tolerogenic properties in vitro, like their counterparts in mice (Lutz et al., 2000; Chitta et al., 2008). Furthermore, as in animal models, other protocols have been reported to derive human tolerogenic DC from monocytes in the presence of pharmacological agents such as IL-10 or rapamycin (Morelli and Thomson, 2007; Gregori et al., 2010; Turnquist et al., 2010; Ezzelarab and Thomson, 2011).

To generate human TolDC for clinical trials, we decided to use a simple protocol. We derived human TolDC from monocytes (0.5 million/ml) cultured in AIM V medium supplemented with low-dose GM-CSF (100 U/ml) for 6 days. In this protocol, monocytes are enriched from leukapheresis of peripheral blood by elutriation (purity around 90–95%). Elutriation is a purification technique that separates cells based on their size and density (Berger et al., 2005). This cell separation technique enriches untouched monocytes in a closed and disposable system that is adapted for GMP (Good Manufacturing Practice) facilities. The advantages of using elutriation instead of bead selection are that the cells are untouched and there is no risk of injecting extra components (i.e., beads) to humans. The disadvantage of elutriation is a lower degree of cell purity, although this is not a real problem when autologous cells are injected. After one week of differentiation, human TolDC are more than 90% MHC-II+ and less than 2% contaminated with T cells, B cells, or NK cells. These TolDC are hypostimulatory and do not over-express CD80 or CD86 markers and remain CD83 negative after LPS/IFN-γ stimulation. Furthermore, upon stimulation, TolDC secrete very low doses of IL-12 but are able to produce IL-10. Interestingly, as we described previously in rats (Hill et al., 2011), human TolDC also express the tolerogenic marker EBI3 after stimulation. These results suggest that our protocol generates tolerogenic DC that are semi-resistant to maturation, which is essential to ensure that they will not mature and become immunogenic once injected into patients.

USE OF HUMAN TolDC IN CLINICAL TRIALS

Even though clinical protocols of vaccination using immunogenic DC have been tested over the past 15 years to prevent the development of tumors in cancer patients (Correale et al., 2001; Redman et al., 2008), less is known about the potential use of tolerogenic DC in the clinic. A first study published in 2001 demonstrated the feasibility and safety of injecting autologous immature TolDC in healthy volunteers (Dhodapkar et al., 2001). In this study, immature DC were pulsed with peptides and injected by the subcutaneous route into two volunteers. Each individual received a single injection of 2 million cells. The DC injections were well-tolerated without signs of toxicity and no evidence of autoimmunity was detected. Injection of DC was associated with Ag-specific inhibition of effector T cell function and induction of Ag-specific CD8 Tregs in vivo (Dhodapkar et al., 2001; Dhodapkar and Steinman, 2002). The first phase I clinical trial using tolerogenic DC was reported recently in type 1 diabetic patients (Giannoukakis et al., 2011). Ten patients received four intradermal injections of 10 million autologous DC. Three patients received control DC generated in the presence of GM-CSF and IL-4 and seven patients received immunosuppressive DC generated in the presence of GM-CSF, IL-4, and antisense oligonucleotides targeting CD40, CD80, and CD86 transcripts. Use of tolerogenic DC generated with these antisense oligonucleotides was shown previously by the same team to have a preventive and curative effect on diabetes in NOD mice (Machen et al., 2004). This Phase I study demonstrated that intradermal injections of autologous TolDC (both control and immunosuppressive DC) are well-tolerated and safe in diabetic patients; no adverse effects or toxicity was observed. Interestingly, the authors observed a statistically significant increase in frequency of B220+CD11c− lymphocytes in patients treated with autologous TolDC (both control and immunosuppressive DC) during the DC administration period compared to baseline (Giannoukakis et al., 2011). Other clinical trials in autoimmune diseases, and more specifically in rheumatoid arthritis (RA), will begin shortly. The first one will be performed by R. Thomas's team in Australia (University of Queensland). BAY11-7082-treated DC loaded with citrullinated peptides derived from candidate RA auto-antigens will be used (Hilkens et al., 2010). Indeed, in a mouse model of Ag-induced arthritis, the authors previously showed that injection of BAY11-7082 treated Ag-loaded DC suppressed DTH (Delayed Type Hypersensitivity) reactions and arthritis (Martin et al., 2007). BAY11-7082, aNFκB inhibitor, affects DC differentiation, leading to a low expression of MHC Class II and CD40. In vivo injection of BAY11-7082-treated DC prevents priming of immunity and induces IL-10 producing CD4+Tregs (Martin et al., 2003). In parallel, another clinical trial in RA will be performed by CMU Hilkens and JD Isaacs in the UK (University of Newcastle). In this case, autologous DC will be generated with Dexamethasone and VitaminD3 and loaded with synovial fluid (Hilkens et al., 2010).

So far there have been no reports of clinical trials using TolDC in transplantation. As part of a European project, we will test the safety of autologous monocyte-derived TolDC in kidney transplant patients.

ADVANTAGES OF USING AUTOLOGOUS TolDC

In animal models of transplantation, most studies use donor TolDC or recipient TolDC loaded with donor Ag. In contrast, we have shown the efficacy of unpulsed recipient TolDC to induce tolerance. In humans, the use of autologous TolDC is preferable due to the safety and feasibility of applying this type of DC to a clinic context.

In terms of safety, the major risk of donor TolDC injection in transplantation is donor sensitization. Maturation of TolDC after in vivo injection or the presence of a slight contaminant cell product could lead to the development of sensitization of the recipient to the donor Ag. In this case, priming or a higher immune response against the graft could potentially occur at the time of transplantation. Furthermore, another risk of injecting allogeneic cells is non-self recognition by the host immune system. In this context, the injected cells may be deleted by recipient NK cells (Yu et al., 2006).

In terms of clinical application in transplantation, the use of autologous TolDC is compatible with both living and deceased donor transplants. Autologous cell therapy could thus be applied to all transplanted organs. Another advantage of using autologous cell therapy is that the cell product could be prepared as soon as the patient is waiting for a transplant and preserved frozen. At the time of transplantation, the cells could be thawed and injected without any preliminary preparations. The use of autologous TolDC is all the more applicable to the clinic as neither the donor nor the time of transplantation have to be planned in advance, in accordance with the use of transplants from deceased donors.

Although the preparation and injection of autologous TolDC in patients would be costly, cell therapy is considered as a promising approach. It leads to an induction of Ag-specific tolerance without depleting an entire population of lymphocytes or blocking costimulation molecules. Like IS drugs, one could assume that these efficient but large-scale treatments could potentially induce side effects. Another cheaper alternative approach to induce Ag-specific tolerance would be to deliver donor Ags to quiescent conventional host DC in vivo. This technique was shown to be feasible in mice using either CD205+ DC or DCIR2+ DC (Hawiger et al., 2001; Bonifaz et al., 2002, 2004). In this second model, targeting of donor MHC molecules to DCIR2+ DC led to indefinite survival of MHC Class I mismatched skin grafts (Tanriver et al., 2010). However, it seems that the effect of Ag targeting to DC depends on their state of activation. For example, some studies have shown that injection of Ag coupled to DEC205 and anti-CD40 antibody or TLR ligands initiates immune responses against the targeted Ag (Bonifaz et al., 2004; Boscardin et al., 2006; Trumpfheller et al., 2008). So although this technique targets DC, the induction of tolerance or immunity will depend on whether the DC are immature or mature (Bonifaz et al., 2004). The use of human anti-human DEC205 Ab in vaccination was confirmed in human Ig-expressing transgenic mice (Cheong et al., 2010a). This technique would be useful on the strict condition that DC maturation can be inhibited, to assure that the Ags target only immature DC in humans (Shortman et al., 2009). In contrast, the first clinical trials with injected TolDC described above have proven the safety and absence of toxicity of using autologous DC in humans.

APPLICATION OF TolDC IN THE CLINIC

The cells that we described above were obtained from the blood of healthy volunteers. For the clinical trial in kidney transplant patients, TolDC will be generated using monocytes from patients with chronic renal failure. Before the beginning of the clinical trial, it is essential to validate our TolDC in these patients. A comparative study of the generation of clinical grade TolDC in healthy volunteers and in RA patients was reported prior to a clinical trial ongoing in RA using autologous TolDC (Harry et al., 2010). Their results showed that TolDC generated from RA patients have a similar phenotype and in vitro function as those generated from healthy controls (Harry et al., 2010). In order to develop immunotherapy for multiple sclerosis, another team described TolDC derived from relapsing-remitting multiple sclerosis (RR-MS) patients. Their results showed that TolDC generated with VitaminD3 from RR-MS patients and from healthy controls display a similar differentiation and function (Raiotach-Regue et al., 2012). As well as the origin of the samples (volunteers versus patients), other parameters have to be taken into consideration for the GMP preparation of TolDC, as described in Table 2.

Table 2. DC preparation conditions.

[image: image]

Prior to TolDC injection, different parameters which could influence immunogenicity and survival of the injected cells also have to be defined, as described in Table 3. One of these is the route of DC administration. Experiments performed in mice have shown that intravenous injection of Dex/LPS-treated BMDC prolongs cardiac transplant survival whereas subcutaneous injection of the same Dex/LPS-treated BMDC does not increase graft survival (Emmer et al., 2006). In parallel, our experiments in macaques show that intradermal injection of autologous TolDC prime an immune response while intravenous injection favors a tolerogenic role of these TolDC (unpublished results). A study also performed in monkeys confirmed the fact that intravenous injection of TolDC is well-tolerated (Zahorchak et al., 2007).

Table 3. Parameters of DC injection.
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Another parameter is the potential treatment associated with the cell injection, such as IS drugs. These drugs could either potentiate or inhibit the effect of TolDC in vivo. For the clinical trial in kidney transplantation, cell therapy will be performed in patients treated with several IS drugs. Previous studies have determined the interaction between DC therapy and IS. Indeed, our experiments in a model of transplantation have shown that treatment of rodents with rapamycin or cyclosporin A does not improve the TolDC effect. This is different from the injection of allo-Ag pulsed RAPA-DC in mice that promoted indefinite graft survival when treated with low doses of rapamycin at the time of transplantation (Turnquist et al., 2007). As regards human TolDC, some in vitro studies have shown that rapamycin increases CCR7 expression, which is necessary for TolDC migration to lymphoid organs (Sordi et al., 2006). Other IS, such as calcineurin inhibitors, including cyclosporin A or tacrolimus, block MHC-restricted Ag processing pathways in mouse BMDC in vitro (Lee et al., 2005). In the context of the One Study clinical trial, the patients will receive three IS in combination with the cell therapy: MMF (Mycophenolate mofetil), Tacrolimus and Prednisolone. From a safety point of view, it is necessary to validate that the TolDC will not interfere with the function of these IS. To answer this question, graft survival after injection of each IS with and without TolDC will be monitored in our mouse skin graft model. So far, we have observed that injection of MMF induces a prolongation of graft survival and injection of TolDC does not impair this effect. In fact, a slight increase in graft survival was detected (Segovia et al., in preparation). Similar experiments using the two other IS associated or not with DC therapy are ongoing. The combination of three IS in the presence or absence of cell therapy will be also tested.

CONCLUSION

Cell therapy, e.g., TolDC, is currently considered as an attractive approach to minimize the use of IS in transplantation. Studies performed in rodent models have demonstrated the feasibility and efficacy of TolDC for the induction of tolerance in transplantation. In parallel, protocols to generate human TolDC in vitro have been defined but most have not yet been tested in vivo. New pre-clinical tools, such as humanized mice or non-human primates, have emerged and will be used to help translate the research findings from animal models to clinical application in humans.
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Understanding tolerance mechanisms at the cellular and molecular level holds the promise to establish novel immune intervention therapies in patients with allergy or autoimmunity and to prevent transplant rejection. Administration of mAb against the CD4 molecule has been found to be exceptionally well suited for intentional tolerance induction in rodent and non-human primate models as well as in humanized mouse models. Recent evidence demonstrated that regulatory T cells (Treg) are directly activated by non-depleting CD4 ligands and suggests Treg activation as a central mechanism in anti-CD4-mediated tolerance induction. This review summarizes the current knowledge on the role of Treg in peripheral tolerance, addresses the putative mechanisms of Treg-mediated suppression and discusses the clinical potential of harnessing Treg suppressive activity through CD4 stimulation.
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REGULATORY T CELLS IN MAINTENANCE OF PERIPHERAL TOLERANCE

The notion of peripheral immune regulation by T cells that shut off other immune cells has been around for many decades (Gershon and Kondo, 1971). Discovery of suitable surface markers (Sakaguchi et al., 1995; Takahashi et al., 1998) and a lineage-specific transcription factor (Hori et al., 2003; Walker et al., 2003) confirmed the existence of a distinct regulatory T cell (Treg) population. Originally identified by their aptitude to hold off autoimmune reactions (Sakaguchi et al., 1995; Takahashi et al., 1998; Wildin et al., 2002; Fontenot et al., 2005), Treg own far-ranging suppressive activity affecting the function, maturation, and survival of all types of immune cells (Thornton and Shevach, 1998; Jonuleit et al., 2001; Grossman et al., 2004; Kojima et al., 2005) in response to self and non-self antigens, including pathogens (Belkaid et al., 2002; Hasenkrug, 2003). Additionally, Treg have been shown to confer regulatory properties upon suppressed T cells implementing a second layer of regulation (Jonuleit et al., 2002; Stassen et al., 2004; Andersson et al., 2008).

Attempts to define the molecular basis of Treg suppression have lead to the description of numerous putative pathways and molecules (Tang and Bluestone, 2008; Shevach, 2009). A majority of studies agreed on cell contact-dependent suppression by Treg in vitro (Thornton and Shevach, 1998; Jonuleit et al., 2001) and the observation of persistent contacts between Treg and dendritic cells (DCs) during active suppression by intravital microscopy suggests that cell contact-dependent suppression might also play a role in vivo (Tang et al., 2006).

Analyzing the molecular mechanism of contact-dependent Treg suppression by comparison of gene expression in Treg and non-regulatory T cells, we found that Treg up-regulate cAMP in their cytosol upon activation and consign cAMP to conventional CD4+ T cells and DCs (Bopp et al., 2007; Becker et al., 2009; Fassbender et al., 2010) by gap junction intercellular communication (GJIC; Oviedo-Orta et al., 2000). Upon transfer cAMP inhibits the proliferation and differentiation of responder cells, most probably through the induction of inducible cAMP early repressor (ICER) expression (Foulkes et al., 1991; Bodor et al., 1996, 2007). Continuative work revealed that cAMP transmission is an essential component of Treg-mediated suppression in vivo (Bopp et al., 2007; Becker et al., 2009). Concurrent with stable and persistent Treg–DC interaction (Tang and Bluestone, 2006), transfer of Treg-derived cAMP into conventional T cells in vivo was inevitably dependent on the presence of antigen presenting cells (APC) and restricted to the draining lymph node (Bopp et al., 2007). Correspondingly, repression of cAMP accumulation in Treg either by adenylyl cyclase inhibition, application of a cAMP-specific antagonist or phosphodiesterase (PDE) overexpression abrogated Treg suppression (Bopp et al., 2007; Oberle et al., 2007; Becker et al., 2009; Klein et al., 2012; Martin et al., 2012). Inversely, blockade of cAMP degradation by PDE inhibition improved Treg-mediated suppression in a murine asthma model (Bopp et al., 2009).

Regarding cAMP regulation in Treg, Foxp3 has been shown to repress PDE3b expression (Gavin et al., 2006) thereby preventing cAMP degradation. More recently, Huang et al. (2009) showed that the high cAMP content in Treg and their suppressive property depend on Foxp3-mediated repression of the adenylyl cyclase 9 (AC9) regulating miRNA 142-3p. In line with these observations, Lahl et al. (2009) demonstrated that non-functional Treg in Foxp3 mutant scurfy mice harbor significantly reduced levels of cytosolic cAMP. Hence, the transcription factor Foxp3 participates in cAMP buildup by concomitantly regulating the expression of cAMP-generating and degrading enzymes. It is noteworthy that the transmission of cAMP is actually involved both in the suppression of other T cells (Bopp et al., 2007; Becker et al., 2009; Huang et al., 2009; Klein et al., 2012) and in suppression of DCs (Fassbender et al., 2010). Together these findings classify cAMP as a key component of Treg suppressive mechanism in vitro and in vivo and disclose cAMP-regulating enzymes as molecular targets for therapeutic intervention with Treg activity in pathological processes like allergy and autoimmunity.

Next to the transfer of cAMP through gap junctions, production of extracellular adenosine has been suggested as an alternative mechanism in cAMP-dependent suppression by Treg (Deaglio et al., 2007). Extracellular nucleotides are anti-inflammatory mediators produced by a variety of cell types including Treg (Deaglio et al., 2007; Mandapathil et al., 2009) and Th17 cells (Chalmin et al., 2012). Physiologically, extracellular nucleotide production represents a protective mechanism in response to tissue injury (Fredholm, 2007). In Treg suppression adenosine formation through the ectoenzymes CD39 and CD73, expressed by murine Treg and a subpopulation of human Treg (Mandapathil et al., 2009), has been assumed to induce cAMP production in conventional T cells or DCs upon binding to the A2A receptor (Deaglio et al., 2007; Ernst et al., 2010). However, the role of adenosine as a major suppressive mechanism employed specifically by Treg is questionable. Blockade of cAMP production in responder T cells by inhibition of adenylyl cyclases does not alter their susceptibility to Treg-mediated suppression (Klein et al., 2012). In addition, A2A receptor expression is detectable on T cells 4 days after stimulation (Deaglio et al., 2007) while T cells are susceptible to Treg suppression exclusively within the first 24 h after stimulation (Hagness et al., 2012). Finally, Blockage of ectonucleotidase activity only slightly abrogates suppression of human T cells by CD39 expressing Treg (Mandapathil et al., 2010). Thus, while nucleotides certainly affect numerous cellular functions – including de novo cAMP generation in Treg – their role in Treg suppression is most likely of an indirect nature.

Interestingly, cAMP up-regulation in Treg coincides with another cell contact-dependent mechanism of suppression: Treg constitutively express the two co-inhibitory membrane-bound molecules CTLA-4 and TIGIT (Read et al., 2000; Takahashi et al., 2000) which are believed to provide inhibitory signals. In mice CTLA-4 deficiency (Bachmann et al., 1999), CTLA-4 blockade (Takahashi et al., 2000), and Treg-specific ablation of CTLA-4 (Wing et al., 2008) resulted in spontaneous autoimmunity. Yet, CTLA-4 deficient Treg remain suppressive in vitro and in vivo (Tang et al., 2004; Read et al., 2006) suggesting additional mechanisms to be involved. Studies on human Treg in vitro revealed only a minor role of CTLA-4 in Treg suppression (Birebent et al., 2004) or firmly excluded CTLA-4 as a suppressive mechanism (Baecher-Allan et al., 2001; Jonuleit et al., 2001; Levings et al., 2001). However, discrepancies regarding the importance of CTLA-4 in Treg suppression might in part be due to the use of different target cells. While the role of CTLA-4 in suppression of T cells remains uncertain, it is unequivocally required in the suppression of APC. Suppression of DCs by Treg via CTLA-4 has been shown to induce the downregulation of CD80 and CD86 (Cederbom et al., 2000) preventing effector T cell activation by the APC in vitro (Oderup et al., 2006) and in vivo (Wing et al., 2008). Notably, elevated cAMP levels in T cells have been shown to increase CTLA-4 expression (Vendetti et al., 2006) and cAMP and CTLA-4 expression are simultaneously up-regulated in Treg upon activation (Becker et al., 2009).

While a majority of studies firmly excluded soluble factors in Treg suppression in vitro, there is growing evidence that cytokines substantially add to the immune regulatory function of Treg in vivo. In particular, transforming growth factor-β (TGF-β) and IL-10 seem to be indispensable for sustained tolerance induction by Treg. A role for TGF-β in maintenance of peripheral tolerance was initially suggested by its importance in infectious tolerance (Chen et al., 2003) particularly its long-lasting production by CD4+ T cells from tolerant mice in long-term acceptance of allografts (Daley et al., 2007). However, in order to exert its biological functions, TGF-β needs to be converted from its latent (bound to latency associated peptide, LAP) into its active conformation by proteolytic cleavage (Khalil, 1999). Yet, there are multiple mechanisms of activating TGF-β from its latency (Lawrence, 2001; Annes et al., 2003) and it is unclear how TGF-β is activated in vivo.

Although repeatedly observed in disease models (Nakamura et al., 2001) a direct contribution of TGF-β in Treg suppression remained controversial because anti-TGF-β antibodies and soluble TGF-RII failed to affect the suppressive function of Treg (Andersson et al., 2008). Recently, “glycoprotein A repetitions predominant” (GARP) expressed on the surface of Treg upon activation (Wang et al., 2008, 2009; D’Alise et al., 2011) has been shown to act as a receptor for the TGF-β/LAP complex (Stockis et al., 2009). Reminiscent of infectious Treg suppression (Jonuleit et al., 2002; Stassen et al., 2004) latent TGF-β bound to GARP on the surface of activated Treg has been demonstrated to convert responder T cells into induced Treg (Andersson et al., 2008). Thus, apart from acting as a soluble modulator of immune cells, TGF-β supposedly helps Treg to execute their contact-dependent suppressive activity by binding to GARP (Battaglia and Roncarolo, 2009).

IL-10 has been unequivocally shown to form another important mediator in Treg suppression in vivo (Kearley et al., 2005; Collison et al., 2007) particularly in suppression of pathogenic Th17 cells (Chaudhry et al., 2011; Huber et al., 2011). Correspondingly, Treg-specific ablation of IL-10 leads to inflammation (Rubtsov et al., 2008). In contrast to general Treg deficiency, however, Treg-specific IL-10 paucity leads to mucosal but not systemic autoimmunity, suggesting mucosal restriction of IL-10-mediated Treg tolerance induction. This view is supported by our previous observation that human Treg expressing gut-homing β7 integrin preferentially induce IL-10 production in converted secondary T helper suppressor cells (Stassen et al., 2004).

Due to their far-ranging tolerizing capability Treg have become key targets in the development of tolerance-inducing therapies (Wing and Sakaguchi, 2010). Like other T cells, Treg require activation for their function. Attempts to exploit Treg for therapeutic purposes therefore depend on Treg activation, either by antigen or polyclonal stimulation (Jordan et al., 2001). Current efforts to increase the frequency and potency of Treg in vivo include the use of cytokines (Tawara et al., 2010), antigen targeting to immature DC (Mahnke et al., 2003), and monoclonal antibodies (mAb) against surface molecules (Belghith et al., 2003). As a whole population Treg are biased toward recognition of self-antigens (Hsieh et al., 2004), however, because antigenic specificities of Treg in diseases have not been elucidated, potential clinical applications have mainly focused on polyclonal Treg activation methods (Horwitz et al., 2004).

CORECEPTOR ENGAGEMENT AND PERIPHERAL TOLERANCE

T cell surface molecules that participate in T cell receptor-mediated stimulation have a significant influence on T cell function. mAb against coreceptors have been successfully shown to allow intentional tolerance induction in rodent and non-human primate models (Krieger et al., 1996). One particularly well-established regimen of tolerance induction is the administration of anti-CD4 mAb (Waldmann and Cobbold, 1998). Although the mechanisms underlying tolerization by anti-CD4 mAb are not yet fully understood, the activation of Treg has been recognized as the entering wedge to successful tolerance induction (Becker et al., 2009; Kendal et al., 2011; Martin et al., 2012).

CD4, a 55-kDa glycoprotein with four extracellular domains (Littman, 1987), recruits the protein kinase p56lck (Rudd et al., 1988; Veillette et al., 1988) to the TCR complex (Holdorf et al., 2002; Kim et al., 2003; Nika et al., 2010) and strengthens the contact between T cells and APCs through its interaction with non-polymorphic regions of MHC class II molecules (Greenstein et al., 1984; Doyle and Strominger, 1987; Konig et al., 1992, 1995). CD4 molecules on T cell surface have been shown to preferentially form disulfide-linked dimers and tetramers (110 and 220 kDa; Li et al., 1998; Moldovan et al., 2002) and mutations disabling dimerization completely abrogate its coreceptor function (Vignali and Vignali, 1999). CD4 expression on mature T cells is uniform with the exception of polarized T helper 2 cells (Itoh et al., 2005) and Treg (Bryl et al., 2001) which both show decreased CD4 expression supposedly entailing altered proximal TCR signaling (Hannier et al., 2002; Itoh et al., 2005; Tsang et al., 2006).

Through its interaction with tyrosine kinase p56lck, CD4 engagement alone can induce TCR-independent signaling events in T cells (Zhou and Konig, 2003). Selective engagement of the CD4 coreceptor by certain mAb raises intracellular calcium and IL-2 production (Carrel et al., 1991), whereas other anti-CD4 mAb prime T helper cells to activation-dependent cell death triggered by subsequent TCR/CD3-mediated signals (Newell et al., 1990; Tamma et al., 1997). Comparing mAb against different CD4 epitopes, Baldari and colleagues suggested that the gene-activating and proapoptotic potential of different anti-CD4 mAb may be associated with different epitopes (Baldari et al., 1995; Di Somma et al., 1995; Milia et al., 1997). However, a similar range of divergent responses can be induced through a single CD4 epitope as demonstrated for the CD4-binding (Lasky et al., 1987) human immunodeficiency virus-1 (HIV-1) envelope protein gp120 (Liegler and Stites, 1994; Westendorp et al., 1995; Masci et al., 1999). It is therefore tempting to speculate that the functional outcome of CD4-stimulation might mainly depend on the functional state of the T cell addressed rather than on a specific CD4 epitope. However, the functional state is believed to affect the formation of CD4 oligomers, which, in turn, regulate the activation of the CD4 cytoplasmic tail-associated tyrosine kinase p56lck, by trans-phosphorylation (Veillette et al., 1989).

Even before the role of the CD4 molecule in T cell activation had been fully recognized, three groups reported that short courses of anti-CD4 mAb application induce long-term tolerance to foreign proteins (Benjamin and Waldmann, 1986; Benjamin et al., 1986; Goronzy et al., 1986; Gutstein et al., 1986). Subsequent studies revealed that anti-CD4-mediated tolerance induction was not based on T cell depletion but rather an activation of regulatory mechanisms (Benjamin et al., 1988; Carteron et al., 1988, 1989; Qin et al., 1990). Further, tolerance could not only be induced to foreign proteins but also to various transplanted allografts (Shizuru et al., 1987; Qin et al., 1989; Davies et al., 1996), demonstrating that the tolerizing potential of anti-CD4 mAb is not restricted to a particular type of antigen. Immunoregulatory mechanisms initially suggested to operate in anti-CD4 induced tolerance include a predisposure of developing T cells to selective deletion, or anergy in the thymus (Arima et al., 1997); immune deviation (Scully et al., 1997); receptor blockade (Fehervari et al., 2002; Harding et al., 2002); modulation of CD4 expression (Portoles et al., 1999); and transmission of negative signals (Chirmule et al., 1999). However, none of these – not mutually exclusive – processes could reasonably explain the “infectious tolerance” phenomenon (Qin et al., 1993). Rather than being submissive, anti-CD4 induced tolerance relied on dominant immune suppression by T cells activated in presence of the antibody. In regard to the dominant suppressive T cell type in charge several functionally and phenotypically different anti-CD4 mAb-induced tolerogenic CD4+ T cell populations have been proposed (Bushell et al., 2003; Chen et al., 2003; Cobbold et al., 2004; Karim et al., 2005). However, whether these had been directly or indirectly induced by anti-CD4 treatment remained undefined at first. The impressive capacity of Treg and their ability to confer regulatory properties upon suppressed T cells (Jonuleit et al., 2002; Stassen et al., 2004; Andersson et al., 2008) in particular, strongly suggested a role of Treg in anti-CD4-mediated “infectious tolerance” induction. In support of this assumption administration of non-depleting anti-CD4 mAb into mice had been shown to result in pre-activation of Treg in vivo (Karim et al., 2005; Yang et al., 2007). Eventually, using B6. Foxp3(hCD2) mice to ablate Treg with an anti-hCD2 mAb Kendal et al. (2011) formally demonstrated that Treg are crucial for infectious tolerance induced by non-ablative anti-T cell mAb.

Motivated by the description of activated Treg in murine anti-CD4 tolerance models we previously analyzed the effect of CD4 binding agents on human Treg. Comparing numerous anti-CD4 mAb we found that certain anti-CD4 mAb have the potential to induce the suppressive function of isolated human Treg in a supposedly T cell receptor-independent manner (Becker et al., 2007). In addition, we and others observed that the CD4-binding HIV-1 surface protein gp120 activates the suppressive function of Treg (Nilsson et al., 2006; Kinter et al., 2007) in vitro and in two humanized mouse models in vivo (Becker et al., 2009; Ji and Cloyd, 2009) signifying that stimulation via the CD4 receptor represents an efficient Treg activating pathway with potential to induce immunological tolerance in humans.

Difference between anti-CD4 mAb to trigger Treg suppressive activity could not be related to a particular CD4 epitopes. However, comparing the Treg activating potential of different anti-CD4 mAb and CD4 binding virus envelopes we observed that one crucial event that separates Treg activating and non-activating CD4 ligands consists in up-regulation of the second messenger cAMP (Becker et al., 2009 and unpublished results). Moreover, the binding affinity of CD4 ligands seems to play a role as suggested by the fact that weak CD4 binding viral envelopes from HIV-2 (gp105) and SIV (gp130) did not activate human Treg in vitro and in vivo.

However, apart from these general observations the signaling events initiated by separate ligation of CD4 on Treg so far remain unexplored. In particular, it is unclear whether CD4 stimulation of Treg is truly independent of TCR signals, whether and how both pathways resemble or differ from another, and, most important, whether CD4-mediated signals are differently or similarly handled in Treg and conventional CD4+ T effector cells. The latter question is of particular interest since Treg are believed to maintain an activated phenotype through constant stimulation by self antigens, yet, require additional stimulation to become suppressive. Future insights into how TCR and CD4 signaling pathways drive the suppressive activity of Treg will undoubtedly help to understand Treg biology and discover alternative intervention points for functional manipulation of Treg suppressive activity.

As summarized in Figure 1 at least three different immune mechanisms can be distinguished that help to explain the tolerizing effect of CD4-specific agents: First, a general Treg-independent mechanism that consist in interference with proper CD4 coreceptor function resulting in induction of T cell anergy or T cell depletion (Figure 1A). This effect seems to depend either on CD4/MHC class II binding blockade or additional TCR-independent signaling. Second, by modulating antigenic stimulation, individual CD4 mAb induce differentiation of naive T cells into adaptive Tregs (Oliveira et al., 2008), which are suggested to control pathogenic effectors through TGF-β (Oliveira et al., 2011) or IL-10 release (Figure 1B). Finally, and crucially important for tolerance induction, CD4-specific mAb activate the suppressive function of Treg (Becker et al., 2007; Kendal et al., 2011), which, upon activation, exert control on pathogenic T cells by direct and linked suppression (Figure 1C). These different effects of CD4 stimulation are intrinsic functions of individual anti-CD4 mAb.


[image: image]

Figure 1. Potential modes of tolerance induction by CD4-specific monoclonal antibodies. A short-term treatment with non-depleting CD4-specific mAb induces dominant tolerance to foreign proteins and transplanted allografts. This figure represents the different immune mechanisms that have been proposed to explain the tolerizing effect of CD4-specific mAb. Three intervening points can be distinguished: (A) CD4 binding by non-depleting CD4-specific mAb modulates antigenic stimulation through the T-cell receptor complex resulting in induction of T cell anergy. (B) By modulating antigenic stimulation, CD4-specific mAb induce differentiation of naive T cells into adaptive regulatory T cells, which control pathogenic effectors through transforming growth factor-β (TGF-β) and IL-10 release. (C) Crucially important for tolerance induction, CD4-specific mAb activate the (cAMP-dependent) suppressive function of Treg, which, upon activation, exert control on pathogenic T cells by direct and linked suppression.



CLINICAL APPROACHES TO Treg-MEDIATED TOLERANCE INDUCTION

Current immunosuppressive therapies are efficient in preventing acute transplant rejection and dampening inflammation in autoimmune diseases such as rheumatoid arthritis or lupus. Nevertheless, immune suppression remains inadequate, as it comprises significant side effects such as organ toxicity and hypersuppression disabling protective immune responses against pathogens and enhancing the risk of chronic infections. Hence, there is a clinical need for novel immunotherapeutic drugs with the ability to rebalance the immunologic tolerance network without persistently affecting immune function. In contrast to pharmacological immune suppression, re-induction of tolerance through the exploitation of evolutionarily established tolerance mechanisms is expected to offer a parentally operative cure. Among mechanisms operative in self-tolerance, the immune-suppressive activity of Treg appears to be exceptionally well suited for therapeutic exploitation for several reasons: First, activated Treg dampen the function of a wide range of immune cells including T cells (Pandiyan et al., 2007), B cells (Lim et al., 2005), DC (Misra et al., 2004; Larmonier et al., 2007), and monocytes (Taams et al., 2005) and affect a broad range of immune contexts including cardiovascular disease (Ait-Oufella et al., 2006) and obesity-induced insulin resistance (Feuerer et al., 2009). Second, the activation of Treg is antigen-specific defined by the selected T cell receptor repertoire in the thymus. However, once activated the suppressive mechanisms of Treg operate in an antigen-non-specific manner, sidestepping the need to identify disease-specific antigens to affect a particular Treg population. Prime examples of the Treg immune dampening potential are experiments demonstrating that Treg can be expanded and re-infused to limit immune responses (Hoffmann et al., 2002) preventing GvHD induction without causing toxicity. While persistent polyclonal Treg activation would lead to general immune hyporesponsiveness, a short-term Treg activation – as established for tolerance induction with non-depleting anti-CD4 mAb in mice – is expected to induce (or re-induce) antigen-specific regulatory networks that maintain antigen-specific tolerance when Treg activity has returned to normal levels.

Based on the evidence for Treg activation by CD4 ligands as outlined above, anti-CD4 mAb seem to represent ideal compounds for Treg-mediated tolerance induction. However, although animal studies have provided a compelling basis for clinical application of anti-CD4-mediated tolerance induction, this approach has been remarkably unsuccessful when transferred to the clinic. Although short interventions with particular mAb have been shown to offer quick symptomatic relief, improvements supposedly caused by inactivation and depletion of CD4+ T cells (Kon et al., 2001; Choy et al., 2002) remained transient. Failure to establish an anti-CD4-based tolerogenic therapy in humans is most likely due to difficulties in translating the timing and dosage used in animal models for human application. Importantly, in contrast to animal models, mAb are administrated at late disease stages in clinical studies. Whereas the immature immune system seems to dependably allow tolerance induction with anti-CD4 mAb, it seems more difficult to tolerize the experienced immune system in patients, in part due to the presence of effector and memory T cells resistant to the suppressive action of Treg (Yang et al., 2007). In fact, Treg-based therapies have been found to be generally less effective in models of autoimmune diseases. Wehrens et al. (2011) for example observed that functionally active Treg failed to control hyperactivated T effector cells in rheumatoid arthritis patients with ongoing inflammation but prevented autoaggressive immune responses in non-inflammatory arthritis. Impaired Treg suppression under inflammatory conditions has been mainly ascribed to the influence of TNF-α, IL-1, and IL-6, which turn effector T cells resistant to Treg-mediated suppression (Walker, 2009; Goodman et al., 2011). Certainly, resistance to Treg-mediated suppression can be overcome by blockade of IL-6 (Chen et al., 2009) and supposedly, the beneficial effects of anti-TNF-α treatment include a similar effect too (Ehrenstein et al., 2004; Valencia et al., 2006). Thus, provided Treg can be sufficiently activated in the host, their suppressive efficiency might depend on the disease stage, which strongly argues for a combination of Treg enhancing strategies with biologicals that reverse Treg resistance in autoaggressive T effector cells. As exemplified with anti-CD3 mAb already in the clinic evacuation of T effectors cells and concomitant enhancement of Treg activity can form a very effective treatment (Chatenoud and Bluestone, 2007).

With regard to anti-CD4-mediated tolerance induction in humans, it is important to emphasize again that anti-CD4 mAb vary in their capacity to activate Treg (Becker et al., 2007) and antibodies used in clinical trials so far have not been analyzed with regard to their Treg activating potential. However, clinical trials with Treg enhancing agents such as the anti-CD4 mAb Tregalizumab in rheumatoid arthritis have been initiated to investigate the efficacy of Treg-based anti-CD4-mediated tolerance induction in patients with autoimmune diseases.

CONCLUDING REMARKS

In summary, polyclonal activation of Treg through their surface molecules by biologicals that enhance their intracellular cAMP level are effective to induce the suppressive function of Treg for re-induction of tolerance in small animal models and in humanized mice. It is therefore expected that polyclonal Treg activation forms a rational for tolerance induction in humans. However, both the exact conditions, efficiency in different stages of disease and cooperation with additional treatment regiments to diminish T effector cells need to be thoroughly explored. Moreover differential signals in Treg versus T effector cells are far from being clear. In addition to deepening our understanding of Treg biology investigation of the latter holds the key to define alternative entry points for therapeutic manipulation of Treg function.
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The development of type 1 diabetes (T1D) is driven by autoreactive T cells that attack and destroy the insulin-producing β-cells in pancreatic islets, forcing patients to take multiple daily insulin injections. Insulin therapy, however, is not a cure and diabetic patients often develop serious long-term microvascular and cardiovascular complications. Therefore, intensive efforts are being directed toward developing safe immunotherapy for the disease that does not impair host defense and preserves β-cells, leading to better glycemic control than exogenous insulin therapy. Engineering therapies that differentially cripple or tolerate autoreactive diabetogenic T cells while sparing protective T cells necessary for maintaining a competent immune system has proven challenging. Instead, recent efforts have focused on modulating or resetting the immune system through global but transient deletion of T cells or B cells using anti-CD3 or anti-CD20 mAb, respectively. However, phase III clinical trials have shown promising but modest efficacy so far with these approaches. Therefore, there is a need to identify novel biological targets that do not fit the classic properties of being involved in adaptive immune cell activation. In this prospective, we provide preclinical evidence that targeting Fas ligand (FasL) may provide a unique opportunity to prevent or cure T1D and perhaps other organ-specific autoimmune diseases without causing immune suppression. Unlike conventional targets that are involved in T and B lymphocyte activation (such as CD3 and CD20, respectively), FasL is an apoptosis-inducing surface molecule that triggers cell death by binding to Fas (also known as CD95 Apo-1). Therefore, targeting FasL is not expected to cause immune suppression, the Achilles Heel of conventional approaches. We will discuss the hypothesis that targeting FasL has unique benefits that are not offered by current immunomodulatory approaches.
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INTRODUCTION

Autoimmune diabetes, also known as type 1 diabetes (T1D), is a common chronic disease that strikes predominantly in childhood, adolescence or early adulthood and persists lifelong (Bluestone et al., 2010). It is clinically characterized by hyperglycemia due to the destruction of insulin-producing β-cells by diabetogenic T cells. Prior to the use of insulin for the management of T1D in 1922, T1D was invariably a fatal disease (Joslin, 1924, 1936). Since then, significant progress has been made in the development of long and short acting insulin analog regimens, home glucometers, continuous glucose sensors, and insulin pumps. Despite these advances, tight glycemic control remains an elusive and overwhelming challenge, requiring constant attention to blood glucose levels and carbohydrate intake (Patterson et al., 2009; Dahlquist et al., 2011; Harjutsalo et al., 2011). Patients continue to suffer from long-term diabetes complications including cardiovascular disease, chronic kidney disease, retinopathy which can progress to blindness, and peripheral neuropathy (Bluestone et al., 2010). Patients are also faced with the potential for life threatening episodes of diabetic ketoacidosis or hypoglycemia. T1D incidence has been steadily rising in young children for unclear reasons (Patterson et al., 2009; Dahlquist et al., 2011; Harjutsalo et al., 2011). Therefore, the need to develop a cure or preventive therapy for T1D is great. While a cure is defined as the lack of the need for exogenous insulin, developing a therapy that simply decreases the need for intensive insulin management and improve glycemic control would be transformative. Patients intensively treated with insulin in the Diabetes Control and Complications Trial (DCCT), who had higher baseline C-peptide concentrations (≥0.20 pmol/ml) indicating greater endogenous insulin secretion, on follow-up, had lower hemoglobin A1c levels, and a reduced risk for developing diabetic complications and severe hypoglycemia. Interventions which preserve endogenous insulin secretion may therefore improve control and prevent complications in patients with T1D (The Diabetes Control and Complications Trial Research Group, 1998).

THE CHALLENGE TO DEVELOPING EFFECTIVE IMMUNOTHERAPY FOR T1D

Despite the daily burden of monitoring blood sugar, taking insulin, and experiencing episodic and occasionally severe hypoglycemia, T1D patients can enjoy a relatively healthy life for decades. Consequently, the safety standards for immunotherapeutic intervention for T1D are high. The risk/benefit balance must clearly exceed that of insulin analog therapy for such interventions to be widely acceptable. The main serious risk associated with most current immunotherapeutic approaches is that of immunosuppression. Avoiding immunosuppression is a major challenge given that diabetogenic T cells in reality are “misguided” effector T cells that direct their destructive power against islet autoantigens instead of foreign pathogens. Major islet autoantigens are derived from insulin, glutamic acid decarboxylase (GAD65), insulinoma-associated antibody 2 (IA-2), and zinc transporter 8 (ZnT8) proteins (Nakayama et al., 2005; Wenzlau et al., 2009). Recognition of these autoantigens, primarily insulin peptide, by diabetogenic T cells initiates the autoimmune response that leads to the ultimate destruction of insulin-producing β-cells and hyperglycemia (Figure 1). In the process, diabetogenic T cells utilize the same recognition systems and costimulatory pathways as do effector T cells specific for invading pathogens. These common systems and pathways regulate T cell proliferation, differentiation, cytokine secretion, and homing to the site of action whether it is an autoimmune target organ or an infected tissue. Therefore, non-specific targeting of a vast array of molecules that cripple islet reactive T cells and prevents autoimmunity can also impair protective T cell function thereby impinging on the host’s ability to mount effective immune responses against invading pathogens. An ideal immunotherapeutic approach would be a one that induces immunologic tolerance to islet autoantigens in high risk individuals and new-onset T1D patients without causing long-term immune suppression. Hypothetically, this can be achieved by developing strategies to selectively eliminate and/or immunoregulate diabetogenic T cells without disrupting normal immune homeostasis or host defense. Despite remarkable achievements in our understanding of basic immunology and disease processes, to date no mechanisms have been identified that selectively inhibit activation of autoreactive T cells without impairing responsiveness of protective T cells. This dilemma has greatly impeded progress in developing successful immunotherapy for T1D.
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Figure 1. Key events in T1D development. (I) The process starts by acquisition and delivery of islet autoantigens including insulin and GAD65 proteins by antigen presenting cells (APCs) to the draining, pancreatic lymph nodes (PLNs). (II) Diabetogenic T cells encounter their cognate autoantigens presented by APCs in PLNs leading to their priming, proliferation and differentiation into effector T cells, and homing functions as a result of interaction with APCs. (III) Diabetogenic effector T cells migrate into the pancreas and infiltrate pancreatic islets causing insulitis and eventually destruction of insulin-producing β-cells.



In the presumed absence of immunologic targets that can be safely targeted to prevent autoimmunity without comprising host defense, some creative approaches have been developed to minimize side effects of targeting molecules by modulating/resetting the immune system through global but transient deletion of T cells or B cells using anti-CD3 or anti-CD20 mAb, respectively. In spite of some early successes in phase I and II clinical trials (Bolt et al., 1993; Herold et al., 2005; van Belle et al., 2011), different anti-CD3 mAbs (Otelixizumab, Teplizumab) failed to meet primary efficacy endpoints in recent phase III clinical trials to impact primary outcomes including hemoglobin A1c (HbA1C), insulin requirements or C-peptide values. A higher dose of the humanized CD3-antibody, ChAglyCD3 (Otelixizumab) led to a decline in insulin requirements after 4 years when compared with placebo treatment. However, the higher dose was associated with significant cytokine release symptoms on infusion days, and led to reactivation of Epstein Barr virus infection (Keymeulen et al., 2010). In the Protégé Study, new-onset T1D subjects who received the highest dose of teplizumab had less decline in C-peptide secretion when compared with placebo, allowing glycemic control to be achieved at a lower insulin dose, indicating a partial therapeutic effect (Sherry et al., 2011). Anti-CD20 antibody is another potential T1D therapy under investigation. CD20 is expressed on the surface of all B cells except plasma cells. Clinical trials with the anti-CD20 mAb Rituximab yielded some degree of success as it helped to preserve residual insulin production in new-onset T1D patients, reduced insulin requirements, and lowered autoantibody levels and HbA1c (Pescovitz et al., 2009; Yu et al., 2011). There were, however, adverse effects including long-term depressed IgM levels, which increases the risk of immunosuppression. Moreover, patients receiving the drug reported a range of side effects including fever, rash, nausea, hypotension, and tachycardia. These studies show that current T cell and B cell antibodies have significant adverse effects, and at best incompletely prevent progressive β-cell loss. They therefore call into question the utility and effectiveness of anti-CD3 or anti-CD20 as stand alone immunotherapies to preserve β-cell function (Sherry et al., 2011; and unpublished data presented at the American Diabetes Association Annual Meeting, San Diego, CA, USA in June 2011).

One promising approach still in its infancy is to utilize Treg cells to selectively inhibit autoreactive T cells. This approach has been challenged by the inability to selectively expand and maintain Treg cells, as reduced frequency or function of Treg cells, or both, is believed to underlie autoimmune diabetes (Atkinson et al., 2011) and other immune-mediated diseases (Koreth et al., 2011; Saadoun et al., 2011). However, recent studies have shown that low doses of IL-2 can be used to promote survival of Treg cells in the non-obese diabetic (NOD) mouse model (Tang et al., 2008) and even to reverse new-onset diabetes (Grinberg-Bleyer et al., 2010). In a clinical trial of IL-2 and Sirolimus in autoimmune diabetes (Proleukin and Rapamune in Type 1 diabetes; ClinicalTrials.gov number, NCT00525889), natural killer-cell count increased and may have been responsible for transient decrease in the function of β-cells. Nonetheless, low dose of IL-2 therapy has been shown to preferentially induce Treg expansion and lead to reversing of immune-mediated human diseases (Koreth et al., 2011; Saadoun et al., 2011), whereas a high dose treatment results in a relative increase in effector T cells population (Bluestone, 2011).

An approach we are advocating is to target the Fas pathway, the prototypical extrinsic death pathway that regulates T cell homeostasis (Nagata and Golstein, 1995). In this perspective, we will discuss the potential of targeting Fas ligand (FasL) as a novel approach to prevent autoimmune destruction of β-cells that is strongly merited by recent findings in the NOD mouse.

THE Fas PATHWAY: A POTENTIAL THERAPEUTIC TARGET FOR T1D

It has long been known that the Fas pathway plays an important role in maintaining homeostasis of the immune system. Pioneering studies by Nagata and Golstein (1995) have established the Fas pathway as the prototypical extrinsic death pathway. FasL, a tumor necrosis factor-related type II transmembrane protein, initiates an apoptosis signaling cascade by binding to Fas (also known as CD95 or Apo-I) on the target cell triggering cell death (Figure 2). Fas/FasL interaction leads to the formation of death-inducing signaling complex (DISC) that includes Fas-associated protein with death domain (FADD) and aspartate-specific cysteine protease, caspase-8 (Nagata and Golstein, 1995). FADD-mediates activation of the proteolytic activity of caspase 8, which is essential for Fas-induced apoptosis (Denault and Salvesen, 2002). Active caspase-8 leaves the DISC and proteolytically activates downstream effector caspases such as caspase-3 and caspase-7 that perform the bulk of the proteolysis of vital cellular proteins and cleavage of internucleosomal DNA, a hallmark of apoptosis (Lenardo, 1996).
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Figure 2. FasL interaction with its receptor (Fas) triggers cell death. Binding of FasL to Fas induces the apoptosis of Fas-bearing cells by activation of the caspase signaling cascade leading to cleavage of nuclear DNA and proteolysis of vital cellular proteins.



At the cellular level, death of TCR activated hybridomas and primary T cells upon Fas/FasL interactions in vitro led to establishment of the paradigm that Fas-mediated activation-induced cell death (AICD) is a major negative regulator of T cell clonal expansion (Brunner et al., 1995; Dhein et al., 1995; Ju et al., 1995). The discovery that T cell lymphoproliferation in lpr and gld mice is due to point mutations in Fas and FasL, respectively, confirmed the physiologic role of the Fas pathway in regulating T cell homeostasis (Nagata and Suda, 1995). Nevertheless, the biological context in which the Fas pathway regulates T cell homeostasis in vivo remains unclear. The basis of the unusual composition of T cells that cause lymphoproliferation in mice bearing homozygous lpr or gld mutations is poorly understood. The lymphoproliferation is predominantly caused by a subset of double negative αβ T cells (hereafter referred to as DN T cells) that lack both CD4 and CD8 coreceptors and that is a rare component of the normal T cell population in the secondary lymphoid organs. Thymic negative selection proceeds normally in mutant mice ruling out defective T cell development as a major cause of lymphoproliferation (Kotzin et al., 1988; Singer et al., 1989; Mountz et al., 1990; Zhou et al., 1992). Furthermore, whereas some early studies indicated a delay or defect in deletion of Fas-deficient T cells in response to stimulation by foreign antigens (Gillette-Ferguson and Sidman, 1994; Mogil et al., 1995), recent studies reported minor or no disruption of effector T cell clearance in mice with impaired Fas pathway (Gonzalo et al., 1994; Lohman et al., 1996; Miethke et al., 1996; Hildeman et al., 2002). Consistently, humans and mice with defective Fas pathway efficiently show no defects in clearance of excess effector T cells following acute immune responses (Strasser et al., 2009). Indeed, it is becoming increasingly clear that the proapoptotic molecule Bim (BCL-2 interacting mediator of cell death) is the major regulator of foreign antigen-activated T cell apoptosis in vivo (Bouillet and O’Reilly, 2009). Furthermore, because the Fas pathway mainly regulates apoptosis, mice with impaired Fas pathway show no defect in clearing viral infections and remain immunocompetent (Watanabe-Fukunaga et al., 1992; Hildeman et al., 2002; Hamad, 2010). Thus, immune responses to acute infections appear to proceed remarkably normal in the absence of functional Fas pathway. However, deletion of chronically activated T cells due to infections with persistent pathogens appears to be impaired in mutant mice (Stranges et al., 2007; Bouillet and O’Reilly, 2009). In addition, chronic activation by self antigens may be a factor in driving DN T cell accumulation even in germfree (GF) mice, suggesting no major role for microbiota in the process (Maldonado et al., 1999).

Early historic rise and fall of interest in the Fas pathway as an immunomodulator of T1D.

The discovery in the early 1990s of the loss-of-function mutations in Fas (called the lpr mutation) and FasL (called the gld mutation) enabled the assessment of Fas and FasL on the diabetogenic process in the widely used NOD mice (Nagata and Suda, 1995). The initial finding that NOD mice bearing homozygous lpr or gld mutations are completely protected from autoimmune diabetes (Chervonsky et al., 1997; Su et al., 2000; Petrovsky et al., 2002; Mohamood et al., 2007) unveiled the pivotal role for the Fas pathway in driving the pathogenic process of autoimmune diabetes and led to great excitement in the therapeutic potential of targeting the Fas pathway. Based on the physiological role of Fas/FasL interaction in mediating cell death and that TCR activation leads to FasL upregulation, it was presumed that FasL expressed on infiltrating T cells engages Fas on the surface of β-cells leading to their apoptosis (Chervonsky et al., 1997). This hypothesis, however, did not materialize because specific deletion of the Fas gene in β-cells did not spare them from autoimmune destruction (Kim et al., 1999; Apostolou et al., 2003). The dispensable role of Fas-mediated apoptosis in destroying β-cells was disappointing and puzzling at the same time, as it became difficult to fathom an alternative mechanism to explain this potent phenomenon. Thereafter, the view that the protective effect of inactivating the Fas pathway on autoimmune diabetes is an epiphenomenon prevailed. This view is enforced by the fact that mice bearing homozygous gld or lpr mutation develop an age-dependent lymphoproliferation that is predominated by double negative αβ T cells that are rare in normal mice (Watanabe-Fukunaga et al., 1992).

The complete protection from insulitis by the gld and lpr mutations in autoimmune diabetes prone NOD mice occurs even though mutant mice develop age-dependent though benign T cell lymphoproliferation. The absence of insulitis and overt diabetes in the presence of large numbers of activated T cells underlies the potency of the protective mechanism(s). Yet the lymphoproliferation is an obviously unwelcome side effect that is commonly associated with the development of anti-nuclear antibodies and lupus-like condition whose severity depends on the genetic background of the mouse strain (Cohen and Eisenberg, 1991). The lymphoproliferation has also frustrated the efforts to investigate and uncover mechanisms by which inactivation of the Fas pathway prevents autoimmune diabetes. As a consequence, the belief that protection from diabetes is an epiphenomenon related to the distortion of the immune system by expansion of DN T cells passed unchallenged and interest in pursuing the Fas pathway as a therapeutic target faded. However, the protective effect of inactivating the Fas pathway has also been seen in other models of organ-specific autoimmune diseases, including multiple sclerosis, and inflammatory conditions (Waldner et al., 1997; Henriques-Pons and de Oliveira, 2009; Ko et al., 2011). Nevertheless, the question of whether the protective effects and lymphoproliferation are consequential or dissociable side effects of inactivating the Fas pathway has remained unanswered for a long period of time.

Why revisit the potential of FasL as a therapeutic target in T1D? During the past few years, we have developed encouraging evidence from investigating disease resistance of NOD-gld/+ mice (Figure 3) and prevention of diabetes development in NOD-wt mice using a FasL-neutralizing mAb (Figure 4). These studies have shown that the protective effect of targeting FasL is dissociable from the lymphoproliferation: heterozygous gld NOD mice are completely protected from autoimmune diabetes, yet do not develop lymphoproliferation (Su et al., 2000; Nakayama et al., 2002; Mohamood et al., 2007). The translational evidence is the most exciting, as blockade of FasL with MFL4-neutralizing mAb prevents the disease in wild type NOD mice without causing lymphoproliferation (Nakayama et al., 2002; Mohamood et al., 2007). These results indicate that, contrary to the previously long held belief, FasL may be worth dedicated investigation as a therapeutic target. There are unique advantages for targeting FasL that are associated with the following properties of the Fas pathway:
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Figure 3. Single gld allele provides complete protection from diabetes without causing lymphoproliferation. (A) Images of spleens and peripheral lymph nodes of NOD mice bearing homozygous (gld/gld), heterozygous (gld/+) mutation or wt (WT) FasL. (B) Homozygous and heterozygous gld mutations completely prevent diabetes in NOD mice as compared to NOD-wt littermates. NOD mice bearing homozygous gld mutations develop an age-dependent lymphoproliferation (A) and become completely protected from diabetes (B). NOD mice bearing the heterozygous gld mutation develop no lymphoproliferation but become completely protected from autoimmune diabetes (B). Wild type NOD mice develop no lymphoproliferation but develop autoimmune diabetes (adapted from Mohamood et al., 2007).
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Figure 4. Anti-FasL treatment protects against diabetes development. Four-week-old NOD-wt mice were injected weekly, i.p. with 500 μg of anti-FasL MFL4 antibody (n = 10) or control hamster IgG (n = 9) for two consecutive weeks followed by 300 μg weekly injections until the age of 16 weeks. (A) Diabetes incidence in the two groups. (B) Anti-FasL treatment curtails insulitis development in NOD-wt mice. Pancreata from three mice in the anti-FasL group or from three non-diabetic mice in the control group were collected 9 weeks after termination of the treatment and analyzed for insulitis. Representative H&E sections show no insulitis (top, left) or peri-insulitis (top, right) in islets of mice that received anti-FasL and severe insulitis in islets of mice in the control group (left, bottom). The histogram shows percent of islets with insulitis (filled bars), peri-insulitis (shaded bars) or no insulitis (open bar) in anti-FasL (120 islets) and control (42 islets) groups. (C) Treatment led to an only mild and transient increase in DN T cells. PBL were stained and the frequency of TCR+CD4-CD8- (DN) cells relative to total T cells was determined. Results are expressed as mean ± SEM. (D) Anti-FasL treated NOD-wt mice were grafted with syngeneic skins (left) or allogeneic (right) skin grafts from C3H mice 15 weeks after the last injection. The allograft skins were rejected within 7 days (3/3). Data adapted from Mohamood et al. (2007).



Fas/FasL INTERACTION IS NOT REQUIRED FOR T CELL ACTIVATION

As postulated by the widely accepted two signals model for T cell stimulation, optimal activation requires one signal to be delivered by the T cell receptor (TCR) engagement of cognate MHC–peptide complex and a second signal provided by the costimulatory molecule CD28 binding to CD80 and CD86 molecules on antigen presenting cells (APCs). Although previous evidence indicated that FasL can costimulate TCR transgenic CD8 T cell proliferation in an adoptive transfer system (Suzuki et al., 2000), the magnitude and potency of normal T cells is largely unaffected and in some circumstances enhanced by the absence of FasL (Hildeman et al., 2002; Mohamood et al., 2008). Therefore, targeting FasL is not expected to negatively impact T cell activation as shown by efficient clearance of acute viral infections by Fas and FasL-deficient mutant mice (Hughes et al., 2008; Hutcheson et al., 2008; Weant et al., 2008).

Fas/FasL INTERACTION IS NOT REQUIRED FOR DELETION OF EFFECTOR T CELLS GENERATED IN THE ACUTE, NORMAL ADAPTIVE IMMUNE RESPONSE

When T cells respond to acute antigenic stimulation in vivo following infection, they become activated, proliferate and differentiate into effector cells that clear the invading pathogen (Marrack and Kappler, 2004). Once the pathogen is cleared, most of the effector T cells are deleted and immune homeostasis is restored. Interestingly, the Fas pathway plays a minor or no role in the deletion of effector T cells generated in response to acute infections. Such effector T cells are normally deleted by the intrinsic death pathway, mainly by the BH3-only Bcl-2 family member Bim (Hildeman et al., 2002). In contrast, the Fas pathway is required for deletion of chronically activated T cells, and most recent evidence from our group indicates that Fas-mediated apoptosis is involved with restricting DNT cells to the epithelial space (Hamad, 2010). Therefore, downmodulating FasL activity is expected to impose little impact on the expansion and contraction of T cells in response to acute infection. In addition, as discussed below, our mouse studies indicate a wide window for downregulating FasL activity to prevent autoimmune diabetes without perturbing immune homeostasis (Su et al., 2000; Mohamood et al., 2007).

A WIDE THERAPEUTIC WINDOW EXISTS TO DOWN MODULATE FasL ACTIVITY TO PREVENT T1D WITHOUT CAUSING LYMPHOPROLIFERATION

Because FasL functions as a homotrimer that is generated by random pre-association of single chains, expression of one gld allele in NOD hosts (NOD-gld/+) causes FasL haploinsufficiency due to incorporation of at least one gld mutation in about 85% of FasL homotrimers, thereby impairing their ability to bind Fas receptor (Siegel et al., 2000). The effect of FasL on immune homeostasis, the primary physiologic function of the Fas pathway, is negligible as NOD-gld/+ mice maintain normal immune homeostasis with no signs of lymphoproliferation (Mohamood et al., 2007). Nonetheless, as shown in Figure 3, FasL haploinsufficiency completely protects NOD-gld/+ mice from developing autoimmune diabetes (Mohamood et al., 2007). Based on these results, we postulate that completely functional FasL is required for driving the autoimmune process whereas only residual FasL function is sufficient for maintaining immune homeostasis (it is estimated that only about 15% of FasL homotrimers are functional in NOD-gld/+ mice yet there are no proliferation or ANA production). The ability of FasL-neutralizing mAb to prevent diabetes development in NOD-wt mice without causing lymphoproliferation or autoantibody production (Su et al., 2000; Nakayama et al., 2002; Mohamood et al., 2007; Figure 4) is consistent with the existence of a large functional window to safely downregulate FasL activity for therapeutic purposes. Thus, FasL activity can potentially be targeted to induce organ-specific immunotolerance. This notion may not be limited to autoimmune diabetes as the Fas pathway inactivation also prevents experimental autoimmune encephalomyelitis (EAE), the animal model of multiple sclerosis (Waldner et al., 1997). These new approaches offer breakthrough models to investigate the role of the Fas pathway in autoimmune diabetes that can potentially lead to a novel therapeutic strategy that does not directly target T cells.

CONCLUSION

Recent data provide proof-of-concept that antibody blockade against FasL can specifically and significantly arrest T1D development in vivo (Mohamood et al., 2007; Su et al., 2007). The safety concerns and adverse side effects of antigen non-specific interventions, as well as the lack of permanent remission of disease with any agent tested to date, have heightened interest in identifying non-conventional strategies to modulate the disease. The unique property of FasL as an apoptosis-inducing molecule makes it a potentially attractive target as standalone therapy or a component of complementary immunotherapeutic strategies for autoimmune diseases. Additional research is needed to further investigate this pathway and understanding its specific mechanistic roles in driving development of T1D. It will be particularly interesting to determine whether Fas-mediated apoptosis is mediating cytotoxicity of diabetogenic CD8 T cells, which has recently been implicated in killing β-cells in T1D patients (Bulek et al., 2012; Coppieters et al., 2012) or involved in killing regulatory cells responsible for protecting the pancreas from autoreactive T cells. It is our goal and expectation that this perspective will provoke novel research that will unravel the important, yet complex, role of the Fas signaling pathway in regulating autoimmune diabetes and other organ-specific autoimmune diseases.
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Major histocompatibility complex antigens that provoke severe transplant reactions are referred to as the human leukocyte antigen (HLA) in human and as the H-2 in mice. Even if the donor and recipient are HLA-identical siblings, graft-versus-host reactions have been linked to differences in the minor histocompatibility antigen. As the chance of finding an HLA-identical sibling donor is only 25%, attention has been focused on using alternative donors. An HLA-mismatched donor with non-inherited maternal antigens (NIMA) is less immunogenic than that with non-inherited paternal antigens, because the contact between the immune systems of the mother and child during pregnancy affects the immune response of the child against NIMA. However, the immunologic effects of developmental exposure to NIMA are heterogeneous, and can be either tolerogenic or immunogenic. We recently have devised a novel method for predicting the tolerogenic effect of NIMA. In this review, we overview the evidence for the existence of the NIMA tolerogenic effect, the possible cellular and molecular basis of the phenomenon, and its utilization in hematopoietic stem cell transplantation. We suggest a future direction for the safe clinical use of this phenomenon, fetomaternal tolerance, in the transplantation field.
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INTRODUCTION

More than 50 years ago, Owen et al. (1954) made the remarkable discovery that most twin cattle were born with a stable mixture of each other’s red cells. Claas et al. (1988) later found that human leukocyte antigen (HLA) broadly sensitized patients commonly failed to produce antibodies against mismatched non-inherited maternal antigens (NIMA), but were fully capable of producing anti-non-inherited paternal antigens (NIPA). The definition of NIMA or NIPA is based on an offspring-based HLA haplotype that is not inherited from the mother or father, respectively. Billingham et al. (1953) then showed that injection of allogeneic splenocytes from murine fetuses enabled the acceptance of later skin grafts from the same donor. This phenomenon is now referred to as fetomaternal tolerance, and suggests that perinatal exposure to NIMA may affect the developing immune system of neonates. These phenomena have been clinically utilized in organ transplantation and allogeneic hematopoietic stem cell transplantation (HSCT; Burlingham et al., 1998; van Rood et al., 2002). Burlingham et al. (1998) showed the superior graft survival rate in NIMA- compared to NIPA-mismatched renal transplant recipients from sibling donors. Furthermore, van Rood et al. (2002) demonstrated that HSCT from NIMA-mismatched sibling donors showed a lower incidence of severe acute graft-versus-host disease (GVHD) compared with that from the other family donors. Ichinohe et al. (2004) have demonstrated the feasibility of HLA-haploidentical HSCT from NIMA-mismatched relatives without T cell depletion. These clinical studies have been performed based on the presence of fetomaternal microchimerism as a result of fetomaternal immunological tolerance. Nevertheless, some cases developed severe acute GVHD despite the existence of microchimeric cells (Kanda et al., 2009). We recently reported that NIMA effects directed toward the major histocompatibility complex (MHC) antigen were divided into immunogenic and tolerogenic reactivities (Araki et al., 2010). These effects were correlated with maternal microchimerism. The reactivities were predictable by an MLR-ELISPOT (mixed lymphocyte reaction; enzyme linked immunospot) assay. We found that non-T cell-depleted (TCD) NIMA-mismatched haploidentical HSCT could be performed safely by evaluating the reaction of IFN-γ-producing cells of the donors against NIMA before transplantation.

HISTOCOMPATIBILITY ANTIGENS IN HUMANS AND MICE

Alloantigens can be divided into MHC antigen and minor histocompatibility antigen (MiHA), the former being responsible for eliciting the strongest immune responses to allogeneic tissues. The MHC is referred to as the HLA complex in humans and as the H-2 complex in mice (Table 1). The genes related to the HLA system encode a complex array of histocompatibility molecules that play a central role in immune responsiveness and in determining the outcome of HSCT in humans (Beatty et al., 1993; Petersdorf et al., 1995). The primary goal of histocompatibility testing for patients who are undergoing HSCT is the identification of a suitable HLA-matched donor to reduce the risk of post-transplant complications, which may result from HLA incompatibility.

Table 1. Histocompatibility antigens in humans and mice.
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The MHC identity of the donor and host is not the sole factor determining the immunological reactivity in HSCT. When transplantation is performed in an unrelated setting, even if the MHC antigens of donor are identical to those of recipient, considerable transplant reactions may occur because of differences at various minor histocompatibility loci. MiHAs, peptides derived from polymorphic proteins, are capable of eliciting cellular alloimmune responses in vitro and in vivo. Their immunogenicity arises as a result of their presentation in the context of MHC class I or II, where they are recognized by alloreactive MHC-restricted T cells. The most important immune reactions elicited by in vivo alloreactivity to MiHA are graft rejection and acute GVHD.

To date, human MiHAs have not been fully characterized, although some murine MiHAs have been compared with the human counterparts (Table 1). Immunological targeting of HY proteins results in a relatively high incidence of acute GVHD when male recipients receive HSCT from female donors (Stern et al., 2006). While approximately one-third of the known MiHAs are encoded on the Y chromosome, many MiHAs are located on autosomal chromosomes. A genetic linkage analysis has been used to define the genomic regions encoding the MiHAs (Akatsuka et al., 2003; de Rijke et al., 2005). With the recent introduction of more advanced analytical techniques, more human MiHA epitopes have been identified (Van Bergen et al., 2010; Sellami et al., 2011).

CLINICAL SIGNIFICANCE OF NON-INHERITED MATERNAL ANTIGEN

Graft survival in HSCT is optimal when the donor and recipient are HLA-identical. However, in some situations, if this is not possible, haploidentical siblings, parents, and offspring are considered as potential donors. Contact between the mother and child during pregnancy can lead to tolerization, and subsequently have an additional benefit on the transplant outcome. A new nomenclature was proposed to assign the haplotypes of a family in which one of the siblings is a potential transplant donor (van Rood and Claas, 2000) as depicted in Figure 1. The parents or siblings that share one haplotype with the recipient and differ for the other haplotype are potential donors. The patient inherits the inherited maternal HLA antigens (IMA) haplotype from the mother, and the inherited paternal HLA antigens (IPA) from the father. When the patient is transplanted from one of the parents or from a haploidentical sibling, the NIMA or NIPA is the mismatched haplotype. This nomenclature scheme can also be used in cases where the mother or father is the potential donor (Figure 1). Because of the existence of fetomaternal tolerance, NIPA is more immunogenic than NIMA. Therefore, the order of donor eligibility is IMA/IPA, NIMA/IPA followed by IMA/NIPA.
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Figure 1. Significance of non-inherited maternal antigen in transplantation. The nomenclature of the HLA haplotype is patient-oriented in the transplantation field. Children inherit one haplotype from each of parent. Siblings of the patient share one haplotype with the donor, and the other haplotype is the non-inherited haplotype. The HLA haplotypes in parentheses are shown as representative examples. When the patient is transplanted with donor from one of the parents or from a haploidentical sibling, the non-inherited maternal HLA antigens (NIMA) or non-inherited paternal HLA antigens (NIPA) are the mismatched haplotype. The NIMA and NIPA-mismatched siblings can be potential donors.



Several studies have been performed to investigate the influence of non-inherited and inherited parental antigens on transplantation, and tolerizing effects (a NIMA effect) have been described. In HSCT, van Rood et al. (2002) and Ichinohe et al. (2004) showed that the patients who received non-TCD BMT from a NIMA-mismatched donor had a significantly lower incidence of acute GVHD than a NIPA-mismatched donor. However, even in non-TCD BMT from a NIMA-mismatched donor, 10% of patients still experienced severe acute GVHD (Ichinohe et al., 2004). Furthermore, graft rejection and hyperacute GVHD after HSCT from NIMA-mismatched siblings have been observed in spite of the fact that maternal microchimerism was detected (Okumura et al., 2007). On the other hand, Kanda et al. (2009) described that a substantial proportion of long-term survivors after NIMA-mismatched HSCT could discontinue the administration of immunosuppressive agents, despite the frequent occurrence of moderate to severe chronic GVHD. Therefore, a method that could evaluate this unpredictable NIMA effect was desired.

MURINE MODELS FOR MAJOR AND MINOR HISTOCOMPATIBILITY ANTIGENS TO NIMA

There have been several investigations of NIMA in murine models (Burlingham et al., 1998; Andrassy et al., 2003). The immunological effects of developmental exposure to NIMA are heterogeneous (Mold et al., 2008; Molitor-Dart et al., 2008; Verhasselt et al., 2008). The precise mechanisms underlying the heterogeneity are still under investigation. The relevance of MiHA in the NIMA effect has not been reported. Not only in the MHC-identical, but also under MHC-haploidentical conditions, MiHA alloreactivities may be induced upon transplantation (Verdijk et al., 2004). Therefore, focusing on the NIMA effect separated by the MHC (H-2) and MiHA responses is clinically relevant.

The mouse MiHA loci confer a wide range of immunogenicity, ranging from weakly to strongly immunogenic (Table 1; Mendoza et al., 1997; Choi et al., 2001; Roopenian et al., 2002). Recent studies have provided evidence that GVHD could be caused by a limited number of MiHA, including H4, H7, H13, H28, H60, and H-Y (Eden et al., 1999; Choi et al., 2002; Yang et al., 2003). The immunodominance of these MiHA was manifested on genetically varied backgrounds among B10, BALB/c, and DBA/2 strains (Sanderson and Frost, 1974; Mendoza et al., 1997; Malarkannan et al., 2000). So far, there has been no report distinguishing H-2 from MiHA with regard to NIMA. We have classified mouse models of NIMA based on the major and minor histocompatibility antigens to NIMA (Hirayama and Azuma, 2011). In our study, B10 congenic mice were used as NIMA models and the MiHA matched entirely in this system (Figure 2B). On the other hand, in the conventional model (Figure 2A), the NIMA includes not only non-inherited H-2, but also non-inherited MiHA. Therefore, our NIMA model, but not the conventional NIMA model, did not affect the immunogenicity of MiHA. We examined the tolerogenic potential of NIMA-exposure for H-2 of class I and II disparities without any influences of the MiHA (Araki et al., 2010). Contrary to previous reports that showed an apparent NIMA effect (Andrassy et al., 2003; Aoyama et al., 2009), we found no evidence of the NIMA effect (Araki et al., 2010). The reason for the difference remains to be determined, but it could be due to the abrogation of the MiHA effect in our system (Figure 2B).
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Figure 2. Murine models for non-inherited maternal antigens. (A) Left, C57BL/6 (B6) males (H-2b/b) were mated with (B6 × DBA/2) F1 females (H-2b/d), thus exposing the H-2b/b offspring in utero and via breastfeeding to NIMAd antigens. Right, (B6 × DBA/2) F1 males were mated with B6 females, creating H-2b/b backcross offspring that had not been exposed to “d,” as reported by Andrassy et al. (2003). (B) Left, B10.BR males (H-2k) were mated with (B10.D2 × B10) F1 females (H-2d/b), thus exposing the H-2d/k type offspring to NIMAb, and H-2b/k type offspring to NIMAd. Right, (B10.D2 × B10) F1 males (H-2d/b) were mated with B10.BR females (H-2k), creating the controls; both H-2d/k and H-2b/k type offspring that had not been exposed to “b” and “d,” respectively. These mice have a B10 background, in other words, their MiHA are matched, and the H-2 antigens are mismatched for both class I and II.



MATERNAL MICROCHIMERISM AND FETOMATERNAL TOLERANCE

The bidirectional exchange of cells, both mature and progenitor types, at the maternal–fetal interface is a common feature of mammalian reproduction (Lo et al., 1996). The presence of semiallogeneic cells in a host can have significant immunological effects on transplantation tolerance and rejection. Maternal cells and DNA were detected for a long time after parturition in the peripheral blood and lymphoid organs of offspring (Maloney et al., 1999; Andrassy et al., 2003). Breastfeeding during the neonatal period also might contribute to building-up maternal microchimerism in the offspring, because breast milk is rich in soluble maternal MHC antigens (Verhasselt et al., 2008; Aoyama et al., 2009). Maternal microchimerism may cause tolerance, resulting in the acceptance of an allograft bearing antigens shared by the microchimeric cells. However, microchimerism may also cause sensitization, thus resulting in rejection. Distinguishing which of these effects is likely to occur prior to the transplant may revolutionize the field of living-related renal transplantation, wherein microchimerism can exert a powerful influence on graft outcome (van Rood et al., 2002). Long-term maternal microchimerism is easily detected from the peripheral blood or various tissues, including the skin, liver, and thyroid gland, by using highly sensitive polymerase chain reaction-based techniques (Ichinohe et al., 2002). Although many investigators have suggested the association of long-term maternal and fetal microchimerism with the development of autoimmune diseases, including systemic sclerosis, primary biliary cirrhosis, juvenile inflammatory myopathies, and biliary atresia (Nelson, 2003; Suskind et al., 2004), it is difficult to establish a precise etiological link, because maternal microchimerism is frequently found in healthy females with a history of uncomplicated pregnancy, and in more than two-thirds of immunocompetent individuals without any manifestations of autoimmune attacks (Kodera et al., 2005). Moreover, Ko et al. (1999) suggested that passenger leukocytes were involved in the induction phase of allograft acceptance and microchimerism in the thymus, but not in the blood, and were also associated with allograft survival. These results suggest that microchimerism may play a role in allograft survival, but that the persistence of peripheral microchimerism is not required.

Several mechanisms of fetomaternal tolerance have so far been reported. One possible mechanism is the clonal deletion of NIMA-specific lymphocytes. Vernochet et al. (2005) described partial deletion of B cells having high affinity for the NIMA. However, B cells having low affinity for the NIMA were not clonally deleted. Bemelman et al. (1998) showed central and peripheral deletion of donor-specific T cells after establishing mixed chimerism in the recipient with a high dose of bone marrow cells. Low doses of bone marrow cells induced a form of tolerance that was regulatory T cells (Treg)-dependent, consistent with the establishment of microchimerism rather than mixed chimerism. Bonilla et al. (2006) described that deletion of effector T cells due to a form of suppressive microchimerism in antigen-presenting cells was a consequence of the establishment of a dominant Treg-population in the host. Therefore, fetomaternal tolerance could not be explained only by the clonal deletion mechanism.

Another possible mechanism is the induction of Treg for NIMA. Tsang et al. (2008) described the possibility of inducing NIMA-specific Treg in the direct and indirect presentation of maternal microchimerism. On the other hand, since oral tolerance is known to generate TGF-β-producing Treg (Gonnella et al., 2003), oral exposure to maternal MHC antigens present in breast milk (Molitor et al., 2004) may generate NIMA-specific Treg, which may prevent the deletion of maternal cells by NIMA-specific effector T cells, resulting in a high level of microchimerism. Aoyama et al. (2009) reported that exposure to NIMA both in utero and by breastfeeding appears to generate higher levels of maternal microchimerism than in utero exposure alone, and that the degree of microchimerism, correlates with a prolonged survival in maternal heart grafts.

PREDICTION OF ACUTE GVHD IN HLA-MISMATCHED HSCT

Predicting acute GVHD in vitro before transplantation has been tried in an HLA-mismatched setting, but satisfactory methods had not been established. The frequencies of cytotoxic T lymphocyte precursor (CTLp) and helper T lymphocyte precursor (HTLp) cells, as well as MLR, were reported for the methods that had been evaluated to detect an individual’s reactivity to NIMA in vitro (Falkenburg et al., 1996; Moretta et al., 1999; Tsafrir et al., 2000). Moretta et al. (1999) described that the frequency of NIMA-specific CTLp in cord blood samples could be measured in order to better define the phenomenon of NIMA tolerance. NIMA-reactive cord blood cells were detectable, but the authors of that study could not show a difference in the CTLp frequency toward NIMA and NIPA. Falkenburg et al. (1996) investigated whether NIMA tolerance could allow transplantation over certain HLA barriers. Neither the CTLp nor HTLp frequencies against NIPA were not significantly different from those against NIMA. Indeed, Kircher et al. (2004) showed that the CTLp and HTLp frequencies were not predictive for the risk of acute GVHD in patients who received allogeneic HSCT. Collectively, established test systems are not available for predicting an alloreaction and the outcome after HSCT. CTLp reflects the alloreactivity of class I mismatch, and MLR and HTLp reflect alloreactivity of class II mismatch. Levitsky et al. (2009) reported an evaluation of allogeneic reactions that used Treg. They generated carboxyfluorescein diacetate succinimidyl ester-labeled CD4+CD25high FOXP3+ cells in MLR, which they called “Treg MLR,” with varying HLA disparities and cell components. However, this method reflects only differences in MHC class II. Thus, all of the above-mentioned methods can detect MHC class I or class II separately, but it is difficult to detect them simultaneously (Table 2). We recently, reported a novel method, MLR-ELISPOT assay, that overcomes these disadvantages, as shown in Figure 3A.

Table 2. Assays to detect allogeneic antigens.
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Figure 3. Prediction of the reactivity to NIMA by the MLR-ELISPOT assay. (A) The ELISPOT assay combined with MLR (MLR-ELISPOT) is a sensitive functional assay to detect alloreactivity for both major and minor histocompatibility antigens in mice. (B) The mice were classified into two groups based on their reactivity to NIMA; the high responders (HR ≥ mean ± 1 SD in NIMA-non-exposed) or the low responders (LR < mean ± 1 SD) group by using MLR (Araki et al., 2010). The IFN-γ-producing ability before the induction of GVHD was presented by the MLR-ELISPOT assay. Peripheral blood mononuclear cells from NIMA-exposed LR mice (n = 8), NIMA-exposed HR mice (n = 7), and non-exposed mice (n = 6) were stimulated with B10 mouse peripheral blood mononuclear cells. The data are expressed as the means ± SD of individual animals. *p < 0.05.



The alloreactivities of NIMA-exposed mice and NIMA-non-exposed mice were evaluated by MLR, and we found a wide range of reactivity (Araki et al., 2010). This indicates that the fetomaternal interaction acts on both tolerance (low-responder, LR) and sensitization (high-responder, HR; Molitor-Dart et al., 2008; van Halteren et al., 2009). The reports from Falkenburg et al. (1996) and Tsafrir et al. (2000) detected a reactivity to NIMA by MLR, and CTLp and HTLp, respectively. Interestingly, when we scrutinized the figures in their articles, the individual reactivities of the NIMA-exposed group showed a wider range than the control group, and those reactivities seem to be divided into low and high reactions, although the authors of those studies did not discuss these observations. This was a further indication that reactivity to NIMA could be detected in vitro, and that the fetomaternal interaction promoted either tolerance or sensitization.

Recently, we demonstrated that the number of cells producing IFN-γ was significantly lower in the NIMA-exposed LR group than the HR group by using an MLR-ELISPOT assay in a murine model (Figure 3B). Thus, the capacity for an individual to produce IFN-γ against allogeneic antigens or NIMA could differentiate LR from HR. This assay is easily applicable in humans, and is a versatile method to detect reactivities to MHC class I, as well as class II. Moreover, its detection may reflect the reactivity to MiHA. In other words, this assay might be useful to predict the total immunological reaction of donor T cells to the recipient in HLA-mismatched HSCT.

CONCLUSION

Non-inherited maternal antigens-mismatched haploidentical HSCT has been progressing, and now can lead to sustained engraftment, lower early treatment-related mortality, and acceptable rates of acute GVHD. However, it is difficult to predict severe acute GVHD prior to transplantation. Our recent report addressed this issue (Araki et al., 2010). The NIMA effect directed toward MHC antigens was divided into immunogenic and tolerogenic reactivities. There was an unevenness in the acquisition and maintenance of microchimerism in offspring, which was not due solely to differences in MHC gene inheritance. Although T cell replete haploidentical transplantation is performed only when there is positive microchimerism, the individual reactivity of the donor is not evaluated at present. Therefore, our study is clinically relevant, and T cell replete NIMA-mismatched haploidentical transplantation can be performed more safely in the future by evaluating the responses of the IFN-γ-producing cells of the donor against NIMA.
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Resistance and tolerance are two complementary host defense mechanisms that increase fitness in response to low-virulence fungi. Resistance is meant to reduce pathogen burden during infection through innate and adaptive immune mechanisms, whereas tolerance mitigates the substantial cost of resistance to host fitness through a multitude of anti-inflammatory mechanisms, including immunological tolerance. In experimental fungal infections, both defense mechanisms are activated through the delicate equilibrium between Th1/Th17 cells, which provide antifungal resistance, and regulatory T cells limiting the consequences of the ensuing inflammatory pathology. Indoleamine 2,3-dioxygenase (IDO), a rate-limiting enzyme in the tryptophan catabolism, plays a key role in induction of tolerance against fungi. Both hematopoietic and non-hematopoietic compartments contribute to the resistance/tolerance balance against Aspergillus fumigatus via the involvement of selected innate receptors converging on IDO. Several genetic polymorphisms in pattern recognition receptors influence resistance and tolerance to fungal infections in human hematopoietic transplantation. Thus, tolerance mechanisms may be exploited for novel diagnostics and therapeutics against fungal infections and diseases.
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INTRODUCTION

Allogeneic hematopoietic stem cell transplantation (allogeneic HSCT) remains a curative treatment for hematological malignancies resistant to other treatment approaches. The unique post-transplantation milieu, which is characterized by lymphopenia, regulatory T (Treg) cell depletion, and the release of growth factors and cytokines (Matsuoka et al., 2010), provides a unique opportunity for the occurrence of severe infections. Fungal infections have historically been, and remain important causes of transplant-related morbidity in HSCT (Mulanovich and Kontoyiannis, 2011). The ability to combine antifungal agents may provide new treatment options, but prevention and resolution of these infections have been difficult to achieve. Several studies have reported the predominance of aspergillosis occurring in the post-engraftment rather than the neutropenic period in allogeneic HSCT recipients (Grow et al., 2002; Marr et al., 2002). Clinically, severe fungal infections occur in patients with immune reconstitution syndrome (IRS), an entity characterized by local and systemic reactions that have both beneficial and deleterious effects on infection (Singh and Perfect, 2007). Intriguingly, IRS responses are also found in immunocompetent individuals and after rapid resolution of immunosuppression, indicating that inflammatory responses can result in quiescent or latent infections manifesting as opportunistic mycoses. These considerations indicate that host immunity is crucial in eradicating infection, but immunological recovery can also be detrimental and may contribute toward worsening disease in opportunistic and non-opportunistic infections (Gupta and Singh, 2011). Ultimately, control of infection depends on the restoration of adequate antifungal immunity, and thus, strategies to augment immunity against fungal pathogens are complementary to those targeting the pathogens. As a matter of fact, part of the antifungal effect of antifungal agents may occur via immunomodulation (Simitsopoulou et al., 2011).

Current understanding of the pathophysiology underlying fungal infections and diseases highlights the multiple cell populations and cell-signaling pathways involved in these complex conditions beyond the dysregulated chaos in which fungal infection and disease are perceived. Because the immune response is a complex entity, a systems biology approach that integrates investigations of immunity at the systems-level is required to generate novel insights into this complexity (Santamaria et al., 2011). At the population level, single nucleotide polymorphisms (SNPs), by altering protein-protein interactions or transcriptional regulation, may add further complexity to the system. Applying systems biology approaches to these complex processes is required for a better appreciation of the intricate cross-talk provided by temporal changes in mediators, metabolites and cell phenotypes underlining the coordinated processes.

In this review we will discuss how mechanisms that regulate both resistance and tolerance to fungi could be successfully exploited to elicit antimicrobial immunity and concomitant tolerance via acquired local immune privilege in HSCT.

INSIGHT INTO THE MECHANISMS REGULATING IMMUNE HOMEOSTASIS IN RESPONSE TO FUNGI: THE RESISTANCE AND TOLERANCE PARADIGM

The immune system protects from infections primarily by detecting and eliminating the invading pathogens; however, the host organism can also protect itself from infectious diseases by reducing the negative impact of infections on host fitness (Figure 1). This ability to tolerate a pathogen’s presence is a distinct host defense strategy that, in many circumstances, favors the evolution of protective mechanisms that do not involve pathogen killing (Medzhitov et al., 2012). This strategy likely occurs in the host-microbial symbiosis, thus suggesting that the majority of host defense mechanisms that have arisen during evolution are perhaps tolerance mechanisms. Little attempt to formally decompose human or animal health into resistance and tolerance components has been done. Resistance is meant to reduce pathogen burden during infection through innate and adaptive immune mechanisms, whereas tolerance mitigates the substantial cost to host fitness of resistance (Read et al., 2008; Schneider and Ayres, 2008). Even in the absence of overt tissue damage, resistance mechanisms commonly occur at a cost to normal tissue function, thus causing immunopathology. This means that the optimal immune response is determined by the balance between efficient pathogen clearance and an acceptable level of immunopathology. A plethora of tolerance mechanisms, despite less known relative to resistance mechanisms, protect the host from immune- or pathogen-induced damage (Cobbold et al., 2010; Saraiva and O’Garra, 2010). Therefore, the term tolerance is semantically used here to refer to the multitude of anti-inflammatory mechanisms, including immunological tolerance, that is, unresponsiveness to self-antigens.
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Figure 1. The resistance and tolerance defense strategies in infections. Resistance reduces microbial burden during infection through innate and adaptive immune mechanisms, whereas tolerance mitigates the damage to host tissues caused by both the resistance mechanisms and pathogen’s virulence. Both the host and the pathogen can reduce fitness costs through tolerance mechanisms that reduce both the direct tissue damage by pathogens as well as immunopathology.



It has been argued that a high rate of infection but low-virulence should select for host tolerance, whereas the opposite should favor resistance (Restif and Koella, 2004). Thus, it is not surprising that resistance and tolerance are two complementary host defense traits that increase fitness in response to low-virulence fungi (Romani, 2011). In experimental fungal infections, both defense mechanisms are activated through the delicate equilibrium between Th1/Th17 cells, which provide antifungal resistance mechanisms, and Treg cells limiting the consequences of the associated inflammatory pathology. Indeed, while some degree of inflammation is required for protection, particularly at mucosal tissues during the transitional response occurring between the rapid innate and slower adaptive response, progressive inflammation worsens disease, and ultimately prevents pathogen eradication. Recent observations highlight a truly bipolar nature of the inflammatory process against fungi (Romani and Puccetti, 2007; Romani et al., 2008a). The conceptual principle highlighting a truly bipolar nature of the inflammatory process in infection is best exemplified by the occurrence of severe fungal infections and diseases in patients with IRS (Gupta and Singh, 2011) and in the hyper-IgE syndrome in which increased levels of pro-inflammatory gene transcripts have recently been described (Holland et al., 2007). For A. fumigatus, the association of persistent inflammation with intractable infection is common in non-neutropenic patients after allogeneic HSCT (Ortega et al., 2006) as well as in allergic fungal diseases (Schubert, 2006). A main implication of these findings is that, at least in specific clinical settings, it is an exaggerated inflammatory response that likely compromises a patient’s ability to eradicate infection, and not an “intrinsic” susceptibility to infection that determines a state of chronic or intractable disease. The above findings may serve to accommodate fungi within the host immune system and at the same time explain why, despite the fact that human beings are constantly exposed to fungi, fungal diseases are relatively rare. Should a degree of coexistence had occurred between fungi and their mammalian hosts, this would implicate the possible, underestimated, contribution of fungi to the plasticity of the immune system. Evidence suggest that the continued integration of pro-inflammatory and anti-inflammatory stimuli in response to fungi is critical for a proper control of infection and T cell homeostasis (Romani, 2011).

INDOLEAMINE 2,3-DIOXYGENASE IS A CRITICAL REGULATOR OF TOLERANCE TO FUNGI

IDO is an interferon-gamma-inducible intracellular enzyme which catalyzes the catabolism of tryptophan (Puccetti and Grohmann, 2007; Mellor and Munn, 2008). Work has demonstrated a complex and crucial role for tryptophan catabolism in modulating inflammatory processes and T cell tolerance after HSCT (Hainz et al., 2007; Brandacher et al., 2008). The effects of IDO activity are tryptophan deficiency, excess tryptophan breakdown products (kynurenines) and consumption of reactive oxygen species. In transplantation, increased IDO activity in transplanted cells has been demonstrated to have anti-rejection properties both in vitro and in vivo (Hainz et al., 2007). Overall, the available data suggest a potential role of IDO in governing transplantation tolerance through mechanistic pathways possibly involving IDO induction by reverse signaling through costimulatory receptors (Puccetti and Grohmann, 2007) and IDO-mediated long-term tolerance (Pallotta et al., 2011).

IDO and kynurenines serve many roles in fungal infections; most relevant, the induction of CD4+CD25+ Treg cells via IDO+ dendritic cells (DCs; Montagnoli et al., 2006). In experimental aspergillosis, IDO blockade greatly exacerbated infections and allergy to the fungus, as a result of deregulated innate and adaptive immune responses caused by the impaired activation and functioning of suppressor CD4+CD25+ Tregs producing IL-10 (Montagnoli et al., 2006). A number of studies have established that the proper control of the infection and associated inflammatory reactions require IDO induction and consequent production of tryptophan metabolites with immune-regulatory activities, contributing to the maintenance of the Treg/Th17 balance (Romani et al., 2008b). As clearly shown in susceptible mice, Treg and Th17 cells mediate antagonizing roles in aspergillosis, where increasing levels of IL-17-driven inflammation occurred alongside decreased anti-inflammatory Treg responses, resulting in inflammatory overreactions (Romani et al., 2008b). A reciprocal antagonistic relationship was also found between IDO and the Th17 pathway, with IDO restraining Th17 responses and IL-17A inhibiting IDO (Zelante et al., 2007). Further adding to the complexity, a recent study has revealed the ability of IL-17A to increase survival and virulence of fungi (Zelante et al., 2012).

Evidence indicates that the non-hematopoietic compartment also contributes to tolerance to fungi (Cunha et al., 2010; de Luca et al., 2010). Epithelial cells (ECs) are known to determine the balance between a state of “mucosal homeostasis,” required for optimal organ function, and “mucosal injury,” leading to mucosal inflammation and barrier breakdown. However, recent evidence has also indicated ECs as key players in tolerance to respiratory pathogens via an IFN-γ/IDO axis culminating in the inhibition of Th17 cell responses (Desvignes and Ernst, 2009; de Luca et al., 2010). IDO over-expression in airway ECs was found to restrain CD4+ T cell activation to the fungus, an activity that was nevertheless dispensable in the presence of IDO-expressing tolerogenic DCs. However, IDO induction in ECs could compensate for the lack of IDO on hematopoietic cells (Paveglio et al., 2011). The expression of IDO on ECs occurred through the TLR3/TRIF-dependent pathway, a finding consistent with the abundant expression of TLR3 both intracellularly and on the cell surface of ECs. The failure to activate IDO likely accounted for the lack of tolerance to the fungus observed in experimental HSCT in condition in which either the recipient or the donor, or even more when both, were TRIF- or TLR3-deficient (de Luca et al., 2010). Overall, these data shed light on pathways of immune resistance and tolerance to the fungus that likely take place in a hematopoietic transplantation setting. It appears that protective tolerance to the fungus is achieved through a TLR3/TRIF-dependent pathway activating Th1/Treg cells via IDO expressed on both the hematopoietic/non-hematopoietic compartments. In contrast, the MyD88 pathway provided antifungal resistance, i.e., the ability to restrict the fungal growth through defensins and likely, other effector mechanisms (de Luca et al., 2010). However, the ability of mice to clear the fungus in the relative absence of the MyD88 pathway (Bretz et al., 2008) clearly indicates redundancies and hierarchy in antifungal mechanisms of resistance. Ultimately, the finding that both Candida albicans (De Luca et al., 2007) and A. fumigatus (de Luca et al., 2010), two major human fungal pathogens, exploit the TRIF-dependent pathway at the interface with the mammalian hosts, indicates that the exploitation of tolerance mechanisms is an advantageous option.

METABOLIC REGULATION OF TOLERANCE TO FUNGI

The activation of distinct signaling pathways in DCs translates recognition of fungi into distinct inflammatory and adaptive immune responses (Bonifazi et al., 2009, 2010). The screening of signaling pathways in DCs through a systems biology approach was exploited for the development of therapeutics to attenuate inflammation in experimental fungal infections and diseases. In vivo targeting inflammatory [PI3K/Akt/mammalian target of rapamycin (mTOR)] or anti-inflammatory (STAT3/IDO) DC pathways by intranasally delivered small interfering RNA (siRNA) modified resistance and tolerance to infection. Thus, the screening of signaling pathways in DCs through a systems biology approach may be exploited for the development of siRNA therapeutics to attenuate inflammation in respiratory fungal infections and diseases (Bonifazi et al., 2010). It is of interest that the mTOR pathway has emerged as a key player in sensing nutritional/energetic signals and integrating signals controlling metabolism and cellular fate. The mTOR pathway has been shown to play an important role in determining the differentiation of CD4+ T cells into inflammatory and regulatory subsets, the induction of anergy, the development of CD8+ memory T cells, and the regulation of T cell trafficking (Araki et al., 2009; Delgoffe et al., 2009; Cobbold et al., 2010; Peter et al., 2010). The inhibition of mTOR promoted immune tolerance in mouse models of transplantation, by favoring the expansion of Treg cells over effector T cells (Zuber et al., 2011). However, recent data have shed light on the unexpected pro-inflammatory burst observed in some transplant recipients treated with mTOR inhibitors (Saemann et al., 2009). Therefore, the potential therapeutic utility of mTOR modulation in tolerance to fungi in HSCT awaits clarification.

EXPLOITING PATHOGEN-INDUCED TOLERANCE IN EXPERIMENTAL HSCT THROUGH DENDRITIC CELLS

The potential use of tolerogenic DCs as negative cellular vaccines to induce experimental transplantation tolerance has been suggested (Turnquist and Thomson, 2008). Plasmacytoid DCs may contribute to the T cell repertoire reconstitution, facilitate engraftment (Fugier-Vivier et al., 2005), and prevent graft-versus-host disease in HSCT (Arpinati et al., 2003). As DC function is impaired during the immediate post-transplantation period (Reddy et al., 2004), the administration of donor DCs may have beneficial effects in immune recovering in the early HSCT. Over recent years experimental models have shown that it is possible to exploit the mechanisms that normally maintain immune homeostasis and tolerance to self-antigens to induce tolerance to alloantigens (Waldmann and Cobbold, 2004; Martinic and von Herrath, 2006). Like natural tolerance, transplantation tolerance is achieved through control of T cell reactivity by central and peripheral mechanisms of tolerance. We have recently found that this goal is achievable by the adoptive cellular therapy of fungus-pulsed or RNA-transfected IDO+DCs that could induce antifungal resistance within a regulatory environment (Bozza et al., 2003; Romani et al., 2006). In experimental HSCT, a model in which allogeneic reconstitution of host stem cells is greatly reduced to the benefit of a long-term, donor type chimerism in more than 95% of the mice and low incidence of graft-versus-host disease (Bozza et al., 2003), protection was associated with myeloid and T cell recovery, the activation of CD4+ Th1 lymphocytes, and the concomitant IL-10-driven Treg cells. Distinct DC subsets activated specialized antifungal effector and regulatory functions upon adoptive transfer in experimental HSCT. FLT3-ligand derived DCs (mainly B220+IDO+pDCs) fulfilled the requirement for Th1/Treg antifungal priming. In contrast, conventional CD11c+DCs contributed to inflammatory pathology via the activation of Th1/Th17 responses (Romani et al., 2006; Bonifazi et al., 2010). Thus, IDO+DCs proved to be pivotal in the generation of some form of dominant regulation that ultimately controlled inflammation, pathogen immunity and tolerance in transplant recipients eventually leading to prevention of graft-versus-host reaction and reduction of aspergillosis incidence rates.

The ability of Aspergillus-induced Treg cells to inhibit alloreactivity while sparing responsiveness to pathogen, suggests that pathogen-induced Treg cells may be associated with minimal bystander suppression. From a mechanistic perspective, this implies that the function of Treg cells in transplantation can be controlled by the specificity of the T cell receptor expressed on Treg cells (Albert et al., 2006) and is in line with the observation of a positive effect on post-transplant immunity of antigen exposure at the time of transplantation (Mori et al., 2005). Several studies have addressed the effect that infections have on transplantation tolerance, and the overall view is that both prior and concurrent exposure to pathogens can prevent tolerance induction. However, much less attention has been paid to the effect that pathogen-directed tolerance based on active T cell regulation might have on tolerance to donor antigens. Because of the cross-reactivity in the T cell repertoire between antimicrobial, environmental, and transplantation antigens (Mason, 1998), our results raise the intriguing possibility that pathogen-conditioned DCs could be potential reagents to promote donor-specific transplantation tolerance through the induction of CD4+CD25+ Treg cells with indirect anti-donor allospecificity. Strategies to generate human CD4+CD25+ T cell lines with indirect allospecificity for therapeutic use for the induction of donor-specific transplantation tolerance have recently been described (Jiang and Lombardi, 2006). Thus, transplantation tolerance and concomitant pathogen clearance could be achieved through the therapeutic induction of antigen-specific Tregs via instructive immunotherapy with pathogen-conditioned donor DCs.

EXPLOITING PATHOGEN-INDUCED TOLERANCE IN EXPERIMENTAL HSCT THROUGH PAMP/DAMP/PRR SIGNALING

Although allograft rejection is mainly a T cell-mediated process, the innate immune system can participate in the immune response to organ transplantation (Larosa et al., 2007). Toll-like receptors (TLRs) and others innate pattern recognition receptors (PRRs; Romani, 2011) are critical innate immune receptors expressed on a variety of cells that sense not only pathogen-associated molecular patterns (PAMPs) but also damaged host cell components, collectively known as damage-associated molecular patterns (DAMPs; Bianchi, 2007). This suggests that PRR signaling participates in inflammation that may occur in the absence of overt infection and promotes acute allograft rejection and prevention of transplantation tolerance (Alegre et al., 2008). Strategies to prevent innate immunity-mediated rejection have already been described (Land, 2007). However, although signaling through TLRs can prevent tolerance induction and promote graft rejection (Chen et al., 2006), TLR signaling also promotes the induction of Treg cells (Kabelitz et al., 2006). This implies that selected TLR ligands can be useful candidate adjuvants for Treg induction/maintenance in transplantation. This appears to be the case for thymosin α1 (Tα1), a naturally occurring thymic peptide (Goldstein and Badamchian, 2004), that promoted maturation of and cytokine production by human and murine DCs (Romani et al., 2006). By signaling through TLR9, Tα1 induced IDO expression and kynurenin production by murine DCs, promoted pDC-mediated generation of CD4+CD25+ Treg cells and created tolerance in the inflammatory milieu of HSCT (Romani et al., 2006). Tα1 acted as a fine regulator of peripheral inflammation via tolerance induction through Treg cell expansion. In addition, by taming inflammatory DCs, Tα1 successfully primed for antifungal Th1/Treg cells devoid of alloreactivity in hematopoietic transplantation. Thus, Tα1 is a unique immunoregulatory molecule capable of fine-tuning and controlling the quality of the immune response, which may result in the control of inflammation and restoration of protective antimicrobial immunity in the relative absence of immunopathology.

Despite the identification of specific signaling pathways that negatively regulate responses to PAMPs or DAMPs (Bianchi, 2007), the unexpected convergence of molecular pathways responsible for recognition of PAMPs and DAMPs raised the question of whether and how the host discriminates between the two molecular patterns and the relative contribution of either one to inflammation, immune homeostasis, and mechanisms of repair during infection. A mechanism that discriminates between pathogen- and danger-induced immune responses via the spatiotemporal integration of signals from TLRs and the receptor for advanced glycation end-products (RAGE) has recently been described in mice and a genetically determined hyperfunction of the DAMP signaling was associated with invasive aspergillosis in human HSCT (Cunha et al., 2011b; Sorci et al., 2011). The mechanism exploits a previously unrecognized role for the S100B/RAGE axis that, in sensing danger, plays a critical and unanticipated role as a fine modulator of inflammation in Aspergillus pneumonia. Thus, the cross-talk between RAGE and TLRs details an evolving braking circuit whereby an endogenous danger protects the host against pathogen-induced inflammation and a pathogen-sensing mechanism terminates danger-induced inflammation.

EXPLOITING PATHOGEN-INDUCED TOLERANCE IN HUMAN HSCT THROUGH FUNCTIONAL GENOMICS

It is now clear that genetic variants of molecules involved in innate recognition of fungi may account, in part, for the inherited differences in human susceptibility to fungal infections (Carvalho et al., 2009; Mezger et al., 2010). Although the dissection of the genetic traits modulating susceptibility to fungal infections is complex, the contribution of host genetics may hold the key to elucidate genetic markers for fungal diseases occurring in high-risk patients. Understanding which patients are at highest risk of developing a life-threatening infection is at present a major unmet need, and genetic markers will probably assist in risk assessment. Figure 2 summarizes known association of SNPs in human immune genes and susceptibility to fungal infections and diseases.


[image: image]

Figure 2. Single nucleotide polymorphisms of human immune genes associated with susceptibility to fungal infections and diseases. The SNPs specifically addressed in this review are among those most notoriously associated with impaired PAMP/DAMP/PRR signaling and consequent susceptibility to fungal disease in HSCT recipients. In particular, we discuss the relevance of TLR4 D299G (a non-synonymous mutation demonstrated to increase the risk for fungal colonization or disease, likely depending on the type of transplant and associated clinical variables), DECTIN1 Y238X (an early stop codon mutation affecting dectin-1 function and that has been revealed to modulate susceptibility to mucosal candidiasis, as well as Candida colonization and invasive aspergillosis) and RAGE −374T > A and S100B +427C > T (SNPs compromising their transcriptional regulation and demonstrated to underlie an hyperfunctional RAGE-mediated DAMP signaling and consequent susceptibility to aspergillosis). For further details on these and other SNPs and relevant references, see Romani (2011).



A number of polymorphisms in several PRRs, mostly TLRs and C-type lectin receptors (CLRs), has been shown to affect, through distinct intracellular signaling pathways, resistance and tolerance to fungi in HSCT (Cunha et al., 2011a). The association of the TLR4 polymorphism D299G with colonization by A. fumigatus, but not invasive disease, in a cohort of T cell depleted transplant recipients from related donors, was meant to signify impaired fungal recognition, but also protection from excessive inflammation leading to immunopathology (Carvalho et al., 2009). Thus, and although further validation studies are ultimately required, by limiting an exacerbated inflammatory response to the fungus, the D299G polymorphism could contribute to tolerance in aspergillosis. More recently, a polymorphism affecting the CLR dectin-1, Y238X, has also been shown to affect tolerance, besides resistance, to A. fumigatus (Cunha et al., 2010). Although dectin-1 has been regarded as one major innate receptor leading to Th17 activation in response to A. fumigatus (Werner et al., 2009), and the Y238X polymorphism was associated with impaired IL-17 production in response to C. albicans or β-glucan (Rosentul et al., 2011), IFN-γ, and IL-10 production by human mononuclear cells carrying the Y238X polymorphism were also defective upon β-glucan or conidia stimulation. Thus, these findings point to a previously unsuspected role for dectin-1 in modulating the resistance and tolerance balance in antifungal responses. The contribution of recipient dectin-1 deficiency to the high-risk of infection in these patients also highlights the distinct, yet complementary, mechanisms of immune resistance and tolerance that are dependent on the hematopoietic/non-hematopoietic compartmentalization (Carvalho et al., 2009).

CONCLUSION

The past decades have brought important progress in the development of more effective and safe antifungal agents. However, medical treatments that increase host resistance, such as antibiotics, place selective pressures on pathogens, ultimately resulting in the generation of a bewildering array of immuno-evasive or immuno-suppressive strategies (Read et al., 2008). Thus, targeting mechanisms of resistance only may not always work. As tolerance mechanisms are not expected to have the same selective pressure on pathogens, new drugs that target tolerance will provide therapies to which pathogens will not develop resistance. The distinction between failed resistance and failed tolerance is important because it can dictate the choice of therapeutic approaches. In the case of failed tolerance, boosting immunity, and reducing fungal burden with antifungals may be ineffective, whereas enhancing tolerance may have salutary effects. Targeting disease tolerance mechanisms may thus provide new approaches for patient stratification, donor selection, and therapeutic management in HSCT. In this regard, the immunogenetic approach will help design tailored therapies and immunotherapies in high-risk patients and to move beyond hand-me-down data.
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Airway tolerance is a specialized immunological surveillance which is activated by the cells of the lung to deal with and distinguish between innocuous and pathogenic inhalants. However, this distinction does not always occur. Airway tolerance is necessary to avoid the development of allergic disorders, such as asthma, which is dominated by a pathological expansion of Th2 and Th17 cells in the airways. By contrast, tumor cells induce tolerogenic factors in their microenvironment to evade T-cell mediated anti-tumor-immune responses. This review updates current understandings on the effect of the cytokines TGF-β, IL-10, and IL-17A on the lung immune responses to antigen, and analyzes their involvement in allergic asthma and lung cancer. The aim of the review is to evaluate where therapeutic intervention may be feasible and where it might fail. The multifunctional role of these cytokines further complicates the decision on the timing and concentration for their use as therapeutical targets. In fact, TGF-β has suppressive activity in early tumorigenesis, but may become tumor-promoting in the later stages of the disease. This dual behavior is sometimes due to changes in the cellular target of TGF-β, and to the expansion of the induced (i)-Tregs. Similarly, IL-17A has been found to elicit pro- as well as anti-tumor properties. Thus, this pro-inflammatory cytokine induces the production of IL-6 which interferes with Treg development. Yet IL-17A could promote tumor growth in conjunction with IL-6-dependent activation of Stat3. Thus, understanding the mechanisms of airway tolerance could help to improve the therapy to both, allergic asthma and lung cancer. Hereby, asthma therapy aims to induce and maintain tolerance to inhaled allergens and therapy against lung cancer tries to inhibit the tolerogenic response surrounding the tumor.
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INTRODUCTION

The lung consists of two main components with distinct functions and different immunological properties: the conducting airways and the lung parenchyma. While the gas exchange takes place in the lung parenchyma within its alveoli, the conducting airways are covered with an epithelium skilled to perform a clearance of inhaled antigens (Holt et al., 2008). The parenchyma lung surface, by contrast, must be thin and permeable to allow an efficient gas exchange. However, this permeability also causes a vulnerability to infection (Brandtzaeg, 2009; Kohlmeier and Woodland, 2009). As a result, the lung immune system must manage to protect the host against pathogens, while maintaining tolerance to innocuous antigens (Holt et al., 2008).

Immunological tolerance is generally defined as the unresponsiveness of the immune system to a certain antigen, mainly a self-antigen or a harmless environmental antigen (Akbari et al., 2001). A matter of special importance in diseases is the peripheral tolerance to innocuous antigens that reach the respiratory tract by inhalation, which is referred to as airway tolerance or respiratory tolerance (Akbari et al., 2001). Immunological tolerance is generally indispensable to avoid overshooting responses to pathogens and to prevent immune responses to self-antigens.

The immunological state of the lung is usually characterized by a general hyporesponsiveness with a lack of functional allergen-specific CD4+ T cells, down-regulation of the IgE production and suppression of the development of airway hyper-responsiveness (AHR) and inflammation (Holt et al., 2008). However, in predisposed individuals, an exposure of the lung immune system to an antigen and its subsequent presentation by professional antigen presenting cells (APC) causes activation and pathological expansion of subtypes of CD4+ T helper cells. In healthy individuals, antigen presentation at first leads to activation and expansion of CD4+ T cells as well. However, this is followed by removal and inactivation of those antigen-specific T cells (Akbari et al., 2001). Moreover, in subjects with a primary or secondary immunodeficiency or patients with tumor, respiratory tolerance could result in worsening of the disease.

This review primarily deals with the role of airway tolerance for two typical lung diseases, namely allergic asthma and lung cancer. Although these diseases are substantially different from each other, they both seem to be associated with a dys-regulation of the tolerogenic processes in the lung. Immunological parameters, which play a role for the induction of airway tolerance, are inhibited in asthma patients and are up-regulated in lung cancer patients. Consequently, there are parallels concerning the molecular factors serving as potential targets for a therapeutic approach to both diseases, although the general aim of asthma therapy is an enhancement of airway tolerance, whereas anti-cancer immune responses require circumvention of immunological tolerance. According to that, we chose the three cytokines, transforming growth factor β (TGF-β), IL-10, and IL-17A for further discussion, focusing on their effects on asthma as well as on lung tumor and their relevance as possible therapeutic targets.

INDUCTION OF T CELL MEDIATED AIRWAY TOLERANCE

During the induction of airway tolerance, an initial exposure of the airways to an innocuous antigen leads to activation and expansion of antigen-specific T cells which is followed by the recruitment of regulatory T cells (Tregs) to the lung mucosa and a subsequent suppression of antigen-specific immune responses. Further recognition of the same antigen by the lung immune system does not lead to another effector cell expansion, but causes the induction of an antigen-specific T cell tolerance (Figure 1). This process is suggested to be primarily T cell-mediated, whereas Forkhead box P3 (Foxp3)+ CD4+ CD25+ Tregs are considered to play a prominent role for the underlying immunosuppressive mechanisms (Holt et al., 2008). There is a distinction between thymus-derived naturally arising Foxp3+ regulatory T cells and Tregs, which are induced from naïve T cells and can acquire Foxp3 expression in response to specific tolerogenic stimuli, such as TGF-β or retinoic acid (RA). Aside from that, there are other T cell subtypes, which do not necessarily express Foxp3, but still exhibit regulatory function, as for example Tr1 and Th3 cells (Sakaguchi et al., 2008). Generally, Tregs represent a crucial factor for the regulation of peripheral T cell responses in virtually all immunological fields. They are able to mediate clonal deletion and anergy of effector T cells as well as suppression of effector functions (Fontenot et al., 2003; Roncarolo et al., 2006; Tang and Bluestone, 2008). Several mechanisms are proposed to mediate Treg-dependent immunosuppression, as for example cell-contact dependent inhibition and secretion of immunosuppressive cytokines, such as IL-10 or TGF-β (Ostroukhova et al., 2004; Holt et al., 2008; Sakaguchi et al., 2008). However, the exact mechanisms underlying airway tolerance induction are still unclear. Noteworthy, animal studies demonstrated that Treg-mediated maintenance of airway tolerance seems to require continuous exposure to airborne antigens, as antigen withdrawal results in a decreased number of Tregs, going along with an enhanced susceptibility to inappropriate Th2 cell dependent immune reactions against respiratory antigens (Holt et al., 2008).
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Figure 1. Induction of T cell mediated airway tolerance. Innocuous antigen reaches the respiratory epithelium where it is recognized by resident airway mucosal dendritic cells (AMDCs). These DCs extend long protrusions which enable them to sample the antigen directly from the airway lumen. Afterwards, the AMDCs (including pDCs and mDCs) migrate to the draining lymph nodes presenting the sampled antigen. Antigen presentation by mDCs leads to an initial activation and expansion of antigen-specific T cells. However, this is followed by inactivation and deletion of these effector T (Teff) cells and the generation of regulatory T (Treg) cells. This process also involves pDCs which contribute to the induction of Treg cells as well. Treg cells mediate clonal deletion and anergy of Teff cells in the draining lymph nodes as well as in the respiratory mucosa where they are recruited to during tolerance induction. Alveolar macrophages (AMs) contribute to airway tolerance via phagocytosis and sequestration of incoming antigens. Moreover, they directly inhibit T cell responses and seem to suppress dendritic cell migration as well as antigen presentation. Treg cells, AMs, and pulmonary DCs each secrete immunosuppressive cytokines such as IL-10 and TGF-β.



Prior to the recruitment of Tregs to the respiratory mucosa and the induction of T cell tolerance, the immune system of the lung must recognize the incoming antigens and ensure that they are not pathogenic. This process requires the interaction of innate and adaptive immunity, whereas the identification of potentially pathogenic antigens is facilitated through pattern recognition receptors, such as Toll-like receptors (TLRs) and involves the action of pulmonary dendritic cells (Holt et al., 2008). The conducting airways of the lung contain dense networks of specialized dendritic cells underneath and within the epithelium, comprising both myeloid DCs (mDCs) and plasmacytoid DCs (pDCs). These so-called resident airway mucosal DCs (AMDCs) extend long protrusions into the airway lumen through the intact epithelium to directly sample inhaled antigens (de Heer et al., 2005; Holt et al., 2008). Under non-inflammatory conditions, the main function of AMDCs consists in a continuous uptake of inhaled antigens and a subsequent migration to regional lymph nodes (RLNs), where the harmless antigens are presented in a tolerogenic manner (de Heer et al., 2005; Holt et al., 2008). Noteworthy, AMDCs lack the ability to efficiently present antigens, as long as they reside in the lung mucosa, however they develop this capability after the migration to the RLNs (Holt et al., 2008). mDCs and pDCs both seem to contribute to the mechanisms which are involved in airway tolerance induction. Thus, the presentation of innocuous antigens by mDCs induces activation and proliferation of antigen-specific naïve T cells, however, instead of antigen-specific immunity this causes T cell tolerance. This could possibly be explained by an incomplete activation of mDCs under anti-inflammatory conditions resulting in an abortive immune response, which means that either the antigen-specific T cells are deleted or that Tregs are generated instead of effector T cells (de Heer et al., 2005). In contrast to that, the tolerogenic role of pDCs is primarily based on their ability to induce the generation of Tregs. Moreover, pDCs have been shown to produce indoleamine 2,3-dioxygenase (IDO), which mediates inhibition of T cell proliferation. Finally, it has also been demonstrated that airway tolerance induction is associated with an increased production of IL-10 by lung DCs leading to suppression of effector cell responses in the airways (de Heer et al., 2005).

Beside Tregs and dendritic cells, alveolar macrophages also contribute to the maintenance of immunological homeostasis in the lung. In contrast to AMDCs, alveolar macrophages do not migrate to the RLNs. Instead, the primary function of alveolar macrophages during airway tolerance induction is the prevention of adaptive immune responses mediated by phagocytosis and sequestration of incoming antigens. Thus, alveolar macrophages are suggested to directly inhibit T cell responses, using inhibitory mediators, such as IL-10, TGF-β, prostaglandins, or nitric oxide. However, there is also evidence that alveolar macrophages have an influence on dendritic cell number and function, suppressing antigen presentation as well as the ability of DCs to migrate to RLNs (Holt et al., 2008).

The following paragraphs describe the molecular factors which are involved in airway tolerance induction as well as their influence on the development of allergic asthma and lung cancer. Considering the current knowledge on the mechanisms of respiratory tolerance induction, the immunosuppressive cytokines TGF-β and IL-10 might be of particular importance and will therefore be discussed in more detail. The third cytokine, which will be focused on in this review, is IL-17A. In contrast to TGF-β and IL-10 it is a pro-inflammatory cytokine and its role in airway tolerance induction still needs to be elucidated. However, there is increasing evidence that IL-17A plays an important role in the pathogenesis of allergic asthma and lung cancer.

T CELL MEDIATED ALLERGIC ASTHMA

Asthma is a chronic inflammatory disease of the airways and is characterized by chronic airway inflammation, increased mucus production, reversible airway obstruction, remodeling of the airways, and AHR. More than 300 million people worldwide suffer from this disease and the number of affected people grows steadily.

To date, asthma is considered not-curable, however, there are options to control this disease. On one hand asthma therapy consists of so-called “controllers” such as long-acting β2-agonists and steroids that need to be taken regularly to alleviate the symptoms and beware of or rather delay the exacerbation of asthma, depending on the degree of the disease. On the other hand there are therapeutics, known as “relievers”, including short-acting β2-agonists which are used for the treatment of acute asthma attacks to achieve an immediate bronchodilatation (Ukena, 2008). Nevertheless, the major goal of asthma research remains to find a way to cure this disease. There are various forms of asthma, including allergic asthma, asthma induced by exposure to air pollution or cigarette smoke and severe steroid-resistant asthma, also known as allergic, non-allergic, and intrinsic asthma (Kim et al., 2010). In this review we will focus on the most common form of asthma: allergic asthma.

In healthy subjects, the respiratory confrontation with an innocuous antigen first leads to a short-lived induction of a local immune response to this antigen, followed by long-term peripheral tolerance (Lowrey et al., 1998). In asthmatic patients, harmless antigens can provoke an unwanted Th2 sensitization to these aeroallergens and cause Th2 responses (van Rijt et al., 2005). Allergic asthma therefore has been found to be characterized by a pathological expansion of at least Th2 cells and by the lack of T regulatory cells. One hypothesis states that this could be due to a lack of early childhood-exposure to infectious agents increasing the susceptibility to allergic diseases by suppressing natural development of the immune system (Umetsu et al., 2002). Th2 cells and their cytokines are responsible for the recruitment of eosinophils to the airways (IL-5) and for the allergen-specific development of IgE (IL-4) (Umetsu et al., 2002). Furthermore, IL-9 and IL-13 have recently been found to be involved in the pathogenesis of allergic asthma (Holgate and Polosa, 2008; Kim et al., 2010). It is also known that lung DCs are necessary for the development of Th2 cells during the establishment of airway inflammation seen in allergic asthma (Kim et al., 2010). In contrast to that, Th1 cells are suggested to exhibit a regulatory function in the context of allergic asthma as IFN-γ suppresses the differentiation of Th2 cells. Thus, investigators show great interest in the Th1/Th2 balance to find new therapeutic modalities in asthma (Park and Lee, 2010). Th17 cells are the third subset of T helper cells which are also suggested to be relevant for the development of asthma, although its particular role is not completely clear and requires further investigation.

The overall objective of asthma research is to find a possibility to inhibit the exaggerated immune response found in asthmatic patients. Hereby, airway tolerance inducing agents serve as promising targets for a potential vaccination strategy as airway tolerance is suggested to protect against and control the onset of asthma by inducing T regulatory cytokines and other mediators (Neurath et al., 2002). There are two main suppressor cytokines that are released by regulatory T cells and concomitantly are involved in their induction. As shown in Figure 2 these two important cytokines released by Tregs control the pathological expansion of the Th2 and Th17 cells resulting in inhibition of the downstream inflammatory response observed in allergic asthma.
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Figure 2. T cell differentiation in allergic asthma. After allergen uptake the DC migrates to the lymph node where it activates naïve T cells to develop into different effector subsets. Allergic asthma has been found to be characterized mostly by Th2 cell expansion and a lack of Treg cells. Th2 cytokines raise the production of allergen-specific immunoglobulin E (IL-4), support the growth of eosinophils (IL-5) and mast cells (IL-9) and directly cause airway hyperreactivity (AHR; IL-13). Furthermore, Th2 cells produce IL-10 which is also expressed by eosinophils, DCs, and Treg cells, in particular Tr1 cells which also require this cytokine for differentiation. Non-asthmatic airways show a balance between Th1 and Th2 cells as IL-10 is able to suppress the differentiation of the Th1 subset by blocking IL-12 synthesis whereas the Th1 cytokine IFNγ contributes to the inhibition of Th2 development. However, this balance is impaired in allergic asthma. The Th1 subset is also supposed to have an inhibitory function on Th17 cells which produce mainly IL-17A leading to the recruitment of eosinophils and neutrophils to the airways. The development of Th17 cells depends on IL-23 or TGF-β combined with either IL-6 or IL-21.TGF-β is produced by eosinophils, DCs, and Treg cells whereas it is also required for the induction of Treg cells and for the inhibition of the Th2 subset. Apart from IL-10 and TGF-β, DCs also produce IL-27, an inhibitor of Th17 cells and an inducer of Tr1 cell development. Except for DCs, this Treg subset is also supposed to be involved in the induction of airway tolerance.



THE ROLE OF TRANSFORMING GROWTH FACTOR-β IN ALLERGIC ASTHMA

The profibrotic cytokine TGF-β exists in three highly homological isoforms, TGF-β1, TGF-β2, and TGF-β3 (Halwani et al., 2011), binding to the same receptor complex (Miyazono et al., 1994). TGF-β is secreted as an inactive homodimer bound to a latent complex (Makinde et al., 2007) which is targeted to the extracellular matrix in association with TGF-β binding proteins. The final activation of the cytokine is achieved by several proteases, including αvβ6 integrin, MMp-2, and -9, plasmin, thrombospondin-1, and calpains (Makinde et al., 2007). According to Halwani et al. (2011) also retinoids, tissue transglutaminases, reactive oxygen species, and a low pH are involved in the TGF-β activation.

Transforming growth factor-β and other members of this family are believed to be involved in the initiation, maintenance, and resolution of inflammatory responses (Halwani et al., 2011). Their importance in maintaining immune homeostasis has been demonstrated using TGF-β knockout mice which exhibited multifocal inflammatory lesions, especially in lungs and hearts, and died within the first weeks of life (Shull et al., 1992; Kulkarni et al., 1993).

Accordingly, TGF-β seems to play an important role for the development of asthma as asthmatic patients show high levels of TGF-β in the bronchoalveolar lavage fluid (BALF).

The cytokine is expressed and secreted in the lung by nearly all structural immune cells as well as by inflammatory cells that are recruited to the lung during asthma exacerbation. However, eosinophils are believed to be the main source of TGF-β in asthmatic airways (Ohno et al., 1992) and may play an important role in airway remodeling. Halwani et al. (2011) demonstrated that in severe asthma 65% of TGF-β1 mRNA positive cells were eosinophils and that 75% of eosinophils were TGF-β1 positive. In non-asthmatic individuals the main TGF-β source is the airway epithelium, but also fibroblasts, endothelial cells, vascular and airway smooth muscle cells were reported to produce TGF-β.

T cells were identified as the central effector cells in TGF-β mediated regulation of airway responses (Schramm et al., 2003). TGF-β has an immunoregulatory role via its direct suppression of T cell proliferation and macrophage activation. Over-expression of TGF-β in T cells resulted in the suppression of allergic asthma in a murine asthma model (Halwani et al., 2011). Moreover, adoptive transfer of Tregs over-expressing TGF-β were able to confer complete resistance towards the induction of antigen dependent airway hyperreactivity only in the presence of IL-10 indicating an additive immunosuppressive role of these two cytokines (Presser et al., 2008). In contrast, impairment of TGF-β signaling led to increased allergic airway responses in transgenic mouse models compared to wild-type mice (Schramm et al., 2003; Presser et al., 2008).

One central role of T cells in airway inflammation is the production of Th2 cytokines such as IL-4, IL-5, and IL-13. The latter was increased in the BALF and sera of the Tg CD2-DNTGF-βRII mice in a murine model of allergic asthma (Walter et al., 2001; Schramm et al., 2003). These data indicate an inhibitory role of TGF-β on IL-13 and consequently on AHR in a setting of allergic asthma. Besides its anti-inflammatory effect, TGF-β is also a pro-inflammatory cytokine. It is involved in the airway remodeling process in asthma and other inflammatory and immune-mediated lung diseases (Halwani et al., 2011). Furthermore, it exhibits antagonistic effects on epithelial cells. In fact, it either protects epithelial cells from apoptosis through the Smad2/3 pathway or it induces an apoptotic effect on these cells by activating the p38 mitogen-activated protein kinase (MAPK) signaling pathway. The p38 MAPK pathway is activated upon stress or in response to chemical agents (Makinde et al., 2007) and it is usually associated with cell survival and proliferation. However, its activation in response to TGF-β promotes cell apoptosis (Makinde et al., 2007) which results in the detachment of epithelial cells from the basement membrane (Halwani et al., 2011). The increased epithelial damage facilitates the development of an asthmatic phenotype. TGF-β is also able to enhance the Fas-induced apoptotic and fibrotic effect in alveolar epithelial cells. However, in the central airway epithelial cells TGF-β induces an inhibitory effect on Fas-induced apoptosis (Makinde et al., 2007). Additionally, the expression of TGF-β2 by bronchial epithelial cells after challenge with IL-13 results in an increased formation of mucin. Treatment with an antibody against TGF-β caused a decrease in the number of mucus secreting goblet cells in an asthmatic mouse model (Makinde et al., 2007). Furthermore, mucus production and secretion is enhanced in fibroblasts due to an increased expression of IL-6 induced by TGF-β (Makinde et al., 2007). However, the expression of pro-inflammatory TGF-β is resistant to the effects of corticosteroids (Halwani et al., 2011). Taken together, these data indicate an anti-inflammatory function of TGF-β when targeting T cells and a pro-inflammatory function on airway epithelial cells and fibroblasts. Up to now, there exists no satisfying treatment opportunity for allergic asthma. One of the aims of allergen-specific immunotherapy is the induction of peripheral T cell tolerance, which is characterized by the generation of allergen-specific Treg cells. Released by Tregs, TGF-β has an anti-inflammatory effect. Besides inhibiting B-cell proliferation and differentiation, TGF-β decreases immunoglobulins excluding mucosal IgA (Fujita et al., 2012). However, Presser et al. (2008) suggested that the suppressing capacity of TGF-beta overproducing Tregs on AHR is due to the concurrent release of IL-10, not only TGF-β.

THE ROLE OF INTERLEUKIN-10 (IL-10) IN ALLERGIC ASTHMA

There is increasing evidence that IL-10-producing pulmonary DCs play a very important role in airway tolerance. Akbari et al. (2001) could already demonstrate that the adoptive transfer of DCs from IL-10−/− mice could not induce OVA-specific T cell unresponsiveness in recipient mice. IL-10 is an anti-inflammatory and immunosuppressive cytokine with pleiotropic effects in immunoregulation and inflammation. It is produced by various cells such as B lymphocytes, NK cells, mast cells, eosinophils, DCs, monocytes, macrophages, Tregs, and T lymphocytes. Among the T lymphocytes, Th2 cells seem to be the main producers (Hofmann et al., 2012). Its role as immunomodulatory cytokine involves the inhibition of major histocompatibility complex (MHC) class II expression, the reduction of CD80/CD86 mediated co-stimulation as well as the down-regulation of IL-1β, IL-6, IL-8, TNF-α, and IL-12 production. Thus, three crucial functions of specific and non-specific immunity, which are mediated by monocytes and macrophages, namely antigen presentation, expression of immune mediators, and phagocytosis are affected by IL-10 leading to the inhibition of airway inflammation (Sabat, 2010; Hofmann et al., 2012).

Accordingly, reduced levels of IL-10 have been found in the lungs of asthmatic patients. Furthermore, IL-10 deficient mice express higher levels of IL-4, IL-5, and IFN-γ compared to wild-type littermates leading to the suggestion that normal levels of IL-10 in healthy persons might be responsible for reduced Th2-like immune responses (Umetsu and DeKruyff, 1999). However, the role of IL-10 in allergic asthma is not clear. On one hand it is thought to reduce AHR and inflammation on the other hand it is suggested to be a crucial Th2 cytokine. Thus, IL-10 is able to suppress the production of Th1 cytokines by blocking IL-12 synthesis (Umetsu et al., 2002). In addition, IL-10 is crucial for the Th2-polarized responses in asthma and has a regulatory role in the later immune responses by down-modulating the inflammation caused by Th2 cell signaling as mentioned above (Umetsu et al., 2002). Taking the mentioned findings together, the conclusion arises that IL-10 plays an important role in asthma and airway tolerance.

Pulmonary DCs are crucial for the maintenance of airway tolerance. For instance, they produce IL-10 after uptake of harmless antigens, which is suggested to be involved in induction of Tregs, in particular T regulatory type 1 (Tr1) cells. Akbari et al. could confirm this statement by the adoptive transfer of IL-10 deficient DCs (Akbari et al., 2001; Kushwah and Hu, 2011) in a murine model of allergic asthma. The importance of IL-10-producing DCs and Tr1 cells in the maintenance of airway tolerance could also be demonstrated by an antibody-mediated blockade of IL-10 signaling (Gravano and Vignali, 2011).

Apart from IL-10, also IL-27 and TGF-β1 produced by pulmonary DCs as well as ICOS/ICOS-L signaling seem to be involved in the induction of Tr1 cells. In this term, the function of IL-27 is the stimulation of naïve T cells to express c-maf, IL-21, and ICOS. Furthermore, IL-27 activates STAT1 and STAT3 and thus drives IL-10 production in T cells (Murugaiyan et al., 2009; Pot et al., 2009; Iyer et al., 2010; Kushwah and Hu, 2011). Examination of the blood of allergic and healthy donors indicated a down-regulation of antigen-specific Tr1 cells and an up-regulation of IL-4 producing Th2 cells in allergic patients. By comparison, in healthy subjects IL-10-producing Tr1 cells are the predominant antigen-reactive T cell population (Umetsu et al., 2002; Hammad and Lambrecht, 2008). Thus, the induction of Tr1 cells and therefore IL-10 might be a new therapeutical aim in the treatment of allergic asthma since Tr1 cells inhibit airway hyperresponsiveness, amongst other features of allergic asthma (Akbari et al., 2001; Umetsu et al., 2002).

THE ROLE OF INTERLEUKIN-17 (IL-17) IN ALLERGIC ASTHMA

Recently, Th mediated immunity has enlarged to include a third subset of effector helper T cells, the Th17 cells, termed after IL-17A, their preferentially produced cytokine (Park and Lee, 2010; Aujla and Alcorn, 2011). Beside Th17 cells, other cells such as eosinophils, NK cells, neutrophils, NKT cells, and γδ T cells also express IL-17A (Korn et al., 2009). It is already known that TGF-β, a profibrotic cytokine which is also crucial for airway tolerance, in combination with IL-6 or IL-21 drive the differentiation of Th17 cells and therefore the production of the pro-inflammatory cytokine IL-17A by inducing RORγt that is thought to be the master regulator of Th17 cells. TGF-β in conjunction with IL-6 also initiates the expression of IL-23 that in turn stimulates IL-17A production. After binding to its receptor, IL-17A signals through two different pathways, one of which is Act-1-dependent whereas the second one is Act-1-independent. The Act-1-dependent pathway includes intracellular signaling molecules such as TRAF6, TRAF3, and TAK1 as well as members of the MAP kinase family such as ERK and p38 leading to the secretion of neutrophil-mobilizing molecules. The Act-1-independent one includes JAK1 and PI3K and results in gene activation, cytokine secretion, and inactivation of GSK-3β (Ivanov and Linden, 2009).

Several studies have shown that IL-17A is up-regulated in lung tissues, BALF, sputum, and peripheral blood from patients with allergic asthma. In addition, increased levels of IL-17A mRNA were detected in the sputum of asthmatic patients where IL-17A levels correlate with the number of neutrophils (Bullens et al., 2006; Park and Lee, 2010). It has been shown that IL-17A causes neutrophilic inflammation in allergic asthma via IL-8 as both IL-17A and IL-8 mRNA are increased in the sputum of allergic patients. Furthermore, IL-17A could enhance the development of neutrophils by inducing the release of IL-6 from human bronchial fibroblasts (Park and Lee, 2010; Aujla and Alcorn, 2011). An up-regulation of IL-17A also seems to be linked to bronchial hyper-responsiveness in asthmatic patients. However, the influence of Th17 cells on the AHR is not yet completely clear as there are different findings on this aspect in murine models of allergic asthma (Park and Lee, 2010; Aujla and Alcorn, 2011).

Apart from the contribution to neutrophilic inflammation in asthma, IL-17A is also suggested to be responsible for the eosinophilia observed in the airways of asthmatic patients. It is assumed that IL-17A is able to synergize with IL-4 and IL-13 to increase Th2 cytokines and CCL11 secretion (Aujla and Alcorn, 2011). Chemokine (C–C motif) ligand 11 (CCL11) belongs to the CC chemokine family that is also known as eotaxin-1. CCL11 selectively recruits eosinophils by inducing their chemotaxis, and therefore is implicated in allergic responses (Jose et al., 1994; Garcia-Zepeda et al., 1996). It is obvious that the therapy of asthma tend to eliminate inflammatory cells such as neutrophils and eosinophils. As mentioned before, IL-17A seems to be involved in the establishment and course of asthma and may offer a new therapeutic target in the treatment of asthma.

Accordingly, blockade of IL-17A via anti-IL-17A antibody leads to a down-regulation of IL-4, IL-5, and IL-13 as well as reduced neutrophils and eosinophils in BALF as well as extenuated AHR in an allergic model of this disease (Hellings et al., 2003; Anderson, 2008; Park and Lee, 2010). Furthermore, splenocytes of IL-17RA deficient mice cultured with IL-25, a cytokine regulating allergen-induced Th2 responses and AHR, lose their ability to produce IL-5 or IL-13 (Ballantyne et al., 2007; Kuestner et al., 2007; Rickel et al., 2008; Park and Lee, 2010).

Other possibilities to target the IL-17A mediated effects are the modulation of upstream (e.g., IL-6, IL-23) or downstream mediators (e.g., MAP kinases) of IL-17A. It is known that IL-23 is needed for the development and stabilization of Th17 cells and therefore the IL-17A expression. Wakashin et al. (2008) could demonstrate that it is possible to suppress the recruitment of lymphocytes, eosinophils, and neutrophils after allergen sensitization using an antibody against IL-23-p19. In addition, a down-regulation of Th2 cytokines in murine lungs has been observed after OVA-sensitization (Wakashin et al., 2008; Ivanov and Linden, 2009; Park and Lee, 2010).

As mentioned before, another way to reduce IL-17A expression is the blockade of downstream messengers. Some groups could already show that the blockade of p38 kinase and ERK kinase results in a decreased expression of IL-6 and IL-8 from human bronchial epithelial cells. These experiments also disclosed a more potent effect of the p38 kinase inhibitor indicating that this pathway is more promising as target (Ivanov and Linden, 2009).

Taken together, there are several alternatives to regulate IL-17A expression representing new therapeutic strategies in the treatment of asthma.

TOLERANCE AND LUNG CANCER

Lung cancer is the most common cancer-related cause of death worldwide (van Klaveren, 2009). Despite many years of research, there is still no efficient therapy against this disease. Since lung cancer is described as almost symptom free during its early stages, a large proportion of the patients already shows metastases by the time of diagnosis. As a consequence, only 15% of the patients survive for more than 5 years after primary diagnosis (van Klaveren, 2009; Reddy et al., 2011). Generally, lung cancer is thought to arise upon a number of pre-neoplastic lesions in the airway mucosa. There are two main types of lung cancer, namely small cell lung cancer (SCLC) and non-small cell lung cancer (NSCLC), whereas NSCLC is more common accounting for approximately 75% of all lung cancer cases (Ellis, 2012). NSCLC in turn involves several subtypes such as adenocarcinoma (Ad), bronchoalveolar carcinoma (BAC), squamous cell carcinoma (SCC), large cell carcinoma (LCC) as well as some mixed subtypes (Kerr, 2001; Ellis, 2012).

The predominant cause of lung cancer is tobacco smoking explaining the fact that there is a higher incidence of this disease in developed countries (van Klaveren, 2009). However, an increased lung cancer risk is also associated with inherited features as well as exposure to various environmental carcinogens such as asbestos, arsenic, radon, and polycyclic aromatic hydrocarbons (Ellis, 2012). Apart from that, there is a close relationship between the development of several kind of tumors and inflammation. However, the relationship between cancer and the immune system is ambiguous. On one hand inflammation is associated with production and secretion of tumor growth promoting molecules such as DNA-damaging agents as well as particular cytokines and growth factors, which are able to enhance cell proliferation. In accordance, chronic inflammation potentiates the risk of tumor development (Muller and Scherle, 2006). Thus, patients with chronic obstructive pulmonary disease have been shown to have a higher risk of developing lung cancer (Reddy et al., 2011).

On the other hand inflammatory immune responses are suggested to play a major role for tumor rejection. For instance, immune-compromised Rag−/− and STAT1−/− mice show a significantly higher incidence of tumor development (Mapara and Sykes, 2004; Muller and Scherle, 2006). Although normally the immune system is able to recognize particular tumor antigens, for example mutated epitopes, cancer cell antigens are always self-antigens, which strongly hampers the recognition of tumor cells by the immune system (Perales et al., 2002). Moreover, tumor cells have evolved numerous strategies to escape immune-mediated rejection. For example, they may lack tumor-specific antigens or co-stimulatory signals which are necessary to elicit an adequate immune response. They also might show a reduced expression of MHC class I, thereby avoiding recognition by CD8+ cytotoxic T cells (CTLs). Finally, tumors seem to be able to actively achieve immunosuppression by the production of anti-inflammatory molecules such as the cytokines TGF-β and IL-10, the enzyme indoleamine 2,3-dioxygenase (IDO) or the inhibitory cell-surface protein programmed death ligand-1 (PD-L1) (Byrne et al., 2011). Besides, a general immunological hyporesponsiveness and thus a suppressive microenvironment as it exists in airway tissues could make an efficient anti-tumor response even more difficult compared to other tissues. This could probably potentiate the risk of tumor growth in the respiratory tract resulting in diseases such as lung tumor (Karabon et al., 2011). Taken together, this indicates that immunological tolerance, which normally serves to protect the host from dangerous self-directed immune reactions, becomes a problem in connection with cancer diseases. For that reason, current approaches to cancer therapy are often aimed at breaking self-tolerance, thereby enhancing the anti-tumor immune response (Perales et al., 2002).

The most important mediators of airway tolerance are suggested to be Tregs which are suggested to hamper immune surveillance and to inhibit efficient immune responses against cancer (Sakaguchi et al., 2008). Thus, it has been shown that at early stages of cancer Foxp3+ Tregs accumulate at the tumor site (Figure 3; Sakaguchi et al., 2008; Byrne et al., 2011). Moreover, there is an increased number of Tregs in the peripheral blood of patients with NSCLC as well as other kinds of cancer diseases (Li et al., 2011; Onishi et al., 2012). An increased ratio of Tregs to effector T cells at the tumor site seems to correlate with poor prognosis for cancer patients (Byrne et al., 2011; Onishi et al., 2012). Based on these assumptions, numerous animal studies aimed to analyze the effects of Treg depletion or an alteration of Treg function. The results of these studies indicate that the elimination or a reduction of Tregs can break immunological tolerance to tumor cells in vivo and in vitro and induce an effective tumor-specific immune response (Shimizu et al., 1999; Sakaguchi et al., 2008). For example, elimination of Tregs and a concomitant stimulation of effector T cells resulted in tumor rejection in 90% of sarcoma-bearing mice (Whelan et al., 2010). In addition, the attempt to remove Tregs in cancer patients led to a regression of melanoma metastases (Rasku et al., 2008). According to that, Tregs represent an obstacle for successful immunotherapy against cancer (Byrne et al., 2011; Onishi et al., 2012). Therefore, a promising target for future cancer immunotherapy is to overcome Treg-mediated tumor cell tolerance. Although up to now the mechanisms of how Tregs inhibit anti-tumor responses and why Tregs accumulate at tumor sites have to be still elucidated (Li et al., 2011), there is evidence for some Treg-associated molecules to be involved in these processes such as TGF-β1 or IL-10. Moreover, recent data indicates that IL-17A, a molecule previously described as a pro-inflammatory factor, unexpectedly might also be connected to Treg mediated tumor promotion (Li et al., 2011; Reppert et al., 2011; Onishi et al., 2012).
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Figure 3. Lung cancer-associated immunosuppressive microenvironment. An efficient anti-tumor immune response strongly depends on IFNγ-producing Th1 cells which in turn mediate the activation of tumor-specific CD8+ cytotoxic T cells (CTLs) which are required for the elimination of cancer cells. The lung immune system is characterized by a general hyporesponsiveness and a suppressive microenvironment inhibiting an efficient anti-tumor immune response. This involves, inter alia, Treg cells, which have been found to accumulate at the tumor site and the cytokines IL-10, TGF-β, and IL-17A. These cytokines can also be produced by the tumor cells. Thus, it is possible that tumor cells contribute to the induction of Treg differentiation or at least to the recruitment of Treg cells to the tumor site. TGF-β suppresses T cell proliferation and differentiation of naïve T cells into effector memory cells as well as antigen presentation. Moreover, it is involved in the development and function of induced Treg cells. The immunosuppressive functions of IL-10 include the inhibition of Th1 cell proliferation and cytokine production as well as the suppression of antigen presentation. In addition, IL-10 is involved in Treg development and function, in particular Tr1 cells. The tumor-promoting role of the Th17 cytokine IL-17A can be attributed to its relation to the proto-oncogene Stat3. One function of Stat3 is the inhibition of IL-12 expression which is required for the induction of Th1 differentiation and thus anti-tumor immune responses. The differentiation of Th17 cells requires the presence of IL-6 and TGF-β, whereas Treg development is induced by TGF-β alone and IL-6 promotes Treg inhibition. Nevertheless, IL-17A seems to be linked to Treg development in tumor via a mechanism that is still unclear.



THE ROLE OF TRANSFORMING GROWTH FACTOR-β IN LUNG CANCER

Transforming growth factor-β plays a central role for the regulation of the balance between inflammation and tolerance in both alveoli and the conducting airways of the lung. TGF-β influences T cell proliferation and differentiation as well as T cell apoptosis and antigen presentation (Cottrez and Groux, 2001). In particular, this cytokine suppresses the differentiation of naïve T cells into effector memory cells and inhibits the proliferation of T cells. Moreover, it is involved in development and function of induced Tregs (iTregs). Thus, TGF-β exhibits typical features of immunosuppressive cytokines indicating a tumor-promoting role of TGF-β. However, besides its various immune regulatory functions, TGF-β is also able to inhibit epithelial proliferation and to induce expression of extracellular matrix components suggesting that TGF-β might rather act as a tumor suppressor, inhibiting the development and progression of cancer (Figure 3; Markowitz and Roberts, 1996).

Previous studies concerning the role of TGF-β in lung cancer revealed that lung cancer patients show increased serum levels of TGF-β as compared to healthy individuals (Hasegawa et al., 2001). Moreover, it has been shown that different kinds of tumor cells, including small- as well as NSCLC cells, over-express TGF-β (Wojtowicz-Praga, 2003; Jeon and Jen, 2010). Furthermore, various types of cancers have been shown to require TGF-β activity to form metastases (Roberts and Wakefield, 2003). These findings indicate that TGF-β indeed supports tumorigenesis. However, it has also been shown that higher levels of TGF-β in patients with lung Ad are associated with better prognosis (Inoue et al., 1995).

This contradiction could possibly be explained by the fact that the increased expression and activation of the TGF-β ligand during carcinogenesis is often accompanied by a decreased expression or inactivation of the TGF-β receptors resulting in an unresponsiveness of the tumor cells to TGF-β-induced growth inhibition (Roberts and Wakefield, 2003; Jeon and Jen, 2010). Thus, it has been reported that numerous tumor types are characterized by the loss of functional RII or RI TGF-β receptor due to somatic mutations (Markowitz and Roberts, 1996). The consequence could be that the role of TGF-β for cancer development changes in the course of tumorigenesis. Whereas it exhibits tumor suppressor activity at early stages of tumor development, it loses this function due to TGF-β receptor unresponsiveness and becomes a tumor promoter in late-stage disease supporting tumor invasiveness and metastases (Roberts and Wakefield, 2003; Jeon and Jen, 2010). Consistent with this idea, studies on mammary tumors in mice revealed that enhanced TGF-β signaling leads to a delayed development of primary tumors but an increased formation of lung metastases whereas a disruption of TGF-β signaling has the opposite effect leading to earlier appearance of primary tumors but a lower number of metastatic foci (Roberts and Wakefield, 2003). In consideration of these facts, the disruption of TGF-β mediated immunosuppression could be a promising therapeutic approach to cancer.

THE ROLE OF INTERLEUKIN-10 (IL-10) IN LUNG CANCER

Interleukin-10 (IL-10) is a Th2 cytokine which has long been associated with anti-proliferative properties. Its immunosuppressive functions include the inhibition of Th1 cell proliferation and cytokine production, the inhibition of antigen presentation and natural killer cell activity as well as the down-regulation of tumoricidal molecules (de Vita et al., 2000; Hatanaka et al., 2000; Teng et al., 2011). In addition, IL-10 has been shown to be necessary to induce the development of T regulatory 1 cells (Tr1) in vitro and to be involved in the regulation of TGF-β responses, thus supporting the suppressive effects of TGF-β (Groux et al., 1997; Cottrez and Groux, 2001). A wide range of cell types is known to produce IL-10, as for example macrophages [in particular tumor-associated macrophages (TAMs)], B cells, T cells (especially Tregs), and epithelial cells (Ouyang et al., 2011; Wang et al., 2011). Besides that, IL-10 is also known to be produced and secreted by different types of cancer cells, including lung cancer (de Vita et al., 2000; Hatanaka et al., 2000; Mocellin et al., 2005).

These findings indicate that IL-10 could be involved in tumor immunosuppression. To prove this assumption, numerous studies have been performed to further analyze IL-10 regarding lung cancer. Thus, it could be demonstrated that NSCLC patients show significantly elevated IL-10 mRNA as well as serum levels as compared to healthy controls which has been shown to be associated with poorer prognosis (Hatanaka et al., 2000). Furthermore, metastatic cancer has been associated with higher IL-10 levels than cancer without metastases. In addition, there seems to be a relation between IL-10 levels and therapeutic success as a comparison of IL-10 levels in lung cancer patients treated with either radiotherapy or chemotherapy revealed that IL-10 values were significantly increased in non-responders, whereas they were decreased in responders (Wojciechowska-Lacka et al., 1996; de Vita et al., 2000; Hatanaka et al., 2000). Another study revealed that NSCLC patients with late-stage disease (stage II, III, and IV) show increased levels of TAM-derived IL-10 which is accompanied by lymph node metastases, pleural invasion, and lympho-vascular invasion (Figure 3; Wang et al., 2011).

Nevertheless, data concerning the role of IL-10 for tumor progression are partially inconsistent. Thus, in contrast to the above-mentioned results, some preclinical and clinical studies suggest that IL-10 is important for tumor rejection. Accordingly, there are indications that IL-10 expression is reduced in patients with NSCLC and that this reduction could correlate with poor prognosis (Lu et al., 2004; Mocellin et al., 2005). However, up to now a connection between higher IL-10 levels and better survival could not be shown (Teng et al., 2011). Despite these contradictions, the immune-suppressive molecule IL-10 is an important factor during the induction of airway tolerance and might be a promising target for future approaches to lung cancer therapy. Therefore, it is necessary to further define the role of IL-10 in lung cancer.

THE ROLE OF INTERLEUKIN-17 (IL-17) IN LUNG CANCER

The role of IL-17A in cancer is controversial. On the one hand IL-17A has pro-inflammatory functions. Thus, IL-17A recruits neutrophils and induces the production of IL-6, IL-8, tumor necrosis factor-α (TNF-α), and IL-1β (Weaver et al., 2007). In contrast to that, most of the cytokines which are assumed to promote tumor development are anti-inflammatory cytokines, as for example IL-10 or TGF-β, indicating that IL-17A might be important for tumor rejection (Wang et al., 2009; Chen et al., 2010). According to that, tumor growth has been shown to be increased in IL-17−/− mice in case of MC38 sarcoma (Kryczek et al., 2009). Nevertheless, there is growing evidence that IL-17A could rather act as a tumor promoter. For instance, an increased number of IL-17A producing cells have been detected in different types of cancer (Chen et al., 2010). Furthermore, in patients with lung Ad the mRNA levels of IL-17A as well as of the Th17 transcription factors RORα4 and RORc2 have been shown to be significantly increased (Reppert et al., 2011). In addition to that, IL-17A is suggested to be responsible for an enhanced production of VEGF-C resulting in increased lymphangiogenesis. Finally, IL-17A expression also correlates with poor prognosis in NSCLC patients (Figure 3; Chen et al., 2010).

One explanation for the putative, tumor-promoting function of IL-17A is that the expression and the function of this cytokine are closely related to the proto-oncogene Stat3. On the one hand Stat3 regulates the expression of IL-17A whereas on the other hand IL-17A signaling in turn leads to an IL-6-dependent activation of Stat3 itself creating a positive feedback loop (Wang et al., 2009). Stat3 is known to have tumor-promoting properties as its expression in tumor cells has been associated with enhanced tumor cell survival, proliferation, and angiogenesis as well as with an accumulation of Tregs and myeloid-derived suppressor cells. Stat3 activates the expression of the anti-apoptotic gene Bcl-XL as well as of IL-23, which has been reported to promote carcinogenesis also. Besides that, Stat3 inhibits the expression of IL-12 which is involved in anti-tumor responses via NK cell activation and Th1 induction (Hatton and Weaver, 2009; Wang et al., 2009). Consistent with this, IL-17A-deficient C57/Bl6 mice are characterized by a reduced Stat3 activation, as well as increased numbers of tumor infiltrating CD4+ and CD8+ T cells, which produce higher amounts of IFN-γ as compared to wild-type littermates. As a consequence, those IL-17A-deficient mice showed a reduced tumor growth rate in case of B16 melanoma as well as in case of MB49 bladder carcinoma (Wang et al., 2009).

Interestingly, the differentiation of Th17 cells depends on the concomitant action of IL-6 and the suppressive cytokine TGF-β which is also necessary for the induction of Tregs. IL-6, in turn, inhibits the development of Tregs suggesting that the differentiation of Tregs and Th17 cells could be mutually exclusive (Weaver et al., 2007). In contrast to this assumption, recent studies indicate that the differentiation of Th17 cells may even be connected to the development of Tregs (Zhou et al., 2009; Reppert et al., 2011). Thus, an up-regulation of Th17 cell lineage transcription factors has been shown to correlate with increased Foxp3 expression in patients with lung Ad. Moreover, blocking of IL-17A in a mouse model of lung Ad resulted in a decrease of Foxp3+ Treg numbers. This was accompanied by decreased levels of IL-6 and TGF-β, increased numbers of IFN-γ and TNF-α producing CD4+ T cells as well as a significant reduction of tumor growth (Reppert et al., 2011). As a conclusion these findings strongly support the idea that IL-17A is involved in tumor growth promotion. Therefore, anti-IL-17A treatment strategies could provide an attractive approach to lung cancer therapy.

CONCLUSION

ALLERGIC ASTHMA

Allergic asthma is characterized by a lack of Tregs and a pathological expansion of Th2 cells. Furthermore, it is suggested that there is an imbalance between Th1 and Th2 cells because under normal circumstances Th1 cells are thought to have a regulatory influence on Th2 cells. In addition, Th17 cells and especially their main cytokine IL-17A seem to play a significant role in the pathogenesis of asthma. Up to now, there is no therapy available to cure this disease. Airway tolerance is thought to provide the possibility to protect against and control the occurrence of asthma.

Transforming growth factor β is a pro- and anti-inflammatory cytokine which is up-regulated in the BALF of asthmatic patients. On the one hand it promotes airway remodeling and increases the mucus production leading to an exacerbation of asthma. On the other hand TGF-β, released by and acting on T regulatory cells, has an immunoregulatory function. The cytokine is able to suppress the proliferation of T cells and macrophages and therefore results in suppression of allergic asthma. Thus, the induction of TGF-β producing Tregs may represent a promising treatment in allergic asthma.

Interleukin-10, an anti-inflammatory cytokine, was found to be reduced in asthmatic patients. Simultaneously, Th2 cytokines were up-regulated in these patients suggesting that IL-10 has a suppressive effect on Th2 cells. There is increasing evidence that IL-10 and Tr1 cells are essential for the development of airway tolerance. The application of IL-10 as therapy has already been investigated in diseases such as psoriasis or rheumatoid arthritis. In this first clinical studies the data leads to the suggestion that IL-10 application is rather adequate to prevent than to cure psoriasis (Asadullah et al., 2003). These observations might also be true for allergic asthma. But the role of IL-10 in allergic asthma and therefore new treatment possibilities needs to be further elucidated.

Interleukin-17A is a pro-inflammatory cytokine which is up-regulated in the lung of asthmatic patients. It seems to be linked to neutrophilic and eosinophilic inflammation and perhaps also to AHR. Therefore, it can be speculated that targeting IL-17A is promising in asthma treatment. Investigators could already demonstrate that blocking IL-17A per se or upstream regulators and downstream messengers leads to reduced eosinophils, neutrophils, or Th2 cytokines. However, human studies are needed to gain deeper insight into the immunological and pathogenic role of IL-17A in allergic asthma.

LUNG ADENOCARCINOMA

Regulatory T cell numbers are found to be increased in lung cancer patients which has been associated with poor prognosis. Thus, Tregs are thought to represent a predominant obstacle for the induction of anti-tumor immune responses and lung cancer therapy. Efficient anti-tumor immunity strongly depends on IFN-γ producing Th1 cells, mediating the activation of tumor-specific CD8 + CTLs which are required for the elimination of cancer cells. However, Tregs are suggested to antagonize these inflammatory effector cell responses (Byrne et al., 2011). It is possible that tumor cells contribute to the induction of Treg differentiation or at least to the recruitment of Tregs to the tumor site. Although the potential underlying mechanisms are not identified yet, it has been reported that several tumor types, including lung tumors, are able to produce considerable amounts of certain cytokines such as TGF-β, IL-10, or IL-17A. Interestingly, these cytokines are suggested to be connected to Treg development or function.

For instance, the immunosuppressive factor TGF-β is required for the development of iTregs. However, its role for tumor immunity is equivocal. Thus, it seems to show tumor suppressor activity at early stages of tumor development. However, in the course of tumor progression, cancer cells become insensitive to TGF-β mediated suppression. As a consequence, TGF-β acts as a tumor promoter in late-stage disease, probably due to its ability to induce iTregs and to suppress the differentiation of naïve T cells into effector T cells.

Another suppressive molecule, which is thought to be linked to Treg function, is IL-10. This cytokine is necessary for the development of T regulatory 1 cells (Tr1) and is involved in the regulation of TGF-β responses. NSCLC patients show significantly elevated IL-10 mRNA and serum levels as compared to healthy controls, which has been shown to be associated with poorer prognosis. However, data concerning the role of IL-10 for tumor progression are also partially inconsistent. Thus, some preclinical and clinical studies suggest that IL-10 might be important for tumor rejection, meaning that the role of IL-10 for lung cancer still needs to be elucidated.

The last molecule discussed in this review is IL-17A, which generally is a pro-inflammatory cytokine. However, in contrast to former assumptions, the development of IL-17-producing Th17 cells and Tregs is not mutually exclusive, but rather seems to be connected. According to this, blocking of IL-17A in a wild-type mouse model of lung Ad resulted in a decreased number of Foxp3+ Tregs and an increase of IFN-γ and TNF-α producing CD4+ T cells leading to a significant reduction of tumor growth.

As a conclusion, the suppression of Tregs by blocking the signaling pathways of particular cytokines may represent a promising approach to future lung cancer therapy.

ABBREVIATIONS

AHR, airway hyper-responsiveness; APC, antigen presenting cell; BAL, bronchoalveolar lavage; BALF, bronchoalveolar lavage fluid; CCL11, Chemokine (C–C motif) ligand 11; CXCR5, chemokine (C-X-C motif) receptor 5; DC, dendritic cell; ERK, extracellular signal-regulated kinase; FEV, forced expiratory volume; Foxp3, forkhead box protein 3; GSK-3β, glycogen synthase kinse-3β; hMPV, human meta-pneumovirus; ICOS/ICOS-L, inducible T cell co-stimulator/-ligand; IFN-γ, interferon-γ; IL, interleukin; iTreg, induced regulatory T cells; JAK1, Janus kinase; MAP, mitogen-activated protein; MCh, Methacholine; MHC, major histocompatibility complex; nat Treg, natural regulatory T cell; NSCLC, non-small cell lung cancer; OVA, Ovalbumin; pDC, plasmacytoid dendritic cell; PI3K, phosphatidylinositol 3-kinase; RSV, respiratory syncytial virus; RV, Rhinovirus; TAK1, transforming growth factor activated kinase; TAM, tumor-associated macrophage; TGF-β, transforming growth factor β; TGF-β R, transforming growth factor β receptor; Th, T helper cell; TIL, tumor infiltrating lymphocytes; TNF-α, tumor necrosis factor α; Tr1/3, regulatory T cells type 1/3; TRAF, (TNF)-receptor-associated factor; Treg, regulatory T cells.
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Cytokine-neuroantigen fusion proteins as a new class of tolerogenic, therapeutic vaccines for treatment of inflammatory demyelinating disease in rodent models of multiple sclerosis
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Myelin-specific induction of tolerance represents a promising means to modify the course of autoimmune inflammatory demyelinating diseases such as multiple sclerosis (MS). Our laboratory has focused on a novel preclinical strategy for the induction of tolerance to the major encephalitogenic epitopes of myelin that cause experimental autoimmune encephalomyelitis (EAE) in rats and mice. This novel approach is based on the use of cytokine-NAg (neuroantigen) fusion proteins comprised of the native cytokine fused either with or without a linker to a NAg domain. Several single-chain cytokine-NAg fusion proteins were tested including GMCSF-NAg, IFNbeta-NAg, NAgIL16, and IL2-NAg. These cytokine-NAg vaccines were tolerogenic, therapeutic vaccines that had tolerogenic activity when given as pre-treatments before encephalitogenic immunization and also were effective as therapeutic interventions during the effector phase of EAE. The rank order of inhibitory activity was as follows: GMCSF-NAg, IFNbeta-NAg > NAgIL16 > IL2-NAg > MCSF-NAg, IL4-NAg, IL-13-NAg, IL1RA-NAg, and NAg. Several cytokine-NAg fusion proteins exhibited antigen-targeting activity. High affinity binding of the cytokine domain to specific cytokine receptors on particular subsets of APC resulted in the concentrated uptake of the NAg domain by those APC which in turn facilitated the enhanced processing and presentation of the NAg domain on cell surface MHC class II glycoproteins. For most cytokine-NAg vaccines, the covalent linkage of the cytokine domain and NAg domain was required for inhibition of EAE, thereby indicating that antigenic targeting of the NAg domain to APC was also required in vivo for tolerogenic activity. Overall, these studies introduced a new concept of cytokine-NAg fusion proteins as a means to induce tolerance and to inhibit the effector phase of autoimmune disease. The approach has broad application for suppressive vaccination as a therapy for autoimmune diseases such as MS.
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INTRODUCTION: IMMUNOLOGICAL TOLERANCE TO CNS MYELIN AS A THERAPY FOR MS

Multiple sclerosis (MS) is an inflammatory demyelinating disease of the CNS (Nylander and Hafler, 2012). A defining hallmark of the disease is the formation of multiple discrete inflammatory lesions and focal demyelination in perivascular and periventricular sites of CNS white matter. These demyelinating lesions are marked by infiltration of activated mononuclear cells and are associated with the appearance of neurologic deficits. MS is also marked by significant involvement in CNS gray matter with axonal loss, cortical atrophy, and cognitive dysfunction (Calabrese et al., 2011). MS is considered to be an autoimmune disorder caused by T cells specific for immunodominant self-epitopes of myelin and other CNS antigens (Severson and Hafler, 2010). These autoreactive T cells are postulated to migrate across the blood-brain barrier into the CNS and undergo re-activation upon T cell antigen recognition of endogenous CNS epitopes. These activated T cells then secrete pro-inflammatory cytokines and chemokines to recruit inflammatory macrophages and other leukocytes from the blood to initiate focal demyelination and CNS dysfunction.

A central goal for the field of autoimmunity is to optimize strategies of antigen-specific tolerance induction as a therapy for chronic autoimmune disorders (Leech and Anderton, 2008; Sabatos-Peyton et al., 2010; Nepom et al., 2011). The goal is to derive antigen-specific vaccines to generate a suppressive immunological memory specific for particular target self-antigens. Realization of this goal will provide a potentially curative intervention that would reverse the pathological autoimmune response and thereby preempt the need for chronic administration of broad-spectrum immunosuppressive drugs. Thus, new tolerogenic strategies are needed to maximize reliability and efficiency of antigen-specific tolerogenic vaccines that may be amenable for use in humans.

Strategies of myelin-specific tolerance induction may thereby provide a means to develop more effective therapies for MS. Tolerogenic vaccine strategies would be disease-specific and would be based on the imposition of regulatory constraints on the dominant pathogenic clones responsible for MS. However, substantial hurdles exist. First and most importantly, the field currently lacks a valid and reliable means to induce myelin-specific tolerance in patients afflicted with MS. Second, myelin-specific tolerance regimens must not lead to inadvertent encephalitogenic sensitization, autoantibody formation, or anaphylactic sensitivity. Third, MS in different patients may be driven by autoreactivity against unique and perhaps non-overlapping sets of pathogenic myelin epitopes. Fourth, during the course of disease, “epitope-spreading” may generate an ever broadening polyclonal repertoire that targets an expanding multiplicity of myelin epitopes. Lastly, MS may transition from an immunological inflammatory disease amenable to immunological intervention to a neurodegenerative disease resistant to immunomodulatory approaches. Meaningful solutions to these challenges will stem from new technologies that profile the myelin-specific T cell specificities early during the course of disease coupled with new strategies to reliably induce tolerance to those myelin epitopes. Thus, an important part of this strategy will be to engineer immunosuppressive vaccines based on a robust platform that can induce reliable and potent tolerance in both non-inflammatory and overtly inflammatory environments. Despite the hurdles, myelin-specific induction of immunological tolerance represents the most promising path to specifically modify the course of autoimmune inflammatory demyelinating disease and thereby circumvent the need for broad-spectrum immunosuppression. Myelin-specific tolerance regimens promise qualitative improvements in clinical efficacy, therapeutic longevity, and cost-effectiveness without the adverse consequences of a compromised immune system.

Experimental autoimmune encephalomyelitis (EAE) represents a widely used preclinical model to test tolerogenic vaccines as candidates for potential translation for treatment of MS (Wekerle, 2008). EAE represents a valid model of the major pathophysiologic and regulatory mechanisms underlying anti-myelin autoimmunity in mammals. EAE can be induced by active immunization with dominant encephalitogenic epitopes of myelin together with immunological adjuvants. Alternatively, EAE can be induced by adoptive transfer of activated encephalitogenic T cells. Overall, the disease is regulated by many of the same counter-regulatory molecules (e.g., IL-10, TGF-beta, CTLA-4, PD-1) and cellular regulatory circuits believed to be important in MS. Hence, EAE is useful as a testing ground for new experimental vaccines designed to drive the inhibitory circuits underlying active, infectious tolerance.

Three rodent models of EAE were used in our studies, with each model representing a qualitatively different disease course and a potentially different underlying immunoregulatory mechanism. Initial studies were performed in Lewis rats which recognize the 73–87 sequence of myelin basic protein (MBP) as the dominant encephalitogenic epitope. Lewis rats immunized with the MBP73–87 peptide exhibit an acute monophasic form of EAE which manifests as an acute ascending paralysis followed by a spontaneous, complete remission. In some cases, Lewis rats having an intense initial course of EAE may exhibit a secondary relapse but this relapse is characterized by very mild paralytic signs. In contrast, the C57BL/6 and SJL mouse models of EAE represent models of chronic disease. C57BL/6 mice, after immunization with the myelin oligodendrocyte glycoprotein (MOG)35–55 epitope and separate injections of the Pertussis toxin adjuvant, exhibit a chronic course of severe non-resolving paralysis. The lack of spontaneous recovery in C57BL/6 mice may reflect inefficient or compromised regulatory responses. SJL mice immunized with the proteolipid protein (PLP)139–151 epitope exhibit a chronic relapsing-remitting course of EAE. These mice exhibit a severe monophasic episode of EAE followed by a spontaneous recovery and a subsequent asynchronous series of relapses and spontaneous recoveries. Thus, these cytokine-NAg vaccines were studied in preclinical models of EAE representing monophasic, chronic-progressive, and relapsing-remitting courses in rat and mouse species.

CYTOKINE-NAg FUSION PROTEINS AS TOLEROGENIC, THERAPEUTIC VACCINES

Our laboratory has focused on a novel strategy for the induction of tolerance to the major encephalitogenic epitopes of myelin in both mouse and rat models of EAE (Mannie and Abbott, 2007; Mannie et al., 2007, 2009b; Blanchfield and Mannie, 2010; Abbott et al., 2011). The tolerogenic strategy is based on derivation of novel cytokine-NAg fusion proteins comprised of a native cytokine as the N-terminal domain fused either with or without a linker to a C-terminal NAg domain. The structural features of the single-chain cytokine-NAg fusion proteins are portrayed in Figure 1 and Table 1. The most effective cytokine domains for induction of tolerance were GM-CSF (Blanchfield and Mannie, 2010; Abbott et al., 2011), IFN-beta (Mannie et al., 2009b), IL-16 (Mannie and Abbott, 2007), and IL-2 (Mannie et al., 2007). In all cases, the cytokine domains were syngeneic with the species of the EAE model. The NAg domain contained the dominant epitope of the myelin protein responsible for induction of EAE in the given species and strain of rodent. In one case (NAgIL16), the NAg and cytokine domains were switched as the N-terminus and C-terminus respectively to preserve optimal activity of the cytokine. The cytokine domains of these vaccines had essentially the full activity of the free cytokine, and the NAg domain was efficiently processed and presented on MHC class II (MHCII) glycoproteins to NAg-specific T cells. Thus, the covalent cytokine-NAg linkage did not interfere with the independent activities of either the cytokine or NAg domain.


[image: image]

Figure 1. Structure of cytokine-NAg vaccines. Cytokine-NAg vaccine structure is portrayed including those incorporating native IL-1RA (IL-1 receptor antagonist), IL-2, IL-4, IL-10, IL-13, GM-CSF, M-CSF, or IFN-beta as the N-terminus or IL-16 as the C-terminus. Some fusion proteins, as discussed in the Table 1 legend, contained an enterokinase (EK) linker sequence.



Table 1. Selected cytokine-NAg vaccines tested for induction of tolerance in EAE.
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Several fusion proteins had both tolerogenic and therapeutic activity (Table 2). When injected subcutaneously in saline before encephalitogenic immunization, GMCSF-NAg, IFNbeta-NAg, NAgIL16, and IL2-NAg prevented or attenuated the subsequent active induction of EAE. When administered after onset of EAE, these vaccines also were effective interventions that blunted the progression of EAE. Because these fusion proteins had both tolerogenic (i.e., preventative) and therapeutic (i.e., inhibition of effector autoimmune responses) activity, these vaccines were referred to as tolerogenic, therapeutic vaccines. The characteristics of these vaccines are summarized in Table 2, and two of these vaccines (GMCSF-NAg and IFNbeta-NAg) are discussed in detail including considerations of relative tolerogenic efficacy, requirement for covalent cytokine-NAg linkage, and differential potency and subset-specificity in targeting of the covalently tethered NAg to APC.

Table 2. Summary of cytokine-NAg vaccines tested in EAE.
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GMCSF-NAg

Fusion of GM-CSF with the NAg peptides MOG35–55, PLP139–151, or MBP69–87 domains did not quantitatively affect the potency of the GM-CSF cytokine domain (Blanchfield and Mannie, 2010; Abbott et al., 2011). Rather, these GMCSF-NAg fusion proteins were equipotent compared to free GM-CSF in cytokine bioassays. GM-CSF and GMCSF-NAg elicited equipotent proliferation of bone marrow cells in the 1–10 pM range. These findings indicated that GM-CSF is a versatile carrier able to accommodate diverse peptide structures without adverse effect on GM-CSF biological activity.

The tolerogenic activity of the GMCSF-NAg vaccines in mouse and rat models of EAE (Blanchfield and Mannie, 2010; Abbott et al., 2011) are portrayed in Figures 2 and 3. These data highlight the efficacy of each treatment group based on maximal disease scores. For example, 86% of C57BL/6 mice pretreated with GMCSF-MOG(35–55) showed no disease whereas mice pretreated with a combination of GM-CSF and MOG35–55 had severe paralytic disease marked by a maximal score of 4.0 or 5.0 (81 and 13% of mice, respectively; Figure 2A). Likewise, over 80% of mice in control pre-treatment groups that received GM-CSF alone, MOG35–55 alone, or saline exhibited severe paralytic disease. Thus, GMCSF-MOG(35–55) had tolerogenic activity because the vaccine effect was remembered by the immune system as an enduring modification of the MOG-specific encephalitogenic response. When administered at the first day of clinical onset, GMCSF-MOG(35–55) was effective as a treatment intervention that halted the subsequent progression of EAE (Figure 2B). The majority of mice treated with GMCSF-MOG did not progress beyond a grade of minimal tail involvement, whereas 100% of mice treated with saline exhibited severe hind-limb paralysis. In this treatment protocol, GMCSF-MOG(35–55) was more effective than “MOG35–55 alone” which in turn was more effective than saline. These data indicate that GMCSF-MOG(35–55) could also intercept the encephalitogenic response during the staging of an attack on CNS myelin. To test the generality of this approach, a murine GMCSF-NAg vaccine was also derived for the SJL EAE model that incorporated the PLP139–151 encephalitogenic peptide as the NAg rather than MOG35–55 (Figure 2C). Subcutaneous injection of GMCSF-PLP(139–151) in saline was shown to prevent EAE in 88% of SJL mice. The remaining GMCSF-PLP pretreated mice had very mild paralysis that was limited to the tail. In contrast, a substantial percentage (≥50%) of mice pretreated with PLP139–151 or saline had severe paralytic disease. These data revealed that GMCSF-NAg vaccines were tolerogenic vaccines in two separate murine models of EAE.


[image: image]

Figure 2. Mouse cytokine-NAg vaccines were effective tolerogens in the C57BL/6 and SJL mouse models of EAE. EAE was elicited in C57BL/6 mice by injection of MOG35–55 in CFA together with separate injections (200 ng i.p.) of Pertussis toxin on days 0 and 2. EAE was elicited in SJL mice by injection of PLP139–151 in CFA. EAE induction was on day 0 relative to pre-treatment with designated cytokine-NAg fusion protein or control proteins (x-axis) on days-21, -14, and -7 (A,C) or treatment on days 13, 15, 17, and 20 (B). Vaccines were administered subcutaneously in saline. Maximal disease scores were defined as the most severe disease score exhibited by a mouse throughout the relevant disease course. The mouse clinical EAE scoring scale was: 0, no disease; 1.0, partial or full paralysis of the tail or ataxia but not both; 2.0, flaccid paralysis of the tail and ataxia or impaired righting reflex; 3.0, partial hind-limb paralysis; 4.0, full hind-limb paralysis; 5.0 total hind-limb paralysis with forelimb involvement. p Values were calculated by non-parametric ANOVA based on ranked data with a Bonferroni Post hoc Test. Data analysis for these experiments was previously reported in (Abbott et al., 2011). Pre-treatment of C57BL/6 mice was portrayed in Tables 1 and 2, pre-treatment of SJL mice was portrayed in Table 3, and treatment of C57BL/6 mice was portrayed in Table 4 of Abbott et al., 2011; ***p ≤ 0.001; **p ≤ 0.01; *p ≤ 0.05; for comparisons of the cytokine-NAg-treated group with the respective control group).
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Figure 3. The rat GMCSF-MBP vaccine was an effective tolerogen in the Lewis rat model of EAE. EAE was elicited in Lewis rats by injection of NAg in CFA on day 0. Designated cytokine-NAg proteins or control proteins (x-axis) were given as pre-treatments on days-21, -14, and -7 (A) or alternatively were given as treatments after the onset of paralytic EAE (B) as described in (Blanchfield and Mannie, 2010). Vaccines were administered subcutaneously in saline. Maximal disease scores were previously reported in (Blanchfield and Mannie, 2010). The clinical scoring scale for rats was; 0, no disease; 0.25, distal limp tail; 0.5, limp tail; 1.0, ataxia; 2.0, partial hind-limb paralysis; 3.0, full hind-limb paralysis. p values were calculated as described in Figure 2. These data were previously portrayed in Tables 1 and 2 respectively of (Blanchfield and Mannie, 2010). (***p ≤ 0.001; **p ≤ 0.01; *p ≤ 0.05 for comparison of the respective treatment groups to that of GMCSF-NAg).



The original study of GMCSF-NAg was performed by use of the Lewis rat model of EAE (Blanchfield and Mannie, 2010). In this study, GM-CSF was compared to M-CSF as a tolerogenic fusion partner by deriving fusion proteins in which the rat GM-CSF or M-CSF was linked to the immunodominant encephalitogenic 69–87 epitope of MBP. The GMCSF-MBP(69–87) vaccine was more tolerogenic than the MCSF-MBP(69–87) fusion protein (Figure 3). All rats that received GMCSF-NAg had no or very mild signs of EAE whereas 42% of rats pretreated with MCSF-NAg exhibited severe paralytic disease (Figure 3A). The finding that GM-CSF was a more effective tolerogenic fusion partner than M-CSF provided suggestive evidence that active induction of myeloid APC was more important than “quiescent maintenance” for induction of tolerance (Fleetwood et al., 2007; Hamilton, 2008). This outcome was expected because GM-CSF facilitates MHCII expression on myeloid APC whereas M-CSF confers viability to the macrophage lineage but does not maintain MHCII expression (Blanchfield and Mannie, 2010). GM-CSF promotes differentiation of MHCII+ dendritic cells (DC) whereas M-CSF appears to be a maintenance factor for quiescent or non-inflammatory MHCII− macrophages. Because MHCII expression is critical for presentation of the NAg domain which is in turn critical for induction of tolerance, induction or maintenance of MHCII expression may be a requisite activity of tolerogenic fusion partners.

Covalent linkage of the cytokine and NAg domains was necessary for tolerogenic efficacy. All rats pretreated with GMCSF-MBP(69–87) were protected from severe EAE whereas all rats that received an equimolar mix of GM-CSF and NAg exhibited severe paralysis (Figure 3A). When administered after the onset of clinical signs, GMCSF-MBP(69–87) stopped the progression of EAE by a mechanism that was contingent upon cytokine-NAg linkage (Figure 3B). Physical linkage of GM-CSF and MOG35–55 domains was also necessary for tolerance induction in the C57BL/6 model of EAE (Figure 2). Overall, these data show that GM-CSF is an efficacious tolerogenic fusion partner that facilitates tolerance of covalently attached myelin antigens in two distinct rodent species and in qualitatively different models of EAE. The requirement for covalent linkage of cytokine and NAg domains provides evidence for “antigenic targeting” as a potentially important event in tolerance induction in both pre-treatment and treatment regimens.

The tolerogenic potency of GMCSF-NAg was paradoxical given that GM-CSF is a cytokine closely associated with the induction of EAE in mice (McQualter et al., 2001), and the NAg determinants represent the most potent and dominant encephalitogenic determinants for the respective rodent strains (Mannie et al., 2009a; Miller et al., 2009). Yet, a vaccine generated by the combination of these two pro-encephalitogenic domains comprised a potent tolerogen. Hence, tolerogenic, therapeutic vaccines are not simply a sum of their parts. Rather, synergy of two physically connected domains provides novel activities most likely reflecting unpredicted interactions between APC conditioning and antigenic targeting. GM-CSF has been shown to be critical for EAE induction, but these studies have important caveats in regard to the target tissue localization of pro-disease activity. Indeed, the ability of NAg-specific T cells to produce GM-CSF during activation appears to be a defining, central characteristic underlying T cell-mediated pathogenesis in EAE (Marusic et al., 2002; Ponomarev et al., 2007; Kroenke et al., 2008; Becher and Segal, 2011; Codarri et al., 2011; El-Behi et al., 2011). Localization of GM-CSF to the target tissue, either elaborated by infiltrating T cells or via genetic manipulation, defined an essential aspect of how GM-CSF promotes disease in EAE and other autoimmune diseases (Biondo et al., 2001; Judkowski et al., 2004).

Conversely, administration of GM-CSF inhibits autoimmune disease in mouse models of type I diabetes (Enzler et al., 2003, 2007; Gaudreau et al., 2007, 2010; Meriggioli et al., 2008; Cheatem et al., 2009), myasthenia gravis (Sheng et al., 2006, 2008; Meriggioli et al., 2008), and thyroiditis (Vasu et al., 2003; Gangi et al., 2005; Ganesh et al., 2009, 2011; Bhattacharya et al., 2011). GM-CSF appears to promote differentiation of regulatory DC subsets which in turn facilitate the activity of regulatory T cell subsets that actively inhibit autoimmune disease. Administration of GM-CSF may thereby influence the balance between immunity and tolerance based on factors such as dose, schedule, route, and bio-distribution. Overall, GM-CSF appears important for development and maintenance of regulatory DC-T cell networks. And GMCSF-NAg vaccines appear to target NAg to these networks and thereby cause tolerance rather than immunity to the myelin self-antigen domains.

IFNbeta-NAg

The potent efficacy of IFN-beta as a tolerogenic fusion partner is notable given that this cytokine is used as a first-line therapy for MS (Kieseier, 2011; Killestein and Polman, 2011; Plosker, 2011; Rudick and Goelz, 2011). The rat IFNbeta-MBP(69–87) had strong tolerogenic activity, but in contrast to what was found for GMCSF-NAg and other cytokine-NAg vaccines, an equimolar mix of IFN-beta and NAg was nearly as effective as the IFNbeta-NAg vaccine in both pre-treatment and treatment regimens (Figures 4A,B; Mannie et al., 2009b). The lack of requirement for domain linkage was apparent even when the two domains were injected in separate but adjacent sites. A murine IFNbeta-PLP(139–151) vaccine was derived to test the generality of these findings. The murine IFNbeta-PLP fusion protein also induced tolerance in a pre-treatment protocol in the SJL relapsing-remitting model of EAE (Figure 4C). Unlike rat IFNbeta-NAg however, the murine IFNbeta-NAg required covalently linked cytokine and NAg domains for tolerance induction. In the IFNbeta-PLP(139–151) pre-treatment group, 100% of mice had no or very mild EAE, whereas over 50% of mice pretreated with the combination of murine IFNbeta and PLP139–151 as separate molecules had severe paralytic EAE. Likewise, mice pretreated with PLP139–151 alone or saline also exhibited severe paralytic EAE. Hence, the rat IFNbeta-MBP(69–87) was a notable exception to the rule that these vaccines required covalently linked cytokine and NAg domains. Why these particular rat and murine IFNbeta-NAg had differential requirements for cytokine-NAg linkage is not known. One cannot conclude that these observations represent a species difference given that to date only one IFNbeta-NAg fusion protein vaccine has been tested in each rodent species.
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Figure 4. IFNbeta-NAg vaccines were effective tolerogens in the Lewis rat and SJL models of EAE. EAE was elicited in Lewis rats or SJL mice by injection of the respective NAg in CFA on day 0. Designated cytokine-NAg proteins or control proteins (x-axis) were given as pre-treatments on days-21, -14, and -7 (A,C) or alternatively were given as treatments after the onset of paralytic EAE (B). Vaccines were injected subcutaneously in saline. The data analysis for experiments shown in (A,B) was previously reported in Tables 2 and 4 (pre-treatment) and Tables 4 and 5 (treatment) in Mannie et al. (2009b). In the pre-treatment protocol (A), Lewis rats that were given the combination of IFNbeta + MBP69–88 as separate injections in adjacent subcutaneous sites had significantly less severe EAE than rats treated with MBP69–88 alone (p = 0.001) or saline (p = 0.011). In the treatment protocol (B), Lewis rats that were given the combination of IFNbeta + MBP69–88 as separate molecules had significantly less severe EAE than rats treated IFN-beta alone (p = 0.001), MBP69–88 (p < 0.001), or saline (p < 0.001). (***p ≤ 0.001; **p ≤ 0.01; *p ≤ 0.05 for comparison of the respective treatment groups to that of IFNbeta-NAg).



The lack of requirement for covalent linkage in the rat model could be potentially explained by either a direct or indirect binding interaction (perhaps via a third party molecule) by which the peptide became non-covalently associated with IFN-beta. Such an adventitious event would be considered exceptional. An alternative possibility is that the two reagents were sequestered in the same lymphatic drainage where IFN-beta and NAg may synergistically mediate tolerance by a localized or paracrine mechanism. IFN-beta is known to have pronounced anti-proliferative and anti-metabolic activity and thereby may impair clonal expansion and differentiation of NAg-specific effector T cells. Perhaps the potent cytotoxic activity of IFN-beta may inhibit or preempt NAg-specific clonal expansion and differentiation needed to stage an encephalitogenic response and may render the NAg-specific clonotypes anergic or alter their differentiation toward a regulatory phenotype.

Importantly, this study provides evidence that IFN-beta fundamentally alters how the immune system responds to antigen. As reviewed elsewhere (Mannie et al., 2009b), IFN-beta inhibits EAE when administered during the immunization or effector phases of disease. Our studies however indicated that IFN-beta (without NAg) did not exert modulatory activity in EAE when administered on days-21, -14, and -7 before encephalitogenic immunization. Most likely, this pre-treatment protocol had no effect because IFN-beta was presumably cleared from the body before encephalitogenic immunization. The simplest explanation is that IFN-beta will not shape a T cell repertoire or have lasting effects on adaptive immunity unless IFN-beta is present concurrently with an antigen that is driving an immune response. When given with NAg, particularly in the form of a fusion protein, IFN-beta showed properties of a tolerogenic adjuvant. That is, in the presence of NAg, IFN-beta modified immune responsiveness by conferring an enduring immunological tolerance to that NAg. Thus, this study reveals a novel adjuvant activity of IFN-beta that was not previously appreciated as a classical IFN-beta activity. Nonetheless, the action of IFN-beta as a tolerogenic adjuvant is consistent with the efficacy of IFN-beta as a front-line therapeutic in MS. That is, IFN-beta in MS patients may act synergistically with myelin-derived endogenous antigens to promote a lasting tolerogenic activity specific for those antigens. This scenario may provide a rationale for IFN-beta dose escalation during acute relapses of MS, not only to contain the inflammatory demyelination, but also to maximize the bioavailability of IFN-beta during a period when NAg may be released from the CNS into the periphery and would be available to act synergistically with IFN-beta to promote tolerance against those myelin-derived NAg.

NAgIL16 AND IL2-NAg VACCINES

NAgIL16 and IL2-NAg were two additional vaccines that had pronounced tolerogenic activity in the Lewis rat model of EAE. Both cytokine fusion partners were originally chosen based on their ability to regulate CD4+ T cell biology. IL-16 is a highly conserved, species-cross reactive cytokine (Keane et al., 1998) that may associate with CD4 or other cell surface receptors (Mathy et al., 2000) and has been implicated in chemotaxis of T cells, DC, and other leukocyte subsets (Cruikshank et al., 2000). However, many functions attributed to IL-16 are seen only at high concentrations, and the true biological function of IL-16 remains a mystery. IL-16 is synthesized as a large precursor protein and is cleaved by caspase-3 into a N-terminal portion that is translocated into the nucleus and a C-terminal protein that constitutes the active secreted IL-16 (Zhang et al., 1998, 2001). IL-16 therefore shares characteristics of IL-1-beta, IL-18, and IL-37 in that the cytokine is liberated in the cytoplasm by proteolytic cleavage of a large precursor and then secreted to exert biological functions in the extracellular environment (Takenouchi et al., 2009).

IL-2 was chosen as a fusion partner because IL-2 has a requisite role in the maintenance of self-tolerance based on the ability of IL-2 to promote the differentiation and expansion of regulatory T cell subsets (Malek and Bayer, 2004; Fehervari et al., 2006). For both NAgIL16 and IL2-NAg vaccines, covalent linkage of the cytokine and NAg domains was required for inhibitory efficacy in vivo in both pre-treatment and treatment regimens. For these vaccines, administration of equimolar doses of the free cytokine and NAg molecules as a mixture of separate molecules did not cause tolerance. The requirement for covalent linkage of cytokine and NAg domains provides suggestive evidence for a mechanism of “antigenic targeting.”

ANTIGEN-TARGETING ACTIVITY OF CYTOKINE-NAg VACCINES

Several cytokine-NAg vaccines had antigen-targeting activity (Tables 1 and 2; Figure 5). “Antigenic targeting” was based on the observation that rat GMCSF-NAg, IL4-NAg, and IL2-NAg vaccines were ∼1000-fold more potent when compared to NAg alone in assays measuring the MHCII-restricted presentation of NAg by DC, B cells, or blastogenic (rat) T cells, respectively (Mannie et al., 2007; Blanchfield and Mannie, 2010). The following observations provided important insight into mechanisms by which cytokine-NAg vaccines targeted the NAg to APC for enhanced antigen presentation. First, covalent linkage between the cytokine domain and the antigenic domain was needed for potentiated antigen recognition. Addition of cytokine and NAg as separate molecules did not result in enhanced T cell responses. This finding indicated that the cytokine domain did not enhance antigen presentation of NAg by a generic augmentation of antigen processing, MHCII expression, cytokine production, or some other general aspect of APC activity. Second, the antigen-targeting profile of a given cytokine-NAg vaccine was specific for particular subsets of APC. GMCSF-NAg was targeted to myeloid APC and IL4-NAg was targeted to B cells. Antigenic targeting was observed for IL2-NAg when a rat blastogenic T cell clone bearing high surface densities of MHCII and CD25 was used as APC. In these cases, IL2-NAg was ∼1000-fold more active as an antigen than the isolated NAg domain. These data are consistent with the hypothesis that antigen-targeting required a specific interaction between the cytokine domain of the vaccine and the respective cytokine receptor on the APC surface. Third, antigen-targeting was blocked by the addition of free cytokine. For example, potentiated antigenic recognition of GMCSF-NAg was blocked by GM-CSF but not by M-CSF whereas potentiated antigenic recognition of MCSF-NAg was blocked by M-CSF but not by GM-CSF (Blanchfield and Mannie, 2010). Enhanced antigenic recognition of IL4-NAg was blocked by IL-4 or an anti-IL-4 mAb. Likewise, the enhanced antigenic recognition of IL2-NAg was blocked by IL-2 (Mannie et al., 2007). These findings indicate that the high affinity docking of the cytokine domain to cytokine receptors on APC was the key event for potentiated antigen recognition. Lastly, the T cell proliferative response to the cytokine-NAg vaccine was blocked by MHCII-specific antibodies, indicating that the enhanced T cell proliferative response was due to MHCII-restricted recognition of NAg rather than an independent mitogenic activity of the cytokine domain. These data support the concept that the cytokine domain of a cytokine-NAg vaccine binds the respective receptors on select APC subsets to facilitate the uptake of the NAg domain into the MHCII-antigen processing pathway, where the NAg is liberated and loaded onto nascent MHCII glycoproteins (Figure 5). The cytokine receptor-mediated, high affinity, high-capacity uptake of these vaccines by APC is postulated to account for the enhanced presentation of NAg to NAg-specific T cells.
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Figure 5. Mechanism of antigen-targeting by cytokine-NAg vaccines. The following sequence of events is postulated to mediate the conditioning and targeting activities of cytokine-NAg vaccines. First, the cytokine domain of the vaccine binds to APC subsets that bear the respective cytokine receptor. Engagement of the cytokine receptor on the APC triggers a shift from costimulatory activity to a counter-regulatory or tolerogenic co-inhibitory activity. Engagement of the cytokine receptor also targets the covalently attached NAg domain to the APC. Ingestion of cytokine receptor/vaccine complexes into the endosomal compartment introduces the NAg domain in high concentrations to the MHCII-antigen processing pathway. Processing of the vaccine liberates the NAg domain for loading onto nascent MHCII glycoproteins. By this mechanism, APC that are conditioned by the cytokine domain in turn present high concentrations of NAg domain on MHCII glycoproteins. Tolerogenic presentation of the NAg is postulated to induce regulatory elements and blunt the encephalitogenic immune response.



Two observations revealed potential associations between antigenic targeting and tolerance induction. First and most importantly, most cytokine-NAg vaccines required covalently linked cytokine-NAg domains for tolerance induction (Table 2). GMCSF-NAg (both rat and mouse versions), mouse IFNbeta-NAg, MCSF-NAg, NAgIL16, and IL2-NAg required covalently linked cytokine-NAg domains for tolerance induction, although rat IFNbeta-NAg did not, and as discussed above, the reason for this exception is currently unknown. Second, most vaccines showed some degree of antigenic potentiation compared to NAg alone in assays measuring MHCII-restricted stimulation of NAg-specific T cell clones. However, the quantitative magnitude of antigenic targeting varied substantially among different cytokine-NAg vaccines. Rat GMCSF-NAg and IL4-NAg exhibited profound antigenic targeting in the presence of irradiated splenic APC, but rat GMCSF-NAg was a potent tolerogen whereas IL4-NAg lacked tolerogenic efficacy. Given that GMCSF-NAg targeted NAg to myeloid APC whereas IL4-NAg targeted NAg to B cell APC, the implication is that the APC subset targeted by the vaccine may be a critical variable in the efficiency of tolerance induction. These issues however may be complicated and are currently unresolved. For example, the ability of IL-4 to confer an immunogenic phenotype to DC and target NAg to those DC may counteract any tolerogenic effects associated with the interaction of IL4-NAg with B cells.

The antigenic potentiation associated with mouse GMCSF-NAg, rat NAgIL16, and IFNbeta-NAg (either mouse or rat) was 10-fold or less in the presence of irradiated splenic APC, but these fusion proteins were effective tolerogens. Thus, antigenic targeting may be an important component of the tolerogenic mechanism, at least for certain vaccines, but cannot be considered a sole factor determining the extent of tolerance induction. Thus, the cytokine domain, in addition to facilitating antigenic targeting to certain APC subsets, may also condition the APC to favor tolerogenic presentation. Overall, the following inter-related concepts may important for understanding the tolerogenic activity of cytokine-NAg fusion proteins; (a) the quantitative degree of antigenic targeting, (b) the APC subset targeted by a given vaccine, and (c) cytokine-mediated conditioning of that APC subset. Combinations of these qualities, and perhaps others not yet realized, may be central to understanding the mode of action. Given that GM-CSF, IFN-beta, IL-16, and IL-2 have unique and highly diverse activities, one cannot assume a common tolerogenic mechanism for these diverse vaccine products.

ATTRIBUTES OF NAg-SPECIFIC CYTOKINE-NAg VACCINES

THE CYTOKINE DOMAIN AS AN AMPLIFIER OF A TOLEROGENIC ANTIGEN DOMAIN

All tested cytokine-NAg vaccines had some degree of inhibitory activity in vivo. Notably, none of the cytokine-NAg fusion proteins augmented EAE (Mannie and Abbott, 2007; Mannie et al., 2007, 2009b; Blanchfield and Mannie, 2010; Abbott et al., 2011). In studies by other groups, many of the same cytokine domains, particularly GM-CSF, were coupled to foreign proteins and were found to augment immunity to those foreign proteins (Wortham et al., 1998; Rodriguez et al., 1999; Tso et al., 2001; Wang et al., 2009; Zhai et al., 2009; van Montfort et al., 2011). At the outset of this project, the anticipation was that the cytokine domain would be more important than the antigenic domain for determining the balance of tolerance versus immunity. However, the opposite possibility should be considered. The cytokine domain, in part, may be an amplifier of the intrinsic immunogenic or tolerogenic activity of the covalently coupled antigenic domain. This may be why GM-CSF has been used as a fusion partner to augment immunity or tolerance depending on the foreign or “self” origins of the antigenic domain. The possibility is that cytokines target the antigenic domain to selected APC subsets for enhanced presentation, and the relative balance of conventional and regulatory T cells that recognize those epitopes determines the outcomes of immunity or tolerance. Foreign and self-antigen domains would be preferentially recognized by conventional and regulatory subsets respectively, and these initial interactions may dictate the type and scope of the ensuing immune response. The cytokine domain may also affect the balance of immunity and tolerance through mechanisms of APC conditioning, and these APC conditioning events may be reinforced by the relative balance of T cell subsets that initiate and subsequently dominate the response. In turn, early T cell biasing events may polarize additional APC and by such a feed-forward mechanism determine the immunogenic or regulatory activities of the overall immune response. Thus, vaccine activity cannot be predicted simply based on the isolated activity of the cytokine domain. Rather, the activities of the cytokine, the antigenic domain, and their interaction, particularly in regard to mechanisms of APC conditioning, antigenic targeting, and early biasing of T cell subsets may be the key considerations of antigen-specific tolerogenic efficacy.

Because a substantial percentage of all cytokine-NAg vaccines tested in the rat model had significant tolerogenic efficacy, the extrapolation is that many other highly efficacious cytokine fusion partners may exist in addition to the ones tested so far in EAE. Overall, the field of cytokine-NAg vaccines may have substantial promise for a diversity of chronic inflammatory conditions based on drug discovery of an expanded set of suitable cytokine fusion partners. The concept is that many other cytokines may be useful as fusion partners for the induction of tolerance and that the findings to date simply represent the tip of the iceberg in broaching the use of cytokine-antigen fusion proteins for the induction of tolerance.

THE CYTOKINE DOMAIN

The following characteristics of the cytokine domain may favor induction of tolerance. The cytokine domain should mediate efficient antigen-targeting to an APC subset associated with the induction of tolerance. The caveat is that no APC subset is solely dedicated to tolerance but some may facilitate tolerance more efficiently than others. The cytokine domain should be compatible with the induction and maintenance of MHCII expression. Conversely, cytokines that down-regulate MHCII glycoproteins may be suppressive but not tolerogenic and may not represent desirable fusion partners. Cytokines that are highly stable and soluble will facilitate expression, purity, and yield of the protein. The cytokine fusion partner should have a C-terminus or N-terminus apart from the active site so that extension of one terminus with an antigenic peptide will not impair cytokine activity. For example, an IL16-NAg fusion protein (NAg at the C-terminus) was less effective as a NAg than an alternative version (NAgIL16) that placed the NAg domain at the N-terminus.

THE NAg DOMAIN

The following characteristics of the NAg domain may favor tolerance. The NAg domain should be a dominant encephalitogenic epitope of myelin, or more broadly, a major autoimmune epitope. The concept of antigen-specific tolerance in autoimmune disease is contingent upon “hitting the nail on the head.” One would surmise that targeting minor epitopes would have little effect on the autoimmune disease unless such determinants subsequently became important in perpetuating chronic disease. An inter-related consideration is that the NAg should be “self” to facilitate recognition by regulatory T cells which favor self-recognition. The NAg domain should be soluble to minimize protein aggregation and facilitate expression, purification, and yield of the recombinant protein. This requirement of solubility for this vaccine approach may preclude use of peptide epitopes buried in transmembrane or hydrophobic domains.

LINKAGE OF THE CYTOKINE-NAg DOMAINS

Most cytokine-NAg vaccines did not require linkers between the cytokine and NAg domains (Table 1). GMCSF-NAg, MCSF-NAg, NAgIL16, IL2-NAg, or IL4-NAg did not require an intervening linker for antigen-targeting activity in vitro or for tolerance induction in vivo. The notable exception was IFNbeta-NAg in which the enterokinase (EK) linker was needed to preserve full IFN-beta activity (Mannie et al., 2009b). Direct linkage of IFN-beta to the MBP69–87 peptide or conversely, placement of the MBP peptide at the N-terminus resulted in a vaccine characterized by substantial losses of IFN-beta potency. Two considerations should guide research on optimal linker usage in future cytokine-NAg vaccines. First, one would want to avoid extraneous foreign linker sequences, unless necessary for full cytokine domain activity, because such linkers may be immunogenic and elicit neutralizing antibody against the vaccine. Second, the use of linkers with protease-recognition sites may facilitate cleavage and release of the NAg domain in the MHCII-antigen processing pathway and thereby facilitate antigen-targeting and tolerogenic activity of these vaccines.

ROUTE OF ADMINISTRATION

Administration of antigen in the absence of adjuvants or co-stimulation has long been associated with the induction of tolerance in many experimental systems including EAE. Myelin-derived peptides and proteins have been administered by nasal, oral, or other mucosal routes, and these routes of NAg administration often result in myelin-specific tolerance capable of blocking EAE (Shi et al., 1998; Miyamoto et al., 2005; Song et al., 2006; Weiner et al., 2011). Other tolerance induction strategies appear contingent upon intravenous delivery of antigen. For example, antigen-coupled leukocytes were highly tolerogenic when delivered intravenously but were immunogenic and promoted EAE when injected by a subcutaneous route (Getts et al., 2011). Other routes of administration also favor tolerance induction. For example, application of myelin antigen on epicutaneous patches elicited active regulatory mechanisms that inhibited EAE (Bynoe et al., 2003). Intrathymic injection of myelin antigen augmented induction of tolerance and inhibited EAE (Khoury et al., 1993; Goss et al., 1994). These data indicate that soluble protein/peptide antigens may induce tolerance by mechanisms contingent on route and may lack effectiveness or tolerogenic potency when delivered via a subcutaneous route.

Subcutaneous administration can have important advantages. Avoidance of the intravenous route should minimize the prospect of adverse anaphylactic reactivity. Administration via a subcutaneous route, as opposed to mucosal or cutaneous application, should aid accuracy in dosing. Because cytokine-NAg vaccines are intended to be given as a limited number of applications, the ease-of-use benefits of mucosal application are minimal. Administration in saline without adjuvants should minimize unintended immunogenic responses that favor the induction of autoimmune disease. To date, subcutaneous injection of cytokine-NAg vaccines has not elicited any sign of local reactivity at the injection site. The finding that cytokine-NAg vaccines can induce tolerance by a limited number of low-dose injections precludes the need for chronic administration and therefore minimizes the likelihood of eliciting neutralizing antibodies against the vaccine. Thus, a primary advantage is that these vaccines were effective tolerogens when given in saline as a limited number of administrations by the subcutaneous route.

THE ISSUE OF NEUTRALIZING ANTI-VACCINE ANTIBODIES

The issue of neutralizing anti-vaccine antibodies was explored for GMCSF-NAg, because the generation of anti-GM-CSF antibodies, unlike anti-IFN-beta antibodies, might inhibit EAE, and confound data interpretation. Several considerations inherent in the experimental approach minimized the possible production of anti-vaccine antibodies, including use of syngeneic “self” cytokine domains, lack of adjuvant, low-dose administration, and a limited number of “boosts.” Nonetheless, rat GMCSF-NAg was expressed from baculovirus-infected insect cultures, whereas the mouse GMCSF-NAg and all IFNbeta-NAg preparations derived from mammalian cell culture (human embryonic kidney cells). Possibly, insect specific-glycosylation of rat GMCSF-NAg may be sufficiently foreign to evoke antibody against this recombinant protein, and possibly, by epitope spread, may give rise to antibodies that could neutralize endogenous GM-CSF to inhibit EAE. However, this was not the case. Pre-treatment with GMCSF-NAg did not result in detectable antibody against either the GM-CSF or NAg domain or any aspect of the vaccine protein (including the histidine-tag). Indeed, subcutaneous treatment of GMCSF-NAg in an alum adjuvant or in combination with either pertussis toxin or TNF-alpha did not elicit detectable antibody against the vaccine protein. Intravenous administration of GMCSF-NAg also did not elicit anti-vaccine antibody. Even high doses (five injections of 8.0 nmol GMCSF-NAg) did not elicit detectable antibody. Immunization of rats with NAg/CFA elicited antibody against the NAg peptide that cross-reacted against the NAg domain of GMCSF-NAg, but this antibody did not interfere with the therapeutic activity of GMCSF-NAg in EAE. The lack of anti-GM-CSF antibody production was not surprising, because GM-CSF was a self protein, and the GMCSF domain lacked the necessary adjuvant activity for immunogenic responses or EAE induction. Thus, our data to this point indicated that anti-GMCSF antibody played no substantial role in the inhibitory activity of GMCSF-NAg.

VACCINE-MEDIATED INHIBITORY ACTIVITY IN PRO-INFLAMMATORY ENVIRONMENTS

GMCSF-NAg was shown to inhibit the effector phase of EAE (Figure 2B). In this experiment, treatment was initiated when the first mice began to show initial signs of EAE. At this point though, a majority of mice remained clinically normal but disease onset was imminent because, in the next 2 days, seven of eight mice developed EAE in the saline-treated group. Treatment with GMCSF-MOG halted progression of EAE in all mice including those showing early signs of EAE. This experiment did not however address whether GMCSF-MOG, delivered subcutaneously in the flank, could down-regulate effector cells already entrenched within the CNS to inhibit established EAE. The experiment shown in Figure 6A was designed to address this question. Treatment with GMCSF-MOG was initiated in a group of mice showing 100% disease incidence and an average severity score of greater than 2. Here again, treatment with GMCSF-MOG reversed the course of EAE and blocked disease progression over the next 3 weeks, even after cessation of treatment. This observation provided evidence that GMCSF-MOG has lasting inhibitory activity despite ongoing inflammation in the CNS.
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Figure 6. GMCSF-MOG was an effective therapeutic in pro-inflammatory environments. (A) Mice were immunized on day 0 with 200 μg MOG35–55 in CFA and were also given Pertussis toxin (200 ng i.p.) on days 0 and 2. When the majority of mice began showing paralytic EAE, mice were matched for clinical signs of EAE and were injected with the synthetic peptide MOG35–55, GMCSF-MOG (2 nmol subcutaneously in saline), or saline on days 12, 14, 16, and 18 (red arrows). Mean maximal disease scores of mice treated with GMCSF-MOG significantly differed from those treated with saline (p = 0.015; non-parametric ANOVA based on ranked scores). (B) On day 0, mice were given an injection of MOG35–55 in CFA to elicit EAE along with an adjacent injection (∼1 mm apart) of 2 nmol GMCSF-PLP, GMCSF-MOG (in saline), or saline. A separate group of mice were injected with a saline/CFA emulsion and an adjacent injection of 2 nmol GMCSF-MOG. All four groups also received Pertussis toxin (200 ng i.p.) on days 0 and 2. Maximal EAE scores of mice given adjacent injections of “MOG35–55/CFA and GMCSF-MOG (second column)” or “saline/CFA and GMCSF-MOG (fourth column)” differed from those for mice injected with MOG35–55/CFA and either GMCSF-PLP (first column) or saline (third column; p ≤ 0.001).



A common assumption is that quiescent, non-inflammatory environments enable tolerogenic responses whereas pro-inflammatory environments foster immunogenic responses. Based on this assumption, a cytokine-NAg vaccine should exert tolerogenic activity in a quiescent, non-inflamed site but would exhibit immunogenic activity in an inflamed locale. The credence of this assumption however may be lacking, given that appreciable frequencies of potentially pathogenic, self-reactive T cells circulate in most individuals (Elong Ngono et al., 2012), and pro-inflammatory environments are common in most individuals due to infectious disease, injury, or vaccination. Yet prevalence of autoimmune disease is relatively low.

Thus, an important question is whether cytokine-NAg vaccines require non-inflammatory environments for induction of tolerance. For example, if GMCSF-MOG was given to a truly inflamed tissue, would GMCSF-MOG potentiate EAE rather than tolerance? One possible explanation for the ability of GMCSF-MOG to inhibit the effector phase of EAE is that peripheral injection of GMCSF-MOG positions the vaccine within sterile non-inflammatory environments of isolated peripheral lymphoid tissues, separate from the lymphatic drainage associated of the encephalitogenic CFA emulsion and apart from the inflamed CNS. To more directly address this question, GMSCF-MOG (in saline) was given as a single injection immediately adjacent to an active immunization with MOG35–55 in CFA. These mice were also injected with Pertussis toxin to elicit EAE. The adjacent injection of GMCSF-MOG, but not GMCSF-PLP or saline, inhibited the MOG35–55/CFA sensitization as shown by a lack of EAE in five of six mice (second column, Figure 6B). The MOG domain of the GMCSF-MOG vaccine was critical for inhibition, because GMCSF-PLP had no effect on MOG35–55/CFA sensitization (first column). Thus, the inhibitory mechanism was MOG-dependent and antigen-specific. The GMCSF-MOG vaccine was inhibitory within a lymphatic drainage conditioned by CFA and in the midst of CFA-conditioned inflammatory responses. These data indicate that GMCSF-MOG retained regulatory activity within the staging sites of an encephalitogenic response. Overall, these data do not readily fit the concept that a generic pro/anti-inflammatory balance determines the outcome of a tolerogenic vaccination.

A related question was whether GMCSF-MOG had pro-encephalitogenic activity when given in combination with a saline/CFA emulsion when no antigen was actually incorporated into the CFA emulsion (fourth column, Figure 6B). In this case, the saline/CFA emulsion and the GMCSF-MOG would reach the same draining lymphatics. One possibility is that the pro-inflammatory influence of the CFA emulsion would impose a pro-inflammatory outcome on T cells that recognized the MOG35–55 peptide derived from the GMCSF-MOG vaccine, given that the CFA antigens and GMCSF-MOG would likely be processed by many of the same DC. If the CFA emulsion and the GMCSF-MOG vaccine affect the same subset of DC, then one might predict that GMCSF-MOG would cause EAE in this experiment. However, EAE was not detected in this group. Overall, arguments based on a generic pro/anti-inflammatory balance are not sufficient to account for activity of these vaccines. Rather, GMCSF-MOG has strong inhibitory activity that can directly inhibit encephalitogenic responses, even in the midst of a pro-inflammatory environment.

In contrast to GMCSF-MOG, it is notable that GMCSF-PLP did not affect EAE (compare first and second columns, Figure 6B) when given as side-by-side injections with MOG35–55/CFA. The observation underscores the antigen specificity of cytokine-NAg vaccines. Importantly, the GM-CSF domain did not augment EAE when given in the same peripheral drainage site as the MOG35–55/CFA emulsion. The same result was revealed by experiments comparing GMCSF-NAg to GM-CSF (Figures 2A and 3B). Peripheral administration of low-dose GM-CSF did not augment an encephalitogenic response. According to these experiments, administration of GM-CSF in limited doses at peripheral sites in wildtype mice does not augment EAE. These findings show that peripheral administration of GM-CSF does not feed the pro-encephalitogenic CNS actions of GM-CSF. Indeed, peripheral administration of exogenous GM-CSF inhibits autoimmune disease by facilitating differentiation of homeostatic DC-Treg networks (Enzler et al., 2003, 2007; Vasu et al., 2003; Gangi et al., 2005; Sheng et al., 2006, 2008; Gaudreau et al., 2007, 2010; Meriggioli et al., 2008; Cheatem et al., 2009; Ganesh et al., 2009, 2011; Bhattacharya et al., 2011).

These observations underlie a paradox. The GM-CSF domain of GMCSF-MOG is an optimal fusion partner for inhibition of EAE whereas GM-CSF, produced by re-activated CNS-infiltrating T cells, is needed for effector responses of EAE in the CNS (Marusic et al., 2002; Ponomarev et al., 2007; Kroenke et al., 2008; Becher and Segal, 2011; Codarri et al., 2011; El-Behi et al., 2011). One possible explanation for this paradox is that the GMCSF-MOG vaccine acts in peripheral lymphoid tissues to inhibit the generation of MOG-specific T cells needed for induction of EAE, thereby accounting the pre-treatment efficacy of the vaccine. GMCSF-MOG may also impair generation of MOG-specific T cells needed for the maintenance or replenishment of CNS-resident T cells during chronic EAE, thereby explaining the treatment efficacy of the vaccine. In both cases, GMCSF-MOG may be acting peripherally to mitigate disease of the CNS. Conversely, the elaboration of the GM-CSF cytokine in the CNS target tissue may be needed for phagocytic destruction of myelin during the effector phase of EAE. Inhibitory and encephalitogenic activities of GM-CSF are not contradictory, but rather may merely reflect different aspects of GM-CSF in different places at different phases of the immune response. That is, GM-CSF in peripheral sites including secondary lymphoid organs may be homeostatic whereas GM-CSF acting centrally in the CNS may be pathogenic.

ROLE OF MYELOID APC AND DC IN ANTIGEN-SPECIFIC TOLERANCE

The use of antigen to induce antigen-specific immunological tolerance has been extensively studied over many decades and represents the basis for development of directed therapies for autoimmune disease and other allergic or inflammatory disorders. For autoimmune disease, the simplest reductionist approach is to use a cocktail of peptides representing the major autoantigens that are suspected of driving the autoimmune process (Wraith, 2009). Many variations on this theme exist, including incorporation of DNA sequences encoding major autoantigens into DNA based vaccines (Steinman, 2010). Autoantigen peptides have been coupled to leukocyte cell surfaces, and leukocyte-antigen preparations have been shown to exert tolerogenic activity that prevents autoimmunity and hypersensitivity in rodent models of disease (Turley and Miller, 2010). For peptide and DNA vaccines, DC or related myeloid-derived APC appear to be pivotal APC for induction of tolerance. For cell-based vaccines, myelin peptides are coupled to leukocytes by means of a fixative which causes apoptosis, and tolerance appears dependent upon uptake of apoptotic donor APC by recipient myeloid-derived APC followed by reprocessing and presentation of the myelin antigens by splenic macrophages. These antigen-based approaches have now progressed into clinical trials to assess safety and efficacy.

Our experiments consistently show that cytokine-NAg vaccines are qualitatively superior to the free antigenic peptide for induction of tolerance and inhibition of autoimmunity (Figures 2–4 and 6A). Free antigenic peptides in some cases had some inhibitory activity, but based on the delivery regimens used in our studies, auto-antigenic peptides were useful primarily as “negative” controls. Likewise, comparison of a multivalent concatemer comprising of a linear array of MS-relevant epitopes was substantially more tolerogenic than the individual peptides (Kaushansky et al., 2011). The enhanced efficacy of the multi-epitope protein most likely reflected, in part, protection from proteolysis, enhanced uptake, and perhaps altered processing by APC. These factors likely facilitated a greater exposure of the vaccine to the immune system and thereby promoted more efficient homeostatic regulation of the relevant autoreactive T cell clones.

Several approaches have been devised to develop tolerogenic fusion proteins that incorporate autoantigen into larger carrier proteins. These fusion proteins are designed to target autoantigen into the antigen processing pathways of specialized APC to enhance MHCII-restricted antigen presentation to thereby optimize tolerogenic potency and efficacy. For example, myelin peptides have been incorporated as the CDR3 region of the immunoglobulin heavy chain (Legge et al., 2001; Divekar et al., 2011). These Ig-antigen fusion proteins, when appropriately aggregated and multimerized, interact with low affinity, counter-regulatory Fc-gamma receptors (i.e., CD32) to target antigen for enhanced presentation by a mechanism that results in tolerance to those myelin antigens. Likewise, B lymphocytes were engineered to express immunoglobulin-autoantigen fusion proteins. When introduced into mice, these engineered B cells were able to suppress a number of autoimmune diseases including EAE by an antigen-specific mechanism associated with the presentation of endogenously processed peptides on MHCII glycoproteins in the context of B7.2-mediated co-stimulation (Melo et al., 2002; Xu and Scott, 2004; Zhang et al., 2010). The role of B cells as potentially tolerogenic APC was supported by the observation that specific targeting of encephalitogenic myelin peptide to B cells in vivo inhibited the subsequent induction of EAE (Day et al., 1992; Saoudi et al., 1995). In these studies, an encephalitogenic MBP peptide was covalently coupled to anti-IgD antibodies or F(ab’)2 anti-IgD. These antigen-anti-IgD proteins were therefore designed to bind to most B cells without interference from secreted antibody and without diversion to Fc receptors. These proteins were used to show a relationship between B cell-targeted antigen presentation and tolerance induction. Overall, these experimental systems reinforce the concept that myelin-derived “self” antigens can be targeted to specialized APC subsets to efficiently introduce those antigens into the MHCII-antigen processing pathway to reinforce self-tolerance and blunt autoimmunity.

In addition to B cells, myelin antigens targeted to DC also suppress EAE. Myelin peptide antigens have been incorporated into the C-terminus of immunoglobulin molecules specific for cell surface molecules on DC such as DEC-205 (Hawiger et al., 2004; Stern et al., 2010). The incorporation of either MOG35–55 or the PLP139–151 peptide at the C-terminus of an anti-DEC-205 antibody resulted in the targeted presentation of those myelin peptides by DC and induction of tolerance and prevention of EAE. Pre-treatment of C57BL/6 mice with the anti-DEC-205-MOG fusion protein prevented the subsequent induction of EAE and induced unresponsiveness in MOG-specific T cells by a mechanism associated with enhanced expression of CD5 on anergic T cells. Pre-treatment with the anti-DEC-205-PLP fusion protein attenuated the subsequent course of EAE in association with anergy of PLP effector cells and emergence of regulatory CD4 + T cells. Together with our studies of GMCSF-NAg in rat and mouse models of EAE, these data provide suggestive evidence that targeting “self” myelin peptides to DC in vivo results in antigen-specific tolerance coupled with inhibition of EAE. GMCSF-NAg is of interest because the vaccine is relatively small in size and has robust activity when administered after disease onset. The small size facilitates protein expression and may be advantageous in terms of tissue penetrance and bioavailability.

It is interesting to note that myelin antigens targeted to major APC subsets such as B cells and DC resulted in tolerance able to suppress EAE in various models. Nonetheless, B cells and DC are critical APC cell types that underlie immunogenic responses against infectious agents. The major APC subsets of the immune system therefore do not appear dedicated to either tolerogenic or immunogenic outcomes. Rather, the functional outcome is a complex interplay among many poorly understood factors including the nature of the antigen (self versus non-self) and the carrier and their interaction with the local and systemic environment. Despite this complexity, it is becoming evident that new classes of experimental vaccines can be designed to target major APC subsets to efficiently induce antigen-specific tolerance and thereby control autoimmune and other inflammatory diseases.

CONCLUSION

Cytokine-NAg vaccines represent a novel approach for the induction of antigen-specific tolerance and may be useful as a therapeutic approach for MS. This approach has numerous advantages as reviewed in Table 3. This vaccine approach may also be applied to develop therapeutics for other autoimmune diseases. This approach to date has only been superficially explored and requires future research to understand the underlying tolerogenic mechanisms, to test an expanded number of tolerogenic cytokine fusion partners and myelin epitopes, and translate the concept to the derivation of optimal human cytokine-NAg vaccines for treatment of MS.

Table 3. Summary of cytokine-NAg vaccines.
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The immunosuppressive regimens currently used in transplantation to prevent allograft destruction by the host’s immune system have deleterious side effects and fail to control chronic rejection processes. Induction of donor-specific non-responsiveness (i.e., immunological tolerance) to transplants would solve these problems and would substantially ameliorate patients’ quality of life. It has been proposed that bone marrow or hematopoietic stem-cell transplantation, and resulting (mixed) hematopoietic chimerism, lead to immunological tolerance to organs of the same donor. However, a careful analysis of the literature, performed here, clearly establishes that whereas hematopoietic chimerism substantially prolongs allograft survival, it does not systematically prevent chronic rejection. Moreover, the cytotoxic conditioning regimens used to achieve long-term persistence of chimerism are associated with severe side effects that appear incompatible with a routine use in the clinic. Several laboratories recently embarked on different studies to develop alternative strategies to overcome these issues. We discuss here recent advances obtained by combining regulatory T cell infusion with bone-marrow transplantation. In experimental settings, this attractive approach allows development of genuine immunological tolerance to donor tissues using clinically relevant conditioning regimens.
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INTRODUCTION

The immunosuppressive regimens developed since the discovery of cyclosporine A showed ever increasing efficiency in reducing the severity and occurrence of acute rejection episodes. Recently, a systematic analysis of the literature firmly identified acute rejection events as a bad prognosis factor for long-term graft survival (Wu et al., 2009). Since immunosuppressive drugs efficiently control acute rejection, this explains how they significantly improved allograft survival over the past 40 years despite failing to have a direct impact on chronic rejection. The failure of current treatments to control chronic rejection processes combined with their deleterious side-effects urgently call for development of novel therapies against allograft rejection (Kahan, 2003; Meier-Kriesche and Kaplan, 2011).

During lymphocyte development in primary lymphoid organs, and due to the random rearrangement of genes encoding the antigen receptor, many autospecific T and B cell precursors arise. Since such cells would cause devastating autoimmune pathology, the natural mechanisms involved in the induction of self-tolerance play a crucial role in the survival of the species (Waldmann, 2010). Self-tolerance is defined as a state in which autoimmune attack is either prevented or deviated to non-detrimental responses (Walker and Abbas, 2002; Hogquist et al., 2005). It allows development of protective immunity and is therefore very specific. It appears very attractive to manipulate the mechanisms involved in self-tolerance in order to make them prevent allograft rejection. If successful, this would allow for indefinite survival of grafts.

TOLERANCE-INDUCTION BY CELLS OF HEMATOPOIETIC ORIGIN: PROOF OF PRINCIPLE

Several layers of complementary mechanisms ensure tolerance to self-antigens. Interestingly, considerable insight into these mechanisms was obtained through transplantation models and by manipulating the development of the immune system early in life, during embryogenesis or in neonates. Owen (1945) first observed that dizygotic twin cattle, that almost invariably develop placental anastomosis, “have identical blood types” as adults and he concluded “the critical interchange is of embryonal cells ancestral to the erythrocytes”. Later, Billingham, Medawar, and colleagues showed that these chimeric twins “accepted” each other’s skins when grafted later in life (Billingham et al., 1952). In a 1953 landmark paper, the same group showed that skin allograft survival could be substantially prolonged by injecting a single-cell suspension of donor tissues in utero or into neonates (Billingham et al., 1953). Such treatment led to varying levels of hematopoietic chimerism, which was later shown to be critically involved in allograft survival (Lubaroff and Silvers, 1973; Wood and Streilein, 1982; Wren et al., 1993; Alard et al., 1995).

In the two systems described above, lymphocytes developed in the presence of (and thus learned to be tolerant to) donor antigens. However, in adults the situation is more complicated as, in addition to developing lymphocytes, preexisting donor-specific mature cells would also need to be rendered tolerant. To bypass this concern, several laboratories decided to deplete the pool of mature T cells (Main and Prehn, 1955; Trentin, 1956; Brocades Zaalberg et al., 1957). These groups first experimented this approach through the elimination of all hematopoietic cells. Recipient mice were lethally irradiated or treated with cytotoxic drugs, reconstituted with donor bone marrow, and grafted with skin. These strategies invariably led to substantially increased survival of homo- and xenografts. More recently, Ildstad and Sachs (1984) definitely validated these observations by inducing long-term survival of allogenic and xenogenic skin grafts using a comparable approach. Similar results were obtained in the rat for heart and skin grafts (Colson et al., 1995b; Orloff et al., 1995). Combined, these observations clearly demonstrated that hematopoietic chimerism leads to prolonged survival of allografts.

CELLS OF HEMATOPOIETIC ORIGIN INDUCE T CELL TOLERANCE BY INDUCTION OF APOPTOSIS AND ANERGY

To address the question of how cells of hematopoietic origin induce tolerance, researchers needed a means to identify T cell precursors specific for a given antigen. Kappler et al. (1987b) showed that practically all T cells expressing the variable TCR segment Vβ17a, representing up to 15% of the T cell repertoire in certain mouse-strains, recognized the MHC class II molecule I-E. Given that they had developed an antibody against this Vβ domain, the mechanisms involved in T cell tolerance to I-E could now be analyzed. It was shown in I-E expressing mice that Vβ17a+ T cell precursors were eliminated at an immature stage during thymic development (Kappler et al., 1987a). The following year, the same authors further characterized this mechanism and showed that clonal deletion requires the expression of the negatively selecting ligand by thymic cells of hematopoietic origin (Kappler et al., 1988). Many other illustrations of clonal deletion of T cells expressing given TCR Vβ segments by endogenous or exogenous superantigens have since been published (MacDonald et al., 1988b; Luther and Acha-Orbea, 1997).

Could thymic elimination of reactive clones also be involved in the neonatal induction of tolerance to alloantigens? This question was addressed by MacDonald et al. (1988a) who showed that the transfer of superantigen-expressing spleen cells into neonates lead to the intrathymic deletion of superantigen-reactive T cells. Similar conclusions were rapidly drawn by others (Streilein, 1991). Later, intrathymic deletion of donor-specific precursors was also reported in adult mixed hematopoietic chimeras using TCR transgenic cells as a tracer population (Manilay et al., 1998).

Thus, thymic cells of hematopoietic origin are involved in deletion of autospecific T cell-precursors and mixed hematopoietic chimerism leads to deletion of alloreactive cells. Using thymic organ cultures to analyze the involvement of different stromal cells, it was shown that dendritic cells (DC) are critically involved in this process (Matzinger and Guerder, 1989; Jenkinson et al., 1992; Anderson et al., 1998). This was further confirmed using a transgenic mouse model in which TCR ligand-expression was essentially restricted to DC using the CD11c promoter (Brocker et al., 1997). Among the thymic DC subtypes, both Sirpα+ and Sirpα − conventional DC have been implicated in central tolerance-induction by deletion (Wu and Shortman, 2005; Baba et al., 2009). However, other populations of hematopoietic cells may also play a role in this process, including CD4+CD8+ thymocytes, thymic macrophages and B cells (Pircher et al., 1992, 1993; Kleindienst et al., 2000), and circulating peripheral DC (Bonasio et al., 2006).

Combined, the data discussed thus far showed that DC, and potentially other cells of hematopoietic origin, contribute to tolerance induction by elimination of developing thymocytes. Using conditioning regimens that totally deplete host T cells before bone-marrow transplantation, it was proposed that this mechanism was necessary and sufficient for maintenance of tolerance and that peripheral mechanisms do not contribute to this process (Khan et al., 1996). However, other mechanisms could be involved when less aggressive regimens are used. In normal mice, it has been proposed that deletion of autospecific T cells that escaped thymic selection could also occur in peripheral lymphoid organs and could be involved in the maintenance of self-tolerance (Russell, 1995). To test if similar mechanisms were involved in induction of tolerance to alloantigens following bone-marrow transplantation, Wekerle et al. (1998) tracked T cells specific for a given superantigen in thymectomized mice transplanted with allogeneic bone-marrow under cover of CTLA4-Ig and antibody to CD154 (“co-stimulatory blockade”). They observed a rapid deletion of donor-specific host T cells from the peripheral CD4+ compartment. This observation was later confirmed using a TCR transgenic mouse model (Kurtz et al., 2004) and it was further shown that peripheral deletion relies essentially on two types of mechanisms: activation-induced cell death, a Fas-dependent process that can be promoted by IL-2 and that leads to apoptosis of activated T cells when restimulated with high doses of antigen (Lenardo, 1991; Ju et al., 1995; Russell, 1995); and passive cell death or death “by neglect,” a Fas-independent process that can be prevented by overexpression of Bcl-2 or Bcl-xL and that leads to T cell apoptosis when stimulated with low dose of antigen and/or in the absence of co-stimulatory signals (Boise et al., 1995; Van Parijs et al., 1996; Wekerle et al., 2001). It was also shown that in addition to DC, other populations of hematopoietic cells such as B cells have the capacity to delete allospecific precursors from the peripheral T cell compartment (Fehr et al., 2008a,b). Finally, hematopoietic cells can also cause T cell tolerance by inducing a non-responsive state called clonal anergy (Rammensee et al., 1989; Tomita et al., 1994; Hawiger et al., 2001). Combined, the cited reports clearly show that cells of hematopoietic origin can induce “passive” tolerance (i.e., apoptosis and anergy).

CAN HEMATOPOIETIC CELLS INDUCE ACTIVE REGULATORY MECHANISMS?

T lymphocytes from chimeric mice in which radioresistant cells express MHC molecules but hematopoietic cells do not, vigorously react to self-antigens in vitro (van Meerwijk and MacDonald, 1999) and in some well-defined experimental conditions in vivo (Hudrisier et al., 2003). Combined with the observations listed above, this shows that hematopoietic cells play a central role in the deletion and/or functional inactivation of self-reactive precursors. However, passive mechanisms are not sufficient to fully control self-reactivity. Individuals carrying a mutated FOXP3 gene develop the rapidly lethal autoimmune syndrome immuno dysfunction, polyendocrinopathy, enteropathy, X-linked (IPEX). This is explained by the fact that Foxp3 is required for the programming of a population of regulatory CD4+ T lymphocytes (Treg) that inhibit and/or divert innate and adaptive immune responses, mainly those directed against self-antigens. Genuine tolerance to self, and consequently probably to non-self-antigens, therefore requires Treg (Fontenot and Rudensky, 2005; Sakaguchi et al., 2006; Shevach et al., 2006).

Given their central (though not exclusive) role in the control of autoimmune responses, it was probably not a very surprising finding that the Treg repertoire is strongly enriched in autospecific cells (Romagnoli et al., 2002; Hsieh et al., 2004). Development of self-antigen-specific Treg in the thymus depends on interaction of developing precursors with MHC/self-peptide ligands expressed by thymic epithelial cells (Bensinger et al., 2001; Romagnoli et al., 2005; Ribot et al., 2006, 2007; Aschenbrenner et al., 2007). Moreover, the transplantation of allogeneic thymic anlagen (i.e., the initial cluster of pluripotent embryonic cells from which the thymus will develop) into mice induces Treg-mediated tolerance to subsequent skin grafts of the same donor, again showing that thymic epithelial cells can select antigen-specific Treg (Le Douarin et al., 1996). However, the capacity to trigger Treg differentiation in the thymus is not a property restricted to epithelial cells as it has been reported that thymic DC are also involved in this process (Watanabe et al., 2005; Proietto et al., 2008; Wirnsberger et al., 2009). Moreover, induction of Treg differentiation by DC has also been reported in peripheral lymphoid organs under certain carefully controlled experimental conditions (reviewed by Romagnoli et al., 2008). It may therefore be hypothesized that hematopoietic chimerism can lead to differentiation and/or expansion of Treg specific for donor antigens and thus to the development of dominant tolerance. However, in experimental systems where the conditioning regimen used to induce mixed hematopoietic chimerism involved the total deletion of host T cells, transfer of syngeneic naïve CD4+ T cells into the recipient leads to bone-marrow rejection and to the concomitant loss of donor-specific transplantation tolerance (Wren et al., 1993). This result clearly demonstrated that hematopoietic chimerism per se is insufficient for induction of dominant tolerance to alloantigens. Given the non-redundant role of Treg in maintenance of self-tolerance, hematopoietic chimerism therefore appears unlikely to be sufficient for permanent survival of allografts.

Active tolerance mechanisms are not limited to those mediated by Treg. “Immune deviation” from a harmful Th1 to a less detrimental Th2 response has also been shown to play a role in control of immune responses (Rocken, 1996; Walker and Abbas, 2002). Alloreactive Th2 cytokine producing T cells have been observed after neonatal injection of lymphohematopoietic cells (Streilein, 1991) and immune deviation by IL-4 was shown to play a critical role in tolerance to alloantigens (Donckier et al., 1995). The hematopoietic (micro-)chimerism induced in this experimental model, which is critically required for the allograft tolerance (Lubaroff and Silvers, 1973), therefore appears to induce an active regulatory mechanism. However, this mechanism appears insufficient for induction of full immunological tolerance to alloantigens (see below). Stem-cell transplantation under cover of cyclophosphamide can induce tolerance to MHC-matched skin allografts in mice. It was shown that NKT cells, another immunoregulatory population, play a central role in this phenomenon (Iwai et al., 2006). Regulatory T cell populations other than Foxp3+ cells may therefore be induced by hematopoietic chimerism but their activity appears insufficient for prevention of chronic allograft rejection.

DOES HEMATOPOIETIC CHIMERISM INDUCE GENUINE TOLERANCE TO ALLOGRAFTS?

As discussed above, hematopoietic chimerism is thought to be sufficient for induction of tolerance to allografts. The mechanisms involved include central and peripheral clonal deletion and anergy. After the initial reports on allograft tolerance in dizygotic cattle twins that had shared blood circulation during embryonic life, it became clear that most skin grafts were rejected in the long term (Stone et al., 1965, 1971). Second skin grafts from the same donor survived less long than the first grafts, but substantially longer than third party organs, showing that the tolerance mechanism had not waned away.

Also neonatal injection of allogeneic splenocytes, leading to hematopoietic microchimerism, is thought to induce tolerance to subsequent skin grafts. However, this procedure appeared to work only in a limited number of donor/host combinations. Importantly, most of the reported donor/host combinations concerned MHC congenic strains (i.e., expressing distinct MHC haplotypes on an identical genetic background) and chronic rejection was not systematically studied (Streilein and Klein, 1977). Moreover, even when acceptance of skin allografts was achieved, it did not correlate with immunological unresponsiveness (Streilein, 1991; Donckier et al., 1995).

In adult mice, lymphoablation was achieved using lethal total body irradiation or depleting antibodies to, e.g., CD4 and CD8. Myeloablation, required for induction of hematopoietic chimerism, was induced by the irradiation or administration of myeloablative drugs. Subsequent transplantation of allogenic or xenogenic bone marrow led to persistent chimerism (reviewed in Wekerle and Sykes, 1999; Cosimi and Sachs, 2004). Skin grafts from the bone-marrow donors could survive for prolonged periods, but success-rates were often well below 100% and chronic rejection was not studied. In some host/donor combinations, hematopoietic chimerism failed to prevent acute rejection of skin allografts (Boyse et al., 1970), and T cell reactivity to skin-specific antigens not expressed by hematopoietic cells was responsible for this observation (Scheid et al., 1972; Boyse et al., 1973). Also the survival of cardiac allografts was favored by hematopoietic chimerism (Steinmuller and Lofgreen, 1974). However, histological analysis of surviving hearts revealed frequent chronic rejection (Russell et al., 2001). Also in the rat, myelo- and lymphoablation followed by induction of hematopoietic chimerism was reported to prolong survival of skin, heart, and renal allografts (Slavin et al., 1978; Colson et al., 1995b; Orloff et al., 1995; Blom et al., 1996). However, chronic rejection was seldom adequately studied. It appears therefore that immunological tolerance to allografts is not systematically achieved by induction of hematopoietic chimerism in lymphoablated recipients.

Hematopoietic chimerism can also be induced with non-lymphoablative regimens. Surprisingly, under certain of these conditions, allografts appear to do better than when lymphoablative conditioning is used (Table 1). Blocking the T cell co-stimulatory molecule CD28 with an Ig-fusion protein of its CTLA4-ligand (CTLA4-Ig), combined with inhibition of the CD40/CD40L (i.e., CD154) pathway involved in activation of antigen presenting and B cells, substantially prolongs heart and skin allograft survival (Larsen et al., 1996). However, histological signs of chronic rejection of cardiac allografts was observed in all thus conditioned mice (Shirasugi et al., 2002). When co-stimulatory blockade was combined with induction of hematopoietic chimerism, heart, skin, and also intestine allografts survived substantially longer and no chronic rejection was observed (Wekerle et al., 1998, 2000; Adams et al., 2001; Shirasugi et al., 2002; Guo et al., 2003). Transplantation tolerance in such settings was dominant and depended on Treg, at least during early stages (Bigenzahn et al., 2005; Domenig et al., 2005).

Table 1. Combined bone-marrow and organ transplantation in the mouse: non-myelo- and lymphoablative procedures.
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Combined, these data indicate that hematopoietic chimerism per se appears insufficient for induction of transplantation tolerance. However, when combined with conditioning regimens that allow for development of dominant tolerance, prevention of chronic rejection can be achieved.

INDUCTION OF HEMATOPOIETIC CHIMERISM: TOWARD THE CLINIC

Given the very encouraging results obtained with mixed hematopoietic chimerism in rodents, several groups have attempted to induce hematopoietic chimerism and transplantation tolerance in large animal models (Wekerle and Sykes, 1999; Cosimi and Sachs, 2004; Horner et al., 2006). Experimental protocols are necessarily more complex than in rodents since adult recipients were used and high dose whole body irradiation is associated with a too high level of morbidity. A combination of immunosuppressive drugs and antibodies, as well as lower levels of irradiation or irradiation limited to lymphoid organs, was therefore used as conditioning regimen (Table 2). In miniature swine, a preconditioning of T cell depletion, low dose total body irradiation, thymic irradiation, and splenectomy, followed by bone-marrow and skin transplantation, led to persistent hematopoietic chimerism in five out of six animals. Four of these animals were transplanted with donor skin. Half of these animals appeared to accept, but the other half rejected the skin allografts (Fuchimoto et al., 2000). Also using a milder conditioning regimen, persistent chimerism was obtained in miniature swine and one out of two skin grafts appeared to be permanently accepted (Fuchimoto et al., 2000). When the latter protocol was used for kidney transplantation, four out of four allografts survived more than 100 days (Fuchimoto et al., 2000, 2001). Therefore, as observed in rodents, persistent hematopoietic chimerism led to an incomplete level of allograft tolerance that appeared efficient for protection of poorly immunogenic organs such as kidney but fails to prevent rejection of highly immunogenic skin allografts.

Table 2. Combined bone-marrow and organ transplantation in large animals and non-human primates.
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In Cynomolgus monkeys, a preconditioning regimen was used that consisted of T cell depletion, low dose total body irradiation, thymic irradiation, and splenectomy, followed by bone-marrow and kidney transplantation (Kawai et al., 1995, 2002, 2004; Kimikawa et al., 1997b). Only transient hematopoietic chimerism was observed, but nevertheless 8 out of 15 grafts did not show signs of rejection (Table 2). An acute cellular rejection process led to the loss of the other grafts (Kimikawa et al., 1997a; Kawai et al., 1999). A similar preconditioning regimen was used for monkeys that received a cardiac allograft. Three out of five animals developed transient chimerism, but all five hearts were eventually lost by a rejection-process characterized by cellular infiltrates (Kawai et al., 2002). The observation that kidney allografts were more likely to be accepted than heart allografts confirmed earlier data on transplantation in miniature swine that, interestingly, also showed that kidneys can play an important role in tolerance to heart allografts (Madsen et al., 1998; Mezrich et al., 2003a,b). Taken together these data highlight the difficulty to obtain an efficient and persistent engraftment of hematopoietic stem cells in large animal models. When only transient, hematopoietic chimerism induces tolerance mechanisms that are probably different from and less efficient than those induced in hosts with long-term persistence of hematopoietic donor cells.

INDUCTION OF HEMATOPOIETIC CHIMERISM: IN THE CLINIC

Based on the promising results in monkeys, induction of hematopoietic chimerism for prevention of allograft rejection has also been performed in humans (Table 3). Infusion of donor bone-marrow showed some beneficial effect in renal allograft recipients (Monaco, 2003). Interestingly, in an early report in which large numbers of patients were described, infusion of donor bone marrow, leading to transient chimerism, inhibited acute but not chronic rejection (Barber et al., 1991; McDaniel et al., 1994). One of the first reported cases of long-term allograft survival achieved by induction of hematopoietic chimerism concerned a woman with end-stage renal disease secondary to multiple myeloma (Spitzer et al., 1999). The patient received an immunosuppressive but non-myeloablative conditioning regimen. HLA-matched bone marrow and kidney from the patient’s sister were transplanted and the immunosuppressive drug cyclosporine A administered for 73 days. Whereas the hematopoietic chimerism disappeared after discontinuation of immunosuppression, the kidney remained functional for at least another 7 years (Fudaba et al., 2006). In total, six multiple myeloma patients receiving this treatment have been reported and all maintained renal function after discontinuation of immunosuppression for 2–7 years (Spitzer et al., 1999; Buhler et al., 2002; Fudaba et al., 2006). Stem-cell transfusion was also shown to have a beneficial effect in liver transplantation (Donckier et al., 2004). Another example concerned a patient with end-stage renal disease who received an HLA-matched kidney graft. The conditioning regimen, which included total lymphoid irradiation, immunosuppression, and a graft of mobilized CD34+ stem cells, led to persistent hematopoietic chimerism. At the time of publication, the renal graft had remained functional for 34 months (Scandling et al., 2008).

Table 3. Combined bone-marrow and organ transplantation in humans.
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Induction of hematopoietic chimerism followed by kidney transplantation was also performed with HLA single haplotype mismatched grafts (Kawai et al., 2008), a clinically important setting. Five patients with end-stage renal disease received an immunosuppressive but non-myeloablative preparative regimen and a combined bone-marrow/renal allograft. All developed a transient multi-lineage chimerism. Whereas one patient lost the allograft by acute humoral rejection 10 days post transplantation, four out of the five patients, treated with a combination of immunosuppressive drugs for up to 14 months, maintained renal function for up to 1400 days thereafter. Renal biopsies showed normal tissue for three of these patients, with some minor signs of chronic rejection for the fourth. In vitro studies suggested specific absence of T cell-responses to directly presented alloantigens. However, two out of the four patients later developed alloantibodies, one showing complement depositions in the graft (Porcheray et al., 2009). It needs to be emphasized that T cell reactivity to indirectly presented donor antigens is required for alloantibody-production by host B-lymphocytes. The apparent absence of T cell response to directly presented alloantigens and the production of alloantibodies are therefore not in contradiction. Combined, these studies suggested that long-term acceptance of (though not genuine immunological tolerance to) kidney allografts can be obtained by a therapy including induction of transient hematopoietic chimerism and therefore represented a major step forward in transplantation medicine.

Less promising results were obtained in a study in which HLA-mismatched pancreatic islets were transplanted into type I diabetes patients (Mineo et al., 2008). The conditioning regimen used was very mild but nevertheless led to transient hematopoietic chimerism. However, all four patients that initially adhered to immunosuppressive therapy lost graft-function rapidly after drug weaning.

A ROLE FOR REGULATORY T CELLS IN HEMATOPOIETIC CHIMERISM-ASSOCIATED TOLERANCE?

At this point, one might wonder if more work is warranted to obtain tolerance to (and therefore permanent acceptance of) organ allografts. When considering the very promising results obtained with kidney allografts in humans, one has to keep in mind that this organ might represent a special case. The human islet study failed, and the monkey and swine studies gave substantially less satisfying results with skin and heart allografts than with renal transplants. Moreover, in miniature swine it was shown that kidney allografts induced tolerance to heart allografts (Madsen et al., 1998). The thymus and Treg may play a role in this phenomenon (Yamada et al., 1999; Mezrich et al., 2003a).

To induce genuine immunological tolerance to donor tissues, hematopoietic chimerism needs to persist in the long term to continuously induce tolerance of newly developing lymphocytes in primary lymphoid organs. Indeed, if hematopoietic chimerism is only transient, mature allospecific lymphocytes will develop and, in the absence of dominant tolerance mechanisms, will eventually destroy the graft. Long-term hematopoietic chimerism has been achieved with very aggressive conditioning regimens inducing total host T cell depletion. However, the level of toxicity and the severe immunosuppression associated with this type of treatment do not allow their use in the clinic. Alternative conditioning regimens have been envisaged to avoid rejection of donor bone marrow while allowing for survival of part of the host T cells. They included the injection of non-depleting antibodies to block T cell co-stimulatory pathways and the injection of antibodies specific for some T cell markers upregulated upon activation. As described throughout this review, these methods gave very promising results in rodents. However, induction of a permanent chimerism was far more difficult to achieve in large animals. This observation might be largely responsible for the less satisfying results obtained with heart and skin allograft in miniature swine and primates. Moreover, antibody-based therapies can also generate unpredicted side effects that complicate translation into the clinic. For example, the use of anti-CD154 antibody in a non-human primate renal allograft model led to severe thromboembolic complications (Kawai et al., 2000; Koyama et al., 2004) due to CD154 expression on activated platelets and to CD40 expression on the vascular endothelium (Henn et al., 1998; Slupsky et al., 1998). The use of anti-CD154 has also been associated with impaired humoral immunity against influenza in a heart allograft model (Crowe et al., 2003). Antibodies targeting other T cell surface markers also present limitations as targeted molecules can be expressed by other populations, e.g., CD25 on Treg. While inhibiting the allogeneic response, such approaches could therefore prevent the establishment of regulatory mechanisms important for graft survival. They also non-specifically inhibit T cell-dependent immunity, including protective responses against pathogens. Finally, most of the protocols used in large animals or currently tested in the clinic require strong initial immunosuppressive treatments that induce major qualitative and quantitative modifications of the immune system that last for years. In conclusion, while highly promising, these strategies still need to be optimized before going into the clinic.

To overcome the issues listed above, several laboratories embarked on studies to evaluate the potential of Treg to promote allograft protection (reviewed by Li and Turka, 2010). The capacity of naturally occurring Treg to control allogeneic responses was already highlighted by Sakaguchi et al. (1995) landmark paper. Using in vivo activated polyclonal Treg with irrelevant specificity, Karim et al. (2005) first induced tolerance to allogeneic skin graft in lymphopenic Rag-deficient hosts reconstituted with naïve CD45RBhigh CD4+T cells (Karim et al., 2005). Similar results were obtained in another lymphopenic system with in vitro expanded donor-specific Treg (Golshayan et al., 2007). Interestingly, this approach also significantly prolonged skin allograft survival in unmanipulated wild-type hosts. In a transplantation-model across minor histocompatibility antigens, another group protected male skin graft from rejection by syngeneic female hosts using Foxp3-transduced male antigen-specific TCR transgenic CD4+ T cells (Chai et al., 2005). In another study, a genetically manipulated Treg population with direct and indirect alloantigen-specificity substantially prolonged skin allograft survival and delayed chronic rejection of heart allografts when co-injected with anti-CD8 antibody (Tsang et al., 2008). More recently, prevention of transplant arteriosclerosis and long-term survival of skin allograft were achieved with in vitro expanded naturally occurring CD127lowCD25+CD4+ human Treg in a chimeric humanized mouse system (Issa and Wood, 2010; Nadig et al., 2010). Combined, these reports demonstrated the capacity of Treg to delay rejection processes.

Based on the large body of literature on transplantation tolerance through hematopoietic chimerism and on the immunosuppressive potential of Treg, several laboratories decided to combine Treg infusion with bone-marrow transplantation (Figure 1). This method is expected to allow the establishment of complementary tolerance mechanisms, thus mimicking the complex network of checkpoints and regulatory systems naturally involved in maintenance of self-tolerance (Figure 2). Moreover, in addition to their general modulatory effects on the reactivity of the immune system, Treg expressing the transcription factor Foxp3 have the capacity to establish an immune-privileged niche for allogeneic hematopoietic stem cells after transplantation into non-irradiated recipients (Fujisaki et al., 2011). The co-injection of Treg with allogeneic bone-marrow should therefore promote its engraftment. Administration of donor-specific Treg prevented rejection of bone-marrow allografts in preconditioned mice (Joffre et al., 2004; Joffre and van Meerwijk, 2006). Promising results were later obtained using polyclonal donor Treg (Hanash and Levy, 2005). However, similar protocols failed to substantially prolong survival of skin and heart allografts (Joffre et al., 2008; Tsang et al., 2008; Pilat et al., 2010). In contrast, when combined with bone-marrow transplantation, administration of a single dose of Treg fully prevented rejection of skin and heart (Joffre et al., 2008). Whereas Treg specific for directly presented donor-antigens allowed for survival of bone-marrow allografts, they failed to prevent chronic rejection of skin and heart. In contrast, Treg specific for indirectly presented donor-antigens fully prevented chronic heart and skin allograft rejection (Joffre et al., 2008). These results firmly demonstrated the clinical potential of Treg infusion in induction of bone-marrow chimerism and in the subsequent prevention of acute and chronic allograft rejection.
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Figure 1. A regulatory T cell/hematopoietic chimerism-based protocol for induction of transplantation tolerance. (1) The allograft (e.g., heart) will be transplanted with concomitant infusion of donor BM or HSC into conditioned hosts. Rejection of the grafts will temporarily be prevented using an immunosuppressive regimen. (2) Donor (a) and host (b) BM will be cultured in vitro under conditions allowing for differentiation of DC. Host DC will be pulsed with donor antigen to assure indirect presentation of these antigens. Thus generated DC will then be co-cultured with host-derived Treg (c), allowing for expansion of Treg specific for directly and indirectly presented donor antigens. (3) Thus generated donor-antigen-specific Treg will then be infused into the host. Immunosuppression may temporarily be continued using drugs that do not affect Treg (e.g., Rapamycin). Using this protocol, full tolerance to donor-tissue will be achieved and chronic rejection effectively prevented.
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Figure 2. Tolerance mechanisms induced by the proposed regulatory T cell/hematopoietic chimerism-based protocol for induction of transplantation tolerance. (1) Hematopoietic cells (e.g., DC) derived from the grafted BM will colonize the recipient’s thymus and induce deletion and anergy (i.e., “recessive tolerance”) of developing donor-specific host T lymphocytes. DC may also promote limited differentiation of donor-specific Treg that will contribute to transplantation tolerance. (2) Donor DC will also induce recessive tolerance of mature peripheral donor-specific T lymphocytes. These cells may, to a limited extent, directly induce donor-specific Treg. However, the dominant tolerance (i.e., Treg) induce by hematopoietic chimerism in (1) and (2) appears insufficient to durably prevent most notably chronic allograft rejection. (3) Infusion of donor-specific Treg will aid in engraftment of grafted donor BM/HSC (a) and inhibit the reactivity of mature peripheral donor-specific T lymphocytes (b), thus favoring graft-acceptance. They will also allow the differentiation of donor-specific conventional T lymphocytes into Treg (c), thus assuring persistence of tolerance and preventing chronic allograft rejection.



TREG AND HEMATOPOIETIC CHIMERISM-BASED STRATEGIES: SOME LIMITATIONS TO OVERCOME

The data described above constitute a proof of principle that combining Treg and bone-marrow infusion can lead to subsequent tolerance to allogeneic tissues, even in very stringent donor/host combinations and for highly immunogenic tissues such as the skin. However, 5 Gy total body irradiation was required in that protocol (Joffre et al., 2008). This dose appears not suitable for clinical use as it is associated with severe temporary leukopenia. Interestingly, the group of Wekerle recently induced hematopoietic chimerism in mice using a comparable approach, but without or with very limited cytoreductive conditioning (Pilat et al., 2010, 2011). Treatment with costimulation-blocking agents, a short course of rapamycin, and injection of polyclonal Treg allowed for induction of hematopoietic chimerism. Skin grafts transplanted on these mice survived for more than 160 days, without signs of rejection or appearance of donor-specific antibodies (Pilat et al., 2010). More recently, this group raised similar conclusions using polyclonal host CD4+ lymphocytes previously transduced with a retroviral vector containing Foxp3 and a drug-free conditioning regimen where 1 Gy total body irradiation replaced the short course of rapamycin (Pilat et al., 2011). These protocols represent a major step forward to the clinic. However, they still rely on anti-CD154 treatment and this antibody is presently not usable in patients (see above). Different non-mutually exclusive strategies can be envisaged to avoid co-stimulatory-blockade. The use of hematopoietic or mesenchymal stem cells instead of bone-marrow cells could be an option, as this will significantly reduce the immunogenicity of the graft. Another strategy would be to improve the efficiency of the immunosuppression by injecting donor-specific Treg. Alloantigen-specific T cells survived longer and in several transplantation models gave substantially better results than polyclonal Tregs with irrelevant specificity (Joffre et al., 2004, 2008; Nishimura et al., 2004; Golshayan et al., 2007).

Another aspect that still needs to be tested before translating Treg-based strategies into the clinic is represented by the antigen-specificity of the treatments. Indeed, if Treg activation is antigen specific, these cells exert their suppressor effector function in a non-antigen-specific-manner in vitro (Thornton and Shevach, 2000). If true in vivo, infused Treg may therefore inhibit protective immunity. However, it has been shown that hematopoietic chimerism/Treg-based therapy against allograft rejection is (at least) donor specific. A related issue is that tolerance to donor-antigen may be broken by (e.g., viral) infection (Welsh et al., 2000; Williams et al., 2001; Forman et al., 2002). It therefore also needs to be verified to what extent Treg-based therapies are resistant to infection. Experimental work will need to be performed to clarify these important issues.

Finally, infused Treg do not necessarily survive indefinitely and tolerance may therefore wane away with time. In other transplantation models, however, it was shown that a tolerant T cell population can render naïve T cells tolerant and even tolerogenic (Waldmann, 2010). Very recently it was shown that this so-called “infectious tolerance” depends on Treg that induce novel Treg required for persistence of tolerance to allografts (Kendal et al., 2011). Even if it remains to be shown that also infused Treg can cause infectious tolerance, it appears therefore that Treg can induce life-long tolerance to allografts.

CONCLUSION

The data discussed here indicate that induction of persistent hematopoietic chimerism combined with infusion of Treg with appropriate specificity efficiently leads to life-long tolerance to allografts in experimental animal models (Figure 1). Thus, and not very surprisingly so, the mechanisms involved in the maintenance of tolerance to self antigens also appear required for tolerance to donor antigens (Figure 2). More work will need to be performed to establish conditioning regimens compatible with clinical constraints and to assess immunocompetence of grafted animals. The validity of these conclusions for non-human primates and humans remains to be studied. Very substantial progress has been made in recent years in the induction of authentic immunological tolerance to allogeneic organ grafts, and transplant recipients may soon be able to live a life free of the fear of losing the graft and of the severe side effects of immunosuppressive drugs.
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Negative costimulatory molecules, acting through so-called inhibitory pathways, play a crucial role in the control of T cell responses. This negative “second signal” opposes T cell receptor activation and leads to downregulation of T cell proliferation and promotes antigen specific tolerance. Much interest has focused upon these pathways in recent years as a method to control detrimental alloresponses and promote allograft tolerance. However, recent experimental data highlights the complexity of negative costimulatory pathways in alloimmunity. Varying effects are observed from molecules expressed on donor and recipient tissues and also depending upon the activation status of immune cells involved. There appears to be significant overlap and redundancy within these systems, rendering this a challenging area to understand and exploit therapeutically. In this article, we will review the literature at the current time regarding the major negative costimulation pathways including CTLA-4:B7, PD-1:PD-L1/PD-L2 and PD-L1:B7-1, B7-H3, B7-H4, HVEM:BTLA/CD160, and TIM-3:Galectin-9. We aim to outline the role of these pathways in alloimmunity and discuss their potential applications for tolerance induction in transplantation.
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INTRODUCTION

CD4+ T cells are initially stimulated through the T cell receptor (TCR), by the recognition of antigen presented with major histocompatibility complex (MHC) Class II molecules. Full T cell activation requires a “second signal” or binding of a costimulatory molecule at the time of TCR ligation. The most important costimulatory molecule is CD28 and mice deficient in CD28 or one of its ligands (B7-1 or B7-2), display severely impaired CD4+ T cell proliferation. The absence of a “second signal” at the time of TCR ligation leads to the development of T cell anergy, a state characterized by decreased proliferative capacity, the inability to secrete IL-2 and reduced ability to undergo activation. While positive costimulatory signals promote T cell proliferation and differentiation into effector phenotypes, negative signals lead to arrest of T cell responses and promote regulation and tolerance. Therefore, T cell activation involves a delicate balance between positive and negative costimulatory signals.

Solid organ transplantation is a lifesaving therapy for patients with end-stage organ failure and while short-term allograft survival has improved dramatically, long-term outcomes remain disappointingly poor. Current immunosuppressive protocols are highly effective at suppressing acute rejection but are associated with significant morbidity with long-term use. To date, induction of donor specific tolerance has remained an elusive goal for all but the most aggressive therapeutic strategies, suitable only for a small subset of patients. Innate mechanisms of regulation and coinhibition are as yet incompletely understood but remain the focus of intensive research. In targeting our goal of inducing allospecific tolerance without global immunosuppression, the most promising strategies would appear to be those aimed at limiting positive costimulation, in combination with selective signaling through inhibitory pathways. However, there are a number of coinhibitory molecules and substantial overlap exists between these pathways. Therefore, successful induction of tolerance may require manipulation of more than one to overcome the inherent redundancy between them. To this end, a detailed understanding of the relative importance of each negative costimulatory pathway, their expression patterns, receptors and ligands, and the interactions between them is crucial to develop coherent strategies to control aggressive alloimmune responses.

Below, we discuss the current state of knowledge of the most widely studied negative costimulatory pathways (Figure 1) and their potential applications in alloimmunity. To provide some pathophysiological context and highlight the overlap between pathways observed in disease pathogenesis, we have provided examples of disease states in which each of these molecules has been implicated. The examples provided are intended to be illustrative only, as a complete description is beyond the scope of this text.


[image: image]

Figure 1. Major negative costimulatory pathways. Associated positive signaling pathways marked with “+.”



CTLA-4:B7-1/B7-2

Cytolytic T lymphocyte-associated antigen 4 (CTLA-4) is a member of the Ig superfamily and is closely structurally related to CD28, with which it shares approximately 30% homology. CTLA-4 is not expressed by naïve T cells but is rapidly upregulated on T cell activation and CD28 engagement (Walunas et al., 1994). It is highly expressed on regulatory T (Tregs) cells and is central to their suppressive function and the maintenance of peripheral tolerance (Wing et al., 2008).

Cytolytic T lymphocyte-associated antigen 4 is mainly located within intracellular vesicles (Mead et al., 2005). Upon TCR ligation, it is trafficked to the cell surface where it forms a homodimer. However, it appears that CTLA-4 continuously undergoes endocytosis, where cell surface CTLA-4 is rapidly re-internalized independent of ligand binding (Linsley et al., 1996). Its fate after being internalized remains incompletely understood, but it appears that some molecules are degraded in lysosomes and some are trafficked back to the cell surface (Linsley et al., 1996; Egen and Allison, 2002). CTLA-4 shares the same ligands as CD28; B7-1 (CD80) and B7-2 (CD86), but binds with 10- to 50-fold greater binding affinity.

B7-1 and B7-2 are both widely expressed on B cells, macrophages, dendritic cells (DCs) and T cells and are rarely found on non-lymphoid tissues. B7-2 is constitutively expressed on antigen presenting cells (APCs) at low levels and is rapidly upregulated, whereas B7-1 expression is induced, later than B7-2. While their function on APCs has been extensively studied, their role on T cells is incompletely understood. Recent studies have suggested that B7 on T cells may serve to down-regulate responses and deliver negative signals to T cells, through CTLA-4 ligation via T-T interaction (Taylor et al., 2004). B7 deficiency on T cells resulted in accelerated graft versus host disease (GVHD) in a model of allogeneic bone marrow transplantation (Taylor et al., 2004). Furthermore, B7 deficient T cells demonstrate resistance to suppression by Tregs in an in vivo colitis model (Paust et al., 2004). As discussed below, B7-1 has also been demonstrated to interact with PD-L1, producing a coinhibitory signal.

More recent data, using receptor array techniques, indicates that ICOS ligand, B7-H2, is also a costimulatory ligand for CD28, with a distinct binding site from ICOS. B7-H2 binds both CD28 and CTLA-4, albeit at a lower affinity than B7-1 or B7-2 (Yao et al., 2011). Furthermore, CD28 binds B7-H2 and B7-1/B7-2 through different interfaces, potentially allowing simultaneous binding of these ligands. Interestingly however, Abatacept, (CTLA-4-Ig), binds B7-H2 and also blocks the interaction between B7-H2-Ig and CD28, suggesting that CTLA-4 may have a greater affinity for B7-H2 than CD28 (Yao et al., 2011). In terms of function, B7-H2 binding to CD28 costimulates T cell proliferation and appears to play a central role in IFNγ production from memory T cells. While B7-H2 may act synergistically with B7-1 and B7-2 to deliver CD28-mediated costimulatory signals, the impact of B7-H2:CTLA-4 interaction remains largely unstudied. This link between the ICOS:B7-H2 positive costimulatory pathway and CTLA-4 is interesting as this could also potentially represent a regulatory mechanism to control ICOS-induced T cell activation, However, these data were acquired in vitro and therefore the true significance of these observations in vivo remains unknown.

Cytolytic T lymphocyte-associated antigen 4 ligation blocks T cell activation, inhibits CD28-dependent IL-2 production and inhibits cell cycle progression (Walunas et al., 1994, 1996). Despite a large body of literature, there remains considerable ongoing investigation into its exact mechanism of action. CTLA-4 mediated inhibition of T cell activation is currently thought to arise through both “cell intrinsic” and “cell extrinsic” mechanisms. Firstly, CTLA-4 acts as an antagonist of CD28 by competitively binding B7-1 and B7-2, thereby blocking positive costimulatory signaling. This hypothesis is consistent with the known greater affinity and avidity of CTLA-4 for these ligands. More recently it has been proposed that CTLA-4 expression may also increase T cell mobility and oppose the TCR induced “stop signal” needed for contact between T cells and APCs, thereby limiting the potential for T cell activation (Schneider et al., 2006). In addition, through binding B7-1 and B7-2, CTLA-4 blocks transmission of signals from the TCR by inhibiting the formation of ZAP-70 containing microclusters, leading to reduced calcium mobilization, which then limits T cell capacity for proliferation (Schneider et al., 2008). A splice variant of CTLA-4 has also been described. This variant lacks the extra-cellular ligand-binding domain and is proposed to constitutively generate a ligand-independent inhibitory signal (Vijayakrishnan et al., 2004). The importance of this splice variant in control of T effector cell responses is suggested by its increased expression in disease-resistant strains of NOD mice when compared to diabetes-susceptible congenic strains (Vijayakrishnan et al., 2004; Araki et al., 2009). However, this splice variant does not appear to be present in humans and therefore appears unlikely to represent a central mode of action of CTLA-4 in immunity.

In addition, it has been suggested that CTLA-4 exerts its effect through “cell extrinsic” mechanisms of immune suppression. A recent paper elegantly demonstrates the capacity of CTLA-4 to capture B7-2 and internalize it for degradation; leading to impaired T cell activation (Qureshi et al., 2011). This process was diminished through deletion of the cytoplasmic tail of CTLA-4 and through the use of blocking antibodies such as anti-CTLA-4, but not by blockade of CD28, demonstrating that this mechanism is specific to CTLA-4. Furthermore, while transendocytosis of B7-2 by CTLA-4 occurs constitutively, it is upregulated after TCR activation, providing an explanation for the increased Treg suppressive activity observed after T cell activation (Qureshi et al., 2011). Other cell extrinsic mechanisms of action for CTLA-4 have been proposed including induction of indoleamine 2,3-dioxygenase (IDO) activity, (thereby leading to localized tryptophan depletion and decreased T cell proliferation; Munn et al., 1999) and the presence of a soluble form of CTLA-4, which could locally affect T cell activation (Magistrelli et al., 1999). However, conflicting data exist for both of these mechanisms and their true significance and role in immunity remains unclear.

CTLA-4 IN DISEASE STATES

Cytolytic T lymphocyte-associated antigen 4 holds a central role in the control of T cell responses, as evidenced by the fact that CTLA-4 deficient mice die at 3–4 weeks of age of uncontrolled lymphoproliferative disease (Tivol et al., 1995). In humans, CTLA-4 gene polymorphisms have been implicated in many autoimmune diseases including thyroid disease, type I diabetes mellitus, rheumatoid arthritis (RA) and systemic lupus erythematosis (Ueda et al., 2003). Dysregulation of intracellular expression of CTLA-4 has been proposed as a cause of the lymphoproliferative disorder, Chediak–Higashi syndrome (Barrat et al., 1999).

IMPACT OF CTLA-4 ON Treg FUNCTION

The central role of CTLA-4 on Treg function has been demonstrated in studies where administration of anti-CTLA-4 led to the development of organ specific autoimmunity in immune competent mice, without reducing total Treg numbers (Takahashi et al., 2000). Furthermore, Tregs from CTLA-4−/− mice exhibit weak suppressive activity in vitro. This function is independent of CD28 expression as Tregs from CD28 deficient mice show normal suppressive activity (Takahashi et al., 2000). Finally, other studies suggest that engagement of CTLA-4 may lead to the development of antigen specific Tregs, leading to inhibition of T cell responses in certain experimental models (Vasu et al., 2004).

Recent studies outline the role of reverse signaling through B7-1 and B7-2 in control of immune responses. Engagement of B7 on DCs by CTLA-4 initially leads to increased IFNγ, which acts in a paracrine fashion to increase indoleamine 2,3-dioxygenase (IDO) thereby inhibiting T cell proliferation (Grohmann et al., 2002; Fallarino et al., 2003). As Tregs highly express CTLA-4, a mechanism of Treg suppression has been proposed where IDO production by B7 expressing DCs appears to act as an important bridge between Tregs and naïve responder cells (Mellor et al., 2004). The importance of this pathway in vivo is underpinned by data from a murine model of islet transplantation, where inhibition of IDO abrogated the graft prolonging effects of CTLA-4-Ig (Grohmann et al., 2002).

CTLA-4 IN MODELS OF TRANSPLANTATION

Cytolytic T lymphocyte-associated antigen 4-Ig is a fusion protein, which avidly binds B7, thereby competitively inhibiting CD28 costimulation. This antibody has been used to study the effects of costimulation blockade in experimental models of skin, heart, and kidney transplantation. Administration of CTLA-4-Ig on day 2 after renal or cardiac transplantation lead to improved allograft survival, decreased pro-inflammatory cytokine production and decreased histological evidence of chronic allograft vasculopathy when compared with treatment with cyclosporine alone (Azuma et al., 1996; Russell et al., 1996). When donor specific transfusion at the time of transplantation was combined with CTLA-4-Ig, long-term graft survival with donor specific tolerance was seen (Lin et al., 1993). Treatment of murine recipients of xenogeneic pancreatic islets with CTLA-4-Ig at the time of transplant similarly led to prolonged allograft survival and donor specific tolerance (Lenschow et al., 1992). Finally, combined with CD40 blockade, treatment with CTLA-4-Ig has been demonstrated to lead to long-term allograft survival in both cardiac and a highly immunogenic skin transplant model (Larsen et al., 1996).

Interestingly, delayed treatment with CTLA-4-Ig, administered 8 weeks after transplantation, lead to decreased progression of chronic allograft rejection with attenuation of cardiac allograft vasculopathy (Chandraker et al., 1998). This suggests that ongoing T cell recognition of foreign antigen is an important mediator of late allograft injury and costimulation blockade, even given late after transplantation, may delay progression. Similar results were seen in a study where an anti-CTLA-4 blocking antibody was given at various timepoints, up to 30 days after cardiac transplantation. Immediate rejection was not seen but instead treatment led to delayed severe acute cellular rejection at approximately day 45 post transplant, again indicating the active role of CTLA-4 in the maintenance of tolerance post transplantation (Chandraker et al., 2005).

Administration of CTLA-4-Ig in CD28 deficient transplant recipients leads to accelerated allograft rejection compared to wild type. In this model of cardiac transplantation, similar acceleration of rejection was observed after treatment with a blocking anti-CTLA-4 antibody, demonstrating that the negative regulatory function of CTLA-4 extends beyond its ability to competitively inhibit CD28 signals (Lin et al., 1998).

More recent studies have examined the link between CTLA-4 expression and CD45 mediated allograft tolerance. Anti-CD45RB is a potent immunomodulatory agent and has been shown to induce donor specific tolerance in models of renal and islet transplantation (Lazarovits et al., 1996). Interestingly, administration of anti-CD45RB is associated with rapid upregulation of CTLA-4 expression in vivo. Blockade of CTLA-4 at the time of islet transplantation abrogated the graft prolonging effect of anti-CD45RB, demonstrating the dependence of this pathway on CTLA-4 induction to promote allograft survival (Fecteau et al., 2001).

CTLA-4 IN HUMAN STUDIES OF TRANSPLANTATION

Genetic studies suggest that polymorphisms in CTLA-4 are associated with differing incidence of acute allograft rejection. In a cohort of over 200 liver transplant patients, single nucleotide polymorphisms (SNPs) previously linked with decreased CTLA-4 function were found to be more common in patients with shorter allograft survival (Marder et al., 2003). Similarly, a study of Korean kidney transplant recipients linked the same SNP with an increased risk of late acute allograft rejection (Kim et al., 2010).

BELATACEPT IN KIDNEY TRANSPLANTATION

Initial attempts to generate an antibody to block CD28 were unsuccessful, as the majority of antibodies generated lead to signaling rather than blockade of this pathway. As described above, CTLA-4-Ig, the first antibody developed to successfully block CD28:B7 interactions, is a recombinant fusion protein comprising the Fc domain of human IgG1 linked to the extra-cellular portion of CTLA-4 (Vincenti et al., 2011). CTLA-4-Ig, known commercially as Abatacept, was licensed for clinically for the treatment of RA. However, it proved ineffective in non-human primate studies of transplantation and the molecule was re-engineered, leading to the generation of Belatacept. Belatacept differs from Abatacept by two amino acid substitutions at the ligand-binding domain and binds B7-1 and B7-2 with greater avidity, thereby producing greater immunosuppressive effects (Vincenti et al., 2011).

Phase III human trials in kidney transplant recipients have demonstrated similar graft survival in those treated with Belatacept versus cyclosporine, despite increased rates of acute rejection in the early post transplant period (Vincenti et al., 2010). At 3 year follow up, patients treated with Belatacept showed better renal function, with higher mean eGFR and lower rates of donor specific antibody formation (Vincenti et al., 2012). On the basis of these studies, Belatacept was approved by the FDA in June 2011, for the prevention of acute rejection post renal transplant.

However, despite the early success of Belatacept in transplantation, there remains some concern as to the overall impact of blocking CD28 signaling through competitive antibody binding to B7. This strategy also blocks the ability of CTLA-4 to bind B7-1 and -2 and in particular, this may negatively impact on the development of antigen specific Tregs (Vasu et al., 2004) and on the function of existing Tregs, possibly blocking their suppressive activity. Indeed, a recently published study reported that treatment with CTLA-4-Ig prolonged survival in a fully mismatched model of cardiac rejection but precipitated accelerated rejection in a partially mismatched model, where engraftment is dependent upon Treg function (Riella et al., 2012). Furthermore, intact CTLA-4 function has also previously been shown to be critical for the maintenance of graft tolerance in a model of induced tolerance in skin transplantation (Markees et al., 1998). These issues may provide some explanation as to why CTLA-4-Ig does not reproducibly induce tolerance in certain models of transplantation. Alternative agents currently under investigation include anti-CD28 antibodies, which selectively block CD28 without impacting CTLA-4 function. Targeting the CD28/CTLA-4: B7-H1/2 pathway in this manner may instead promote Treg function and has generated some promising data in non-human primate studies of renal transplantation (Poirier et al., 2010).

CONCLUSIONS

CD28 is the most important T cell costimulatory molecule and CTLA-4 holds a central role in the control of CD28-mediated immune responses, including alloimmune responses. Data from human studies indicate that blockade of this pathway using Belatacept should prove to be a useful addition to treatment protocols post kidney transplantation. It is hoped that the advent of costimulation blockade will reduce the severity of chronic allograft rejection both through control of immune mediated injury, and through decreased exposure to calcineurin inhibitors, both of which contribute to reduced long-term renal allograft survival.

However, several important issues remain unanswered. Increased rates of early acute rejection were observed in clinical trials of Belatacept. While these episodes were responsive to therapy, the long-term impact of these episodes of early acute rejection on allograft survival are as yet unclear. Furthermore, the nature of the T cell response and whether it relates to blockade of CTLA-4 mediated suppression of T effector cells remain unknown. It is also unclear if CTLA-4-Ig blocks the recently described coinhibitory interaction between B7 and PD-L1 (described below) and how biologically significant this will prove to be in complex models of alloimmunity. Finally, some data suggests that CTLA-4:B7 interaction may inhibit differentiation of pro-inflammatory Th17 cells and that blockade of CTLA-4 exacerbates Th17-driven experimental autoimmune encephalitis (EAE; Ying et al., 2010). Further studies are needed to explore these issues in detail, to understand the complex interactions between CD28 and CTLA-4 and their links with other costimulatory and coinhibitory pathways in vivo.

PD-1: PD-L1/PD-L2; PD-L1: B7-1

PD-1 is a type I transmembrane protein and is a member of the immunoglobulin superfamily. Its intracellular domain contains an immunoreceptor tyrosine-based inhibitory motif (ITIM) as well as an immunoreceptor tyrosine-based switch motif (ITSM; Okazaki et al., 2001). In humans and mice, it is expressed on activated T and B cells and myeloid cells. Its two ligands, PD-L1 and PD-L2, show differential expression patterns. PD-L1 is constitutively expressed on all haematopoietic cells and many non-haematopoietic tissues and is upregulated after activation whereas PD-L2 is inducibly expressed on DCs and macrophages only. Upon ligand engagement, PD-1 is phosphorylated and recruits SHP-1 and -2 to the antigen-receptor complex (Okazaki et al., 2001).

PD-1 signaling inhibits PI3k activity (Parry et al., 2005), leading to decreased T cell proliferation, reduced IFNγ and IL-2 production and increased T cell apoptosis (Sandner et al., 2005). Using multi-photon laser-scanning microscopy techniques to study the movement of T cells in vivo, Fife et al. described the mechanism of inhibition of T cell activation induced by PD-1:PD-L1 signaling. In this model, T cell activation was decreased by blocking the TCR-induced stop signal, thereby maintaining T cell mobility within lymph nodes and decreasing interactions between T cells and antigen bearing DCs (Fife et al., 2009). Of note, PD-1 mediated inhibition depends upon the strength of TCR ligation, with greatest inhibition delivered at low levels of TCR stimulation. Furthermore, this inhibition can be overcome by stronger costimulatory signals, such as those delivered through CD28 (Freeman et al., 2000).

PD-1 IN DISEASE STATES

PD-1 plays an important role in the maintenance of self-tolerance and its deficiency leads to varying disease states depending upon the genetic background of the animals studied. PD-1−/− on a Balb/c background suffer from autoimmune cardiomyopathy while C57BL/6 PD-1−/− develop progressive arthritis and a lupus-like glomerulonephritis (Fife and Bluestone, 2008). Furthermore, PD-1 blockade and deficiency in NOD mice leads to accelerated autoimmune diabetes (Ansari et al., 2003; Wang et al., 2005a) and PD-1 blockade leads to the development of accelerated and clinically more severe EAE in mouse models (Salama et al., 2003). Of note, PD-L1 has been implicated in the development of T cell exhaustion (Urbani et al., 2006; further discussed below) and its tissue expression also plays a crucial role in the maintenance of peripheral tolerance (Keir et al., 2006). Similar to other coinhibitory molecules, polymorphisms in PD-1 have been linked with a range of autoimmune conditions in humans, including MS, SLE, Type I DM, and Grave’s disease (Keir et al., 2008).

IMPACT OF PD-1 ON Treg FUNCTION

Regulatory T cells upregulate PD-1 expression on activation (Raimondi et al., 2006) and blockade of PD-1 appears to decrease the suppressive activity of Tregs in vivo (Kitazawa et al., 2007). Furthermore, in the setting of transplantation, PD-L1 blockade appears to alter the balance of Tregs/Teffector cells and promote aggressive alloresponses (Sandner et al., 2005).

PD-1:PD-L1/PD-L2 IN MODELS OF TRANSPLANTATION

In keeping with its role as a negative costimulatory pathway, blockade of PD-1 leads to accelerated allograft rejection in fully mismatched cardiac allografts. However, partially mismatched cardiac transplants survive long-term in PD-1 deficient recipients (Ito et al., 2005; Tao et al., 2005). This discrepancy suggests that PD-1 signals play a greater role in disease models where CD4+ and CD8+ T cell-dependent responses are prominent. More detailed studies have demonstrated that blockade of PD-L1 specifically, but not PD-L2, was associated with accelerated rejection in skin and cardiac allograft models, characterized by increased proliferation and decreased apoptosis of allospecific CD4+ T cells (Barrat et al., 1999; Sandner et al., 2005; Yang et al., 2008).

Administration of a fusion protein which is agonistic for PD-1, PD-L1-Ig, has been demonstrated to prolong cardiac allograft survival in both CD28−/− recipients and, when given with cyclosporine, WT recipients of full mismatched cardiac allografts. This survival was associated with decreased IFNγ expression and reduction in pro-inflammatory cytokine production (Ozkaynak et al., 2002). Furthermore, PD-L1-Ig synergizes with anti-CD154mAb to promote long-term islet allograft survival (Gao et al., 2003). Finally, intact PD-1:PD-L1 signaling has been reported to be central to the spontaneous tolerance in murine liver allografts (Morita et al., 2010).

In a further layer of complexity, tissue expression of PD-1 ligands appears to play an important role in allograft outcome. Donor, but not recipient, PD-L1 deficiency is associated with an increased tempo of cardiac allograft rejection; characterized by accelerated chronic allograft vasculopathy, greater frequency of effector T cells and increased IFNγ production (Yang et al., 2008). Studies using bone marrow chimeras have demonstrated that tolerance induced by CTLA-4-Ig is dependent upon the presence of PD-L1 on donor endothelium (Riella et al., 2011). Mechanistic studies showed increased pro-inflammatory cytokine production and increased CD8+ effector/memory T cell frequency in recipients of grafts lacking PD-L1 endothelial expression (Riella et al., 2011). Furthermore, the effect of PD-1 pathway appears to differ between cell types. In a GVHD model, blockade of PD-L2 but not PD-L1 lead to increased proliferation of allospecific CD8+ T cells with little effect of CD4+ T cells (Habicht et al., 2007). Differing PD-1 ligand expression in a lymphoreplete versus a lymphopenic model may also influence these observations.

Recently, B7-1 has been recognized as an alternative binding partner for PD-L1, albeit at lower affinity than for PD-1 (Butte et al., 2007). This interaction also transmits a coinhibitory signal leading to decreased T cell proliferation, reduced cytokine production and reduction in activation marker expression. In a MHC Class II mismatched model of chronic cardiac allograft rejection, PD-L1 blockade accelerated rejection in B7-2, but not B7-1, deficient recipients (Yang et al., 2011). Moreover, administration of an antibody which specifically blocked the B7-1:PD-L1 interaction led to more severe chronic allograft vasculopathy with upregulation of pro-inflammatory cytokines and reduction in splenic Tregs (Yang et al., 2011). These data demonstrate the relevance of this interaction using in vivo models of transplantation and are of particular relevance in light of the recent availability of the costimulation blocker, Belatacept, in clinical practice. The impact of Belatacept on the interaction between B7-1 and PD-L1 is unknown and may be an important area of future investigation.

PD-1 PATHWAY IN HUMAN STUDIES OF TRANSPLANTATION

Preliminary studies have looked at the predictive value of urinary levels of PD-1, PD-L1, and PD-L2 mRNA in the diagnosis of acute allograft rejection in human recipients. Elevated urinary PD-1 mRNA, was associated with biopsy proven acute rejection and when measured in combination with urinary mRNA for OX40, OX40L, and Foxp3, was a strong predictor of acute allograft rejection (Afaneh et al., 2010).

In human transplant recipients, the role of allograft tissue expression of PD-1 and its ligands have also been examined. PD-L1 is expressed on human renal tubular epithelial cells and has been reported to suppress alloreactive T cell responses (Starke et al., 2010). Furthermore, while these molecules are not seen on native kidneys, immunohistochemical staining of renal allograft samples revealed induction of PD-1, PD-L1, and PD-L2 in rejecting allografts. No correlation was seen between staining and serum creatinine or proteinuria. However, the expression of PD-L1 was significantly higher in those grafts showing vascular (Banff 2a and 2b) versus tubulointerstitial rejection (Banff 1a and 1b; Starke et al., 2010).

Conclusions

The differential expression of ligands for CTLA-4 and PD-1 has lead to hypotheses that these negative costimulatory pathways occupy non-redundant roles in control of immune responses. CTLA-4 may control early T cell activation, whereas PD-1 may be more important in control of later stages and in particular T cell activation within the transplanted organ. Therefore, these pathways appear to play complementary roles in alloimmunity and robust strategies to promote tolerance may involve targeting both.

Data from human studies suggest that PD-1 and PD-L1 may be useful biomarkers for non-invasive diagnosis of allograft rejection, most likely in combination with a panel of other molecules. More importantly, animal models have demonstrated that tissue expression of PD-1 and its ligands play an important role in modulating the alloresponse to the graft. Furthermore, upregulation of these molecules is seen in rejecting grafts, in murine and human studies, perhaps in response to local tissue injury. Whether this is associated with limitation of the alloresponse or possibly a marker of greater responsiveness to therapy, is as yet unknown, and will form an important area of future investigation. Finally, an exciting prospect exists that manipulation of graft expression of these molecules, either through targeted gene therapy or the use of drugs to upregulate expression, may promote a tolerogenic environment and influence graft survival.

B7-H3

B7-H3 is a member of the B7 family of costimulatory molecules. It is a type-1 transmembrane protein with a short cytoplasmic tail and no known signaling domain. It is broadly expressed in human tissues and in the immune system, its expression is induced on monocytes, DCs, and T cells upon activation (Chapoval et al., 2001). This wide pattern of expression suggests B7-H3 may have diverse immunological and non-immunological functions. In keeping with this, its exact role in immunity remains unclear, with positive and negative costimulatory functions being reported. Initial studies of human B7-H3 using a B7-H3-Ig fusion protein, suggested it was a positive costimulatory molecule, demonstrating increased T cell proliferation, IFNγ production and CTL generation (Chapoval et al., 2001). Its receptor is found on activated T cells and is distinct from CD28, CTLA-4, ICOS, and PD-1 (Chapoval et al., 2001).

Triggering receptor expressed on myeloid cells (TREM)-like transcript 2 (TLT-2) has been proposed as a receptor for B7-H3 (Hashiguchi et al., 2008). TLT-2 is constitutively expressed on CD8+ T cells and is induced on CD4+ T cells after activation. In this study, B7-H3:TLT-2 was reported to enhance T cell responses in vitro, with modest increases IL-2 and IFN-γ production on CD4+ and CD8+ T cells seen after TLT-2 and B7-H3 interaction (Hashiguchi et al., 2008). However, a more recent paper has strongly refuted these findings, and reports no interaction between B7-H3 and TLT-2 on murine or human cells (Leitner et al., 2009).

In mice, B7-H3 is constitutively expressed on professional APCs and a small population of splenic T cells. Its expression is increased on DCs after incubation with LPS (Prasad et al., 2004). Contrary to the human study, data from murine studies using a blocking antibody against B7-H3 demonstrate its role as a negative regulator of T cell activation (Prasad et al., 2004). An agonistic fusion protein, B7-H3-Ig, was found to markedly decrease proliferation, IL-2 and IFNγ production by T cells incubated with aCD3 (Suh et al., 2003; Prasad et al., 2004; Leitner et al., 2009). Furthermore, when T cells were activated with aCD3 in the presence of B7-H3-Ig, reduced activity of NF-κB, NFAT, and inhibition of AP-1 activation were observed (Prasad et al., 2004). The effect of B7-H3 signaling was overcome with CD28-mediated costimulation, suggesting B7-H3 may exert greatest effect in situations where CD28 costimulation is limited. In addition, use of a blocking mAb, anti-B7-H3, lead to greatly enhanced T cell proliferation (Prasad et al., 2004). Unlike the human data, murine studies did not confirm a role for B7-H3 in CTL responses in vitro or in vivo (Suh et al., 2003).

B7-H3 IN DISEASE STATES

In vivo, treatment with an antagonistic mAb, anti-B7-H3, lead to earlier onset of EAE, more clinically severe disease and greater numbers of brain-infiltrating CD4+ T cells in treated than controls (Prasad et al., 2004). Finally, B7-H3 deficient APCs show greater costimulatory capacity than wild type (Suh et al., 2003).

In a murine model of airway inflammation, B7-H3 deficient mice developed more severe airway inflammation and increased T cell infiltration than controls in Th1 but not Th2 conditions (Suh et al., 2003). Furthermore, B7-H3 expression on DCs was enhanced by IFNγ but suppressed by IL-4. Taken together, these data suggest a role for B7-H3 in negative regulation of T cell responses occurring under Th1 polarizing conditions.

Extensive studies of B7-H3 function in cancer biology have also revealed contradictory data. In several mouse cancer models, ectopic overexpression of B7-H3 leads to activation of tumor specific CTLs and slowed growth or tumor eradication (Hofmeyer et al., 2008). However, human studies in non-small cell, prostate and ovarian cancers have shown increased disease severity where malignant cells showed increased B7-H3 expression, suggesting B7-H3 may be acting as an immune evasion pathway in this setting (Hofmeyer et al., 2008).

B7-H3 IN MODELS OF TRANSPLANTATION

The role of B7-H3 in transplantation has not yet been extensively studied but again, conflicting data exists. Using a complete MHC mismatched cardiac allograft model, prolonged allograft survival was seen in B7-H3−/− recipients treated with Cyclosporine or Rapamycin (Wang et al., 2005b). Analysis of graft infiltrating cells revealed decreased expression of both cytokines IL-2 and IFN-γ and chemoattractant proteins MCP-1 and IP-10 in treated B7-H3−/− recipients compared with control animals. No differences were seen in expression of regulatory cytokines (Wang et al., 2005b). Chronic allograft rejection was investigated using two models; a complete MHC mismatched allograft combined with anti-CD154 treatment and a Class II mismatched cardiac transplant. Decreased chronic allograft vasculopathy with similar cytokine expression profiles were observed in B7-H3−/− recipients in both models.

In contrast however, our group has extensive preliminary data demonstrating the role of B7-H3 as a negative regulator of alloimmunity. B7-H3−/− recipients show attenuated allograft survival and treatment with an agonistic fusion protein, B7-H3-Ig prolongs allograft survival in a complete MHC mismatch model (Ueno, Yeung, personal communication).

The differing effects observed between these transplantation studies may possibly relate to specifics of the individual B7-H3 knockouts described and also the binding affinity/functional activity of fusion proteins studied. Furthermore, the existence of separate “costimulatory” and “coinhibitory” ligands for B7-H3 has not yet been excluded. The contradictory findings suggest the role played by B7-H3 varies, dependent upon the system being studied. Furthermore, B7-H3 has wide tissue expression and little is known as to its local activity in regulating immunity. Clearly, further detailed studies are required to elucidate the exact role of B7-H3 in alloimmunity and its relative importance as a potential therapeutic target.

B7-H4

B7-H4 is a type I transmembrane protein and is a recently described member of the B7 family. While B7-H4 mRNA is found in a variety of tissues, it is not expressed on naïve T cells, B cells or DCs. Its expression is upregulated after in vitro stimulation of human T cells, B cells, monocytes, and DCs (Prasad et al., 2003; Sica et al., 2003). Its receptor, as yet unidentified, is thought to be expressed on activated T cells and appears to be distinct from known CD28 family members. Finally, it has also been shown to suppress neutrophil-mediated immune processes, thereby playing a role in innate immunity (Zhu et al., 2009).

In studies using an agonistic fusion protein, B7-H4 was demonstrated to inhibit T cell proliferation both in vitro and in vivo (Prasad et al., 2003; Sica et al., 2003). Signaling through B7-H4 lead to suppression of IL-2 and IFN-γ production in vitro. In addition, there appears to be an interaction between B7-H4 and Treg function. In a model of GVHD, treatment with B7-H4-Ig suppressed the generation of CTLs both in vitro and in vivo (Sica et al., 2003). In vitro studies suggest that suppressive function of APCs is associated with increased B7-H4 expression. This appears to be mediated through Treg production of IL-10 (Kryczek et al., 2006). Finally, blockade of B7-H4 lead to accelerated onset and worsening severity of murine EAE, further indicating its important role in control of T cell responses (Prasad et al., 2003).

B7-H4 IN DISEASE STATES

Early treatment with B7-H4-Ig reduced the incidence of diabetes in NOD mice, associated with reduced insulitis scores and increased pancreatic infiltration with Foxp3+ CD4+ T cells in treated mice (Wang et al., 2011). In a similar vein, B7-H4 was overexpressed on an insulinoma cell line transplanted into C57BL/6 mice with Streptozotocin-induced diabetes. Improved survival was observed in the B7-H4 group; this was associated with an increased splenic Treg population and reciprocally reduced IFN-γ-producing and increased IL-4 producing splenocytes (Yuan et al., 2009). Another group found that B7-H4 overexpression promoted islet allograft survival and induced donor specific tolerance (Wang et al., 2009a).

Similar to studies of B7-H3 in cancer biology, B7-H4 appears to play a role in tumor immune evasion. It appears to be highly expressed on human tumors including breast, lung, prostate, and ovarian malignancies. In keeping with its known role as a negative regulator of immune responses, the presence of B7-H4 positive cells has been repeatedly shown to correlate with reduced numbers of tumor infiltrating lymphocytes and worse outcomes (Yi and Chen, 2009).

B7-H4 IN MODELS OF TRANSPLANTATION

A small number of studies have addressed the role of B7-H4 in alloimmunity. Our group has recently described the effect of B7-H4 blockade in murine model of cardiac transplantation. In a fully mismatched cardiac allograft model, blockade of B7-H4 did not affect allograft survival. However B7-H4 blockade significantly accelerated allograft rejection in CD28−/− recipients and in CD80/CD86DKO recipients, in whom fully mismatched allografts usually survive long-term (Yamaura et al., 2010). This rejection was accompanied by increased frequency of IFN-γ and IL-4 producing splenocytes and increased levels of donor specific antibodies. Furthermore, blockade of this pathway with anti-B7-H4 precipitated acute rejection in mice treated with CTL-A4-Ig where long-term allograft acceptance is the norm (Yamaura et al., 2010).

These data suggest that B7-H4 plays a dominant negative regulatory role in controlling alloreactive T cells in the absence of CD28/CTLA-4:B7 signaling. In this fashion, it appears to play a non-redundant role in fine-tuning the immune response in vivo. Although not yet fully elucidated, this role may prove of increasing relevance going forward; particularly where costimulatory blockade using agents such as Belatacept becomes increasingly common in clinical practice.

BTLA/CD160/LIGHT:HVEM

This complex pathway involves a number of players, the most widely studied of which are B and T cell lymphocyte attenuator (BTLA), herpesvirus entry mediator (HVEM), and LIGHT. These three molecules interact directly with each other but it appears that HVEM occupies a central role and can direct either positive or negative costimulatory signals depending upon its receptor binding. Central to understanding the role of this pathway in immunity is an analysis of the complex interactions and relative roles of each of the molecules involved.

B and T cell lymphocyte attenuator is a member of the Ig superfamily and shares structural homology with PD-1 and CTLA-4. BTLA is a type I membrane glycoprotein with a single C-type Ig domain and three conserved tyrosine motifs in its cytoplasmic tail; two of which a found within (ITIMs; Watanabe et al., 2003). As predicted by its structure, BTLA acts as a negative costimulatory molecule. Binding to its ligand, HVEM, induces phosphorylation of its ITIM domain. This is followed by association with SH2 domain-containing protein tyrosine phosphatase 1 (SHP-1) and SHP-2, leading to attenuation of signals promoting cellular activation and growth (Sedy et al., 2005). It is broadly expressed across cells of both innate and adaptive immunity and is found on CD4+ and CD8+ T cells, B lymphocytes, DCs, NK cells, and also endothelial cells.

B and T cell lymphocyte attenuator expression is low on naïve CD4+ T cells (10–15%; Tao et al., 2008) but increases with antigen specific stimulation and peaks on day 2 (Hurchla et al., 2005). This declines by day 7 but secondary reactivation of T cells leads to rapid BTLA induction (Hurchla et al., 2005). In terms of T cell subsets; greater expression is seen on Th1 than Th2 cells (Hurchla et al., 2005) and little is expressed on Tregs. In addition, BTLA is highly expressed on anergic CD4+ T cells in vivo (Hurchla et al., 2005). The highest levels of BTLA expression on T cells were seen with anergy induction (Hurchla et al., 2005). BTLA deficient T cells proliferate more vigorously than wild type when stimulated with aCD3 or APCs. This appears to be primarily due to increased CD8+ T cell proliferation. Furthermore, BTLA−/− CD8+ T cells are more efficient at differentiating into memory T cells than WT cells (Krieg et al., 2005). This is thought to explain the higher proportion of memory T cells observed in both BTLA−/− and HVEM−/− animals (Krieg et al., 2005).

B and T cell lymphocyte attenuator is unique among coinhibitory members of the Ig superfamily, in that it binds to HVEM, which is a member of the TNF receptor superfamily. Other ligands for HVEM have been described, including CD160, which also transduces a negative costimulatory signal (Cai et al., 2008). HVEM also binds the canonical TNF ligands, LTα (Murphy and Murphy, 2010; lymphotoxin alpha), and LIGHT (Mauri et al., 1998; lymphotoxin-like, exhibits inducible expression, and competes with herpes simplex virus glycoprotein D for HVEM, a receptor expressed by T lymphocytes) both of which are positive costimulatory molecules. HVEM engagement with BTLA and CD160 both activate inhibitory signaling in lymphocytes (Sedy et al., 2005; Murphy et al., 2006; Cai et al., 2008). BTLA and CD160 both bind to the N-terminal membrane distal cysteine-rich domain-1 (CRD-1) of HVEM (Sedy et al., 2005), whereas the positive costimulatory molecules, LIGHT and LTα, bind to CRD-2 and CRD-3 (Rooney et al., 2000). LTα has not yet been studied in alloimmunity and will not be discussed further here.

Herpesvirus entry mediator is widely expressed across cells of innate and adaptive immunity and is also found on endothelial cells. However, its relative role in differing cell subsets remains unclear. Signaling through HVEM activates NF-kB, and in this manner it costimulates B cell proliferation and immunoglobulin secretion (Duhen et al., 2004) and on DCs (Salio et al., 1999), NK cells (Kwon et al., 1997) and non-haematopoietic cells, it promotes activation of effector functions (Marsters et al., 1997). During T cell activation, HVEM shows a reciprocal expression pattern to BTLA, with high HVEM expression seen on naive CD4+ which markedly decreases with T cell activation (Morel et al., 2000). This returns to high levels as CD4+ cells become quiescent.

LIGHT is expressed on monocytes, granulocytes, and immature DCs (Tamada et al., 2000). LIGHT expression on peripheral blood lymphocytes is induced with TCR activation but it is constitutively expressed on CD4+ cells and NK cells in mucosal tissues. (Cohavy et al., 2005) LIGHT does not itself appear to have signaling motifs but it shows potent CD28 independent costimulatory activity. Its interaction with HVEM provides a positive costimulatory signal (Sedy et al., 2005) leading to increased MAP kinase activity, T cell activation (Shi et al., 2002), and increased inflammatory responses (Ware, 2008).

LIGHT exists in both membrane-bound and soluble forms, cleaved by matrix metalloproteases. Interestingly, binding of LIGHT appears to modulate the interaction between BTLA and HVEM and its effect on this interaction varies greatly dependent upon the form. As described above, LIGHT has a separate binding site to BTLA on HVEM (Rooney et al., 2000) and its binding, in soluble or membrane-bound forms to HVEM, modulates the signal produced when BTLA binds, providing a tight feedback loop. Both membrane-bound and soluble LIGHT can induce NF-κB activation through HVEM but membrane-bound LIGHT shows much more robust activity than the soluble form (Cheung et al., 2009). Conversely, membrane-bound LIGHT non-competitively disrupts binding between BTLA and HVEM (Cheung et al., 2005). The regulation of LIGHT cleavage in vivo has not yet been elucidated but it appears to play an important role in determining the downstream effect of BTLA:HVEM interaction.

CD160 is the second coinhibitory molecule involved in this pathway. It binds HVEM and inhibits CD4+ proliferation and cytokine production (Cai et al., 2008). CD160 is highly expressed on human NK cell subsets, CD8+ T cells, NKT cells, γδ T cells, and on all intestinal intra-epithelial T lymphocytes (IELs; Maeda et al., 2005). However, functional studies of CD160 have not been reported to date and little is known about its role in auto- or allo-immunity in vivo. Although both act to control T cell proliferation, CD160 and BTLA appear to show distinct expression patterns, suggesting their inhibitory functions may be non-overlapping in vivo.

BTLA PROMOTES T CELL SURVIVAL

Aside from its role as coinhibitory molecule, there are data to suggest BTLA also promotes T cell survival. In vitro data using an NF-κB reporter shows that BTLA binding to HVEM leads to NF-κB activation and promotes cell survival (Cheung et al., 2009). Furthermore, the presence of soluble LIGHT increased the avidity of BTLA binding to HVEM and augmented the observed NF-κB activation.

BTLA−/− T cells fail to sustain GVHD in a non-irradiated GVHD model. BTLA−/− T cells show normal expansion initially after adoptive transfer, but failed to sustain inflammation (Hurchla et al., 2007). After the first week, BTLA−/− T cells show a sharp decline in effector cell numbers, which is accompanied by resolution of GVHD (Hurchla et al., 2007). Furthermore, BTLA−/− T cells fail to elicit a strong anti-host response as demonstrated by lack of depletion of host B cells. Similar findings were seen with antibody blockade of BTLA on wild type cells. Mechanistic studies showed that these T cells show decreased proliferation and decreased cytolytic activity (Hurchla et al., 2007).

IMPACT OF BTLA:HVEM ON Treg FUNCTION

The expression of BTLA is low on Tregs and BTLA−/− Tregs demonstrate normal suppressive activity (Tao et al., 2008). Upon activation, T effector cells express increased BTLA but markedly down-regulate HVEM. In contrast, activated Tregs strongly upregulate HVEM but not BTLA. The importance of this pathway in Treg function is emphasized by findings that HVEM−/− Tregs show decreased suppressive activity and WT Tregs are unable to suppress BTLA−/− T effector cells (Tao et al., 2008). In addition, studies using fully mismatched cardiac allografts suggest that long-term allograft survival could not be achieved in the absence of HVEM on Tregs (Tao et al., 2008). While HVEM does not appear to be a dominant functional pathway on Tregs (as HVEM−/− mice do not display spontaneous autoimmunity observed in Foxp3 deficient mice), these data suggest a potentially important role in alloimmunity, which requires further detailed evaluation.

BTLA:HVEM IN DISEASE STATES

BTLA−/− mice are more prone to develop autoantibodies and develop a hepatitis-like syndrome with advancing age (Oya et al., 2008). Expansion of CD4+ and NKT cell populations in the liver parenchyma with associated endothelialitis and portal inflammation has also been described (Oya et al., 2008). BTLA−/− also show greater allergic airway inflammation (Deppong et al., 2006) and greater susceptibility to EAE (Greenwald et al., 2005). HVEM−/− mice show increased susceptibility to Con A mitogen induced, autoimmune hepatitis (Wang et al., 2005c). LIGHT−/− mice show impaired T cell responses (Tamada et al., 2000).

In a murine model of inflammatory bowel disease, Rag−/− mice developed more severe colitis upon adoptive transfer of HVEM−/− T cells compared to transfer of wild type T cells. Transfer for BTLA−/− cells did not accelerate colitis in the same fashion (Steinberg et al., 2008). It has been proposed that this may be due to lack of T cell survival as observed in the GVHD model described above (Hurchla et al., 2007). Treatment of HVEM−/− Rag−/− recipients with a BTLA agonist reversed the observed colitis (Steinberg et al., 2008). These data suggest BTLA:HVEM plays an important role in control of effector T cell responses in vivo. Furthermore, data from Rag−/− studies suggests the negative costimulatory effect of BTLA signaling may be the more dominant pathway regulating in vivo immune responses, rather than positive costimulation mediated through LIGHT.

A Taiwanese study of 94 patients with RA reported an association between a SNP [C(+800)] in BTLA and increased risk of RA. This SNP is located in the region between the two ITIMs in the cytoplasmic tail of BTLA (Lin et al., 2006). In addition, a small Japanese study showed an association between a different BTLA SNP (590C) and RA, but not with SLE or Sjogren’s syndrome. In this study, patients bearing this SNP were reported to have presented with disease earlier than those without (Oki et al., 2011). The functional consequences of either of these SNPs remain unknown.

BTLA IN MODELS OF TRANSPLANTATION

Several studies have described prolonged islet cell allograft survival after treatment with anti-BTLA antibodies. One such antibody, PJ196, given in combination with CTLA-4-Ig, has been reported to lead to long-term islet cell allograft survival (Truong et al., 2007a). The mechanism of action of this antibody is unclear. BTLA expressing cells were not depleted, but BTLA surface expression was markedly down-regulated after treatment with PJ196. Furthermore, earlier data had suggested this antibody does not simply act as a BTLA agonist as it did not decrease in vitro T cell proliferation. After combination treatment with CTLA-4-Ig, islet graft histology demonstrated massive cellular infiltration, primarily consisting of CD4+ Foxp3+ Tregs. Such infiltrate was not observed after treatment with anti-BTLA alone, leading the authors to speculate that combined treatment may have enhanced the local milieu for Treg generation, possibly through down-regulating coinhibitory signals on Tregs and thereby enhancing their function (Truong et al., 2007a).

In a related publication from the same group, treatment with a depleting anti-BTLA antibody, 6F7, alone led to modest non-significant prolongation of islet allograft survival, when compared with control. No graft prolongation was seen in BTLA−/− recipients and addition of CTLA-4-Ig did not significantly prolong allograft survival in BTLA−/− mice. Combination of anti-BTLA (6F7) with CTLA-4-Ig again lead to long-term islet allograft survival in this model (Truong et al., 2007b). Treatment was associated with a reduction in total T cell, CD4+ cell and B cell number. Furthermore, the percentage of CD4+ cells expressing PD-1 was significantly increased in the anti-BTLA treatment group.

As seen in the earlier study, allograft histology demonstrated local accumulation of CD4+ Foxp3+ cells in tolerant animals. In vivo donor specific tolerance was present and third party grafts were appropriately rejected. However, in vitro studies showed no difference in T cell proliferation or cytolytic killing in response to allogeneic stimulus in tolerant mice. In vivo CFSE proliferation studies confirmed that 6F7 does not show significant impact on proliferation of allogeneic CD4+ or CD8+ T cells (Truong et al., 2007b). The function of this mAb in vivo is unclear, but the lack of effect on proliferation of activated T cells suggests that similar to PJ196, 6F7 is not simply an agonistic antibody. Through an unclear mechanism, increased expression of PD-1 was observed along with increased local Treg accumulation in the treated animals. It is unclear if anti-BTLA mAb acts to increase PD-1 expression either directly or if this occurs through indirect mechanisms by blocking BTLA signaling.

Further studies have examined the role of BTLA in the survival of Class I or Class II mismatched cardiac allograft survival. In contrast to wild type recipients, where partially mismatched cardiac allografts survive long-term, both BTLA−/− and HVEM−/− recipients rejected their grafts within 4 weeks of transplantation. Treatment with a blocking anti-BTLA mAb (6A6) led to accelerated rejection, at a similar tempo (Tao et al., 2005).

While targeting PD-1 did not induce acute rejection in this model, recipients deficient in both BTLA and PD-1 rejected their allografts, at a slightly faster tempo than BTLA−/− alone. Moreover, targeting BTLA via any one of either BTLA−/−, HVEM−/− recipients, or administration of a blocking anti-BTLA mAb, all lead to accelerated allograft rejection in a mismatched model (Tao et al., 2005). Similarly, T cell alloreactivity was greatly enhanced in the absence of BTLA or HVEM. While BTLA was induced on alloreactive T cells post partially mismatched cardiac transplantation, PD-1 was not.

Interestingly, and unexpectedly, in the setting of transplantation across a full MHC mismatch, T cells from BTLA−/− mice display decreased proliferation and cytokine production and these recipients show slightly prolonged cardiac allograft survival. As discussed previously (in PD-1 section), following fully mismatched cardiac transplantation; PD-1 expression is greatly increased on CD4+ and CD8+ alloreactive T cells. Unexpectedly, this increase in expression is more marked in BTLA−/− recipients. Treatment with anti-PD-1 blockade or transplantation into a BTLA/PD-1 double knockout recipient abrogated this effect and led to acute allograft rejection, similar to controls (Tao et al., 2005).

Based on the above data, it appears that BTLA signaling plays an important role in the maintenance of tolerance to partially mismatched cardiac allografts, a well-studied model of chronic rejection. However, in the setting of stronger alloimmune stimulus, as seen with fully mismatched transplantation, the impact of BTLA on allograft tolerance is much less. In these circumstances, the pro-tolerogenic effect of PD-1 appears to be dominant. Again, the effect of targeting BTLA on induction of PD-1 expression remains unclear, but these data suggest an important link between these two negative costimulatory pathways.

The differences in survival in the cardiac and islet transplant data possibly relate to the antibodies used. The cardiac transplants were carried out using a non-depleting, blocking anti-BTLA mAb (6A6) whereas the islet cell transplants used a depleting antibody (6F7) or one that down-regulated BTLA expression (PJ196).

Several groups have studied the role of BTLA using GVHD models. Using a parent into non-irradiated F1 murine model of GVH, treatment with an antagonistic anti-BTLA mAb (4G12b) was shown to decrease anti-host response in terms of infiltration of bone marrow and thymus along with a marked reduction in the cytotoxic T cell activity (Del Rio et al., 2011). Further studies have shown that anti-BTLA mAb (6A6), administered at the time of allogeneic hematopoietic stem cell transplantation (HSCT) prevented the development of GVHD (Albring et al., 2010). However, once GVHD was established, treatment with 6A6 could not reverse the disease. In this model, lymphocyte depletion was not seen and the effect was dependent on the presence of BTLA on donor cells. Overall, treatment at the time of transplantation appeared to rebalance the T cell expansion in these recipients, with decreased effector T cell populations, greater proportions of Tregs with increased Treg/Teff ratio (Albring et al., 2010).

Finally, a recently published study used an agonistic BTLA mAb (BYK-1), which does not block the interaction of BTLA and HVEM. Administration of this mAb profoundly inhibited the generation of donor anti-host CTLs (Sakoda et al., 2011). Similar to the study using 6A6 mAb, treatment at the time of transplantation prevented the development of GVHD in recipient mice and led to long-term survival and successful engraftment (Sakoda et al., 2011). These effects were shown to be dependent on donor T cells and additionally, T cell-expressed BTLA was demonstrated to deliver a pro-survival signal, through HVEM (Sakoda et al., 2011). Taken together, these data suggest BTLA blockade may be a potential therapeutic target in HSCT to prevent the development of GVHD while allowing survival and engraftment of donor cells.

CONCLUSIONS

Attempts to dissect and understand this pathway are complicated by several major issues. These include the number of binding partners for HVEM, their varied functions, and the fact that most lymphoid cells can express any of these receptors/ligands (BTLA, HVEM, LIGHT, and CD160) at differing stages of their development and activation. However, active regulation of HVEM expression appears to be a central tenet to controlling its interactions with BTLA, CD160, and LIGHT. As such, HVEM appears to occupy a central role, acting as a molecular switch, to direct T cell activation in an inhibitory or stimulatory direction.

The observed bidirectional signaling through BTLA:HVEM, the effect of LIGHT on their interaction and the relative expression of these molecules are all issues that need to be considered when interpreting disease or transplantation models involving this pathway. Studies using differing models suggest that the dominance of one signal over the other varies according to the type of immune response involved. Some studies suggest that the positive costimulatory signal through HVEM may predominate in pathogenesis of GVHD, where blockade of BTLA has led to impaired allogeneic responses and HVEM−/− mice suffer less severe GVHD. Meanwhile, in models of autoimmunity and inflammatory responses, BTLA negative costimulatory signal appears dominant, as BTLA−/− mice show greater susceptibility to these conditions. However, the impact of LIGHT modulating the BTLA–HVEM interaction has not yet been adequately investigated in vivo and remains an important area of future investigation. Furthermore, the link between this pathway and PD-1 remains to be elucidated.

Further research in this area is crucial to clarify the roles of these molecules and understand their hierarchy of importance in models of transplantation. Theoretically, blockade LIGHT:HVEM costimulation is desirable, as is promotion of coinhibition through BTLA:HVEM signaling. However, recent data highlighting the costimulatory effect of BTLA binding to HVEM, leading to increased NF-κB activation and pro-survival signals, sound a note of caution. Therefore, the development of antibodies binding BTLA to promote its signaling rather than HVEM may prove the most promising target. In vivo data from models of transplantation appear to indicate that those antibodies that deplete or down-regulate BTLA expression are more effective in controlling alloresponses. However, much work remains to be done to develop our understanding of this pathway as a potential therapeutic target.

TIM-3:GALECTIN-9

The T cell immunoglobulin mucin (TIM) family members are a novel group of costimulatory molecules, expressed on a wide variety of innate and adaptive immune cells. While TIM-3 is present on predominantly on Th1 cells, it is found on Th17 cells at lower levels and is also expressed on CD8+ T cells, DCs, macrophages, and mast cells (Freeman et al. (2010)). In studies using an antagonistic TIM-3Ig fusion protein, TIM-3 blockade in naïve CD4+ cells was demonstrated to increase proliferation and increase IFNγ production (Sabatos et al., 2003). Galectin-9, an S type lectin, is the ligand for TIM-3. It is expressed on Tregs, B cells, and mast cells and is also found on non-immune cells such as endothelial cells and fibroblasts (Zhu et al., 2005).

Upon binding galectin-9, the intracellular tail of TIM-3 is phosphorylated by the interleukin inducible T cell kinase (ITK; van de Weyer et al., 2006), leading to intracellular calcium influx and apoptosis. TIM-3 signaling is thought to be a critical inhibitory mechanism whereby Th1 responses are controlled. Furthermore, IFNγ upregulates galectin-9 expression, leading to an elegant feedback loop (Kashio et al., 2003; Zhu et al., 2005). Similarly, administration of soluble galectin-9 decreases Th17 differentiation (Seki et al., 2008) while blockade of TIM-3 increases IL-17 production (Hastings et al., 2009; Boenisch et al., 2010), demonstrating the role of this pathway in controlling Th17 responses.

Data on the role of TIM-3 signaling in innate immunity are conflicting. Interruption of signaling during induction of EAE leads to macrophage expansion and activation resulting in a more severe clinical phenotype (Monney et al., 2002). Similarly, TIM-3 blockade during liver ischemia–reperfusion injury increases neutrophil infiltration, cytokine release, and hepatocyte apoptosis (Uchida et al., 2010). In contrast, ex vivo studies suggest TIM-3 acts synergistically with TLR stimuli to increase pro-inflammatory TNF-α secretion from DCs, which may in turn promote T effector responses (Anderson et al., 2007).

TIM-3 IN MODELS OF TRANSPLANTATION

Galectin-9 is expressed on Tregs and studies demonstrate that blockade of TIM-3:galectin-9 reduces the suppressive activity of Tregs in vitro. In vivo TIM-3 blockade at the time of transplantation abrogates the tolerizing effect of donor derived Treg transfusion, leading to accelerated graft loss when compared with controls (Wang et al., 2009b). Similarly, in a model of islet transplant tolerance induced with DST and anti-CD154, TIM-3 blockade was associated with loss of tolerance and rapid allograft rejection (Sanchez-Fueyo et al., 2003) and TIM-3 interactions have been demonstrated to be essential for the generation of donor specific Tregs (Sanchez-Fueyo et al., 2003).

TIM-3:galectin-9 interactions appear to be central to Treg function and tolerance induction. Galectin-9 expression on T cells is limited solely to Tregs (Sabatos et al., 2003; Wang et al., 2009b). TIM-3 blockade abrogates induced peripheral tolerance, causes significant attenuation of suppressive activity of natural Tregs and increased auto- and allo-immune responses including autoantibody production (Sabatos et al., 2003; Muthukumarana et al., 2008; Wang et al., 2009b). Furthermore, TIM-3 signaling appears to facilitate the acquisition of donor specific tolerance; TIM-3 deficient mice are refractory to tolerance induction (Sabatos et al., 2003) and the generation of allospecific Tregs during tolerance induction has been demonstrated to be dependent upon intact TIM-3:galectin-9 pathway (Sabatos et al., 2003; Sanchez-Fueyo et al., 2003). In a murine model of islet cell transplantation, tolerant allografts displayed blunted intra-graft expression of TIM-3 and IFN-γ as compared with rejected grafts (Sabatos et al., 2003).

In fact, TIM-3 broadly modulates the alloresponse in vivo. In a fully mismatched model of chronic cardiac allograft rejection, accelerated graft loss is observed with TIM-3 blockade (Boenisch et al., 2010). This rejection is characterized by increased donor specific alloantibody production, increased Th1 and Th17 polarization, and suppression of adaptive Treg induction (Boenisch et al., 2010). Administration of exogenous stable galectin-9 has been used to promote TIM-3 signaling in experimental models. Treatment has been associated with prolonged allograft survival of both skin and cardiac allografts (Wang et al., 2008; He et al., 2009). These studies used models of both acute and chronic allograft rejection, and all consistently demonstrated that TIM-3:galectin-9 interaction leads to Th1 and Th17 suppression while promoting Treg differentiation (Wang et al., 2008; He et al., 2009).

TIM-3 IN HUMAN TRANSPLANT RECIPIENTS

In human transplant recipients, TIM-3 may be helpful as a biomarker of Th1 activation and rejection. Small studies indicate that TIM-3 mRNA levels are significantly higher within rejecting allografts and that there is a strong correlation between intra-graft TIM-3 and IFN-γ levels. Interestingly, treatment-refractory rejection episodes showed relatively lower levels of TIM-3, suggesting a link between lack of negative costimulatory signaling and poorer allograft outcomes (Ponciano et al., 2007). In addition, measurement of TIM-3 mRNA in urine and blood have proved accurate in the differentiation of delayed graft function (DGF) with acute tubular necrosis versus DGF with acute rejection (Manfro et al., 2008). Patients with acute rejection showed much higher urine TIM-3 mRNA levels than those with other causes of allograft dysfunction or non-rejecting controls (Renesto et al., 2007; Manfro et al., 2008). While larger studies will be needed to validate these findings, these data suggest potential utility of TIM-3 mRNA measurement as a non-invasive tool in the diagnosis of allograft dysfunction.

OTHER FUNCTIONS OF TIM-3

TIM-3 also functions as a phosphatidylserine receptor and mediates phagocytosis of apoptotic cells (Nakayama et al., 2009). Blockade of this phagocytic capacity has been shown to promote autoantibody production and impair cross presentation by CD8+ DCs (Nakayama et al., 2009). As discussed in greater detail below, increased TIM-3 expression on CD8+ T cells has been associated with an exhausted phenotype, with decreased viral clearance and reduced anti-tumor immunity (Golden-Mason et al., 2009; Mengshol et al., 2010; Sehrawat et al., 2010). The mechanisms involved, including the role of galectin-9 in these conditions, remain unclear at this time.

CONCLUSIONS

Taken together, experimental data indicate that TIM-3:galectin-9 plays a central role in regulation of Th1 responses including alloimmune responses. Through signaling on Tregs, TIM-3 is involved in the generation of antigen specific tolerance. Administration of galectin-9 has promoted allograft survival in both a stringent skin graft model and a vascularized model of transplantation. Human studies correlate TIM-3 levels with alloimmune activation and risk of rejection. These data indicate that targeting this pathway pharmacologically may hold significant promise in the management of detrimental alloresponses (Wang et al., 2008; He et al., 2009). However, several important issues remain to be clarified. In particular, the impact of targeting TIM-3 on phagocytosis of apoptotic bodies and maintenance of peripheral tolerance, and the relative importance of galectin-9 expression on donor and recipient tissues in modulating the immune response, are unclear. Furthermore, galectin-9 may also function through other, as yet unidentified, receptors on T cells, which may contribute to the observed effects (Zhu et al., 2005; Bi et al., 2008).

T CELL EXHAUSTION, NEGATIVE COSTIMULATION, AND TRANSPLANTATION

T cell exhaustion is a state of T cell dysfunction characterized by progressive loss of proliferative and effector functions, culminating in clonal deletion (Virgin et al., 2009). It is most commonly seen in chronic viral infections and malignancies and is thought to relate to chronic antigenic stimulation (Wherry et al., 2003). There appears to be a link between the strength of antigenic stimulation and degree of T cell exhaustion, where larger amounts of epitopes lead to more severe degrees of exhaustion, even with similar viral loads. To date, it has been most widely studied in CD8+ T cells but is also thought to affect CD4+ T cells. Immune regulation is central to T cell exhaustion and expression of coinhibitory molecules appears to be a crucial feature. Exhausted T cells display high expression of PD-1 (Barber et al., 2006) but increased CD160, TIM-3, and CTLA-4 expression have all been described on virus-specific CD8+ T cells in chronic infection (Crawford and Wherry, 2009). Furthermore, studies from the cancer literature have reported reversal of T cell exhaustion through blockade of TIM-3 and PD-1 signaling (Sakuishi et al., 2010).

The role of T cell exhaustion in solid organ transplantation has not yet been widely studied. Several groups have reported on the impact of alloantigen load on alloreactive CD8+ T cells and demonstrated evidence of T cell exhaustion with decreased proliferative capacity and reduced effector cytokine production (Quezada et al., 2003; Steger et al., 2008). However, the expression of coinhibitory molecules was not examined in these studies. The true impact of T cell exhaustion on allograft outcomes remains unclear and whether manipulation of negative costimulatory pathways could lead to exhaustion of specific alloreactive T cell clones is unknown but is a fascinating potential research avenue.

SUMMARY AND FUTURE DIRECTIONS

With widespread expression across immune cells and tissues, negative costimulatory molecules are an appealing target for allospecific tolerance induction. An increasing body of literature outlines the complexity of these pathways, involving variable expression of receptors and ligands but also overlapping functions and interactions of different pathways.

In terms of hierarchy of costimulatory molecules, CD28 occupies a central role in T cell activation and therefore in opposing this, CTLA-4 is considered the most important coinhibitory molecule. CTLA-4-Ig blocks CD28-mediated costimulation through competitive binding to B7, but does not consistently induce allograft tolerance across varied transplant models. This observation is thought to be due to the presence of other positive costimulatory pathways unaffected by CTLA-4-Ig, but also may represent inadvertent blockade of tolerogenic CTLA-4 signals. To begin to address this issue, several groups are currently working on antibodies which can block CD28 specifically, without affecting CTLA-4 function. Recent non-human primate studies of transplantation using a novel anti-CD28 appear to hold some promise in this area. However, there is likely to be a requirement for concomitant negative costimulatory signals to induce robust allospecific tolerance. A more complete understanding of the mechanisms of action of CTLA-4, as provided by recent landmark studies, will help to inform and guide further investigation in this area.

Studies of the PD-1 pathways have greatly advanced our understanding of costimulation and the importance of tissue-expressed ligands in T cell activation and directing the alloresponse. Antibody blockade of both PD-1 and PD-L1 has been shown to accelerate allograft rejection, associated with increased proliferation of allospecific CD4+ T cells. Prolonged allograft survival is seen after administration of a PD-1 agonist in the setting of CD28 deficiency; suggesting that this may be a promising therapy to combine with blockade of CD28. Tissue expression of PD-L1 also appears to play an important role in directing the alloresponse, as indicated by data showing donor PD-L1 deficiency leads to accelerated allograft rejection and tolerance induced by CTLA-4-Ig appears to be dependent on PD-L1 on donor endothelium.

B7-H3 and B7-H4 have not been extensively investigated in alloimmunity but current data suggests these may play an important role in fine-tuning the immune responses in the setting of limited CD28-mediated stimulation. In particular, B7-H3 appears to negatively regulate T cell responses under Th1 polarizing conditions and manipulation of this pathway may prove useful to prevent rejection, a predominantly Th1 mediated process. However, as described above, the current data is conflicting and these findings need to be resolved to fully assess the role of B7-H3 in alloimmunity. In addition to negative costimulation, B7-H4 also appears to promote Treg function by increasing IL-10 production. B7-H4 may also prove a useful pathway to target, as adjunctive therapy with CD28 blockade.

Furthermore, there is broad similarity in the expression of B7-H3, B7-H4, PDL-1, and PDL-2 in lymphoid and non-lymphoid tissues, and their receptors are all expressed on activated T cells. These features suggest a role for these molecules in regulating activation of naïve T cells in lymphoid tissue and effector T cell function in the periphery. Signals transmitted by these B7 ligands may be tissue specific and regulated by inflammatory cytokines; thereby influencing the nature and extent of T cell function. Therapeutic strategies aimed at manipulating expression of or signaling through these molecules locally either within the graft or draining lymph nodes may be important future avenues to promote allospecific tolerance without systemic immunosuppression.

Through limiting the development of GVHD and promoting engraftment, manipulation of BTLA signaling may prove an important strategy in the management of stem cell transplantation. The data from islet cell transplantation is also quite promising but these models do not address the complex interactions with other ligands such as LIGHT. Of particular interest, there appears to be interaction between BTLA and PD-1 in the induction of tolerance. BTLA−/− mice show greater induction of PD-1 expression and improved allograft survival, in a PD-1 dependent manner. This relationship warrants further exploration and may prove a useful link between these coinhibitory pathways. However, the complex interactions between the different molecules involved in BTLA:HVEM signaling and the potential for bidirectional signaling, render this a challenging pathway to exploit. At this time, much remains to be understood before any potential agent could be brought closer to clinical applications.

TIM-3 and its ligand, galectin-9, are exciting new players in the field of coinhibition. Recent data demonstrates the ability of TIM-3 to broadly modulate the immune response. Administration of galectin-9 has been demonstrated to prolong allograft survival with decreases in Th1 and Th17 alloimmunity and increased allospecific Treg generation. Furthermore, TIM-3 blockade has been shown to prevent tolerance induction. These data suggest a central role for TIM-3 in regulation of tolerance and that promotion of TIM-3 signaling, perhaps through administration of exogenous stable galectin-9, may prove an additional important tool in the quest to induce tolerance in transplant recipients.
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Adaptive immunity in both mouse and man results in the generation of immunological memory. Memory T cells are both friend and foe to transplant recipients, as they are intimately involved and in many cases absolutely required for the maintenance of protective immunity in the face immunosuppression, yet from the evidence presented herein they clearly constitute a formidable barrier for the successful implementation of tolerance induction strategies in transplantation. This review describes the experimental evidence demonstrating the increased resistance of memory T cells to many distinct tolerance induction strategies, and outlines recent advances in our knowledge of the ways in which alloreactive memory T cells arise in previously untransplanted individuals. Understanding the impact of alloreactive memory T cell specificity, frequency, and quality might allow for better donor selection in order to minimize the donor-reactive memory T cell barrier in an individual transplant recipient, thus allowing stratification of relative risk of alloreactive memory T cell mediated rejection, and conversely increase the likelihood of successful establishment of tolerance. However, further research into the molecular and cellular pathways involved in alloreactive memory T cell-mediated rejection is required in order to design new strategies to overcome the memory T cell barrier, without critically impairing protective immunity.
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OVERVIEW OF MEMORY T CELL PROGRAMMING

One of the hallmark features of adaptive immunity is immunologic memory. Antigen-specific T cells that have experienced a prior encounter with cognate antigen exist at a higher precursor frequency than they did as naïve clones, and have acquired a differentiation program that allows them to rapidly and robustly respond to subsequent encounters, usually at a lower activation threshold than their naïve counterparts (Ahmed and Gray, 1996). The last 20 years have seen an explosion in new knowledge regarding the instructional developmental programs that impart these qualities upon memory T cells, and most of this knowledge has come from the study of memory T cell differentiation in response to viral infection. It is now known that following clonal expansion and contraction of an antigen-specific T cell population, a heterogeneous memory pool consisting of central and effector memory populations remains. Recently, studies have focused on elucidating factors that identify short-lived effectors and memory cell precursors at very early timepoints following infection.

During the primary CD8+ T cell response to antigen, short-lived effector cells fail to re-express CD127 and upregulate the senescence marker KLRG-1 (Kaech et al., 2003; Huster et al., 2004; Sarkar et al., 2008). Memory precursor cells upregulate CD127 and remain KLRG-1 low, although several studies have shown that CD127 is permissive but not instructive or even required for memory cell formation (Lacombe et al., 2005; Wojciechowski et al., 2006; Hand et al., 2007). After the contraction phase, CD8+ central memory cells are maintained in lymph tissues due to expression of CD62L and CCR7, while effector memory cells have greater cytotoxic potential and reside in peripheral tissues (Sallusto et al., 1999; Masopust et al., 2001). The transcription factors T-bet, eomesodermin, Blimp-1, and the serine kinase mTOR have been implicated in the distinct differentiation programs of long-lived CD8+ memory precursors as compared to short-lived effector T cells (Intlekofer et al., 2005, 2007; Joshi et al., 2007; Kallies et al., 2009; Rutishauser et al., 2009; Shin et al., 2009; Banerjee et al., 2010). Specifically, T-bet and BLIMP-1 are thought to be critical in the differentiation and contraction of CD8+ effector T cell populations, as evidenced by the increased differentiation of memory CD8+ T cells in both T-bet−/− and BLIMP−/− animals (Intlekofer et al., 2005; Joshi et al., 2007; Kallies et al., 2009; Rutishauser et al., 2009; Shin et al., 2009; Welsh, 2009; Rao et al., 2010). In contrast, CD8+ T cells lacking eomesodermin were shown to compete poorly in differentiating into central memory cells (Araki et al., 2008; Banerjee et al., 2010; Rao et al., 2010). More specifically, eomesodermin-deficient CD8+ T cells showed similar magnitude and kinetics of expansion following antigen priming as compared to wild-type T cells, but were less able to survive long-term, were defective in establishing a memory pool in the bone marrow, and exhibited diminished secondary recall responses (Banerjee et al., 2010). Taken together, these data suggest that that T-bet and eomesodermin have reciprocal functions in terms of their abilities to promote the differentiation of short-lived effector cells versus long-lived memory precursor cells. However, the molecular mechanisms underlying the regulation of these transcription factors is still largely unknown and is an area of intense investigation.

CD4+ memory T cell programming has received comparably less attention than CD8+ T cell memory, due in part to the fact that CD4+ memory T cells exist at lower frequencies than CD8+ memory T cells (Harrington et al., 2008; Pepper et al., 2011), and that class II tetramers for the detection of polyclonal endogenous antigen-specific memory T cells have been developed only recently (Landais et al., 2009). However, many features of CD4+ memory differentiation are emerging. Similar to the differentiation of CD8+ memory T cells (Wherry et al., 2003; Wherry and Ahmed, 2004), Th1 effector memory cells arise from Th1 effectors during clonal expansion (Harrington et al., 2008; Lohning et al., 2008; Sprent et al., 2008). While CD127 is also permissive for CD4 memory cell formation, the transcription factors T-bet, Blimp-1, and eomesodermin do not delineate memory CD4 cell precursors in the same way as they do for CD8+ memory (Yang et al., 2008; Pepper et al., 2010). However, a recent study revealed that a subset of CD4+ cells that displayed decreased expression of Ly6C and T-bet following antigen encounter were better able to survive long-term and demonstrated superior recall responses to secondary challenge (Marshall et al., 2011). The authors of this study also compared the gene expression profiles of the population of Ly6Clo T-betint CD4+ effector cells to that of mature memory CD4+ T cells, and found them to be virtually identical. These data suggest that Ly6Clo T-betint CD4+ cells comprise a population of early maturating memory CD4+ within the pool of effectors. In addition, two reports have shown that CD4+ central memory cells have a T follicular helper-like CCR7+CXCR5+ phenotype (Chevalier et al., 2011; Pepper et al., 2011). It is these molecular changes that in part are responsible for memory T cells’ superior functional capabilities, long life span, and reduced activation requirements upon recall as compared to their naïve counterparts (Sallusto et al., 1999).

EVIDENCE FOR ALLOREACTIVITY AMONG MEMORY

When examining the potential barrier posed by alloreactive memory T cells, one must first consider the evidence that alloreactivity exists within the memory T cell compartments of mouse and man. For at least the last two decades, there has been considerable debate concerning the relative precursor frequencies of alloreactive clones among naïve vs. memory T cell populations (Lombardi et al., 1990; Lechler et al., 1991). This question was first addressed by seminal studies which approached the problem by using cord blood-derived T cell preparations, which were shown to contain little to no memory T cells (Lombardi et al., 1990), and later by ELISPOT techniques to identify cells secreting cytokines in response to brief stimulation with alloantigen (Heeger et al., 1999). Because naïve T cells do not begin to produce cytokines until 16–24 h post stimulation, these early cytokine producers were deemed alloreactive memory T cells. However, our ability to probe these questions has matured along with the evolution of our understanding and identification of memory T cell phenotypes and ability to physically sort these subsets using flow cytometry. Specifically, a 2009 study which analyzed the frequencies of alloreactive T cells in naïve (CD45RO− CD62L+), central memory (CD45RO+ CD62L+), effector memory (CD45RO+ CD62L−), and terminal effector memory (CD4RO− CD62L−) compartments addressed this issue, and revealed that approximately equal frequencies of alloreactive T cells exist among these subsets (Macedo et al., 2009). Perhaps one reason that the frequency of alloreactivity among memory T cell compartments has been debated lies in the fact that there are differences in the ways in alloreactivity manifests in naïve vs. memory T cell compartments. In particular, Macedo et al. (2009) found that when proliferation was used as a read-out, it appeared as though there was a higher precursor frequency of alloreactive T cells among naïve as compared to memory CD8+ T cells. However, when perforin/granzyme expression was used as a read-out, it appeared as though there was a higher precursor frequency of alloreactive T cells among TEM as compared to naïve CD8+ T cells (Macedo et al., 2009). It should therefore be noted that even though the frequencies of alloreactive T cell clones might be comparable between naïve and memory T cell compartments, the immunological manifestation of recognition of alloantigen might be very different, with potential profound impacts on graft acceptance vs. rejection.

HOW ARE ALLOREACTIVE MEMORY T CELLS GENERATED?

The generation of donor-reactive memory T cells can arise through multiple independent mechanisms (Figure 1), and it is likely that many if not all of the these mechanisms are at play within the memory T cell compartment of a given individual. The generation of donor-reactive memory T cells can be subdivided into three main categories: (1) generation of “traditional” donor-reactive memory T cells following sensitization with alloantigen, (2) the generation of memory through antigen-independent mechanisms, and (3) the generation of allo-cross-reactive memory T cells following exposure to non-alloantigens. First, donor-reactive memory T cells can certainly arise from prior sensitization with allogeneic tissue. Reports from both experimental models (Valujskikh et al., 2002; Zhai et al., 2002) and clinical patients (Heeger et al., 1999) revealed worse outcomes in recipients of a prior graft, consistent with “second set” rejection (Figure 1). Alloreactive memory T cells can also arise during pregnancy, during which time the female can be primed against paternal antigens carried by the fetus (van Halteren et al., 2009). Furthermore, a recent study also found that immunity generated following platelet transfusion was sufficient to induce rejection following a subsequent bone marrow transplantation in murine recipients, even across only minor histocompatibility antigens (Patel et al., 2009). Since platelet transfusion is a common occurrence prior to liver transplantation in particular, these data indicate that the subpopulation of highly tranfused transplant recipients may be at an increased risk for memory T cell-mediated graft rejection.
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Figure 1. Generation of donor-reactive memory T cells. An alloreactive memory T cell pool may be generated through at least four different pathways. (A) Traditional donor-reactive memory may form following sensitization with alloantigen presented by donor or recipient antigen-presenting cells. (B) Pathogen-derived antigen, such as viral antigens, may elicit T cell memory that is cross-reactive with alloantigen. (C) Dual-receptor T cells may be activated by non-allogeneic antigen, creating memory populations that are alloreactive through the second T cell receptor. (D) Lymphopenia induced by pharmacological treatment or infection may induce antigen-independent homeostatic proliferation and generate alloreactive memory T cells. Light blue and green T cells represent naïve T cells. Clonally expanding T cell populations contain combinations of pathogen-reactive (green) and alloreactive (blue) cells. Memory populations also contain pathogen-reactive and alloreactive T cells. Ag, antigen. DC, dendritic cell.



Second, alloreactive memory T cells may be generated in an antigen-independent manner when in a lymphopenic environment exists in the host. In these instances, naïve CD4+ and CD8+ alloreactive precursors are induced to undergo IL-7-dependent homeostatic proliferation and differentiation into memory T cells (Goldrath et al., 2000; Murali-Krishna and Ahmed, 2000; Figure 1). Seminal studies from Turka and colleagues showed that both adoptive transfer of lymphocytes into T and B-cell devoid SCID recipients and experimental depletion of lymphocytes in murine transplant recipients resulted in rapid reconstitution of peripheral T cell compartments with memory T cells (Wu et al., 2004). These findings may be clinically relevant in that lymphopenia can be induced in patients following infection with a viral pathogen such as HIV, or following therapeutic depletion of T cells for the treatment of autoimmunity or transplantation, and residual naïve T cells might be induced to undergo rapid division and acquisition of a memory-like phenotype (Sener et al., 2009). Studies from non-transplant models have revealed that these “pseudomemory” T cells have functional characteristics similar to those of memory T cells as well (Goldrath et al., 2000; Murali-Krishna and Ahmed, 2000). Thus, lymphopenia-induced immunologic memory seems to be both as phenotypically and functionally competent as true antigen-dependent memory. Memory cells generated in this manner have also been shown to constitute a barrier to tolerance induction, discussed more below (Wu et al., 2004).

A third and often-overlooked mechanism by which donor-reactive memory T cells might be generated is through the activation of dual-receptor T cells (Figure 1). Although most T cells express a single alpha and beta chain by virtue of the principle of allelic exclusion of T cell receptor (TCR) genes, the existence of T cells expressing either two alpha or two beta chains has been documented. Indeed, Lanzavecchia’s laboratory showed that up to 30% of human T cells express a second alpha chain at the mRNA level and 8% expressed one at the protein level (Padovan et al., 1993). Thus, one could envision a situation in which two distinct TCRs, one specific for an alloantigen and one specific for a pathogen, could co-exist on the same T cell. If that T cell encounters the pathogen-derived antigen for which it is specific, it could become activated and differentiate into a memory T cell. If that same T cell were at some future time to encounter its cognate alloantigen, it would respond as memory T cell despite never have seen that antigen before. What is the evidence that dual-receptor alloreactive T cells exist and can participate in graft rejection? A recent study by Allen’s group showed that dual-receptor CD4+ T cells were enriched in the alloreactive T cell compartment in a murine model of graft-versus-host disease (Morris and Allen, 2009). However, the contribution of dual-receptor T cells to rejection of solid organs and in human patients warrants further investigation.

TCR CROSS-REACTIVITY AND THE GENERATION OF ALLOREACTIVE MEMORY

In addition to the mechanisms discussed above, studies in both mouse and human have revealed that alloreactive memory T cells can in fact be generated by prior exposure to pathogens (Pantenburg et al., 2002; Adams et al., 2003; Brehm et al., 2003). This can occur through a process termed heterologous immunity (Pantenburg et al., 2002; Adams et al., 2003; Brehm et al., 2003), whereby TCRs present on virus-specific memory T cells cross-react with alloantigen (Figure 1). This phenomenon is based upon the intrinsic cross-reactivity of most TCRs to a wide spectrum of related peptide:MHC ligands, defined in early seminal studies wherein amino acid substitutions at TCR contact residues within the original antigenic ligand revealed that individual TCRs responded to a spectrum of peptides with unrelated or minimally related sequences, and that stimulation with these peptides could evoke differential quantity and quality of responses from the T cell (Evavold et al., 1993; Sloan-Lancaster and Allen, 1996; Ford and Evavold, 2004). Interestingly, it has been estimated that a single TCR may be capable of recognizing up to 106 distinct ligands, and computational analysis of the T cell repertoire suggested that this high degree of TCR cross-reactivity is in fact required for complete coverage of the multitude of potential peptide epitopes that could be generated by pathogens (Nikolich-Zugich et al., 2004). The implications of this intrinsic cross-reactivity support the concept of heterologous immunity, suggesting that microbial pathogens might activate antigen-specific T cells that then cross-react with allogeneic tissue and result in graft rejection. Experimental evidence that such cross-reactivity between pathogen-derived and graft-derived epitopes includes seminal studies by Burrows et al. (1994, 1995, 1997) demonstrating that CD8+ T cells specific for EBV-EBNA3A restricted by HLA-B8 were cross-reactive with HLA-B44 presenting a self-peptide with a sequence unrelated to the EBNA3A epitope. This self-peptide displays a restricted pattern of expression, a finding which has important implications for the tissue-specificity of alloimmunity (D’Orsogna et al., 2011a). Other examples of documented cross-reactivity between viral and alloepitopes include evidence that CD4+ T cells-specific for a tetanus toxoid peptide presented in the context of HLA-DR3 were cross-reactive with HLA-DR4 (Umetsu et al., 1985), and a T cell specific for HSV-VP13/14 in the context of A2 has been shown to cross-react with HLA-B44 (Koelle et al., 2002). While early studies documented the existence of cross-reactivity in these settings, they failed to rule out bystander activation as a potential explanation for the observed results. More recently, however, new experimental evidence has emerged identifying true molecular mimicry as a potential explanation for the observed alloreactivity within heterologous immune responses. Most prominently, in a recent seminal study interrogating the specificity of alloreactive CD4+ T cells for peptide:MHC complexes, Felix et al. found that alloreactive T cells have the inherent propensity to respond to multiple, distinct peptide epitopes that did not share sequence homology (Felix et al., 2007). The same finding was also observed in CD8+ human T cell clones, in that when syngeneic human T cell populations were primed with a specific tumor antigen, the responding T cell clones were highly specific for the immunizing antigen, as would be expected (Falkenburg et al., 2011). However, in surprising contrast, when allogeneic T cell populations were primed with the same tumor antigen, the responding CD8+ T cell clones were specific for not only the immunizing antigen, but a wide range of both related and unrelated peptide epitopes (Falkenburg et al., 2011). Taken together, these data demonstrated that alloreactive T cells are more “poly-specific” as compared to conventional T cells and thus may possess the ability to recognize many unrelated peptide sequences (Felix and Allen, 2007). The concept of the “poly-specificity” of alloreactive T cells was further confirmed by the results of McCluskey et al. who interrogated the molecular mechanisms underlying the observed cross-reactivity of EBV-EBNA3A/HLA-B08 restricted TCR with HLA-B44 molecules (Macdonald et al., 2009). Using a crystal structure-based approach, their findings suggested that the binding modes of a single TCR to two distinct, unrelated cognate and allogeneic peptide:MHC complexes were virtually identical. Interestingly, these data also supported an induced-fit model of TCR recognition of alloepitopes, since it was only following TCR ligation that the viral and allopeptides acquired the same conformation (Beddoe et al., 2009; Macdonald et al., 2009). Taken together, these recent advances have therefore definitively demonstrated that heterologous immunity between pathogen-derived and transplant antigens can function at the level of molecular mimicry, facilitated in part by the intrinsic promiscuity of alloreactive T cell clones.

While these examples confirmed the existence of molecular mimicry as a mechanism underlying heterologous immunity, until very recently the experimental evidence for the existence of virally elicited allo-cross-reactive memory T cells was based on examples of specific donor-recipient pairs eliciting cross-reactivity between pathogen-elicited memory T cells and alloepitopes, but lacked a systematic evaluation of the prevalence of this phenomenon. A study by Amir et al. (2010) suggested that heterologous immunity is not limited to a few anecdotal instances, but in fact is quite common. Using MHC tetramers for FACS-purify pathogen-specific T cell lines and clones, the authors tested the reactivity of these cells against a panel of HLA-typed target cells. Strikingly, they observed that fully 80% of CD8+ T cell lines and 45% of pathogen-specific CD8+ T cell clones exhibited alloreactivity against at least one MHC allele (Amir et al., 2010). Subsequent experiments utilizing a TCR gene transfer approach confirmed that both the pathogen- and alloreactivity could be conferred by a single TCR, thus demonstrating true TCR cross-reactivity and ruling out the involvement of dual-receptor T cells in these instances (Amir et al., 2010). The potential for pathogen-induced alloreactive T cell responses to manifest clinically were highlighted in a recent case report study in which a de novo alloreactive T cell response was generated following varicella-zoster vaccination in an individual awaiting renal transplantation (D’Orsogna et al., 2011b). In sum, these recent studies demonstrating that pathogen-elicited allo-cross-reactive T cell memory is perhaps much more common than originally anticipated may have important implications for the field of transplantation (D’Orsogna et al., 2010). Specifically, if a large proportion of memory T cell clones possess intrinsic alloreactivity, and a given patient possesses tens of millions of memory T cell clones, the relevant question is not simply if donor-reactive memory T cells exist in any given individual, but rather the extent to which they exist, and to assess whether their frequency, phenotype, and functionality results in a significant barrier to tolerance or even long-term graft survival.

ALLOREACTIVE T CELL MEMORY IS HIGHLY DONOR-SPECIFIC

Despite intrinsic cross-reactive potential of TCRs, studies of virus-specific human memory T cell clones revealed that while allo-cross-reactivity was indeed very common, this cross-reactivity was usually confined to a single HLA molecule (Amir et al., 2010). Thus, while several studies have now shown that that alloreactivity exists among memory, the extent to which donor-reactive memory T cells are present appears to be highly dependent on the donor tissue tested. This is an important finding because it had previously been hypothesized that due to the lower activation threshold of memory T cells, many different alloantigens might be capable of stimulating memory T cells. In a 2007 study, Benichou and coworkers stimulated CD8+ memory T cells from 11 different non-human primates with a panel of 14 different stimulator cells, and found that the donor-reactive CD8+ memory T cell precursor frequencies within a given individual spanned an over 40-fold range depending on the allostimulator used (Nadazdin et al., 2010). Interestingly, the authors also reported that naïve alloreactive T cell precursor frequencies did not range as widely across the different responder: stimulator pairs tested, suggesting that the observed difference in donor-reactive memory T cell precursor frequencies was not due to intrinsic differences in the alloreactive T cell repertoires of these animals, but instead was likely due to differences in their immunologic histories (Nadazdin et al., 2010).

BYSTANDER ACTIVATION: PATHOGEN-SPECIFIC RESPONSES THAT INFLUENCE ALLOREACTIVITY IN AN ANTIGEN-INDEPENDENT MANNER

The above studies definitively demonstrate that TCR cross-reactivity is an important mechanism by which pathogen infection can result in alloimmunity and therefore pose a barrier to long-term graft survival. However, it is critical to note that non-specific so-called bystander activation also plays an important role in the pathogen-mediated barrier to allograft acceptance. Indeed, studies in murine models of infection prior to and/or following transplantation have demonstrated that both the type of infection and timing relative to transplantation can influence the impact of infections on alloimmunity. In particular, previous reports have shown that simultaneous infection of a murine transplant recipient with LCMV Armstrong or with Listeria monocytogenes can increase alloreactivity, accelerating rejection and potentially abrogating tolerance induction (Williams et al., 2001; Wang et al., 2008). However, similar studies showed that infection with LCMV Armstrong after tolerance was already established did not impact graft survival (Williams et al., 2001), and infection with LCMV Armstrong prior to transplantation abrogated tolerance induction in only 7% of mice (Williams et al., 2002). In contrast, prior infection of transplant recipients with LCMV clone 13, which persists for the life of the host, completely inhibited tolerance induction in 100% of the recipients (Williams et al., 2002). Furthermore, established tolerance in murine models can be broken by subsequent infection with Listeria but not Staphylococcus aureus (Wang et al., 2010). Overall, these findings indicate that the inflammatory milieu of a particular viral or bacterial infection can impact the priming and/or recall of alloimmune responses (Ahmed et al., 2011a). The mechanisms underlying this phenomenon involve the ability of a particular infectious agent to induce the adjuvant effects of IL-6 and type I interferons (Wang et al., 2010; Ahmed et al., 2011b), and also likely the ability of pathogen infections to license dendritic cells that may also be presenting alloepitopes (Alegre et al., 2008a,b), either through the direct or indirect pathway.

The tropism of the viral pathogen is also likely to play a role in determining its impact on alloreactive T cell responses and ultimately on tolerance induction. For example, if the virus infects the transplanted organ, as in the case of hepatitis C virus or BK virus, viral-specific T cells may play a greater role in mediating bystander activation of alloreactive T cells and thus inhibiting tolerance induction. This phenomenon was demonstrated experimentally following infection of murine renal allograft recipients with mouse polyoma virus, a relative of human BK virus that infects the kidney, revealing that polyoma virus infection resulted in acute rejection of allogeneic but not syngeneic transplanted kidneys (Han Lee et al., 2006). The authors also demonstrated a concomitant increase in alloantigen-specific CD8+ T cells by flow cytometry (Han Lee et al., 2006). Subsequent studies have failed to detect TCR cross-reactivity of viral-specific T cells with alloepitopes, suggesting instead that the increased inflammatory milieu generated by the viral infection in the kidney increased the activation and differentiation of the alloreactive T cell clones in an antigen-independent manner.

MEMORY T CELLS POSE A BARRIER TO TOLERANCE INDUCTION

As discussed above, memory T cells are distinct from their naïve counterparts with regards to both phenotype and function, possessing both a lower activation threshold and ability to respond rapidly upon restimulation (Lanzavecchia and Sallusto, 2000a,b). Memory T cells are also hallmarked by their reduced requirement for both TCR stimulation (signal one) and costimulatory signals (signal two) for recall responses (Lanzavecchia and Sallusto, 2000b; London et al., 2000). In addition, memory cells express higher levels of adhesion molecules such as LFA-1, VLA-4, and CD44, cytokine receptors such as CD122 and IL-15Rα, and anti-apoptotic molecules of the Bcl-2 family relative to naïve T cells (Zhang et al., 1998; Grayson et al., 2000, 2001). They also possess altered levels of transcription factors T-bet, eomesodermin, and Blimp-1 as compared to naïve or effector T cells. Due in large part to these changes, donor-reactive memory T cells are therefore relatively refractory to several distinct therapeutic interventions with unrelated mechanisms of action. First, results from analysis of human samples reveals that memory T cells are more resistant to even conventional immunosuppression, as transplant recipients bearing a higher frequency of pre-transplant IFN-γ-producing memory T cells exhibited poorer graft outcomes following treatment with a standard calcineurin inhibitor-based regimen (Heeger et al., 1999). Furthermore, perhaps the most well-studied of example of the memory T cell barrier is the observed resistance of donor-specific memory T cells, elicited either by exposure to donor antigens or viral pathogens, to tolerance induction via CD40 and CD28 costimulation blockers (Pantenburg et al., 2002; Valujskikh et al., 2002; Zhai et al., 2002; Adams et al., 2003). In contrast, numerous studies have demonstrated that blockade of these costimulatory pathways during transplantation are highly effective in tolerizing naïve donor-reactive T cells and lead to prolonged graft survival in both murine and non-human primate models (Linsley et al., 1992; Larsen et al., 1996; Kirk et al., 1997). Importantly, the costimulatory requirements of donor-reactive memory T cells during transplantation are particularly relevant in that reagents designed to block CD28 costimulatory molecules were recently FDA approved for the prevention of graft rejection (Vincenti et al., 2005, 2010; Durrbach et al., 2010). This observed costimulation independence of donor-reactive memory T cells in models of transplantation may have been predicted from basic in vitro analyses of T cell function demonstrating that memory T cells could become fully activated following in vitro stimulation with B7-deficient APC (Croft et al., 1994; Bachmann et al., 1999; Kim et al., 1999; London et al., 2000), and the finding that CD28−/− mice do not exhibit a gross impairment in their ability to generate memory T cells in response to LCMV infection, or for these memory T cells to respond upon secondary rechallenge (Suresh et al., 2001). In transplant models, a seminal study examining the pathogen-elicited memory barrier revealed that while CD28 and CD154 costimulation blockade effectively inhibited graft rejection in naïve recipients, animals that had previously been infected with one, two, or three different viruses were relatively refractory to the tolerance-inducing effects of costimulation blockade (Adams et al., 2003). While this study focused primarily on the CD8+ memory T cell barrier, it is clear that both CD4+ and CD8+ donor-specific memory cells can constitute a barrier to costimulation blockade-induced tolerance (Adams et al., 2003; Chen et al., 2004). For example, similar studies showed that mice infected with Leishmania major exhibited increased resistance to costimulation blockade-induced acceptance of fully MHC disparate allografts, and attributed this resistance to allo-cross-reactive CD4+ T cells primed by Leishmania infection (Pantenburg et al., 2002). In addition, approaches that utilized total body irradiation or non-myeloablative conditioning in combination with costimulatory blockade to induce mixed hematopoietic chimerism in recipient animals were highly efficacious at inducing tolerance in naïve laboratory mice (Sykes and Sachs, 1988; Sykes et al., 1997; Durham et al., 2000; Adams et al., 2001; Sykes, 2001), but met with less uniform success in the translation of this strategy to non-human primates (Kawai et al., 1995, 1999a,b, 2001a,b, 2004; Kean et al., 2007), which, among other challenges, have much higher frequencies of memory T cells in their peripheral blood than laboratory mice housed in specific pathogen free conditions (Kean et al., 2006; Ochiai et al., 2007). Importantly, a recent study examining the efficacy of combined costimulatory blockade/bone marrow or donor-specific transfusion (DST)-based based approach to induce tolerance in non-human primate recipients of renal transplants showed that higher pre-transplant precursor frequencies of donor-reactive memory T cells (as measured by ELISPOT) correlated with failure of tolerance induction and acute rejection of the grafts, while low pre-transplant donor-reactive memory T cell frequencies portended successful tolerance induction and long-term renal allograft survival (Ford and Larsen, 2011; Nadazdin et al., 2011). In support of these findings, a similar study used the same costimulatory blockade/DST based strategy to attempt to induce tolerance to a previously transplanted kidney (Koyama et al., 2007). Their results showed that this regimen, while successful at inducing tolerance when the DST and renal allograft were transplanted simultaneously, failed in the case where the donor was essentially pre-sensitized due to prior transplantation of the renal allograft. The authors of this study showed that memory T cells were refractory to the tolerance induction regimen and therefore were likely responsible for the failure of the establishment of tolerance in these recipients (Koyama et al., 2007).

In addition to their resistance to costimulation blockade and chimerism based therapies, memory T cells demonstrate a relative resistance to antibody-mediated depletion using both anti-lymphocyte serum (ALS) in mice (Minamimura et al., 2008) or alemtuzumab (Campath-1H) in humans (Pearl et al., 2005). These memory T cells that can persist following treatment with depletional therapy are also poised to undergo homeostatic expansion and repopulate the host during reconstitution (Pearl et al., 2005). The mechanisms underlying the relative resistance of memory T cells to antibody-mediated depletion are not well understood. The increased expression of anti-apoptotic molecules such as Bcl-2 family members may be responsible for the observed increased resistance to death, however, an alternative hypothesis is that monoclonal antibodies or other therapeutics present at high concentrations in the bloodstream may not necessarily achieve these high concentrations in peripheral tissues, which are sites to which effector memory T cells home (Woodland and Kohlmeier, 2009). Understanding the ability of monoclonal antibodies to target tissue resident memory T cells remains an important area of future investigation.

Lastly, memory T cells have also been shown to exhibit increased resistance to regulation by CD4+ CD25+ FoxP3 regulatory T cells (Treg). This observation was first made in a murine adoptive transfer model, wherein transferred CD4+ CD25+ cells effectively inhibited the rejection mediated by naïve but not memory CD4+ T cells (Yang et al., 2007). Regulatory T cells were similarly found unable to regulate CD8+ alloreactive T cell responses. Interestingly, this was true for both naïve Treg and alloantigen “primed” Treg, suggesting that strategies to enhance the frequency and/or activation of alloantigen-specific FoxP3+ Treg are unlikely to be effective against donor-reactive memory T cells (Li and Turka, 2010). A subsequent study revealed a similar resistance of human alloreactive memory T cells to regulation by traditional CD4+ CD25+ FoxP3+ Treg (Afzali et al., 2011). However, a more recent report suggested that in vitro stimulation of human T cells with TLR-stimulated plasmacytoid dendritic cells resulted in the generation of CD8+ FoxP3+ LAG-3+ CTLA-4+ regulatory T cells that were effective at inhibiting alloreactive memory T cell responses (Boor et al., 2011).

HETEROGENEITY WITHIN THE MEMORY T CELL COMPARTMENT

The last 20 years have witnessed major advances in our understanding of the generation, maintenance, and function of T cell memory. This work has led to the understanding that memory T cells are do not constitute a homogenous population but rather exhibit a wide array of phenotypes, functional properties, and trafficking patterns that render them likely to play discrete roles in protective immune responses. Memory CD4+ and CD8+ T cells are often segregated into two subsets, central (TCM) and effector (TEM) memory (Sallusto et al., 1999), which even still is likely a gross oversimplification of the range of diversity contained within the memory T cell compartment. TCM express the lymph node homing receptors CD62L and CCR7, whereas TEM lack these markers and instead express other adhesion molecules and chemokine receptors which allow them to access peripheral tissues (Wherry et al., 2003; Sallusto et al., 2004). In addition, TCM and TEM differ in terms of their capacity for re-expansion upon recall, in that TCM have high proliferative potential, express CD27, elaborate IL-2 upon following re-encounter with antigen (Wherry et al., 2003). Conversely, TEM possess lower proliferative potential and reside primarily in non-lymphoid tissues, making them poorly suited to mount secondary re-expansion of antigen-specific T cell populations (Wherry et al., 2003). However, these memory T cells likely constitute a first line of defense, in that they are immediately cytolytic upon Ag re-exposure, and rapidly secrete inflammatory cytokines such as IFN-γ and TNF (Hislop et al., 2001; Wherry et al., 2003; Bouneaud et al., 2005; Marzo et al., 2005; Roberts et al., 2005). Specifically, recent work from Fairchild’s laboratory demonstrated that memory T cells have the potential to infiltrate allografts within 12–24 h, and showed that this very early infiltration was antigen-independent (Schenk et al., 2008). It is likely that the route of exposure, dose, replication rate, and tropism of the infectious challenge all play important roles in determining the relative proportion of each memory T cell subset persisting after infection, and also the degree to which each subset participates in protective immunity upon rechallenge (Masopust et al., 2006). For example, Oberbarnscheidt et al. (2008) showed in a study that CD8+ TCM and TEM rejected allografts with equivalent kinetics in wild-type hosts. However, in animals lacking secondary lymphoid organs, CD8+ TEM were significantly better than TCM at inducing rejection (Oberbarnscheidt et al., 2008). With regard to heterogeneity in effector function, previous work in models of pathogen-specific immunity and vaccination demonstrated that multi-cytokine producing memory cells exhibited superior protective function following secondary challenge with antigen (Seder et al., 2008). A 2009 study from Kirk and colleagues revealed that this is likely also true for alloreactive memory T cells, in that CD2hi multi-cytokine producing TEM were associated with break-through rejection responses in a non-human primate model of renal transplantation (Weaver et al., 2009). In addition, these CD2hi multi-cytokine producing TEM expressed the cytolytic effector molecule granzymeB and underwent degranulation in vitro (Weaver et al., 2009). Similar findings were also true in studies of human alloreactive memory T cell responses (Lo et al., 2011). Thus, this increased effectiveness in mediating graft rejection may be linked to the ability to carry out a wide range of effector functions, each of which has the potential to contribute to graft destruction. Taken together, these data highlight the distinct roles of individual memory T cell subsets in mediating allograft rejection.

COSTIMULATION-INDEPENDENT RECALL RESPONSES: NOT ALL MEMORY IS CREATED EQUALLY

This new understanding that memory T cells actually encompasses a wide spectrum of cellular phenotypes, functionalities, and trafficking patterns, suggests that despite the current dogma that memory T cells do not require CD28/B7 and/or CD154/CD40 signals for recall responses, memory T cells may in fact exhibit a range of requirements for costimulation during recall. In particular, the finding that blockade of CD28 can ameliorate established autoimmunity in murine models of multiple sclerosis and type 1 diabetes suggest that memory T cells existing in these models could be inhibited following blockade of the CD28 pathway (Khoury et al., 1995). Furthermore, administration of abatacept (CTLA-4 Ig) to human patients results in the amelioration of both psoriasis and rheumatoid arthritis, both diseases mediated by memory T cells against self antigens (Abrams et al., 1999; Kremer et al., 2003; Bluestone et al., 2006). Importantly, a recent study by Katsikis et al. found that CD8+ memory T cells derived from adoptively transferred cells required CD28-mediated costimulation for optimal recall responses in a model of bacterial infection (Borowski et al., 2007). Taken together, these findings suggest that under certain circumstances, memory T cells may depend on CD28 and/or CD154 mediated costimulation in order to generate optimum secondary recall responses.

The concept that memory T cells are not uniform in their costimulation blockade resistance has been demonstrated in transplant models as well. First, several studies have demonstrated that CD4+ memory cells as a whole exhibit increased susceptibility to CD28/CD154 costimulation blockade during recall as compared with CD8+ memory T cells (Adams et al., 2003; Ndejembi et al., 2006). In addition, there is evidence from adoptive transfer experiments in fully allogeneic experimental models that TCM elicited via prior sensitization with BALB/c antigen posed a greater barrier to costimulation blockade-induced tolerance as compared with TEM (Adams et al., 2003). However, in a model of allo-specific heterologous immunity following latent viral infection with a murine EBV homolog, TEM as opposed to TCM were the culprits in terms of forming a barrier to tolerance induction (Stapler et al., 2008). In studies of human transplant recipients, TEM (and not as much TCM) have been implicated as posing a relative barrier to the effects of therapeutic lymphocyte depletion via either anti-thymocyte globulin or Campath-H1 (Pearl et al., 2005).

In a recent study, we sought to determine the priming conditions that influenced the programming of costimulation-independent donor-reactive memory T cells. Previous work in models of viral infection revealed that the amount/duration of antigen exposure profoundly impacted the programmed differentiation of memory T cells into short-lived effectors vs. long-lived memory precursors, and influenced the phenotype and functionality of the resulting memory T cell population (Sarkar et al., 1975; Blair and Lefrancois, 2007; Kalia et al., 2008). We interrogated the effect of differential duration of antigen exposure during the initial priming phase of the response on the programming of costimulation-independent donor-reactive memory T cells during recall (Floyd et al., 2011). This series of experiments made use of a system in which OVA-specific TCR transgenic T cells were primed by OVA-expressing Listeria, resulting in the generation of pathogen-elicited donor-reactive memory T cells. In order to limit the duration of antigen exposure of donor-reactive cells during priming, recipients were treated with ampicillin post-infection. These recipients were subsequently transplanted with an OVA-expressing skin graft to induce a secondary recall response in the presence or absence of CD28 and CD154/CD40 costimulation blockade. Results of these studies revealed that skin graft recipients bearing donor-reactive memory T cell responses which had been elicited under conditions of reduced antigen exposure exhibited similar frequencies and phenotypes of antigen-specific T cells as compared with non-ampicillin-treated controls (Floyd et al., 2011). However, these donor-reactive T cells were unable to mediate costimulation blockade-resistant rejection of the OVA-expressing skin graft, indicating that the amount/duration of antigen exposure is a critical factor in determining memory T cells’ relative requirement for CD28/CD154 costimulation in the generation of a functional recall response following transplantation.

MOUNTAIN OR MOLEHILL? POTENTIAL STRATEGIES TO OVERCOME THE MEMORY BARRIER

Pre-existing donor-reactive memory T cells are likely to be a foe of long-term allograft survival no matter which immunosuppressive strategy is employed (Figure 2). For instance, studies assessing the pre-transplant frequency of donor-reactive memory T cells have identified a direct correlation between donor-reactive memory T cell precursor frequency (measured by IFN-γ production following short ex vivo restimulation) and increased risk of acute rejection while on standard calcineurin inhibitor-based immunosuppression (Heeger et al., 1999). However, direct assessment of the impact of calcineurin inhibition on alloreactive memory T cell responses revealed a strong inhibition of alloreactive T cell proliferation (Pearl et al., 2005). While calcineurin inhibition may effectively attenuate memory T cell recall responses, it is also associated with a number of off-target toxicities that lead to the development of hyperlipidemia, type II diabetes, cardiovascular events, and, not insignificantly, renal failure (Halloran, 2004). Identification and therapeutic targeting of those pathways critical for the initiation and maintenance of donor-reactive memory T cells is an important area of investigation in the field. As discussed above, work in animal models has revealed that memory T cells are for the most part not effectively inhibited by CD28 costimulation blockade. This increased resistance may in part explain the increased incidence and severity of acute rejection episodes observed in patients treated with the CD28 blocker belatacept (Larsen et al., 2005), as compared to cyclosporine-treated controls in recent Phase II and Phase II studies of renal transplant recipients (Vincenti et al., 2005, 2010; Durrbach et al., 2010). Determining whether high pre-transplant donor-reactive memory T cell precursor frequency actually correlates with increased incidence and severity of acute rejection in human renal allograft recipients treated with belatacept constitutes an important area of future research. Thus, as use of belatacept in clinical transplantation is likely to increase following its FDA approval in June 2011, the need to simultaneously attenuate donor-reactive memory T cell responses by targeting memory cell-specific pathways becomes more pressing.
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Figure 2. Major therapeutic targets for inhibition of donor-reactive memory T cell responses. Transplantation therapeutics have been developed that target memory T cell costimulation pathways, intracellular signaling pathways, and trafficking molecules. Alemtuzumab, anti-CD52 monoclonal antibody. Alefacept, LFA-3 Ig fusion protein. Belatacept, high-affinity CTLA-4 Ig fusion protein. Anti-OX40L mAb, anti-OX40 ligand monoclonal antibody. Efalizumab, anti-LFA-1 monoclonal antibody. Natalizumab, anti-VLA-4 monoclonal antibody. Sirolimus, Mammalian Target of Rapamycin (mTOR) pathway inhibitor. Tacrolimus, Calcineurin A (CnA)-NFAT pathway inhibitor. Oxelumab, anti-OX40 monoclonal antibody. Bortezomib, protease inhibitor. Gray box, FDA approved therapeutic. Blue box, experimental therapeutic under clinical development.



As such, several groups have studied the mechanisms by which memory T cells escape tolerance induction following costimulatory blockade. Vu et al. (2006) reported that targeting OX40, but not inducible costimulatory molecule (ICOS), CD70, or 41BB could synergize with CD28/CD40 blockade to inhibit rejection mediated by donor-reactive memory cells, but in most experiments rejection ultimately ensued. In contrast, others have observed that anti-CD70 could inhibit rejection mediated by memory cells in mice lacking lymph nodes (Yamada et al., 2005). Given their homing properties, it seems likely rejection in this model may be mediated primarily by TEM, although the relative abundance of donor-reactive cells in the various memory subsets was not defined. In addition, Valujskikh and colleagues recently interrogated the role of ICOS (CD278) in the ability of early graft-infiltrating memory T cells to initiate effector functions associated with graft rejection (Schenk et al., 2009). Their results revealed that while ICOS was not constitutively expressed on all memory T cells, its expression was upregulated in situ following proliferation of memory T cells within the graft itself. Importantly, blockade of ICOS signaling on memory T cells led to a significant decrease in the early expression of IFN-γ, perforin, granzyme B, and FasL mRNA within memory T cell-infiltrated allograft (Schenk et al., 2009). In other settings, CD4+ memory cells escaped anti-CD154 therapy and could provide help for CD8+ T cell responses, macrophage activation, and anti-donor antibody production (Chen et al., 2004), and it is tempting to speculate that the TFH memory subset that expresses TRANCE and CD30L may have contributed to this CD154 independent rejection (Crotty, 2011). Furthermore, previous work has shown that the NFκB inhibitor deoxyspergualin synergized with CD28/CD40 blockade (Adams et al., 2003) to inhibit graft rejection predominantly mediated by CD8+ TCM. More recent studies have confirmed these early findings by demonstrating that reagents which block proteasome degradation and thereby inhibit NFκB nuclear translocation also showed efficacy as inhibitors of donor-reactive memory T cell responses. Specifically, a recent in vitro study demonstrated the ability of bortezomib, one such proteasome inhibitor, to effectively inhibit activation of memory T cells in vitro (Kim et al., 2009). As an added benefit, bortezomib also preserved regulatory T cell function in these studies (Kim et al., 2009).

It is well established that memory T cells mediate graft rejection by rapidly trafficking into allografts and elaborating inflammatory cytokines that recruit in other innate and adaptive immune cells, activating the endothelium and epithelium of the graft, and executing their cytolytic function. Thus, one potential strategy to limit their pathogenicity might be to block the ability of memory T cells to migrate into the transplanted tissue. In 2011, Fairchild and colleagues demonstrated that the early infiltration of memory T cells into donor tissue was suppressed following treatment with LFA-1 antagonists (Setoguchi et al., 2009; Figure 2), and our group showed that anti-LFA-1 mAb synergized with traditional costimulation blockade in effectively diminishing the donor-reactive memory T cell response in murine models (Kitchens et al., 2011a). This synergy was mediated by a decrease in donor-reactive memory T cell cytokine secretion and cytolytic function in the spleen and draining lymph nodes in addition to a diminution in antigen-specific T cell trafficking into the graft (Kitchens et al., 2011a). Furthermore, recent translational studies in a non-human primate model of islet transplantation revealed that a short course of anti-LFA-1 synergized with belatacept in inhibiting alloislet rejection (Badell et al., 2010). In addition, efalizumab, initially developed and FDA approved for the inhibition of autoreactive T cell responses during psoriasis, was recently tested in phase II clinical trials in both renal and islet transplantation (Vincenti et al., 2007; Posselt et al., 2010; Turgeon et al., 2010). These studies assessed the utility of an efalizumab-based regimen in inhibiting rejection in recipients of pancreatic islet allografts. Hundred percent of the patients treated with efalizumab in the two islet studies maintained insulin independence for the duration of treatment with the drug (Posselt et al., 2010; Turgeon et al., 2010). Unfortunately, efalizumab was voluntarily withdrawn by the manufacturer in 2009 due to detection of progressive multi-focal leukoencephalopathy (PML) in patients treated with efalizumab. This rare but potentially fatal JC polyoma-associated disease has thus occurred in only four of ∼46,000 treated subjects (0.008%; Carson et al., 2009). While this is clearly a devastating complication, the PML risk associated with efalizumab is not higher than that associated with cyclosporine (0.045%), tacrolimus (0.021%), or mycophenolate mofetil (0.035%; Neff et al., 2008). Overall, the large number of treated psoriatic patients combined with relatively rare incidence of side effects suggests that blockade of the LFA-1 pathway may warrant further investigation for the prophylaxis of transplant rejection (Kitchens et al., 2011b), in order to circumvent the nephrotoxicity and other side effects associated with current calcineurin inhibitor-based immunosuppressive regimens.

Other adhesion molecule pathways that have been targeted in order to overcome the memory T cell barrier include VLA-4, and adhesion molecule that is not expressed by naïve T cells and that is upregulated upon activation (Theien et al., 2001). VLA-4 is critical for T cell entry into peripheral tissues (Kuchroo et al., 1993) and has blockade of this pathway has been FDA approved for use in multiple sclerosis (natalizumab; Figure 2). We recently showed in a murine model of experimental transplantation that treatment with anti-VLA-4 monoclonal antibodies synergized with costimulatory blockade in inhibiting allograft rejection mediated by donor-reactive memory T cells (Kitchens et al., 2011a). While anti-VLA-4 failed to impact donor-reactive memory T cell expansion, cytokine secretion, or cytolytic function, it potently inhibited the ability of donor-reactive memory T cells to traffic into allografts (Kitchens et al., 2011a). Furthermore, Kirk and colleagues recently reported the ability of CD2hi TEM cells to mediate CD28 costimulation blockade-resistant rejection, and subsequently targeted these cells using the CD2 adhesion molecule blocker LFA-3-Ig (alefacept; Weaver et al., 2009; Figure 2). When administered as part of a regimen consisting also of CTLA-4 Ig (CD28 blockade) and sirolimus (mTOR inhibition), CD2 adhesion molecule blockade resulted in renal allograft survival beyond the duration of treatment (>90 days) in five out of eight non-human primate renal allograft recipients (Weaver et al., 2009). These results provided the experimental foundation for the translation of alefacept, which is currently FDA approved for use in plaque psoriasis, as an adjunct therapy to be used in combination with CD28 blockers such as belatacept to inhibit donor-reactive memory T cell responses in transplantation.

As discussed above, studies have shown that donor-reactive memory T cells are resistant to the effects of regulation (Yang et al., 2007). However, recently published data have shown that the ability of memory T cells to mediate the early recruitment of neutrophils into transplanted allografts underlies their resistance to regulation (Jones et al., 2010). Indeed, depletion of neutrophils from murine transplant recipients resulted in the ability of adoptively transferred Treg to suppress the activity of donor-reactive memory T cells, resulting in long-term graft survival (Jones et al., 2010). These results indicate that the ability of memory T cells to activate the innate immune system following transplantation is an important mechanism by which they facilitate graft rejection, and suggest that therapeutic manipulation of these innate immune components could be utilized in overcoming the memory barrier.

MAINTAINING MEMORY: PROTECTIVE IMMUNITY IN TRANSPLANTATION

The overall goal of immunomodulatory therapy following transplantation is to inhibit graft rejection while maintaining protective immunity. While transplant recipients on current immunosuppressive regimens can certainly experience infectious complications, the fact that patients are not immediately overcome with opportunistic infections indicates that some degree of protective immunity is intact, very likely due to the inability of these immunosuppressive regimens to inhibit immunologic memory. Thus, strategies designed to inhibit alloreactive memory T cells must be weighed against the cost of potentially attenuating protective immunity. For example, as mentioned above, use of LFA-1 and VLA-4 antagonists in autoimmunity (psoriasis and multiple sclerosis, respectively), have resulted in the development of PML, in a small but significant subset of patients (Carson et al., 2009). Thus, elucidating ways to increase protective immunity while at the same time inhibit alloreactive T cell responses is critical to increasing patient health and decreasing morbidity following transplantation.

Given its history as an immunosuppressive and anti-proliferative agent, surprising observations were made when investigators began to interrogate the impact of rapamycin monotherapy on antigen-specific T cell responses during the course of viral or bacterial infection. In two studies published in Nature in 2009, Araki et al. (2009) and Pearce et al. (2009) demonstrated a paradoxical immunostimulatory effect of rapamycin on the CD8+ memory T cell response following pathogen infection. Administration of a clinically relevant dose (serum levels of 5–25 ng/ml) of rapamycin during the priming phase was found to actually increase the number of virus-specific memory T cells. Furthermore, when rapamycin was administered during the contraction phase of the response alone, the antigen-specific T cells instead increased in quality, acquiring a more TCM-like phenotype (CD62Lhi KLRG-1lo CD27hi Bcl-2hi) with increased proliferative capacity upon rechallenge. In a series of elegant RNAi knock-down experiments, the authors went on to show that this enhancement in virus-specific responses is a T cell-intrinsic effect (Araki et al., 2009). Thus, in addition to potential other described effects of mTOR inhibition on dendritic cells, Treg, or other immune compartments (Thomson et al., 2009), these studies point to a direct effect of rapamycin on CD8+ T cells to enhance both the quantity and quality of memory T cell differentiation in response to pathogen exposure in vivo.

These surprising findings raised the question of whether clinically relevant dosing of rapamycin monotherapy following transplantation would also augment graft-specific CD8+ T cell responses. Was the enhancing effect of rapamycin being masked by the presence of other immunosuppressants following transplantation? Or was there a fundamental difference in the effect of rapamycin on T cells responding to antigen in the context of a graft versus a pathogen? To address these questions, our group compared the responses of identical monoclonal TCR transgenic T cells to the same epitope presented by either a graft or a pathogen, in the presence of rapamycin, and found that while rapamycin augmented the OVA-specific CD8+ T cell response in the context of a bacterial infection, it failed to augment the OVA-specific response in the setting of a transplant (Ferrer et al., 2010). Additional studies revealed that rapamycin also inhibited CD8+ T cell responses to a heterotopic heart transplant or a DST, but augmented CD8+ T cell responses to the transplant-relevant pathogens murine γ-herpes virus (an EBV homolog) and murine polyoma virus (a BK/JC homolog). Furthermore, concurrent infection with Listeria did not restore the enhancing effect of rapamycin on the graft-specific T cells, suggesting that pathogen-associated inflammatory signals provided in trans were not sufficient to replicate the rapamycin-induced augmentation (Ferrer et al., 2010). Since the TCR affinity, antigen recognized, and dose and timing of rapamycin administration was identical in both groups, these data suggested a fundamental difference in the way rapamycin impacts T cells stimulated in the context of a pathogen vs. the context of a graft. Understanding the mechanisms underlying this dichotomous effect of rapamycin on graft- vs. pathogen-specific T cell responses might facilitate the inhibition of alloreactive T cell responses while simultaneously preserving protective immunity.

SUMMARY

Memory T cells represent a yin and yang for transplant recipients, as these cells are intimately involved and in most cases absolutely required for the maintenance of protective immunity in the face of some degree of immunosuppression, yet from the evidence presented here they clearly constitute a formidable barrier for the successful implementation of tolerance induction strategies in transplantation. However, based on recent observations that the precursor frequency of alloreactive memory T cells is highly donor-specific, determination of quantity (and likely quality) of donor-specific T cell memory for a particular donor/recipient combination would allow stratification of relative risk of alloreactive memory T cell mediated rejection, or conversely, likelihood of successful establishment of tolerance. This strategy would allow for circumvention of the memory barrier in certain patients, while ongoing research is aimed at designing new strategies to overcome it without critically impairing protective immunity.
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The development of immunosuppressive drugs to control adaptive immune responses has led to the success of transplantation as a therapy for end-stage organ failure. However, these agents are largely ineffective in suppressing components of the innate immune system. This distinction has gained in clinical significance as mounting evidence now indicates that innate immune responses play important roles in the acute and chronic rejection of whole organ allografts. For instance, whereas clinical interest in natural killer (NK) cells was once largely confined to the field of bone marrow transplantation, recent findings suggest that these cells can also participate in the acute rejection of cardiac allografts and prevent tolerance induction. Stimulation of Toll-like receptors (TLRs), another important component of innate immunity, by endogenous ligands released in response to ischemia/reperfusion is now known to cause an inflammatory milieu favorable to graft rejection and abrogation of tolerance. Emerging data suggest that activation of complement is linked to acute rejection and interferes with tolerance. In summary, the conventional wisdom that the innate immune system is of little importance in whole organ transplantation is no longer tenable. The addition of strategies that target TLRs, NK cells, complement, and other components of the innate immune system will be necessary to eventually achieve long-term tolerance to human allograft recipients.
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INTRODUCTION

Colossal advances over the past decades with the use of immunosuppressive drugs have significantly enhanced the early survival of allogeneic organs and tissues in clinical transplantation (Cecka, 1998; Opelz et al., 1999; Opelz and Dohler, 2008a,b). Nevertheless, longer term success rates remain disappointing due to treatment-related complications and chronic allograft rejection, a process characterized by perivascular inflammation, tissue fibrosis, and luminal occlusion of graft blood vessels (Hayry et al., 1993; Hosenpud et al., 1997; Russell et al., 1997; Kean et al., 2006). This stresses the need for the development of selective immune-therapies designed to achieve transplantation tolerance defined as indefinite graft survival in the absence of immunosuppression and graft vasculopathy (Billingham et al., 1953; Owen et al., 1954). While tolerance to some solid organ allografts has been accomplished in several experimental rodent models, consistent establishment of tolerance in patients still remains an elusive goal. It is firmly established that the potent adaptive immune responses initiated by pro-inflammatory T cells activated via direct and indirect pathways in the host’s secondary lymphoid organs are both necessary and sufficient to ensure acute rejection of most allografts (Benichou et al., 1992, 1999; Fangmann et al., 1993; Sayegh et al., 1994; Auchincloss and Sultan, 1996; Lee et al., 1997; Waaga et al., 1997). At the same time, it is now firmly established that the presence of alloreactive memory T cells or donor-specific antibodies in so-called sensitized recipients represents a formidable barrier to transplant tolerance induction (Adams et al., 2003a; Taylor et al., 2004; Valujskikh, 2006; Koyama et al., 2007; Weaver et al., 2009; Nadazdin et al., 2010, 2011; Yamada et al., 2011). Indeed, much effort is currently devoted to the elimination or inhibition of donor-specific memory T cells (TMEM) in primates, which, unlike laboratory mice, display high frequencies of alloreactive TMEM prior to transplantation (Nadazdin et al., 2010, 2011). Altogether, the majority of transplant immunologists have focused their efforts on the deletion and/or inactivation of alloreactive T and B cells, pre-transplantation. On the other hand, recent studies have proven beyond doubt that innate immunity is also an essential element of both acute and chronic rejection of allo- and xenografts (LaRosa et al., 2007; Alegre et al., 2008a,b; Alegre and Chong, 2009; Li, 2010; Goldstein, 2011; Murphy et al., 2011). Innate immune responses are initiated as a consequence of reperfusion injury, inflammation, tissue damage, and presumably microbial infections occurring at the time of transplantation (Figure 1). Different cells of the innate immune system can contribute to the rejection process both directly via secretion of soluble factors and destruction of donor grafted cells as well as indirectly by initiating or enhancing adaptive immune alloresponses while impairing the activation/expansion of protective regulatory T cells (Figure 1). At the same time, there is increasing evidence suggesting that different cells and molecules associated with innate immunity can hinder tolerance induction to allografts and xenografts (LaRosa et al., 2007; Alegre et al., 2008b; Wang et al., 2008; Murphy et al., 2011). At first glance, it can be speculated that all cells and molecules mediating graft rejection can potentially prevent tolerogenesis. However, immune rejection and tolerance resistance do not necessarily involve the same mechanisms and these two processes are likely to differ in nature and magnitude. This article reviews some of the mechanisms by which innate immunity can interfere with establishment or maintenance of tolerance to allogeneic transplants, an issue that is essential to the design of novel tolerance strategies in transplantation.
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Figure 1. Leukocytes and major cytokines involved in the innate immune response after allotransplantation.



RECEPTORS AND SOLUBLE MEDIATORS OF THE INNATE IMMUNE SYSTEM

TOLL-LIKE RECEPTORS

Lymphocytes recognize exquisitely a vast array of molecular motifs via their antigen receptors generated through somatic recombination of gene segments during development. In contrast, cells of the innate immune system interact with a few conserved molecules expressed by microorganisms referred to as pathogen-associated molecular patterns (PAMPs; Medzhitov, 2001; Medzhitov and Janeway, 2002). Among these pattern-recognition receptors (PRRs; Medzhitov, 2001; Elmaagacli et al., 2006; Uematsu and Akira, 2007), the Toll-like receptors (TLRs) have been extensively characterized and studied for their role in the initiation and amplification of innate immune responses (Iwasaki and Medzhitov, 2004; Pasare and Medzhitov, 2005). In addition, there is increasing evidence that tissue injury is associated with the delivery of signal delivered through TLRs by so-called damage-associated molecular patterns or DAMPs (Alegre et al., 2008a,b).

Until now, 10 different TLRs have been identified in humans (13 in mice), including TLRs 1, 2, 4, 5, and 6 expressed on the cell surface and TLRs 3, 7, 8, and 9 found in endosomal compartments (Rehli, 2002; Akira and Takeda, 2004; Akira et al., 2006). TLR1 is ubiquitously expressed while the other TLRs exhibit different expression patterns depending upon the type of leukocyte (Muzio et al., 2000; McCurdy et al., 2001; Hornung et al., 2002; Zarember and Godowski, 2002; Bourke et al., 2003; Caramalho et al., 2003; Hayashi et al., 2003; Nagase et al., 2003; Hart et al., 2005; Liu et al., 2006). On the other hand, all TLRs are expressed by epithelial cells while TLRs 5–10 are found in endothelial cells (Frantz et al., 1999) and other graft parenchymal cells depending upon the nature of the organ. All TLRs transduce their signal though the adapter-protein MyD88 (Barton and Medzhitov, 2003; Akira and Takeda, 2004) with the exception of TLR3 which uses the Toll-IL-1R (TIR) inducing IFNβ protein, TRIF (Frantz et al., 1999, 2001; Faure et al., 2000; Tsuboi et al., 2002; Harada et al., 2003; Mempel et al., 2003; Sukkar et al., 2006). TLR4 uses both MyD88 and TRIF during cell activation (Sakaguchi et al., 2003; Goriely et al., 2006; Molle et al., 2007). While the primary functions of TLRs is to ensure early detection of microbes and their products, these receptors have been shown to recognize autologous molecules expressed during the course of inflammatory processes such as nucleic acids released by necrotic cells, products of degraded extracellular matrices, heat shock proteins (HSP60 and HSP70 via TLR2 and TLR4; Asea, 2008), high mobility group box chromosomal protein 1 (TLRs 2, 4, and 9), and hyaluronan (TLR signaling via TIRAP; Mollen et al., 2006; Tesar et al., 2006; Ivanov et al., 2007; Kanzler et al., 2007; Tian et al., 2007). Transplant surgical procedures, which are associated with tissue damage and reperfusion injury trigger inflammatory reactions engaging the delivery of signals through TLRs and subsequent initiation of potent innate immune responses at the graft site. In addition, maturation and activation of donor and recipient dendritic cells (DCs) and other cells of the innate immune system via TLR ligation is essential to their ability to initiate and amplify adaptive immunity. This process involves the secretion of pro-inflammatory cytokines and chemokines (Shimamoto et al., 2006; Wu et al., 2007a) and subsequent activation of antigen processing pathways and the expression of costimulation and MHC molecules by APCs involved in antigen presentation to T and B lymphocytes (Bluestone, 1996). Therefore, TLRs are considered to be an essential link between innate and adaptive immunity. These observations suggest that TLRs play a key role in the initiation of innate immune responses and the recruitment and activation of alloreactive lymphocytes associated with allograft rejection. In support of this view, absence of MyD88 adaptor-protein in both donor and recipient mice has led to acceptance of minor antigen-mismatched skin allografts and prolonged survival of fully allogeneic heart and skin transplants (Goldstein et al., 2003; Tesar et al., 2004). Furthermore, combined deficiencies of MyD88 and TRIF and expressions in donors have been shown to significantly extend the survival of MHC-mismatched allografts. At the same time, there is accumulating evidence showing that TLR-mediated responses can hinder tolerance induction to allotransplants. First, it has been reported that long-term survival of skin allografts can be achieved in mice through costimulation blockade but only upon inhibition of TLR signaling in both donors and recipient mice (Chen et al., 2006; Walker et al., 2006). In another study, tolerance to cardiac allografts induced via donor-specific transfusion (DST) combined with anti-CD40L mAb-mediated costimulation blockade was prevented by injection of the TLR9 agonist, CpG as well as the TLR2 ligand, Pam3CysK. In this study, tolerance resistance was attributed to increased γIFN production and inhibition of graft infiltration by regulatory T cells (Chen et al., 2006). Similarly, administration of CpG, LPS, or poly I:C which activate TLR 9, 4, and 3, respectively, prevented tolerance induction to skin allografts induced via DST + anti-CD40L mAbs. In this model, it was observed that TLR engagement prevented the deletion of some effector donor-specific CD8+ T cells (Thornley et al., 2006), a process relying on type I interferon production (Thornley et al., 2007). Finally, Turka’s group recently reported that spontaneous tolerance to MHC class II-mismatched skin heart allografts as well as long-term acceptance of skin allografts mediated via anti-CD40L mAb and rapamycin cotreatment in the B6-bm12 mouse combination were both prevented by CpG administration (Porrett et al., 2008). In this study, prevention of tolerance was dependent on IL-12 production by APCs, which is critical to the differentiation of pro-inflammatory type 1 (Th1/CT1) immunity. Therefore, engagement of certain TLRs at the time of transplantation can hinder tolerance induction to allografts via concomitant enhancement of pro-inflammatory T cell responses and impairment of regulatory T cell functions.

INFLAMMATORY CYTOKINES

Certain pro-inflammatory cytokines produced by cells of the innate immune system can prevent tolerance induction to alloantigens or abrogate established tolerance of an allograft. For instance, IL-6 and TNFα deficiency has been shown to render mice susceptible to transplant tolerance induction via costimulation blockade (Walker et al., 2006; Shen and Goldstein, 2009). Apparently, IL-6 and TNFα contributed to prevent tolerogenesis by enhancing pro-inflammatory immunity while rendering T cells resistant to suppression by Tregs (Walker et al., 2006; Shen and Goldstein, 2009). Likewise, type 1 interferons have been shown to confer tolerance resistance of skin allografts mediated via anti-CD154 mAb treatment in mouse models (Thornley et al., 2007). Tolerance resistance to vascularized allografts induced via costimulation blockade following Listeria monocytogenes infection has been shown to rely on IFN α and β productions. In another study, evidence was provided that IL-6 could prevent transplant tolerance to cardiac allografts induced through the disruption of CD40/CD40L interactions, by promoting the differentiation and activation of CD8+ TH17 cells (Burrell et al., 2008).

IL-1α is produced constitutively and at low levels by many epithelial cells but it is found in substantial amounts in the epidermis where its secretion by keratinocytes is thought to play a key role in the immune defense against microorganisms (Palmer et al., 2007; Arend et al., 2008; Dinarello, 2009; Gabay et al., 2010). In addition, during inflammation and sepsis, activated macrophages, and polymorphonuclear neutrophils (PMNs) produce large amounts of IL-1α which is known to cause smooth muscle cell proliferation, secretion of TNFα by endothelial cells, the synthesis of acute phase proteins, and amplify antigen-specific and alloreactive T and B cell responses (Rao et al., 2007, 2008; Rao and Pober, 2008; Dinarello, 2011a). IL-1β, also called lymphocyte activating factor (LAF), is primarily released by activated macrophages during inflammation (Rao et al., 2007; Netea et al., 2010; Dinarello, 2011b,c). It is involved in a variety of cellular activities, including cell proliferation, differentiation, and apoptosis. The induction of cyclooxygenase 2 (PTGS2/COX2) by this cytokine in various tissues including the central nervous system (CNS) is found to contribute to hypersensitivity reactions and pain. IL-1α and β play a role in mediating acute inflammation during ischemia–reperfusion (I/R) injury after transplantation (Suzuki et al., 2001). Ischemia and hyperoxia/anoxia both contributes to the release of IL-1 by macrophages (from the NALP-3 inflammasome), a process leading to both necrosis and apoptosis of transplanted cells, neutrophilic inflammation and initiation, and amplification of adaptive immune responses (Wanderer, 2010). Indeed, it has been shown that overexpression of IL-1R antagonist (IL-1Ra) can confer cardioprotection against I/R injury associated with reduction in cardiomyocyte apoptosis and decrease of neutrophil infiltration and myocardial myeloperoxidase activity in heart-transplanted rats (Suzuki et al., 2001).

There are a few reports showing that IL-1 can prevent tolerance induction to allografts. IL-1β is known to contribute to the breakdown of self-tolerance to pancreatic autoantigens resulting in type 1 diabetes in NOD mice (Bertin-Maghit et al., 2011). This effect is mediated via both induction of TH17 autoimmunity and concomitant impairment of Treg differentiation and functions. Likewise, it has been shown that IL-1 can prevent the induction of tolerance to islet allografts (Sandberg et al., 1993). This is supported by studies showing that continuous infusion of diabetic mice with an IL-1 receptor antagonist (IL-1Ra) can restore normoglycemia and facilitate tolerance to islet allografts (Sandberg et al., 1993). Similarly, alpha-1 anti-trypsin therapy (AAT) has been shown to promote donor-specific tolerance to islet allografts in mice via a process relying on the presence of immature DCs (iDCs) and Tregs in the graft associated with the presence of IL-1Ra (Lewis et al., 2008; Shahaf et al., 2011). In another set of studies by Holan (1988), it was observed that transplantation tolerance induced via inoculation of newborn mice with semi-allogeneic hematopoietic cells was abolished via administration of IL-1 given at the time of placement of skin allografts (Holan, 1988). Finally, a series of studies from Dana and Streilein’s groups have shown that IL-1Ra-based therapy can restore anterior chamber-associated immune deviation (ACAID) type tolerance associated with immune privilege in the eye and acceptance of allogeneic corneal transplants (Dana et al., 1997, 1998; Yamada et al., 1998, 2000; Dekaris et al., 1999). Interestingly, IL-1Ra treatment in this model was shown to abolish donor-specific DTH, reduce corneal graft infiltration by recipient Langerhans cells and abrogate second set rejection of skin allografts suggesting an impaired antigen presentation and a lack of systemic priming of alloreactive T cells through the indirect allorecognition pathway in draining lymph nodes (Dana et al., 1997, 1998; Yamada et al., 1998, 2000; Dekaris et al., 1999).

CHEMOKINES

Chemokines represent an extensive family of proteins whose function was initially associated with leukocyte chemotaxis. It is now clear that these molecules are also involved in a variety of biological processes including angiogenesis and hematopoiesis (Sallusto et al., 2000). There is ample evidence showing that chemokines play a key role in the initiation of alloantigen-dependent and alloantigen-independent reactions associated with transplant injury as well as acute and chronic rejection of allografts (DeVries et al., 2003). Likewise, many studies have shown that absence (KO mouse models) or in vivo neutralization of various chemokines or chemokine receptors, usually combined with short-term or suboptimal calcineurin inhibitory treatment, results in prolonged and sometimes indefinite survival of allografts in animal models (Gao et al., 2000, 2001; Hancock et al., 2000a,b; Fischereder et al., 2001; Abdi et al., 2002). These observations suggest that chemokine release as well as leukocyte activation and migration following chemokine receptor signaling should represent a barrier to transplant tolerance induction and/or maintenance. On the other hand, a number of chemokines have been associated with Treg activation and graft infiltration and are clearly necessary for tolerance induction in transplantation (DeVries et al., 2003).

THE COMPLEMENT SYSTEM

The complement system is comprised of a variety of small proteins including serum proteins, serosal proteins, and cell surface receptors (over 25 proteins and protein fragments, 5% of serum globulin fraction) present in the blood, generally synthesized by the liver, and normally circulating as inactive precursors (pro-proteins; Carroll, 1998; Kang et al., 2009).

When stimulated, the proteases in the system cleave specific proteins and subsequent cytokine release thus initiating an amplifying cascade of further cleavages. The end-result of this activation cascade is a massive amplification of the response and activation of the cell-killing membrane attack complex or MAC (Peitsch and Tschopp, 1991). Three distinct pathways are involved in complement activation: the classical pathway, the alternative pathway, and the mannose-binding lectin pathway (Sacks et al., 2009). All of these pathways converge on C3 whose cleavage leads to the release of soluble C3a and C5a. It is noteworthy that while 80% of C3 is synthesized in the liver, 20% of C3 is of extra hepatic origin and produced by resident parenchymal cells and infiltrating leukocytes (Naughton et al., 1996; Tang et al., 1999; Li et al., 2007). C3a and C5a have anaphylatoxin properties and trigger directly mast cell degranulation and increase vascular permeability and smooth muscle contraction. Most importantly, the complement has opsonizing and chemotactic functions in that it enhances antigen phagocytosis and attracts macrophages and PMNs at the site of inflammation. The complement system represents an essential component of the inflammatory cascade and a major link between innate and adaptive immunity. Likewise, there is now a body of evidence showing that the complement is an essential element of the inflammatory process as well as the immune response associated with the rejection of allogeneic transplants (Zhou et al., 2007; Raedler et al., 2009; Raedler and Heeger, 2010; Vieyra and Heeger, 2010). First, many studies have demonstrated the contribution of the complement to I/R injury following transplantation of a variety of organs including liver, kidney, and lungs (Weisman et al., 1990; Ikai et al., 1996; Eppinger et al., 1997; Huang et al., 1999; Zhou et al., 2000; Chan et al., 2006; Farrar et al., 2006; Patel et al., 2006). Remarkably, mice lacking complement have been shown to be unable to make high affinity anti-MHC antibodies after skin transplantation. This was due to the lack of CR2 expression, a coreceptor that is required for antigen retention by follicular DCs (Fearon and Carroll, 2000; Marsh et al., 2001; Pratt et al., 2002). On the other hand, the complement plays an important role in the antigen processing presentation by DCs and controls their ability to activate T cells in antigen-specific fashion. Finally, elegant studies from the Heeger’s group and others have demonstrated the role of C3 in the activation and expansion of both CD4+ and CD8+ T cells presumably by limiting antigen-induced apoptosis (Fearon and Carroll, 2000; Marsh et al., 2001; Pratt et al., 2002; Peng et al., 2006, 2008; Zhou et al., 2006; Lalli et al., 2008; Strainic et al., 2008). Altogether, these studies suggest that activation of the complement cascade following transplantation should render tolerance difficult to induce. In support of this view, it has been shown that blockade of complement activation on DCs results in an increase of Treg expansion and favors tolerance induction (Sacks et al., 2009).

CELLS OF THE INNATE IMMUNE SYSTEM

NK CELLS

Natural killer (NK) cells contribute to the innate immune response through their ability to recognize and destroy foreign cells in the absence of antigen-specific recognition (Hamerman et al., 2005). However, although NK cells lack expression of germline-encoded antigen receptors, they can discriminate between self- and foreign cells via clonotypic receptors recognizing self-MHC class I molecules. NK cell interacting with self-MHC class I expressed on autologous cells become inactivated while lack or suboptimal recognition of self-MHC class I molecules (missing self phenomenon) on allogeneic cells results in NK cell stimulation associated with release of pro-inflammatory cytokines and cytotoxicity (Karre et al., 1986; Ljunggren and Karre, 1990; Ljunggren et al., 1990). This type of allorecognition has been shown to ensure the destruction of skin grafts from donors lacking self-MHC class I expression (b2m KO) as well as bone marrow transplants from semi-allogeneic donors and parental donors to F1 recipients (hybrid resistance; Karlhofer et al., 1992, 2006). In addition, recent evidence has been provided showing that NK cells also contribute to the rejection of solid organs transplants (Oertel et al., 2000, 2001; Kitchens et al., 2006; McNerney et al., 2006; van der Touw and Bromberg, 2010). NK cells participate in acute allograft rejection either directly by killing donor cells through perforin, granzymes, FasL, and TRAIL pathways (Biron et al., 1999; Smyth et al., 2001; Takeda et al., 2001; Trapani and Smyth, 2002) or indirectly by promoting alloantigen processing and presentation by DCs and B cells (Boehm et al., 1997) and by enhancing Type 1 T cell adaptive alloimmunity primarily though their secretion of γIFN and TNFα (Martin-Fontecha et al., 2004; Yoshida et al., 2008). Furthermore, NK cells have been shown to contribute to the rejection process by killing regulatory T cells (Roy et al., 2008). Finally, some recent studies have demonstrated the pivotal role of NK cells in chronic rejection of cardiac allografts through a process involving CD4+ T cell activation (Uehara et al., 2005a,b). Altogether, these studies support the view that NK cells represent an essential link between innate and adaptive immune responses leading to acute and chronic rejection of allogeneic transplants. On the other hand, a study from Szot et al. (2001) has demonstrated that NK cells can also impair tolerance induction to a solid organ transplant. In this model, injection of recipient CD28-deficient mice with anti-CD154 antibodies failed to accomplish indefinite survival of cardiac allografts. However, tolerance to heart allografts was restored upon in vivo depletion of NK cells or inhibition of the NK activating receptor, NKGD. Apparently, NK cells activated consequently to the absence of self-MHC class I molecules on transplanted cells could provide help (otherwise missing in CD28KO mice) to CD8+ T cells and thereby prevented tolerance induction (Maier et al., 2001; Kim et al., 2007).

DENDRITIC CELLS

Dendritic cells are considered as the primary link between innate and adaptive immunity based on their ability to prime naïve T cells owing to: (1) efficient processing and presentation of antigen peptides in association with self-MHC molecules and, (2) the delivery of key costimulation signals (Steinman and Cohn, 1973; Austyn et al., 1983, 1988; Banchereau and Steinman, 1998; Lanzavecchia and Sallusto, 2000, 2001; Steinman et al., 2000). Actually, the T cell alloresponse is primarily initiated through the recognition of intact donor-MHC molecules on donor DCs infiltrating the recipient’s secondary lymphoid organs (direct allorecognition; Steinman and Witmer, 1978; Lechler and Batchelor, 1982; Larsen et al., 1990a,b,c,d; Lechler et al., 1990; Larsen and Austyn, 1991). The direct alloresponse is believed to represent the driving force behind acute allograft rejection. Alternatively, some alloreactive T cells become activated after recognition of donor peptides (MHC and minor antigens) presented by self-MHC molecules on recipient DCs (indirect allorecognition; Benichou et al., 1992, 1999; Dalchau et al., 1992; Fangmann et al., 1992; Liu et al., 1996; Sayegh and Carpenter, 1996). The mechanisms by which recipient DCs acquire donor alloantigens are still unknown. The direct alloresponse is believed to be short-lived due to the rapid elimination of donor DCs, while the indirect alloresponse may be perpetuated by continuous presentation of donor peptides by recipient APCs. While it is clear that indirect alloreactivity is sufficient to trigger vigorous rejection of skin allografts, whether this response plays a significant role in acute rejection of vascularized solid organ transplants is still open to question (Auchincloss et al., 1993; Lee et al., 1994, 1997; Illigens et al., 2002). On the other hand, maintenance of indirect alloresponses via continuous presentation of allopeptides by recipient DCs and endothelial cells is clearly associated with alloantibody production, chronic inflammation, and allograft vasculopathy (Suciu-Foca et al., 1996, 1998; Shirwan, 1999; Baker et al., 2001; Lee et al., 2001; Najafian et al., 2002; Shirwan et al., 2003; Yamada et al., 2003; Illigens et al., 2009). Finally, some recent studies show that recipient DCs can capture donor-MHC molecules and presumably other donor proteins from donor DCs and endothelial through a process called trogocytosis (Joly and Hudrisier, 2003; Aucher et al., 2008). Theoretically, presentation of intact allo-MHC molecules by host professional APCs could activate some alloreactive T cells, a mechanism referred to as semi-direct allorecognition. While, it has been shown that DCs having acquired donor-MHC molecules can activate T cells in vitro and in vivo, the actual contribution of semi-direct alloreactivity to the alloresponse and allograft rejection is still unknown (Herrera et al., 2004; Smyth et al., 2006, 2007).

Dendritic cells consist of a diverse population of cells characterized by a few common surface markers and some functional characteristics (Banchereau and Steinman, 1998; Liu et al., 2009). In addition, DC functions can differ dramatically depending upon their degree of maturation (Steinman et al., 2003; Wilson and Villadangos, 2004). Myeloid iDCs, which have not yet encountered antigens or become activated via PAMPs or cytokine exposure, express low levels of MHC class II and costimulatory receptors and are poor APCs. Presentation of alloantigens by these iDCs has been associated with peripheral tolerance induction (Fu et al., 1996; Dhodapkar et al., 2001; Roncarolo et al., 2001) and immune privilege (Stein-Streilein and Streilein, 2002; Streilein et al., 2002; Masli et al., 2006) presumably via T cell anergy (Fu et al., 1996; Dhodapkar et al., 2001; Roncarolo et al., 2001). In contrast, DCs (mDCS) which underwent maturation following antigen uptake and processing in an inflammatory cytokine environment or exposure to PAMPs and presumably DAMPs express high levels of MHC class II and costimulation receptors are potent inducers of type 1 alloimmunity after transplantation (Rogers and Lechler, 2001). Alternatively, plasmocytoid DCs (pDCs), which represent a small population of DCs mostly located in the peripheral blood, are thought to contribute to tolerance induction via IL-10 secretion following ICOS costimulation and presumably induction of regulatory T cell responses (Abe et al., 2005; Liu, 2005; Ochando et al., 2006; Ito et al., 2007; Tokita et al., 2008; Matta et al., 2010). Finally, seminal studies by Thomson and others have shown that physical or chemical modifications of DCs can render them tolerogenic (Bacci et al., 1996; Kurimoto et al., 2000; Lu and Thomson, 2002; Thomson, 2002; Morelli and Thomson, 2003; Turnquist et al., 2007) and ensure long-term survival to allografts upon their in vivo transfer to recipients (Lu and Thomson, 2002; Thomson, 2002; Morelli and Thomson, 2003; Turnquist et al., 2007).

Altogether, these studies emphasize that DCs represent an essential link between innate and adaptive alloimmunity by serving as APCs for alloantigen presentation to T cells, by providing critical costimulation signals, and by secreting cytokines both at the site of grafting and in the host’s lymphoid tissues and organs. At the same time, it has become evident that the role of DCs in the alloimmune response and rejection process is extremely complex and depends on many factors including the origin (recipient or donor) of the DCs, the nature of the DCs, their level of maturation, and the environment in which they become activated. It was initially assumed that donor or recipient DCs might hinder tolerance induction to allografts owing to their contribution to the priming of alloreactive T cells and the secretion of pro-inflammatory cytokines. Based upon this principle, many attempts have been made to deplete DCs from transplanted tissues or from the host prior to tolerance induction. Actually, DC depletion has led to various and sometimes opposite outcomes depending upon the nature of the tissue transplanted, the site of graft placement, the method utilized to induce tolerance. For instance, depletion of different DCs from skin transplants such as Langerhans cells or dermal DCs can lead to opposite effects on allograft rejection (Bobr et al., 2010; Igyarto and Kaplan, 2010; Igyarto et al., 2011).

On the overall, most studies showed that absence of DCs, either from recipients or donors in studies using CD11C KO mice, graft parking protocols, or antibody-mediated cell depletion, not only regularly failed to significantly prolong graft survival but it often prevented tolerance induction. This further supports the view that DCs are necessary for antigen presentation during tolerogenesis via their ability to trigger some regulatory mechanisms resulting in graft protection. Further studies will be needed to discriminate between the DCs, which promote or hinder tolerance to allografts and the mechanisms by which they determine the fate of regulatory T cell responses. Gaining insights into these questions will be necessary to delete or inactivate selectively the DCs associated with tolerance resistance in transplantation.

GRANULOCYTES, MASTOCYTES, AND MONOCYTES/MACROPHAGES

Granulocytes, mastocytes, and monocytes/macrophages are traditionally considered as key players in both early innate alloimmune response and in the actual destruction of donor cells after transplantation. However, the mechanisms by which they contribute to alloimmunity and the actual nature of their contribution to allograft rejection have not been thoroughly investigated. Likewise, little is known regarding the impact of these cells in transplantation tolerance. This section reviews some of the few studies that have tackled these questions.

Granulocytes are the most abundant leukocytes in the blood of mammals and an essential part of the innate immune system. Among them, PMNs migrate within hours to the site of acute inflammation after transplantation following chemical signals such as IL-8, C5a, and Leukotriene B4 in a process called chemotaxis. However, they survive only 1–3 days at the graft site where they undergo degranulation and release reactive oxygen species (ROS), a process involving the activation of NADPH oxidase and the production of superoxide anions and other highly reactive oxygen metabolites which cause tissue damage (Jaeschke et al., 1990). There is ample evidence showing that PMNs contribute to donor tissue destruction and graft rejection in skin transplantation, solid organ transplantation, and bone marrow transplantation (Buonocore et al., 2004; Surquin et al., 2005). Studies from the Fairchild’s group have demonstrated that Abs directed to KC/CXCL1 can prolong cardiac allograft survival by preventing PMNs from graft infiltrating the graft (Morita et al., 2001; LaRosa et al., 2007). Additionally, the potential role of PMNs in the prevention of tolerance induction has been examined in two recent studies, only. First, it has been reported that peritransplant elimination of PMNs facilitated tolerance to fully mismatched cardiac allografts induced via costimulation blockade (El-Sawy et al., 2005; Mollen et al., 2006; LaRosa et al., 2007). Most interestingly, another study from Wood’s group shows that prevention of accelerated rejection of skin allografts by CD8+ effector memory T cells could be achieved by Tregs but only following depletion of PMNs (Jones et al., 2010). It is likely that elimination of PMNs created a window of opportunity that permitted Treg-mediated suppression of graft rejection. Indeed, it well established that early activation of pre-existing alloreactive memory T cells represents a formidable barrier to tolerance induction in transplantation (Valujskikh et al., 2002; Adams et al., 2003b; Valujskikh and Heeger, 2003; Weaver et al., 2009; Nadazdin et al., 2011). In the model described above, PMNs did not prevent tolerance induction directly but indirectly by hindering the suppression of memory T cells by Tregs. It is possible that this phenomenon represents a general mechanism by which innate immunity prevent transplant tolerance induction through the potentiation of alloreactive memory T cells. This implies that blocking innate immune responses at the time of graft placement may impair the development of anamnestic alloresponses by T cells and render allograft susceptible to tolerogenesis by regulatory responses induced after costimulation blockade or mixed hematopoietic chimerism induction, a hypothesis that requires further investigation.

Eosinophils play a key role in the pathogenesis associated with allergic reactions through their production of inflammatory cytokines and cationic proteins (Capron and Goldman, 2001). These cells can drive the differentiation of T cells to TH2 immunity essentially via IL-4 and IL-5 cytokine release (Sanderson, 1992; Kay et al., 1997). TH2 cells that exert antagonist properties toward their pro-inflammatory TH1 counterparts were initially thought to be potential contributors to tolerogenesis in autoimmune diseases and transplantation (Charlton and Lafferty, 1995; Goldman et al., 2001). Indeed, TH2 polarization has been demonstrated to be essential in neonatal tolerance induction and in some allotransplant models (Hancock et al., 1993; Forsthuber et al., 1996; Onodera et al., 1997; Yamada et al., 1999; Kishimoto et al., 2000; Waaga et al., 2001; Fedoseyeva et al., 2002). However, it became rapidly evident that this concept is over simplistic and that eosinophils either directly or via the activation of TH2 cells can trigger the rejection of allografts in various models (Illigens et al., 2009). First, there is ample evidence showing that adoptively transferred allospecific TH2 cells can ensure on their own the rejection of skin and cardiac allogeneic transplants (Piccotti et al., 1996, 1997; VanBuskirk et al., 1996; Shirwan, 1999). Second, IL-4 and IL-5 neutralization has been shown to delay the rejection of allografts in several models (Chan et al., 1995; Simeonovic et al., 1997; Matesic et al., 1998; Le Moine et al., 1999; Braun et al., 2000; Honjo et al., 2000; Goldman et al., 2001; Surquin et al., 2005). In the B6-bm12 MHC class II classical skin graft model, rejection has been associated with a massive infiltration by eosinophils (Le Moine et al., 1999; Goldman et al., 2001). IL-5 blockade delayed the rejection process by preventing eosinophilic infiltration, but these allografts were ultimately rejected via a mechanism involving PMNs (Le Moine et al., 1999; Goldman et al., 2001). In another study from the Martinez’s group, the existence of a non-classical pathway of liver allograft rejection was shown to involve IL-5 and graft infiltrating eosinophils secreting a series of cytotoxic mediators including eosinophil peroxidase, eosinophil-derived neurotoxin, eosinophil cationic protein, and major basic protein (MB; Martinez et al., 1993). In addition, a number of studies from us and others have provided direct evidence demonstrating that alloreactive TH2 cells activated through the indirect allorecognition pathway can trigger chronic allograft vasculopathy and tissue fibrosis in MHC class I-mismatched transplanted hearts (Shirwan, 1999; Mhoyan et al., 2003; Koksoy et al., 2004; Illigens et al., 2009). At the same time, it has been reported that, in models in which acute rejection had been suppressed, eosinophilic graft infiltration could induce fibrosis through their production of TGF-β, a key mediator of extracellular matrix remodeling (Goldman et al., 2001). It is noteworthy that eosinophils are likely to play a prominent role in heart and lung transplantation through their cooperation with activated mast cells associated with IL-9 release (Dong et al., 1999; Marone et al., 2000; Suzuki et al., 2000; Cohn et al., 2002; Poulin et al., 2003; Steenwinckel et al., 2007). Interestingly, it has been observed that depletion of CD8+ CT1 cells and subsequent deprivation of γIFN production or IL-12 antagonism can result in a polarization of the T cell response toward TH2 alloimmunity and cause eosinophilic rejection of cardiac allografts primarily driven by IL-4 and IL-5 cytokines (Noble et al., 1998; Foucras et al., 2000; Goldman et al., 2001). This further illustrates the complexity of the alloimmune response and the multiplicity of the mechanisms potentially involved in the rejection process. Indeed, as often observed in autoimmune disease models, blocking a known deleterious type of alloimmunity can often uncover a different type of response also leading to allograft rejection.

Mastocytes were originally described by Paul Ehrlich in his 1878 doctoral thesis on the basis of their unique staining characteristics and large granules (Alvarez-Errico et al., 2009; Barnes, 2011). These cells typically found in mucosal and connective tissues (skin, lungs, and intestines) are characterized by their high expression of IgE high affinity Fc receptor (FcR) and IgG1 (in mice) FcR. Mast cells are known for their pivotal role in immunity against parasitic worms and their contribution to allergic reactions (asthma, eczema, allergic rhinitis, and conjunctivitis). This phenomenon is mediated mainly through degranulation of serine proteases, histamine, and serotonin and through recruitment of eosinophils at the site of inflammation via the secretion of eosinophil chemotactic factors (Alvarez-Errico et al., 2009; Barnes, 2011). Mast cells are also essential to the recruitment of T cells to the skin and joints in autoimmune disorders including rheumatoid arthritis, bullous pemphigoid, and multiple sclerosis (Sayed and Brown, 2007; Sayed et al., 2008; Schneider et al., 2010). The role of mastocytes in allotransplantation was actually described in seminal studies for the Voisin’s laboratory more than 40 years ago. It was observed that non-complement fixing anaphylactic IgG1 and IgE antibodies directed to donor-MHC molecules can cause rejection of skin allografts through a process called alloantibody-induced anaphylactic degranulation (DAAD; Daeron et al., 1972, 1975, 1980; Le Bouteiller et al., 1976; Daeron and Voisin, 1978, 1979; Benichou and Voisin, 1987). Hyperacute rejection of skin allografts was induced through bipolar bridging of mastocytes (through their FcR) and donor-MHC molecules on grafted cells, a process leading to a massive anaphylactic reaction leading to allograft rejection (Daeron et al., 1972, 1975, 1980; Le Bouteiller et al., 1976; Daeron and Voisin, 1978, 1979). This type of “allergic transplant rejection” discovered during the 1960s has been largely forgotten through the years and would deserve to be revisited using newly developed immunological models. More recently, it has been shown that degranulating mastocytes can contribute to allograft rejection by causing the loss of Tregs and thereby prevent tolerance induction in a skin allograft model (de Vries et al., 2009a; Murphy et al., 2011). While Tregs can induce the maturation and growth of mastocytes through IL-9 production, this process seems rather to contribute to tolerance induction (Lu et al., 2006; Murphy et al., 2011). In addition, sequestration of pro-inflammatory IL-6 cytokines by mastocytes through MCP6 receptors has also been shown to promote establishment of tolerance to lung and cardiac allografts via costimulation blockade (de Vries et al., 2009a,b, 2010; de Vries and Noelle, 2010; Murphy et al., 2011). Therefore, the role of mastocytes in alloimmunity is more complex than initially anticipated and further studies will be required to determine how these cells can prevent or promote tolerance induction in skin and presumably lung transplantation.

Different macrophages derived from monocyte differentiation are present in various tissues and organs including Kupffer cells in the liver, microglial cells in the CNS, alveolar macrophages in the lungs, and intraglomerular mesangial cells in the kidney (Lu and Unanue, 1982; Unanue, 1984; Yan and Hansson, 2007; Varol et al., 2009; Geissmann et al., 2010; Yona and Jung, 2010). These cells are characterized by the surface expression of CD14, CD11b, F4/80 (mice)/EMR1 (humans) as well as MAC1/3 and CD68. Macrophages and monocytes rapidly infiltrate inflammation sites and are typically found in large numbers within allografts (Geissmann et al., 2010). Upon activation, they release large amounts of pro-inflammatory cytokines such as TNFα, IL-12 IL-1, and IL-6, which promote both innate and adaptive immune responses (Geissmann et al., 2010). Macrophages play a key role in the induction of antibody dependent cellular cytotoxic (ADCC) reactions leading to the phagocytosis of opsonized allogeneic target cells (Unanue and Allen, 1986; Rocha et al., 2003; Li, 2010). During acute inflammation, while PMNs are typically the first phagocytes infiltrating allografts, macrophages are usually involved in secondary stages of inflammation during which they remove aged PMNs via a mechanism involving PECAM-1 (CD31) as well as necrotic cells and cellular debris (Davies et al., 1993; Wu et al., 2007b; Roh et al., 2010; Wu and Madri, 2010). Macrophages have also been shown to be essential to the maintenance of chronic inflammatory processes (Yan and Hansson, 2007; Geissmann et al., 2010). Likewise, some evidence has been provided suggesting that macrophages contribute to transplant vasculopathy and fibrosis (Davies et al., 1993; Kitchens et al., 2007; Yan and Hansson, 2007; Bani-Hani et al., 2009; Dinarello, 2011b; Kamari et al., 2011). In addition to their role in innate immunity, macrophages process, and present alloantigens to CD4+ T cells in a MHC class II context thus initiating T cell-mediated responses and rejection (Beller and Unanue, 1980; Lu et al., 1981; Unanue and Allen, 1986; Unanue, 2002; Calderon et al., 2006). Some observations indicate that, in stable transplants, macrophages can convert otherwise harmless lymphocytes into aggressive ones and cause rejection, thereby controlling the cytopathic features of cellular infiltrates in solid organ transplants (Li, 2010). Likewise, some studies have shown the beneficial effects of blockage of the macrophage-migration inhibitory factor (MIF) on the pathogenesis of allografts including the reduction of obstructive bronchiolitis after lung transplantation (Fukuyama et al., 2005; Javeed and Zhao, 2008). A study from Heeger’s group has shown that in vivo blockade of MIF could prevent the rejection of MHC class II KO skin allografts in mice mediated through the indirect allorecognition pathway (Hou et al., 2001; Demir et al., 2003). In this model, neutralization of MIF resulted in reduced DTH response while it did not affect γIFN production by activated T cells (Hou et al., 2001; Demir et al., 2003). It is, however, noteworthy that different types of macrophages can be found in kidney allografts, some of which being involved in attenuation of inflammation, activation of Tregs, and tolerance induction (Lu et al., 2006; Brem-Exner et al., 2008; Hutchinson et al., 2011). Recently, macrophages have been shown to be involved in self-non-self discrimination, i.e., self-awareness via interaction between the innate inhibitory receptor SIRPα expressed on their surface and CD47. This type of recognition, which is reminiscent of the missing self-model described with NK cells, has been shown to play a role in xenograft rejection by macrophages (Ide et al., 2007; Wang et al., 2007; van den Berg and van der Schoot, 2008). However, it is still unclear whether some degree of CD47 polymorphism within a given species exists and whether it could be involved in allorecognition.

CONCLUDING REMARKS

It is now firmly established that innate immune responses triggered after transplantation as a consequence of tissue damage, infections, and reperfusion injury are an essential element of the inflammatory process leading to early rejection of allografts. In addition, there is accumulating evidence showing the contribution of innate immunity to chronic rejection of allogeneic transplants. On the other hand, this review supports the view that activation of virtually any of the cells of the innate immune system can prevent transplant tolerance induction. This process is essentially mediated via signaling of various receptors including TLRs (via DAMPS and PAMPS) and the secretion of several key pro-inflammatory cytokines (primarily IL-1, IL-6, TNFα, and type I interferons) and chemokines. Activated cells of the innate immune system can prevent tolerogenesis directly via cytokine secretion, activation of the complement cascade, and killing of donor cells or indirectly by promoting and amplifying deleterious inflammatory adaptive immune responses while preventing the activation of protective regulatory mechanisms. In addition, innate immune responses can alter the immune privileged nature of the tissue transplanted or the site of graft placement as evidenced by studies in corneal transplantation. While, it is clear that innate immunity represents a major barrier to tolerogenesis in allotransplantation, this phenomenon is presumably even more relevant to xenotransplantation due to the involvement of natural antibodies, CD47/SIRPα-mediated interactions, and presumably many other still unknown factors. In addition, it is likely that activation of innate type of immunity can abrogate formerly established tolerance to an allograft as suggested by some studies involving microbial infections (Miller et al., 2008; Ahmed et al., 2011a,b). Taken together, these studies imply that the design of future successful tolerance protocols in transplantation will require the administration of agents capable of suppressing innate immunity. However, a number of cells of the innate immune system such as NK cells and DCs have been shown to be required for transplant tolerance induction. This apparent contradiction may be explained by the fact that different cell subsets and mediators of the innate immune system are involved in tolerance vs. rejection. Alternatively certain cells or mediators may play opposite roles depending upon the context in which they are activated. For instance, γIFN and IL-2 have been shown to be essential cytokines in both rejection and tolerance of allografts. It is likely that their dual role depends upon their concentration at a given time point and the cells they are activating in a particular physiological context. These observations illustrate the complexity of the cellular and molecular mechanisms by which innate immunity can influence alloimmunity toward rejection or tolerance. Further dissection of the innate immune response will be required to grasp some of this complexity, at least enough to be able to manipulate this type of immune response to our advantage.
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INTRODUCTION

This issue of Frontiers in Immunologic Tolerance explores barriers to tolerance from a variety of views of cells, molecules, and processes of the immune system. Our laboratory has spent over a decade focused on the migration of the cells of the immune system, and dissecting the signals that determine how and where effector and suppressive regulatory T cells traffic from one site to another in order to reject or protect allografts. These studies have led us to a greater appreciation of the anatomic structure of the immune system, and the realization that the path taken by lymphocytes during the course of the immune response to implanted organs determines the final outcome. In particular, the structures, microanatomic domains, and the cells and molecules that lymphocytes encounter during their transit through blood, tissues, lymphatics, and secondary lymphoid organs (SLOs) are powerful determinants for whether tolerance is achieved. Thus, the understanding of complex cellular and molecular processes of tolerance will not come from “96-well plate immunology,” but from an integrated understanding of the temporal and spatial changes that occur during the response to the allograft. The study of the precise positioning and movement of cells in lymphoid organs has been difficult since it is hard to visualize cells within their three-dimensional setting; instead techniques have tended to be dominated by two-dimensional renderings, although advanced confocal and two-photon systems are changing this view. It is difficult to precisely modify key molecules and events in lymphoid organs, so that existing knockouts, transgenics, inhibitors, and activators have global and pleiotropic effects, rather than precise anatomically restricted influences. Lastly, there are no well-defined postal codes or tracking systems for leukocytes, so that while we can usually track cells from point A to point B, it is exponentially more difficult or even impossible to track them to point C and beyond. We believe this represents one of the fundamental barriers to understanding the immune system and devising therapeutic approaches that take into account anatomy and structure as major controlling principles of tolerance.

SECONDARY LYMPHOID ORGANS

STRUCTURE

It is first important to understand the structure, development, and regulatory mechanisms of lymphoid organs to provide the basis for understanding on how these control immunity and tolerance. The lymph node (LN) is an encapsulated, highly organized SLO (Figures 1C,D). The separate regions are the cortex, the paracortex, and the medulla. The cortex is the most outer layer and contains B cells, macrophages, and follicular dendritic cells (FDC) arranged in primary follicles. The paracortex is the next layer, which contains T cells and dendritic cells (DC). Fibroblastic reticular cells (FRC) support T cell and DC interactions in this area. The most inner layer, the medulla, consists of lymphatic tissues called medullary cords, which are separated by the lymph filled spaces of the medullary sinuses. The LN vasculature consists of high endothelial venules (HEV), the characteristic structure through which T cells and B cells enter into LN from the blood, and lymphatic vessels lined by lymphatic endothelial cells (LEC).
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Figure 1. Structure of SLO. Fluorescent immunohistochemistry (left) and cartoons (right) illustrate the structure and cellular content of spleen (A,B) and LN (C,D). (A) The outer capsule of the spleen surrounds the red pulp, with the sinuses and white pulp embedded within. ER-TR7 fibers form a network supporting the red pulp, and FRC line the borders between the red and white pulp. A central arteriole empties into the white pulp. (B) In the white pulp, T cells populate the PALS leading into the B cell follicles. DC line the marginal sinus, enclosed by the marginal zone. (C) In the LN, the efferent lymphatics empty into the medullary sinus and travel through the medullary cords. Lymphocytes enter through the HEV, which seed the LN. (D) B cells, FDC, and macrophages lay in the cortex. The paracortex contains T cells and DC. Antigen presentation and T cell priming occur at the cortical ridge areas between B and T cell zones supported by FRC.



The spleen is surrounded by a capsule that extends many projections into the interior to form a compartmentalized structure (Figures 1A,B). There are two compartments, the red pulp and the white pulp, and a diffuse marginal zone that separates them. The red pulp is a network of sinusoids populated by macrophages and red blood cells. The splenic white pulp forms a periarteriolar lymphoid sheath (PALS) populated mainly by T cells. B cell follicles, supported by FDC as in the LN, are next to the PALS. The marginal sinus and its associated layer of FRC and MOMA-1 staining metallophilic macrophages define the outer boundary of the white pulp.

LTi AND LTo CELLS – DEFINITION AND FUNCTION

Lymph nodes develop during embryogenesis or in the first few weeks after birth through recruitment and interaction of lymphoid tissue inducer (LTi) cells and lymphoid tissue organizer (LTo) cells. The central role of the LTi cells in LN development is the expression and presentation of lymphotoxin alpha and beta (LTα1β2) to the LTβ receptor (LTβR) on LTo, and this interaction leads to organized lymphoid structures. The importance of this signal is demonstrated in mice deficient in LTβR or LTα, which lack LN and Peyer’s patches (PP; De Togni et al., 1994; Futterer et al., 1998). Although the early differentiation pathway of LTi cells from multipotent hematopoietic progenitor cells remains to be characterized, studies suggest that the early specification to the LTi lineage takes place in lineage marker-negative (Lin−) populations, and α4β7 integrin, IL-7Rα+, and CD4+CD3− are useful markers to define LTi (Mebius et al., 1996; Yoshida et al., 1999; Honda et al., 2001). A recent study shows that transcription factor Runx/Cbfb2 complexes are required for LTi cell differentiation (Tachibana et al., 2011). LTo cells, also called mesenchymal organizer cells or stromal organizer cell, express LTβR. LTo can be derived from the antimesenteric side of the intestine during development or from a hematopoietic cell lineage (Adachi et al., 1998; Nishikawa et al., 2000). The LTi–LTo interaction activates a signaling cascade resulting in the expression of adhesion molecules such as VCAM-1, intercellular cell adhesion molecule-1 (ICAM-1), and mucosal addressin cell adhesion molecule-1 and homeostatic chemokines such as CXCL13, CCL19, and CCL21 (van de Pavert and Mebius, 2010). CXCL13, the B zone chemokine, recruits circulating B cells to what becomes the B cell area; and the T zone chemokines, CCL19 and CCL21, attract T and DC to shape the T cell area (Cupedo and Mebius, 2005; Scandella et al., 2008). The human equivalent of murine LTi cells has been identified but has not been as well characterized as in mice. LTi cells in adult human are identified as IL-22 expressing NK type cells (Cupedo et al., 2009). The major phenotypic difference between mouse and human LTi cells is that mouse LTi cells are either CD4+ or CD4−, while human LTi cells are CD4− or CD4low (Kim et al., 2009).

In addition to organizing lymphoid structure during development, LTi cells are present in adult lymphoid tissues. Even after the maturation of SLO, a continuous interplay between lymphocytes and stromal cells is likely to be required for the maintenance of tissue architecture and the characteristics of adult stromal cells. Adult LTi cells express OX40L and CD30L, which are critical for memory CD4 T cell generation (Kim et al., 2005). OX40 and CD30 deficient mice have impaired CD4 T cell-dependent memory antibody responses in the spleen and gut (Lane et al., 2008; Tsuji et al., 2008). LTo give rise to various stromal cell subsets such as FDC and FRC that are present in lymphoid organs. However, it remains unknown how many different mesenchymal stromal cell types exist in SLO. The relationship between embryonic LTo cells and different types of stromal cells in adult SLO, and the postnatal fate of LTo cells are also unclear. It is possible that LTo-like cells persist in the adult and play a role in the maintenance of SLO. Katakai et al. (2008) found a layer of unique reticular cells underneath the subcapsular sinus (SCS) lining of adult LNs. These specialized mesenchymal cells, marginal reticular cells (MRS), share many characteristics with LTo cells and are observed in mucosal SLO such as PP, nasal-associated lymphoid tissues, and isolated lymphoid follicles of adult mice (Katakai et al., 2008).

Splenic LTi-like cells contribute the development of SLO and also to host defense, by producing IL-17 and IL-22 in response to pathogen or IL-23 stimulation (Takatori et al., 2009). Phenotypically, splenic LTi-like cells in adult mice are similar to LN. They are CD4+CD3−NK1.1−CD11b−Gr-1−CD11c−B220−, express RORγt, aryl hydrocarbon receptor, IL-23R and CCR6, and are located mainly in the white pulp, particularly at the junction of T- and B-zones in the follicle. Formation of splenic white pulp does not require LTi cells, but the maturation of the tissue structure depends on LTα1β2 produced by lymphocytes and LTβR signaling (Fu and Chaplin, 1999), so that LTα, LTβ, or LTβR deficient mice display disrupted splenic architecture (De Togni et al., 1994). Thus, despite some similarities, the developmental program and molecular requirements of each SLO are clearly different.

LYMPHOTOXIN SYSTEM

LT is a tumor necrosis factor (TNF)-related cytokine required for the development and organization of SLO (Cyster, 2003). Its ligands and receptors are summarized in Figure 2. There are four closely related ligands: LTα; LTβ; TNF; and “homologous to LT, inducible expression, competes with herpes simplex virus (HSV) glycoprotein D for HSV entry mediator (HVEM), a receptor expressed on T lymphocytes” (LIGHT or TNFSF14). There are four cognate receptors: TNFR1; TNFR2; LTβ; and HVEM. LTα and LTβ form three different ligands, a secreted homotrimer LTα3 and two membrane-bound heterotrimers LTα1β2 (predominant form) and LTα2β1. The ligand–receptor binding patterns overlap within the family. LTα3 binds TNFR1 and TNFR2; LTα1β2 signals through LTβR; LTα2β1 binds TNFR1 and TNFR2; and LIGHT interacts with LTβR and HVEM. LTα3 may also bind HVEM (Schneider et al., 2004). As mentioned above, LT expressing LTi cells interact with the corresponding LTβR on the LTo cells during development. LTβR signaling is also required for maintaining the structure and regulating immune responses in adult mice (McCarthy et al., 2006).
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Figure 2. The lymphotoxin receptors and their ligands. The interactions of TNF cytokines with their cognate receptors are shown by arrows. Both LTα1/β2 and LIGHT bind to LTβR. HVEM binds to membrane or soluble LIGHT, soluble LTα3. Soluble LTα3 binds to TNFRI and TNFR II. Dashed line refers to weak interactions.



The development of the spleen is independent of LT, however, the microarchitecture of the splenic white pulp requires LTβR signaling for its development and maintenance in the adult mice. Treatment with LTβRIg, which blocks LT signaling, dissolves discrete B cell follicles, alters the marginal zone, prevents germinal center formation in the spleen, and impairs antibody production in response to immunization (Mackay et al., 1997).

SECONDARY LYMPHOID ORGANS AND TOLERANCE

Stromal cell function and tolerance

The appropriate structure of the SLO is integral in immune fate decisions, as following SLO entry naïve lymphocytes must decide to remain naïve, or become activated, anergic, or deleted. The presence (or absence) of antigen, co-stimulation, cell interactions, and/or chemokines/cytokines are all instructive in these decisions. Stromal cells construct intricate scaffolding within the SLO and provide architectural support. In addition to defining structure, these cells also contribute to lymphocyte trafficking, antigen presentation and cellular interactions (Mueller and Germain, 2009; Luther et al., 2011). FRC produce and secrete a fibrous antigen detected by the Erasmus University Rotterdam-thymic reticulum antibody 7 (ER-TR7; Steele et al., 2009) that forms a meshwork throughout the SLO (Van Vliet et al., 1986; Mueller and Germain, 2009). As elegantly demonstrated by Katakai et al. (2004b), the assembly of the ER-TR7 protein into this meshwork frame involves both FRC and lymphocyte collaboration and changes in response to antigen challenge, suggesting a structural plasticity that molds to the immune challenge at hand. To generate a fully formed meshwork, signaling through TNFR and LTβR via the inflammatory cytokines TNFα, LTα, and LTβ is required.

In the LN, lymphocytes leave the blood and enter via the HEV before flowing to the cortical ridge and cortical sinuses (Grigorova et al., 2010). As the HEV are the entry points for lymphocytes, the signals they present may be important factors in the genesis and shape of the immune response. Following inflammatory challenge, HEV express peripheral node addressin (PNAd), CCL21, ICAM-1, and CXCL9, attracting CD62L+, CCR7+, LFA-1+, and/or CXCR3+ T cells (Springer, 1994; Guarda et al., 2007). To attract B cells, HEV express CXCL13 resulting in cell arrest and LN entry (Kanemitsu et al., 2005). Even at this early phase of lymphocyte:LN interaction, lymphocytes encounter fate determining signals at the HEV. Activated T cells and antigen-presenting DC home to HEV following infection (Bajenoff et al., 2003), and we have shown both antigen and Treg seeding along HEV in tolerant mice following transplantation (Ochando et al., 2006). These findings suggest that these responding cells and/or antigen-presenting cells (APC) shape the migratory path of naïve lymphocytes into or through the LN and the subsequent immune response.

Following LN entry via HEV, or splenic entry via central arterioles in the marginal zone (Steiniger et al., 2001), lymphocytes encounter the FRC network, which dictates their path through the SLO (Mueller and Germain, 2009). The FRC are layered on top of and entwining the ER-TR7 scaffolding, forming a conduit system that transports molecules sampled from the lymph which has entered into the capsule and through the cortex (Katakai et al., 2004b). Lymphocytes (Gretz et al., 1997), soluble factors (Gretz et al., 1997), low molecular mass molecules (Gretz et al., 2000), and antigen (Pape et al., 2007) pass through these conduits, traveling through the reticular network from the SCS to the HEV. Conduit-transported antigen travels to varying locations within the LN. If antigen is transported to follicles, B cells take it up and become activated (Pape et al., 2007). If the antigen is acquired from the lymph, it can be presented by lymphatic vessel endothelial hyaluronan receptor 1 (LYVE-1)+, conduit-associated, DC (Gretz et al., 1997). These resident DC are associated with reticular fibers within the LN (Sixt et al., 2005), and can take up antigen within minutes following exposure (Itano and Jenkins, 2003). Interestingly, immature DC (such as resident DC) adhere much more readily than mature DC (such as recently migrated inflammatory DC) to the extracellular matrix (Sixt et al., 2005), and may be of exceptional significance in terms of tolerance, as immature DC would fail to provide the requisite co-stimulation signals needed for T cell activation and may be tolerogenic (Itano and Jenkins, 2003). Hence, if potentially graft-reactive T cells encounter these immature as opposed to mature DC, the T cells may become anergic rather than primed.

Fibroblastic reticular cells not only form the physical structure of conduits to allow the flow of antigen and cells in the LN (Link et al., 2011) and spleen (Nolte et al., 2003), they also affect chemotaxis of lymphocytes and DC by producing chemokines and expressing adhesion markers. Stromal cells lining the HEV express CCL19 (Forster et al., 2008) and CCL21 (Luther et al., 2000; Forster et al., 2008), which are indispensable for attracting T cells and DC via surface CCR7 engagement, both to the LN and then to T cell area (Forster et al., 2008). Further, stromal cells express the adhesion molecules ICAM-1 (Boscacci et al., 2010), ICAM-2 (Boscacci et al., 2010), VCAM-1 (Katakai et al., 2004a; Boscacci et al., 2010), and sialic acid (Kraal et al., 1994); adhesion molecules that direct lymphocytes expressing LFA-1 or α4β1 (Lo et al., 2003) to enter the HEV in the LN (Boscacci et al., 2010) or white pulp in the spleen (Kraal et al., 1994; Lo et al., 2003), and home to distinct microdomains.

The chemokines CXCL12 (Wright et al., 2002; Katakai et al., 2004a) and CX3CL1 (Katakai et al., 2004a) further direct lymphocyte homing to and within SLO (Boscacci et al., 2010). CXCL12, displayed on HEV (Okada et al., 2002), interacts with CXCR4 on central memory CD8+ T cells (Scimone et al., 2004) and B cells (Okada et al., 2002), attracting these cells to the LN independent of CCR7 expression (Scimone et al., 2004). CXCL12 expression may be of special importance in terms of transplant tolerance as it results in plasmacytoid DC (pDC) LN recruitment (Vanbervliet et al., 2003), and pDC presentation of donor antigen is integral to inducing tolerance to vascularized grafts (Ochando et al., 2006). Further, stromal cells guide activated follicular B cells to T cell zones and sites of T cell help following their upregulation of CCR7 (Reif et al., 2002).

Fibroblastic reticular cells may also deliver inhibitory or negative signals to lymphocytes, preventing their homing to and within SLO. FRC produce CCL2 (Katakai et al., 2004b), resulting in decreased lymphocyte homing and effector function by preventing activation of LFA-1, inhibiting ICAM-1 attachment, and subsequent adhesion steps and travel to SLO (Flaishon et al., 2008). FRC also express class I MHC and the inhibitory molecule programmed cell death ligand 1 (PD-L1), and are thus capable of delivering signals to lymphocytes moving across their surfaces, influencing tolerance versus immune activation by tuning the responsiveness or activation state of the lymphocytes (Mueller and Ernst, 2007). Thus, FRC not only help attract lymphocytes to the LN and to specific areas within the LN, they also help dictate the interactions of the cells inside the LN. Interactions in the LN can also dictate where the activated lymphocytes travel following LN activation. By expressing retinoic acid in the LN, stromal cells (Hammerschmidt et al., 2008), and resident DC (Iwata et al., 2004) induce α4β7 and CCR9 upregulation of activated T cells, resulting in their travel to the gut.

Fibroblastic reticular cells provide both cues and scaffolding, dictating the movements, and interactions of the diverse cell populations residing and migrating through the SLO. These observations suggest a model in which a transplant recipient encounters donor antigen, and as the recipient responds to these antigens lymphoid organ structure is remodeled. SLO structure affects both primary and subsequent immune responses to alloantigens, altering where antigen is presented, which cell types encounter antigen, the activation signals detected by these cell types, and the interactions of the various cell populations. Further levels of complexity include that SLO structure is influenced by previous inflammatory and antigen challenges, so the structure within the SLO of the transplant recipient may be as unique as a fingerprint. Hence, detection of these distinctive structural and environmental pressures may provide novel and unique targets for designing therapeutic protocols.

Spleen

The spleen’s role in graft rejection is different between models such as vascularized or non-vascularized organ transplantation models. In some vascularized models, it contributes to graft rejection; however, in non-vascularized transplantation models, LN but not the spleen are essential for the rejection of skin allografts. Rather, the spleen appears to enhance graft prolongation (Souther et al., 1974; Streilein and Wiesner, 1977; Coons and Goldberg, 1978; Lakkis et al., 2000). The rejection of skin allografts depends on the presence of LN, whereas the rejection of vascularized heart allografts occurs in the presence of either the spleen or LN (Lakkis et al., 2000). On the contrary, Chosa et al. (2007) showed that the spleen plays an important role in maintaining tolerance after removal of the vascularized heart graft. The APC migration route might explain the difference between models. In vascularized transplantation models, passenger leukocytes, including DC, are thought to migrate from the vascularized graft into the recipient spleen, where they activate T cells and cause rejection (Larsen et al., 1990a,b; Saiki et al., 2001). In the case of tolerance maintenance, naïve DC migrate to a tolerant graft and become regulatory or immature DC, these DC may then migrate to the spleen where they generate Treg (Chosa et al., 2007). CD4+ T cells from spleen of unresponsive cardiac allograft transplant recipients showed increased IL-10 and decreased IL-4 and IFNγ (DePaz et al., 2003).

In non-vascularized grafts, DC migrate from the graft to the regional draining LN. Activated DC are trapped in the LN where they generate effector T cells from naïve T cells. Regulatory or immature DC may pass through the LN, reach the spleen, and generate Treg. Several studies indicate that the expression pattern of chemokines and cytokine receptors between LN and spleen is different, explaining the different roles in transplant models (Tang and Cyster, 1999; Alferink et al., 2003).

Suppression and regulatory mechanisms of the spleen are shown in several studies. A subset of splenic red pulp F4/80hiMac-1low macrophages, whose differentiation is regulated by CSF-1, regulates CD4+ T cell responses using TGFβ and IL-10 and inducing differentiation of Foxp3+ Treg (Kurotaki et al., 2011). In a vascularized transplant model, Li et al. (2010) showed that CD8+ Treg and pDC in the allograft and spleen induce tolerance. In mice, a rare cell type located in splenic red pulp with phenotypic attributes of DC (CD11c, CD8, CD80/86, MHCII) are uniquely competent to mediate T cell suppression via indoleamine oxidase after in vivo treatment with TLR9 ligands (Mellor et al., 2005; Johnson et al., 2010). NK cells have been shown to contribute to both graft rejection and tolerance both in cardiac and skin transplant models (Heidecke et al., 1985; Rabinovich et al., 2000; Beilke et al., 2005; Kroemer et al., 2008; Zecher et al., 2010). Thus, activated, regulatory, or immature DC and NK cells trapped in the spleen interact with other innate and adaptive immune cells, generate effector T cells and Treg, which contribute either to rejection or acceptance depending on the model (Murphy et al., 2011). The possibility that the spleen has the two functions of graft rejection and graft prolongation has been demonstrated in spleen transplantation models (Dor et al., 2003).

Lymph node

In addition to dictating movement of lymphocytes within the LN by supplying both structure and directional cues, stromal cells may also dictate lymphocyte survival. Stromal cells affect T cell viability, and correct positioning within the LN is integral to T cell survival (Table 1). Highlighting this importance is the effect of HIV pathogenesis on CD4+ T cell survival. Following HIV infection, the LN T cell zones become areas of significant pathology as viral replication occurs almost exclusively in these areas (Schacker et al., 2001). Innate immune cells attack these areas in attempts at viral eradication, resulting in scarring, and collagen deposition within LN niches (Estes et al., 2008), along with structural dissolution within the LN (Biberfeld et al., 1985). This scaring inhibits T cell access to FRC-produced IL-7, resulting in the depletion of T cells via apoptosis (Zeng et al., 2011). As T cells are depleted, the source of LTβ production is decreased, leading to further disruption of the FRC network (Zeng et al., 2011). The interdependence between FRC and T cells for the maintenance of LN structure demonstrates the balance among activation, ignorance, or tolerance that is dependent upon the microdomains within the LN structure.

Table 1. Stromal cells in SLO.
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Stromal cells also participate in peripheral tolerance by expressing autoimmune regulator gene (Aire). Aire expression is most commonly associated with thymic expression of tissue-specific antigens; antigens that represent autologous proteins not typically present within the thymus. By presenting these antigens during thymic selection, potentially autoimmune T cells are deleted (Anderson et al., 2002). More recently, a role for Aire in peripheral tolerance has been demonstrated (Metzger and Anderson, 2011). Under steady-state conditions, tissue resident DC in the periphery pick up peripheral tissue-restricted antigen (PTA), and migrate to the LN (Waithman et al., 2007). There, Aire-expressing gp38+CD31+ lymphatic endothelial (Cohen et al., 2010) and gp38+CD31− stromal cells (Gardner et al., 2008) express these antigens. These stromal cells express a variety of antigen processing and presentation genes, including MHC II, having phenotypic similarities to DC (Gardner et al., 2008). Hence, it is possible that allograft antigens, entering the LN either via lymphatic conduits or tissue DC, may be picked up by endothelial and/or stromal cells and presented to potentially graft-reactive lymphocytes, resulting in tolerance instead of activation. Indeed, the Aire-expressing stromal cells are preferentially located along boundaries of T and B cell interactions within the LN (Gardner et al., 2008), and are sufficient to drive both proliferation and deletion of self-reactive CD8+ T cells (Lee et al., 2007). Significantly, these stromal cells also express PD-L1, suggestive of a potential mechanism for peripheral cell deletion (Gardner et al., 2008). This CD8+ T cell deletion strategy is mirrored in chronic viral infection; LCMV upregulates PD-L1 in FRC, deleting virus-specific potential effector cells and allowing for viral persistence (Mueller et al., 2007).

Different subsets of stromal cells express Aire and PTA to varying degrees (Cohen et al., 2010). FRC express PTA under steady-state conditions, and down-modulate their antigen expression following an inflammatory stimulus (Fletcher et al., 2010a). In contrast, other LN stromal cell subsets increase their PTA expression in response to bystander inflammation (Fletcher et al., 2010a). Thus, specific subsets of stromal cells may be responsible for specific antigen tolerance. These findings may be exploited in transplant tolerance, as presentation of donor antigen in a non-inflammatory environment may engage several different tolerance mechanisms. Donor antigen could potentially be targeted to stromal cells for presentation, or therapeutic interventions may be able to exploit naturally occurring peripheral tolerance mechanisms.

BLOOD VASCULAR ENDOTHELIUM

Dendritic cell and lymphocytes enter the LN through HEV and afferent lymphatics (von Andrian and Mempel, 2003). During this process, lymphatics and HEV not only play a role as a route for cell trafficking but also interact with the migrating immune cells to influence their immunologic properties and thereby immune responses. HEV are specialized postcapillary venules found in LN, where the lymphocytes circulating in the blood enter the LN by diapedesis (Girard and Springer, 1995). In order to facilitate the migration of lymphocytes, endothelial cells in HEV secrete CCL21, the CCR7 ligand, and express adhesion molecules such as PNAd (ligand for CD62L) and ICAM-1 (ligand for LFA-1; Campbell et al., 1998; Gunn et al., 1998b; Forster et al., 2008). An additional chemokine CX3CL1, expressed on inflamed endothelial cells, interacts with its receptor CX3CR1 on activated cytotoxic lymphocytes, functioning as a cell adhesion molecule (Umehara et al., 2004). Another CCR7 ligand, CCL19, is produced by FRC in the T cell area and can be transported to the luminal surface of HEV to mediate T cell recruitment (Baekkevold et al., 2001; Link et al., 2007). CCR7 signaling is reported to induce cell cycle arrest in T cell receptor (TCR)-stimulated T cells and inhibit T cell proliferation (Ziegler et al., 2007). CCR7 signaling acts differently on DC. CCL19 and CCL21 induce DC to become mature; produce proinflammatory cytokines such as IL-1β, IL-12, and TNFα; and drive Th1 responses (Marsland et al., 2005). Thus, by engaging CCR7 and directing the migration of T cells and DC from blood into the LN, HEV induce significant changes in the maturation, differentiation, and responses of the migrating leukocytes.

Whether HEV enhance immune regulatory capacity of Treg is not certain. In an islet allograft model, adoptively transferred Treg that enter LN through HEV do not acquire an activated phenotype to suppress the alloimmune response (Zhang et al., 2009). On the other hand, activated endothelial cells from other sources such as thoracic aorta and lung induce and activate Treg using the PD-1/PD-L1 interaction and IL-10 (Krupnick et al., 2005; Bedke et al., 2010). Under inflammatory conditions, human endothelial cells amplify Treg in a contact-ICAM-1-dependent mechanism (Taflin et al., 2011). Under tolerogenic conditions, alloantigen-presenting pDC also migrate through HEV when homing to LN, to mediate Treg development and tolerance to vascularized cardiac allografts (Ochando et al., 2006).

LYMPHATIC ENDOTHELIUM

Lymphatics are lined with LEC expressing LYVE-1. Lymphatics are found throughout the LN and have different functions and phenotypes in different regions. DC and T cells in peripheral tissues enter LN through afferent lymphatics, which typically end in the SCS, a hollow space below the fibrous capsule of the LN (Randolph et al., 2005). Thereafter, DC and T cells use different routes for entry into the LN parenchyma. By injecting cells directly into afferent lymph vessels, Braun et al. (2011) showed that DC transmigrate through the floor of the SCS on the afferent side in CCR7-dependent fashion to enter the LN parenchyma. On the other hand, T cells enter the LN parenchyma mainly from peripheral medullary sinuses and this is not CCR7-dependent. However, CCR7 signals are absolutely required for the directional migration of both DC and T cells into the T cell zone. Interestingly, when DC are injected before T cells, T cells are able to transmigrate through the SCS floor. This suggests that DC transmigrating through the SCS induce changes in SCS morphology. In the steady state, Treg also enter the LN via afferent lymphatics, which is increased in inflammatory conditions (Tomura et al., 2010).

When leaving the LN, lymphocytes in the parenchyma enter medullary networks of lymphatic sinuses and from there the efferent lymphatics (von Andrian and Mempel, 2003). Lymphatics associated with the egress of lymphocytes are also found adjacent to HEV and B cell follicles in cortex (Sinha et al., 2009; Grigorova et al., 2010). These cortical sinuses extend to medullary sinuses. Emigration of lymphocytes into the efferent lymphatics for egress from the LN requires sphingosine-1-phosphate (S1P) interaction with the S1P receptor 1 (S1P1) on lymphocytes, and LEC are the main producers of S1P required for LN egress (Matloubian et al., 2004; Pham et al., 2010). In some immune responses and inflammatory conditions, lymphocytes down-regulate S1P1 expression, which blocks the egress of lymphocytes from the LN (Matloubian et al., 2004). Down-regulation of S1P1 by internalization is one of the major mechanisms of immune modulation by the drug FTY720 (Brinkmann et al., 2004).

Lymphatic vessels play an important role in immune tolerance. In an islet allograft model, Treg that are adoptively transferred and migrate from the graft to LN via afferent lymphatics prevent graft rejection. However, Treg which enter LN via HEV do not (Zhang et al., 2009). During a cutaneous immune response, Treg that move from skin to LN via afferent lymphatics are more potent in immune suppressive capacity than LN-resident Treg (Tomura et al., 2010). These findings suggest that migration through lymphatics may enhance the immunosuppressive capacity of Treg. Alternatively, it is possible that Treg are primed and activated in the peripheral tissues before migrating to LN. The chemokines CCL19 and CCL21, which are secreted by LEC, inhibit T cell proliferation (Ziegler et al., 2007). LN-resident LEC mediate peripheral tolerance by expressing and presenting multiple peripheral tissue antigens to CD8+ T cells and inducing their deletion (Cohen et al., 2010). Inflamed, TNFα-stimulated LEC reduce the expression of the co-stimulatory molecule CD86 by DC, and suppress the ability of DC to induce T cell proliferation via a Mac-1 (CD11b/CD18)/ICAM-1 (CD54)-dependent mechanism (Podgrabinska et al., 2009). Thus, LEC can engage multiple mechanisms to negatively regulate immune and inflammatory responses.

Vascular endothelial growth factors (VEGF), especially VEGF-A and VEGF-C, are involved in LEC proliferation and lymphangiogenesis (Shibuya and Claesson-Welsh, 2006; Tammela and Alitalo, 2010). Among VEGF receptors (VEGFR), VEGFR-2 is expressed both on blood vascular endothelium and lymphatic endothelium, but VEGFR-3 is specific for lymphatic endothelium. VEGF-A promotes lymphatic vessel formation via signaling through VEGFR-2 and the effect of VEGF-C is mediated by VEGFR-3. Chronic inflammatory conditions are associated with lymphangiogenesis in the draining LN, which enhances the migration of DC to LN and DC–T cell interactions. VEGF-C is induced in response to proinflammatory cytokines such as TNFα and IL-1β in several cells, including macrophages and granulocytes (Tammela and Alitalo, 2010). In inflammatory conditions, entry of these immune cells into the LN is markedly increased, which may be associated with inflammatory lymphangiogenesis in LN. B cells in inflamed LN produce VEGF-A and promote lymphangiogenesis (Angeli et al., 2006). Chronically inflamed tissue also induces lymphangiogenesis in draining LN by producing VEGF-A, and this is independent of B cells (Halin et al., 2007). On the other hand, T cells negatively regulate LN lymphatic vessel formation through IFNγ (Kataru et al., 2011). TGFβ also inhibits the proliferation and migration of cultured human LEC as well as lymphangiogenesis (Oka et al., 2008). Together, these reports suggest a highly complex network of tissue and LN interactions that regulate lymphangiogenesis.

In an islet allograft model, anti-VEGFR-3 mAb inhibits lymphangiogenesis and prolongs allograft survival, suggesting that inhibition of lymphangiogenesis may prevent immunity and inflammation (Yin et al., 2011). However, in an arthritis model of TNF-transgenic mice and a chronic cutaneous inflammation model, anti-VEGFR-3 mAb increases inflammation in joints and skin despite suppressing lymphangiogenesis (Guo et al., 2009; Huggenberger et al., 2010). In contrast to anti-VEGFR-3 mAb, anti-VEGFR-2 mAb suppresses both lymphangiogenesis and inflammation in these two models. It is suggested that VEGFR-2 and VEGFR-3 signaling pathways have different mechanisms for reducing lymphangiogenesis, and that increased inflammation after specific blockade of VEGFR-3 is a result of improper lymphatic drainage with failure to resolve inflammatory infiltrates.

Lymph node lymphatics and HEV seem to be in synchrony. B cell-derived VEGF-A promotes HEV expansion as well as lymphangiogenesis in LN (Shrestha et al., 2010). Both LN lymphatics and HEV express LTβR, and lymphangiogenesis is accompanied by upregulation of PNAd and LTβR by HEV, and is inhibited by LTβRIg treatment (Liao and Ruddle, 2006). These findings suggest that the two vascular systems engage in cross-talk through B cells and LTβR (Table 1).

T CELLS

When T cells enter LN through HEV or lymphatics, they are under the influence of chemokines secreted by LEC or vascular endothelial cells such as CCL19 and CCL21, which can inhibit the proliferation of T cells (Ziegler et al., 2007). Contact with endothelial cells also can affect the immunologic properties of migrating T cells. On the other hand, T cells can influence lymphatics and negatively regulate LN lymphatic vessel formation through IFNγ (Kataru et al., 2011).

T cell homing to LN plays a critical role in tolerance to alloantigen because Treg develop and are required within the LN during tolerance induction. If T cell homing to LN is inhibited by anti-L-selectin (CD62L) mAb, cardiac allograft survival is prevented despite a tolerogenic regimen of anti-CD40L mAb plus donor-specific transfusion (Ochando et al., 2005). Only the CD62L+ subpopulation of Treg, which have the LN-homing adhesion molecule, are reported to protect from lethal GVHD in allogeneic bone marrow transplantation model and delay adoptive transfer of diabetes (Szanya et al., 2002; Ermann et al., 2005). Follicular Treg are present in LN, limit T follicular helper cell and germinal center B cell numbers, and suppress germinal center reactions (Chung et al., 2011; Linterman et al., 2011). In LN, Treg directly interact with antigen-bearing DC by forming long-lasting conjugates to inhibit T cell priming and activation by DC (Tang et al., 2006). In the peripheral tissue, Treg inhibit DC migration to LN in a TGFβ and IL-10 dependent fashion, which prevents priming of effector T cells by DC in the LN (Zhang et al., 2009). These findings suggest that LN are a major place where Treg exert their immune modulatory actions in various ways. Treg limit the access of immune cells to LN and inhibit DC–T cell interactions in the LN for the regulation of immune reactivity (Table 2).

Table 2. Treg in lymphoid organs.
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PRIMARY LYMPHOID ORGANS

THYMUS

The thymus is a lymphoid organ that is critical for tolerance. It is not only the site for eliminating self-reactive T cells through negative selection, but also for controlling self-reactive T cells through CD4+Foxp3+ regulatory T cell (Treg) development. Delayed generation of Treg by thymectomy at day 3, but not day 7, results in autoimmune disease development (Fontenot et al., 2005). Treg development is observed only when the antigen is expressed in the thymus (Jordan et al., 2001). Foxp3 is induced during very early thymic developmental events before TCR rearrangement (Pennington et al., 2006), suggesting a major role in determining T cell fate prior to or coincident with TCR engagement. These reports all demonstrate the critical role of the thymus for maintaining a protective suppressor cell population.

A number of observations show that Treg develop in the medulla: expression of Aire within medullary thymic epithelial cells (Aschenbrenner et al., 2007); the overwhelming majority of Foxp3+ cells are found within the medulla (Fontenot et al., 2005); and thymic stromal-derived lymphopoietin (TSLP) produced in the medullary region of the human thymus is critical for Treg development (Jiang et al., 2006). However, thymic DC also make TSLP and these cells may be found in the cortex (Watanabe et al., 2005); mice expressing MHC II only in the cortex are able to produce natural Treg (nTreg; Bensinger et al., 2001); and when thymic migration from the cortex to the medulla was blocked by administering pertussis toxin (Liston et al., 2008), or through CCR7 deficiency (Kurobe et al., 2006), CD4+Foxp3+ Treg accumulate within the cortex. Thus, both the thymic medulla and cortex participate in nTreg development. In a study using TCR transgenic models naturally devoid of Foxp3+ cells, it was observed that de novo generation of Treg occurred intrathymically under non-inflammatory conditions of antigen encounter and was essential for robust tolerance induction (Zelenay et al., 2010).

Foxp3 expression does not commence until day 3 in neonates, suggesting that only organized thymic architecture provides proper co-stimulatory signals in the early thymus. CD28, IL-2R, TSLP receptor, CD154, glucocorticoid-induced TNF receptor, and Stat5 signals are all implicated in the development and lineage commitment of thymus-derived nTreg (Bettini and Vignali, 2010). Although mice deficient in TGFβ or TGFβ receptor II (TGFβRII) have normal numbers of Treg in adult thymus, the numbers of CD4+CD25+Foxp3+ thymocytes are greatly reduced in young mice (Liu et al., 2008). Further, CD4+CD25+Foxp3+ thymocytes are completely lost in mice lacking both TGFβRI and IL-2, indicating TGFβR signaling is involved in development and maintenance of nTreg.

Various experimental models demonstrate that the thymus is required for Treg development and consequent tolerance induction to alloantigens. In a rat model using immature myeloid DC (imDC) primed with immune-dominant allopeptide in vitro, DC re-circulate through the recipient thymus and result in acquired graft-as-self-tolerance (Gopinathan et al., 2001; Oluwole et al., 2001). CD4+CD25+Foxp3+ anti-donor Treg development is dependent on the presence of the thymus for at least 2–3 weeks after imDC injection, and early thymectomy abolishes tolerance (Oluwole et al., 2003). Trafficking of donor alloantigen to the thymus or inoculating the thymus directly with allopeptides induces tolerance in large animal models, and thymectomy in recipients prevents tolerance induction (Griesemer et al., 2010). Transplanting porcine thymus tissue to mice leads to the development of donor-specific tolerance in vitro (Lee et al., 1994), and indefinite donor-matched porcine skin graft survival (Zhao et al., 1996). Transplanting vascularized porcine thymus tissue to baboons is associated with donor-specific T cell unresponsiveness (Barth et al., 2003), and the presence of thymic chimerism and donor bone marrow engraftment correlate precisely with tolerance to subsequent solid organ transplants (Horner et al., 2006). Overall, these reports demonstrate that both T cell development in allogeneic or xenogeneic thymus can induce tolerance, and that DC can traffic to the thymus to present or cross-present alloantigens for tolerance induction (Table 2).

BONE MARROW

Bone marrow is an essential part of the immature and mature lymphocyte recirculation network, and it harbors mature CD4+CD25+ Treg and serves as a Treg reservoir. Studies show that CXCR4/CXCL12 signals play an important role in regulating Treg trafficking from bone marrow and in maintaining homeostatic levels of Treg in the periphery. G-CSF treatment decreases bone marrow CXCL12 expression, and results in Treg mobilization from bone marrow into the periphery, and is consistent with the low prevalence of acute GVHD and the improvement in autoimmune diseases following G-CSF treatment (Zou et al., 2004). In a ret transgenic mouse spontaneous melanoma model, significantly higher numbers of Treg are found in skin tumors and metastatic LN at early stages of melanoma progression, compared with more advanced stages, and inversely correlate with Treg numbers in the bone marrow, suggesting trafficking from bone marrow to melanoma lesions. Elevated CCR4 expression is observed on Treg, while higher production of its ligand CCL2 is observed in tumor lesions, indicating CCR4/CCL2 signals play a role in Treg mobilization (Kimpfler et al., 2009). Recent studies show that the hematopoietic stem/progenitor cell (HSPC) niche is immune-privileged in the bone marrow. Persistence and survival of both allogeneic and syngeneic HSPCs are observed after 30 days in non-irradiated recipient mice without immunosuppression. High-resolution in vivo imaging shows that HSPC are colocalized with Treg and accumulate on the endosteal surface in the calvarial and trabecular bone marrow, Treg actively participate in protection of allo-HSPC, and depleting FoxP3 regulatory Treg cells results in allogeneic HSPC destruction (Fujisaki et al., 2011).

The bone marrow is the primary site for B cell maturation. Naive B cells then migrate to SLO, become plasmablasts upon antigenic stimulation in antigen-activated T cell areas, secrete low-affinity antibody and eventually undergo apoptosis. Some activated B cells enter into the long-lived memory compartment as either memory B cells or long-lived plasma cells (PC). Long-lived PC remain in either the LN or spleen, but most home to and reside in the bone marrow. Long-lived PC in the marrow are a major source of persistent donor-specific alloantibody (Stegall et al., 2010). Long-lived PC are sensitive to proteasome inhibition including bortezomib, but are not affected by rituximab, IVIG, or thymoglobulin (Perry et al., 2009). Although PC also may exist in SLO, the contribution of PC from areas other than the bone marrow to alloantibody production is not clear. These documentations all point to the bone marrow as a major site of immune regulation for responses to alloantigens, and that real therapeutic strategies must account for both Treg and PC in the bone marrow (Table 3).

Table 3. Dendritic cell function in lymphoid organs.
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TERTIARY LYMPHOID ORGANS

Ectopic or tertiary lymphoid organs (TLO) are often induced at sites of chronic infection or inflammation in peripheral non-lymphoid organs. These tissues are architecturally similar to SLO, with separate B and T cell areas, specialized populations of DC, well-differentiated stromal cells, and HEV (Carragher et al., 2008). It seems likely that similar signaling mechanisms that are responsible for SLO ontogeny are involved in TLO formation (Motallebzadeh et al., 2008). Like SLO, TLO are formed in a highly regulated manner via production of homeostatic chemokines (CXCL13 and CCL19/CCL21), and in response to signaling from the heterotrimer lymphotoxin (LT) α1β2 acting on the LTβR on stromal organizer cells (Drayton et al., 2006; van de Pavert and Mebius, 2010). The expression of LTα, LTβ, and LIGHT all contribute to the formation of TLO via signaling through TNFR1 and LTβR (Lee et al., 2006). Although the organogenesis of LN clearly requires LTi cells, whether LTi cells are required for formation of TLO follicles is less clear (Carragher et al., 2008). Even with deletion of the inhibitor of differentiation two gene, essential for generation of CD3−CD4+ LTi cells and development of SLO, TLO still form in the thyroid (Marinkovic et al., 2006).

Tertiary lymphoid organs have been described in a variety of autoimmune diseases including gastritis, thyroiditis, and systemic lupus erythematosus (Carragher et al., 2008). The formation of TLO correlates with the development of diabetes, whereas blocking their formation prevents the development of diabetes (Wu et al., 2001; Lee et al., 2006; Penaranda et al., 2010). The chronic phase of the immune response to an allograft is in many ways similar to the responses that typify relapsing autoimmunity. Autoimmune responses are characterized by immune environments in which target antigens persist, and the inability to eradicate alloantigens may provide a similar stimulus for formation of TLO within the graft. After organ transplantation, there are continuous low levels of dynamic interactions between donor alloantigens and the recipient immune system, a situation similar to chronic inflammation. The positioning of lymphoid tissue within an inflamed allograft may thus result in more aggressive effector lymphocyte responses that focuses on locally presented alloantigens (Motallebzadeh et al., 2008). For example, TLO or PNAd+ HEV without organized lymphoid accumulation are observed in murine heart transplants and in association with chronic allograft rejection, but to a much lesser extent with acute rejection (Baddoura et al., 2005). Germinal center-like structures are present in chronically rejected human allografts (Motallebzadeh et al., 2008). Some reports have shown that chronically rejected allografts are simultaneously the target and the site of production of alloantibodies (Smith et al., 2002; Kerjaschki et al., 2004; Thaunat et al., 2005; Thaunat and Nicoletti, 2008). TLO occur in rat donor allografts latently infected with cytomegalovirus (CMV), and in part mediate ganciclovir-insensitive rejection by providing a scaffold for immune activation (Orloff et al., 2011). Similarly, pre-transplant human CMV infection is associated with the acceleration of renal transplant vascular sclerosis and chronic allograft rejection (Fitzgerald et al., 2004). TLO within skin allografts are able to support effective alloresponses, leading to rejection, and development of a memory response (Nasr et al., 2007). Thus, it appears that the generation of TLO is associated with the chronic phase of destructive auto- or alloimmune responses.

The ectopic accumulation of lymphoid cells has been considered to signify destructive inflammation that is accompanied by tissue damage (Drayton et al., 2006). However, there are also examples in which TLO appear to contribute to local protective immune responses. A high proportion of Treg are detected within the TLO in gastric mucosa of mice with autoimmune gastritis and atherosclerotic aortic media of apoE−/− mice (Katakai et al., 2006; Grabner et al., 2009). T2-6AB transgenic mice, in which T cells express a T cell receptor (TCR) specific for the H+/K+-ATPase α subunit, spontaneously develop TLO, although autoimmune responses are clearly limited. There is locally restricted T cell activation and Th2 skewing of the self-reactive T cells, as well as the accumulation of Treg in the target organ (Katakai et al., 2006). Many tumors manipulate the immune environment to escape immune surveillance. By secretion of CCL21, melanoma tumor cells attract LTi cells, which are needed for the formation of TLO-like structures within the tumor. Knockdown of endogenous CCL21 expression in tumor cells induces antigen-specific immunity and inhibits tumor growth. Hence, in melanoma tumors, the TLO provide a tolerogenic environment by recruitment of regulatory leukocyte populations (Shields et al., 2010). Thus, depending on the type of immune responses, generation of TLO at sites of inflammation can lead to detrimental or pathological immune responses, or may help resolve local inflammation or infection (Motallebzadeh et al., 2008).

CONCLUSION AND PERSPECTIVES

While great progress has been made in understanding molecules, signaling pathways, and cells important for alloimmunity, and how to manipulate, interfere with, and suppress immune cell activation, migration, and effectors functions to benefit transplantation, evidence has emerged that various lymphoid organs, their anatomic structures, and particular microenvironments that lymphocytes encounter or reside in during the course of the alloresponse are also critical in determining the final outcome of graft acceptance and transplant tolerance. The appropriate tissue architecture may decide whether immune cells remain naïve, or become activated, anergic, or deleted by affecting antigen presentation, adhesion molecule expression, co-stimulatory signal activation, cytokine and chemokine production, thus affect regulatory and effector cell differentiation, trafficking and effector activities. In order to further overcome barriers to transplant tolerance, precise models and investigations on the arrangement of cells and molecules in lymphoid structures and anatomic pathways are required. For example, how LTi/LTo interactions, LT signal cascades, stromal cells, and specific microdomains affect immune responses and transplant tolerance induction and maintenance will all be productive areas for investigation.

ABBREVIATIONS

Aire, autoimmune regulator; APC, antigen-presenting cell; DC, dendritic cell; ER-TR7, Erasmus University Rotterdam- thymic reticulum antibody 7; FDC, follicular dendritic cell; FRC, fibroblastic reticular cell; FTreg, follicular regulatory T cells; GITR, glucocorticoid-induced tumor necrosis factor receptor; HEV, high endothelial venules; HSPC, hematopoietic stem/progenitor cells; HVEM, herpes simplex virus (HSV) glycoprotein D for HSV entry mediator; imDC, immature myeloid DC; LEC, lymphatic endothelial cells; LN, lymph node; LT, lymphotoxin; LTβR, Lymphotoxin β receptor; LTi, lymphoid tissue inducer; LTo, lymphoid tissue organizer; LYVE-1, lymphatic vessel endothelial hyaluronan receptor 1; nTreg, natural Treg; PALS, periarteiolar lymphoid sheath; pDC, plasmacytoid DC; PD-L1, programmed death ligand 1; PNAd, peripheral lymph node addressin; PP, Peyer’s patches; PTA, peripheral tissue-restricted antigen; SCS, subcapsular sinus; SIV, Simian immunodeficiency virus; SLO, secondary lymphoid organs; TCR, T cell receptor; TFH, follicular helper T cells; TGFβR, TGFβ receptor; TLO, tertiary lymphoid organs; TNF, tumor necrosis factor; Treg, regulatory T cells; TSLP, thymic stromal lymphopoietin; VEGF, vascular endothelial growth factor.
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In this review, we discuss how changes in the intragraft microenvironment serve to promote or sustain the development of chronic allograft rejection. We propose two key elements within the microenvironment that contribute to the rejection process. The first is endothelial cell proliferation and angiogenesis that serve to create abnormal microvascular blood flow patterns as well as local tissue hypoxia, and precedes endothelial-to-mesenchymal transition. The second is the overexpression of local cytokines and growth factors that serve to sustain inflammation and, in turn, function to promote a leukocyte-induced angiogenesis reaction. Central to both events is overexpression of vascular endothelial growth factor (VEGF), which is both pro-inflammatory and pro-angiogenic, and thus drives progression of the chronic rejection microenvironment. In our discussion, we focus on how inflammation results in angiogenesis and how leukocyte-induced angiogenesis is pathological. We also discuss how VEGF is a master control factor that fosters the development of the chronic rejection microenvironment. Overall, this review provides insight into the intragraft microenvironment as an important paradigm for future direction in the field.
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GENERAL OVERVIEW

In an endothelial cell (EC)-based model, the initiation of inflammation within an allograft results from the activation of donor ECs responding to pro-inflammatory cytokines released from resident macrophages in response to hypoxia (Cotran, 1994; Briscoe et al., 1998; Denton et al., 2000; Pober and Sessa, 2007; Ingulli et al., 2009). Graft EC also respond to cytokines and growth factors produced in association with alloimmune cellular and humoral targeting of the graft (Pober et al., 1996; Valujskikh and Heeger, 2003; Zhang and Reed, 2009; Halloran et al., 2010; Sis and Halloran, 2010), as well as by factors produced by infiltrating mononuclear cells that are characteristic of chronic rejection (Libby and Pober, 2001). The induced expression of adhesion molecules and chemokines by donor EC results in the recruitment of leukocytes into the graft, whereas the expression of MHC class I and II molecules on donor EC is critical for the local presentation of alloantigen to infiltrating effector/memory lymphocytes (Briscoe and Sayegh, 2002; Kreisel et al., 2002; Pober and Sessa, 2007). These events set the stage for an intragraft microenvironment that sustains donor-directed alloimmune inflammation and the development of chronic rejection.

In this review, we focus on how the integrity of the vascular endothelium is critical for a microenvironment that sustains allograft function. In vascularized solid organ allografts, such as the kidney, early ischemia–reperfusion results in profound injury to the microvasculature (Bishop et al., 1989; Vos and Briscoe, 2002; Woywodt et al., 2003; Reinders et al., 2006; Aydin et al., 2007; Contreras and Briscoe, 2007; Rabelink et al., 2007; Mayer, 2011). Furthermore, the degree of injury and microvascular EC loss at early times post transplantation can be predictive of long-term graft survival (Bishop et al., 1989; Choi et al., 2000; Fine and Norman, 2008; Mayer, 2011; Steegh et al., 2011). Indeed, it is reported that the sequential loss of peritubular capillaries, starting as early as 3 months post renal transplantation predicts the development of interstitial fibrosis and tubular atrophy (IFTA) and later chronic rejection (Steegh et al., 2011). It is proposed that the loss of the intrarenal microvasculature results in impaired delivery of oxygen and nutrients to the renal tubules, which in turn contributes to local tissue ischemia, tubular dropout, and cell death (Kang et al., 2002; Reinders et al., 2006; Contreras and Briscoe, 2007; Rabelink et al., 2007; Fine and Norman, 2008; Mayer, 2011). Thus, the initial loss of microvessels/peritubular capillaries may be a primary factor in the development of fibrosis and chronic renal disease (Kang et al., 2002; Reinders and Briscoe, 2002; Contreras and Briscoe, 2007; Mayer, 2011). Pharmacologic therapy which can protect microvascular integrity at early times post transplantation has potential to improve long-term graft survival (Johnson et al., 2006; Nakao et al., 2006; Aydin et al., 2007; Rabelink et al., 2007; Briscoe and Pal, 2008; Leonard et al., 2008; Hanto et al., 2010). If early protection and repair is not accomplished, then ongoing local ischemia will result in cellular atrophy, and chronic allograft disease will be inevitable.

However, it is underappreciated that inflammatory infiltrates also cause EC proliferation, a process called leukocyte-induced angiogenesis (Auerbach and Sidky, 1979; Cotran, 1994). In addition, the binding of alloantibodies to the graft vascular endothelium can result in EC activation and a proliferative response (Zhang and Reed, 2009). As will be discussed below, this abnormal or pathological angiogenesis response may be associated with local tissue hypoxia, and thus precedes later hypoxic tissue injury (Babu et al., 2007; Contreras and Briscoe, 2007; Goel et al., 2011). If EC proliferation occurs at later times post transplantation in association with pericyte loss, microvessels become disorganized and endothelial-to-mesenchymal transition (EndMT) may occur. This results in collagen deposition and tissue fibrosis (Schor et al., 1995; Humphreys et al., 2010; Medici et al., 2010). Central to all these events is the expression of vascular endothelial growth factor (VEGF), which is both pro-angiogenic and pro-inflammatory, and thus drives progression of the chronic rejection microenvironment (Reinders et al., 2006). Here, we discuss a new paradigm, whereby local tissue hypoxia and overexpressed intragraft VEGF are key features of a microenvironment that determine the development of chronic rejection. Cartoons illustrating this paradigm are shown in Figures 1 and 2.
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Figure 1. Cartoon illustrating the interplay between alloimmunity and the intragraft microvasculature. (A) Following transplantation, alloimmune inflammatory responses target the graft vascular endothelium resulting in the destruction of microvessels, which in turn leads to local hypoxia and tissue injury. (B) Alloimmune inflammatory responses may also stimulate endothelial cell proliferation and promote leukocyte-induced angiogenesis within allografts. The local delivery of the pro-inflammatory and pro-angiogenic factor vascular endothelial growth factor (VEGF) is central to this response. Pathological leukocyte-induced angiogenesis results in the formation of abnormal networks of capillaries that lead to chaotic blood flow patterns and paradoxically results in local hypoxia. Thus, local tissue hypoxia is the end result of acute events and direct targeting of the graft endothelial cells (A) as well as inflammation and the associated leukocyte-induced angiogenesis (B).
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Figure 2. Cartoon illustrating a mechanism of tissue fibrosis associated with allograft rejection. During inflammation, pathological angiogenesis, and/or local hypoxia can lead to pericyte loss. Under normal conditions homeostatic repair occurs under the influence of protective growth and survival factors. In contrast, when the inflammatory microenvironment is sustained, the loss of pericytes serves as a precedent for endothelial-to-mesenchymal transition (EndMT), where endothelial cells become denuded from their basement membrane and migrate along with pericytes into the surrounding tissue. Although still under debate, it is reported that the presence of TGFβ, inflammatory cytokines, and hypoxia enables dissociated pericytes and/or endothelial cells to dedifferentiate into collagen-secreting fibroblasts, which in turn results in fibrosis and scarring.



MICROVASCULAR PATTERNING AND THE INTRAGRAFT MICROENVIRONMENT

Angiogenesis, the generation of new blood vessels from pre-existing ones, is a complex process involving the degradation of the vascular basement membrane and surrounding extracellular matrix as well as EC proliferation and migration (Cotran, 1994; Folkman, 1995a,b; Brown et al., 1997; Carmeliet and Jain, 2000; Ferrara and Kerbel, 2005; Goel et al., 2011). The creation of new blood vessels is critical for normal organ growth and development and it is a requirement for normal wound healing and tissue repair (Cotran, 1994; Majno, 1998). In all of these biological conditions, angiogenesis is tightly regulated in a tissue specific manner, such that the microvascular bed provides tissues with their nutritive and oxygen demands in a manner that is sufficient for normal physiological processes. However, angiogenesis is also characteristic of many disease states, and is well-established to occur in association with cell-mediated immune responses (Cotran, 1994) and chronic inflammatory diseases (Folkman and Brem, 1992; Ferrara and Alitalo, 1999; Ezaki et al., 2001), notably inflammatory bowel disease (Kanazawa et al., 2001), arthritis (Walsh and Pearson, 2001), chronic asthma (Detoraki et al., 2010), and chronic allograft rejection (Tanaka et al., 1994; Moulton et al., 1999; Reinders and Briscoe, 2002; Denton et al., 2004; Babu et al., 2007). In disease processes, the neoangiogenesis response occurs in an abnormal and disorganized manner. In some chronic disease conditions, such as arthritis and chronic asthma, it can be uncontrolled (Walsh and Pearson, 2001; Detoraki et al., 2010). Solid tumors are a prototype example where angiogenesis can be abnormal and pathological (Fukumura and Jain, 2007; Jain, 2008; Goel et al., 2011). In this disease, local tissue hypoxia drives the production of angiogenesis factors, notably VEGF. This in turn elicits a powerful neovascular response (Brown et al., 1997; Goel et al., 2011). Since newly formed vessels are irregular in size with random branching patterns, the associated blood flow within the entire microvascular tree becomes abnormal and shunting occurs throughout the tissue (Jain, 2008; Goel et al., 2011). In this manner, some areas of the tissue have potential for increased blood flow and have adequate oxygenation. In contrast, other areas have decreased or aberrant blood flow which results in local tissue hypoxia. This latter event further drives the expression of hypoxia-inducible angiogenesis factors, including VEGF, such that the cyclical process is sustained. It is proposed that these events may also occur in association with chronic kidney disease as well as within kidney allografts in association with chronic rejection (Choi et al., 2000; Reinders et al., 2006; Contreras and Briscoe, 2007; Mayer, 2011; Figure 1). Therefore, local tissue hypoxia may occur as a result of both initial targeting and loss of microvessels (Figure 1A), or as a result of leukocyte-induced angiogenesis (Figure 1B). We propose that once an abnormal pattern of blood vessels develop within the intragraft microenvironment, it likely serves to elicit local tissue hypoxia as well as to induce VEGF expression, analogous to that described in tumors (Goel et al., 2011). We hypothesize that these events sustain inflammation and the progression of chronic rejection.

LEUKOCYTE-INDUCED ANGIOGENESIS: A PATHOLOGICAL RESPONSE THAT SUSTAINS INTRAGRAFT INJURY

Leukocyte-induced angiogenesis was initially described following the local injection of spleen cells into the skin of nude mice (Sidky and Auerbach, 1975; Auerbach and Sidky, 1979). In these original studies, it was noted that the reaction did not occur following the injection of syngeneic spleen cells, but it was dose-dependent and reproducible following the intradermal injection of allogeneic cells (Auerbach and Sidky, 1979). Subsequently, it was demonstrated that this leukocyte-induced angiogenesis reaction was mediated by CD4+ T lymphocytes (Kaminski and Auerbach, 1988), which we now understand to be critical for the initiation of the alloimmune inflammatory response (Ingulli et al., 2009). Thus, while not the intention of these studies, this model clearly indicates that alloactivated leukocytes are potent for the production of angiogenesis factors. Indeed, it is now known that both monocyte/macrophages (Koch et al., 1986; Leibovich and Wiseman, 1988; Polverini, 1997) and activated T cells (Freeman et al., 1995; Melter et al., 2000; Mor et al., 2004) secrete angiogenesis factors, including VEGF, which is a central mediator of the leukocyte-induced reaction (Leibovich et al., 1987; Giraudo et al., 1998; Reinders et al., 2006). Other factors including TNF-α (63), TGF-β, and nitric oxide (Wiseman et al., 1988; Leibovich et al., 1994) may also elicit the response. Therefore, angiogenesis may result from the local production of distinct factors, or via cytokine- and cell-mediated responses that increase local concentrations of VEGF. This interplay between cell-mediated immune reactions and the local delivery of TGF-β and VEGF by monocyte/macrophages have resulted in the development of paradigms to explain how angiogenesis and fibrosis are characteristic of chronic inflammatory disease states (Cotran, 1994; Brown et al., 1995; Freeman et al., 1995; Sharma et al., 1996; Inoue et al., 1998; Majno, 1998; Pilmore et al., 1999; Jain et al., 2000, 2002; Ezaki et al., 2001; Kanazawa et al., 2001; Mannon, 2006; Booth and Bishop, 2010).

In our own studies, we evaluated recipient angiogenesis using a humanized SCID mouse (huSCID) model of rejection (Moulton et al., 1999). Human foreskin was transplanted onto SCID mice and was found to engraft after 4–6 weeks. Functional vessels and vascular networks within the healed human skin were derived from both human and mouse EC (Briscoe et al., 1999). The subsequent adoptive transfer of human peripheral blood leukocytes into the mouse resulted in human leukocytic infiltrates within the engrafted human skin but not within the adjacent mouse skin, as evaluated by videomicroscopy and by immunohistochemistry (Briscoe et al., 1999; Moulton et al., 1999). After 2–3 days, infiltrates were present within grafts by videomicroscopy, and by 7 days, infiltrates were notable by immunohistochemistry; by day 14, cellular infiltrates were profound within grafts. In our analyses, we also found a notable angiogenesis response that was spatially associated with leukocytic infiltrates within the human skins. The angiogenesis response occurred at early time points, typically on day 3–5 by videomicroscopy and on day 7 by immunohistochemistry (Moulton et al., 1999). Notably, the response preceded the development of marked infiltrates, which were ultimately associated with microvascular destruction. Therefore, we propose that local tissue hypoxia was not the primary stimulus for the initiation of the angiogenesis response within these allografts. Rather, we believe that the angiogenesis reaction was initiated by factors produced by infiltrating leukocytes in a similar manner as previously noted by Auerbach and Sidky (1979) in their model of leukocyte-induced angiogenesis.

More recently, Babu et al. (2007) found a similar neovascularization reaction in their analysis of rejecting tracheal allografts. Although they did not characterize this response in great detail, their studies illustrated prominent angiogenesis in grafts on days 4-, 6-, and 8-post transplantation. Similar to our studies (Moulton et al., 1999; Contreras and Briscoe, 2007), they noted that it did not persist and completely disappeared by day 10–12 following transplantation in association with fulminant rejection. However, these authors also evaluated tissue oxygenation within the graft. Surprisingly, rather than finding that oxygenation was normal at sites of neovascularization, they observed that tissue pO2 decreased in day 4–6 allografts when the leukocyte-induced angiogenesis reaction was prominent (Babu et al., 2007). Their observations indicate that, contrary to expectations, hypoxia occurs within allografts prior to microvascular destruction, and it is associated with the presence of leukocyte-induced angiogenesis. This observation is consistent with extensive studies by Rakesh Jains group demonstrating that pathological neoangiogenesis and its association with abnormal blood flow patterns within a tumor is ineffective to support tissue oxygenation (Goel et al., 2011).

Angiogenesis has been demonstrated to occur in allografts with evidence of chronic rejection in association with allograft vasculopathy (Atkinson et al., 2005). Similar to our studies in the huSCID (discussed above), as well as those reported by Babu et al. (2007), increased capillary density within the parenchyma of cardiac allografts has been found to be associated with T cell and monocyte infiltrates (Tanaka et al., 1994). Also, neovessels within the intima of large vessels with vasculopathy lesions have been found to be spatially associated with inflammatory infiltrates (Tanaka et al., 1994; Denton et al., 2004). These neovessels within allografts are activated, in as much as they express cell surface adhesion molecules and MHC class II. Thus, the angiogenesis reaction itself may be pro-inflammatory in as much as it has potential to mediate the recruitment and the activation of local infiltrates (Atkinson et al., 2005).

Collectively, these findings illustrate that leukocyte-induced EC proliferation/angiogenesis occurs at different sites within allografts. We propose that the abnormal angiogenic microvasculature may be causative of disease, and that local tissue hypoxia is the result, rather than the primary stimulus of the response (Jain, 2005; Figure 1). This paradigm explains in part how the intragraft microenvironment functions to initiate and sustain the development of chronic allograft rejection. Other major issues relate to the production of cytokines and growth factors that initiate EndMT, illustrated in Figure 2. This will be discussed in more detail below.

OVERLAPPING NATURE OF INFLAMMATION AND ANGIOGENESIS AND THE DEVELOPMENT OF CHRONIC REJECTION

During inflammation, the leukocyte-induced angiogenesis reaction may be associated with local areas of tissue hypoxia and tissue injury (illustrated in Figure 1). To this end, it is important to note that angiogenesis factors such as VEGF have been reported to be overexpressed in all models of chronic inflammation, including models of chronic rejection, and their expression has been found to be associated with disease progression (Leibovich et al., 1987; Folkman and Brem, 1992; Cotran, 1994; Majno, 1998; Ezaki et al., 2001; Ferrara, 2005). Consistent with this possibility, blockade of individual angiogenesis factors, including VEGF–VEGFR interactions, in animal models has been found to attenuate the progression of the chronic rejection disease process (Lemstrom et al., 2002; Nykanen et al., 2003; Reinders et al., 2003a; Denton et al., 2004; Sho et al., 2005; Malmstrom et al., 2008).

On the other hand, immune inflammation and the angiogenesis response can be antagonistic. For instance, some angiogenesis factors such as fibroblast growth factor (FGF) may inhibit adhesion molecule expression and have anti-inflammatory effects (Jain et al., 1996; Melder et al., 1996). Some inflammatory mediators such as IFNγ or the IFNγ-inducible chemokine CXCL10/IP-10 can be anti-angiogenic (Strieter et al., 1995a; Boulday et al., 2006). Moreover, the competitive binding of chemokines to their receptors (and vice versa) results in competition for angiogenesis and inflammation (Strieter et al., 1995b). So, how is it possible that the evolution of the leukocyte-induced angiogenesis response can be associated with pro-inflammation? Neovessels at sites of angiogenesis express adhesion molecules and chemokines and can facilitate the recruitment of leukocytes in part via enhanced leukocyte–endothelial adhesion events (Melder et al., 1996; Detmar et al., 1998; Kim et al., 2001; Reinders et al., 2003a). In addition, mediators of the leukocyte-induced angiogenesis reaction, such as VEGF, induce the expression of EC adhesion molecules [including E-selectin, ICAM-1, and VCAM-1 (Melder et al., 1996; Kim et al., 2001)] and pro-inflammatory chemokines [such as CXCL10/IP-10 and MCP-1 (Marumo et al., 1999; Reinders et al., 2003a; Boulday et al., 2006)]. Also, as will be discussed below, VEGF can serve as a potent leukocyte chemoattractant via direct interactions with its receptors expressed on subsets of monocyte/macrophages and T cells (Barleon et al., 1996; Shin et al., 2009; Basu et al., 2010; Suzuki et al., 2010). Therefore, once established within allografts, the initial EC activation response that results in proliferation and angiogenesis also facilitates inflammation. In contrast, inflammatory mediators can both stimulate and inhibit angiogenesis. Thus, the balance between the relative production of pro- versus anti-angiogenic factors in the course of the immune response will determine the inducible neovascular response, resulting in vascular repair or injury, and this process may be a key determinant of the outcome of rejection.

Collectively, these observations suggest that the overlapping nature of inflammation and angiogenesis create an environment that is critical to shape the rejection process. They also imply that pharmacologic manipulation of the EC response to injury or leukocyte-induced angiogenesis will target the pathological intragraft microenvironment and interrupt chronic rejection. Indeed, in animal models, several angiogenesis inhibitors have been reported to slow the progression of chronic rejection (Lemstrom et al., 2002; Denton et al., 2004; Reinders et al., 2006; Malmstrom et al., 2008). PTK787, a selective VEGFR protein tyrosine kinase angiogenesis inhibitor was found to attenuate the development of interstitial fibrosis and allograft vasculopathy in well-established rat cardiac and renal transplantation models (Lemstrom et al., 2002; Malmstrom et al., 2008). Also, TNP-470, a synthetic fumagillin derivative and a well-established angiogenesis inhibitor was found to interrupt the progression of inflammation, intragraft fibrosis, and the degree of allograft vasculopathy in the Fischer 344 into Lewis rat cardiac allograft model (Denton et al., 2004). Furthermore, we find that endostatin, another well-established angiogenesis inhibitor prevents the progression of allograft vasculopathy in the MHC class II mismatched B6.C-H2bm12 into C57BL/6 mouse model of chronic rejection (Contreras and Briscoe, unpublished observations). Therefore, it appears that transient interruption therapy with angiogenesis inhibitors has potential to normalize the vasculature and inhibit the progression of chronic rejection.

To this end, it is important to note that the mTOR kinase and its associated signaling pathway has profound effects on EC proliferation in vitro and in vivo (Dormond et al., 2007; Contreras et al., 2008). We believe that mTOR inhibitors represent the first-in-kind angiogenesis inhibitor agents that are currently being used therapeutically in humans following transplantation. Furthermore, we suggest that this biological effect may account for some of their ability to retard the progression of chronic rejection (Contreras et al., 2008). Several reports have indicated that a switch from calcineurin inhibitor therapy to an mTOR inhibitor based regimen (interruption protocol) in humans slows the progression of chronic rejection (Oberbauer et al., 2005; Schena et al., 2009; Arora et al., 2011). These observations support the possibility that angiogenesis inhibitors have potential as therapeutics in the future.

ENDOTHELIAL CELL TO MESENCHYMAL TRANSITION: POSSIBLE FINAL END RESULT OF LEUKOCYTE-INDUCED OR PATHOLOGICAL ANGIOGENESIS

The Kalluri group demonstrated that EC within cardiac allografts appear to undergo a process of mesenchymal transition to fibroblasts in association with inflammation and chronic rejection (Zeisberg et al., 2007a). This process, called EndMT by several laboratories results from the dedifferentiation of EC, such that they lose their endothelial phenotype and gain the expression of mesenchymal markers (illustrated in Figure 2). In this manner, the process of EndMT is characterized by the loss of well-established EC molecules including CD31 and CD34, and the gain in expression of fibroblast-specific protein 1 (FSP1), alpha-smooth muscle actin (Zeisberg et al., 2007a,b), as well as other non-EC molecules (Kokudo et al., 2008). In vitro, it is reported, that EndMT occurs in response to both TGFβ1 (Arciniegas et al., 1992) and TGFβ2 (Medici et al., 2010), but the stimuli for mesenchymal transition in vivo are poorly understood. The process of EndMT occurs in association with pericyte loss, when EC are denuded from their basement membrane. Denuded EC and pericytes migrate into the surrounding tissue, where they are exposed to TGFβ that may be produced locally by multiple cell types and/or delivered into the graft by monocyte/macrophages (Jain et al., 2002; Booth and Bishop, 2010), thus leading to their differentiation into fibroblasts (illustrated in Figure 2).

Endothelial-to-mesenchymal transition is well-established to occur during embryonic development of the heart, in normal wound healing and in several different cancers (Markwald et al., 1975; Zeisberg et al., 2007b). It has also been implicated in chronic fibrotic disease states including atherosclerosis, pulmonary hypertension, cardiac fibrosis, and diabetic nephropathy (Zeisberg et al., 2007a; Li et al., 2009; Hashimoto et al., 2010). In cancer, EndMT has been reported to account for up to 40% of cancer-associated fibroblasts, and the process has been found to alter the microenvironment in several ways (Zeisberg et al., 2007b). EC that have undergone EndMT produce collagen, deposit extracellular matrix molecules, and secrete pro-fibrotic factors including TGFβ, leading to a self-perpetuating cycle of events. In contrast, its role in allograft rejection has not been well characterized, and it remains controversial whether EndMT is primarily related to pericyte loss and their migration into the local tissue, or whether it is truly related to EC dedifferentiation (Humphreys et al., 2010). Regardless of whether the pericyte and/or the EC dedifferentiates into the collagen-producing cell, the process, and long-term consequence of microvascular destruction is fibrosis.

Since the intragraft microenvironment has similarities to the tumor microenvironment (i.e., abnormal microvessels, local hypoxia, TGFβ, high VEGF, mononuclear cell infiltrates), we have speculated that pathological and/or leukocyte-induced angiogenesis will precede EndMT within allografts (illustrated in Figure 2). Consistent with this possibility, proliferating EC have been shown to be associated with alloimmune targeting and chronic rejection (Sis et al., 2009; Osasan et al., 2011). In addition, we have found that proliferating EC are most susceptible to EndMT in vitro in the presence of inflammatory cytokines, TGFβ, and hypoxia. In contrast, we find that EC that have not undergone multiple rounds of proliferation are not as susceptible to EndMT (Woda and Briscoe, unpublished observations). It will be important to understand if intragraft cytokines or growth factors that activate EC can initiate this pathological process and how VEGF functions in the EndMT process. An alternate hypothesis is that the intragraft cytokine milieu and/or hypoxia within allografts at times of leukocyte-induced angiogenesis alters pericyte biology which becomes a central determinant of both the loss of the microvasculature and differentiation into fibroblasts. Thus, there is a need for research in this area as it is a potential target of future therapeutics.

VASCULAR ENDOTHELIAL GROWTH FACTOR: A CENTRAL PLAYER IN THE CHRONIC REJECTION INTRAGRAFT MICROENVIRONMENT

By definition, the development of acute allograft rejection involves a marked inflammatory reaction, characterized by the recruitment of leukocytes and an intense cellular and humoral attack on the graft (Ingulli et al., 2009). By contrast, chronic rejection is a more insidious process involving delayed type hypersensitivity mechanisms and is characterized by mononuclear cell infiltration, an obliterative vasculopathy, and progressive fibrosis (Libby and Pober, 2001; Ingulli et al., 2009). Over the past 10–15 years, VEGF has emerged as an important player in the rejection process, and its expression has been reported by several groups to be associated with both acute and chronic allograft rejection (Torry et al., 1995; Pilmore et al., 1999; Lemstrom et al., 2002; Reinders et al., 2003b, 2006; Malmstrom et al., 2008). In one study (Pilmore et al., 1999), VEGF expression was found to be most striking in the interstitium of human renal allografts in association with CD68+ monocyte/macrophage infiltrates and evidence of chronic rejection. In another study (Torry et al., 1995), the expression of VEGF was found to be associated with fibrin deposition, and was confined to areas with monocyte/macrophage infiltrates. In our own analyses, we observed intense VEGF expression within human cardiac allografts localized to both inflammatory cell infiltrates as well as to vascular EC in association with acute and chronic rejection (Reinders et al., 2003b). Moreover, we found that persistent intragraft VEGF overexpression identified patients at high risk for the development of chronic allograft vasculopathy/chronic rejection (Reinders et al., 2003b). Furthermore, human transplant recipients with genotypes encoding high VEGF production are at increased risk for the development of rejection (Shahbazi et al., 2002; Girnita et al., 2008). Levels of VEGF increase significantly in the serum and urine of patients in association with cardiac and renal allograft rejection respectively, and in most cases return to baseline after effective treatment of the rejection episode (Abramson et al., 2002; Peng et al., 2008). It is thus possible that serum levels of VEGF may serve as a reliable biomarker of the development of allograft vasculopathy following human cardiac transplantation (Daly et al., 2011).

VEGF may be delivered into allografts in the course of rejection by infiltrating monocytes and by activated T cells (Leibovich et al., 1987; Leibovich and Wiseman, 1988; Freeman et al., 1995; Melter et al., 2000). Alternatively, VEGF may be induced locally within the allograft as a result of cellular interactions among activated platelets and EC (Chiodoni et al., 2006; Dormond et al., 2008). Nevertheless, the local overexpression of VEGF within allografts results in the development of chronic rejection and allograft vasculopathy (Lemstrom et al., 2002). Taken together, there is extensive data to support the hypothesis that VEGF is mechanistic in the process of chronic allograft rejection.

The major stimulus for VEGF expression is hypoxia (Shweiki et al., 1992; Mukhopadhyay et al., 1995; Goel et al., 2011), but other factors that can upregulate local tissue VEGF production include paracrine effects of hormones, glucose and prostaglandins, as well as cytokine/growth factor modulators of protein kinase C, nitric oxide, and stimulators of adenylate cyclase (Brown et al., 1997). Several cytokines, including IL-1, TNF, and IL-6, have been found to induce the expression of VEGF and/or VEGF receptors (Leibovich et al., 1987; Giraudo et al., 1998; Amano et al., 2004; Huang et al., 2004). In addition, we have demonstrated that the ligation of CD40 by CD154 (CD40 ligand, expressed by activated platelets and T cells) is potent for local tissue induction of VEGF expression (Melter et al., 2000; Dormond et al., 2008). In this manner, it is not surprising that cell-mediated immune inflammation is associated with VEGF–VEGFR biological responses. Furthermore, since multiple VEGF-inducing factors are present within allografts at different times post transplantation, one might conclude that VEGF expression, and VEGF-dependent biological responses should be characteristic features of both the initiation and the maintenance of chronic rejection.

BIOLOGY OF VEGF–VEGFR INTERACTIONS

As its name suggests, VEGF classically functions as a potent angiogenesis factor, and as such it was originally proposed to facilitate microvascular repair following ischemic injury (Kang et al., 2001a,b; Mayer, 2011) as well as injury following inflammatory insults (Choi et al., 2000; Reinders et al., 2006). VEGF is a 45-kDa protein produced by most cell types including cells of the immune system such as monocyte/macrophages and activated T cell subsets (Freeman et al., 1995; Brown et al., 1997; Polverini, 1997; Melter et al., 2000; Basu et al., 2010). It is a heparin-binding homodimeric glycoprotein with several protein variants of 206, 189, 164, 145, and 121 amino acids that arise from the alternative splicing of a single gene (Leung et al., 1989; Tischer et al., 1991). Intense research beyond the scope of this review, has clarified the function of VEGF in EC, where it mediates migration, growth, survival as well as activation responses including the expression of adhesion molecules and chemokines (Alon et al., 1995; Klagsbrun and D’Amore, 1996; Melder et al., 1996; Brown et al., 1997; Gerber et al., 1999; Kim et al., 2001; Ferrara, 2005; Boulday et al., 2006; Lee et al., 2007).

The biological activities of VEGF are mediated via interactions with its receptors, Flt-1 (VEGF receptor 1), KDR (VEGF receptor 2), and neuropilin-1 (Shalaby et al., 1995; Klagsbrun and D’Amore, 1996; Brown et al., 1997; Miao and Klagsbrun, 2000; Ferrara, 2005; Takahashi and Shibuya, 2005; Matsumoto and Mugishima, 2006). Several studies have shown that signaling mediated via KDR is critical for the VEGF-induced response (Zeng et al., 2001). For instance, many of the biological properties of VEGF can be inhibited by neutralization of KDR; and inhibition of KDR has similar effects as neutralization of VEGF in vivo in inflammatory diseases (Brown et al., 1997; Watanabe et al., 2004, 2005; Ferrara, 2005), including allograft rejection (Reinders et al., 2003a; Sho et al., 2005). Also, knockout of either VEGF or KDR results in embryonic lethality due to inhibition of angioblast differentiation and vasculogenesis (Shalaby et al., 1995; Ferrara et al., 1996). Classically, it is thought that neuropilin-1 serves as an accessory co-receptor for KDR to bind VEGF and mediate crosslinking to KDR (Klagsbrun and D’Amore, 1996; Matsumoto and Mugishima, 2006). However, some studies have suggested that neuropilin-1 might also mediate signaling directly in response to the semaphorin 3 family of proteins (Wang et al., 2003; Catalano et al., 2006; Mizui et al., 2009; Suzuki et al., 2008). VEGF also signals through Flt-1 to initiate a direct signaling response, but its interaction with Flt-1 may inhibit KDR-induced responses in EC (Zeng et al., 2002). Thus, VEGF inducible responses in different cells can be determined according to the profile of expression of its receptors and thus, the select VEGFR-dependent signal.

All VEGF receptors are expressed by EC, but individual receptors are also expressed by different leukocyte subsets indicating that VEGF may have direct effects on the immune response (Barleon et al., 1996; Bruder et al., 2004; Sarris et al., 2008; Shin et al., 2009; Basu et al., 2010; Suzuki et al., 2010). Flt-1 and neuropilin-1 are expressed by human monocytes and APCs (Barleon et al., 1996; Romeo et al., 2002; Bourbie-Vaudaine et al., 2006; Chapoval et al., 2009), and VEGF is known to induce activation responses and chemotactic activity in monocytes in part via interactions with Flt-1 (Barleon et al., 1996; Clauss et al., 1996; Laxmanan et al., 2005; Chapoval et al., 2009). VEGF–VEGFR interactions also promote the differentiation of monocytes into pro-inflammatory (Chapoval et al., 2009) or immunoregulatory (Gabrilovich et al., 1998; Laxmanan et al., 2005) APCs, but its effect is likely dependent on individual VEGFR(s) expressed by the APC (Laxmanan et al., 2005; Chapoval et al., 2009).

Moreover, several recent studies have indicated that T cell subsets can express VEGFRs, including Flt-1, KDR, and neuropilin-1 (Dias et al., 2000; Tordjman et al., 2002; Mor et al., 2004; Sarris et al., 2008; Basu et al., 2010; Edelbauer et al., 2010; Ziogas et al., 2011). In our studies (Basu et al., 2010; Edelbauer et al., 2010), we find low negligible levels of expression of all VEGFRs on freshly isolated populations of unactivated CD4+ and CD8+ T cells. However, we have observed that the expression of Flt-1 and KDR increase following mitogen-dependent activation. In addition, we have found high levels of KDR on memory CD45RO+ populations of CD4+ T cells (Basu et al., 2010). In general, KDR and Flt-1 are reported to be the dominant VEGFRs expressed on T effector cells (Basu et al., 2010; Edelbauer et al., 2010; Zhang et al., 2010; Ziogas et al., 2011). In contrast, it is reported that neuropilin-1 is selectively expressed at high levels on populations of CD4+CD25+FoxP3+ T regulatory cells (Bruder et al., 2004; Sarris et al., 2008). One study indicated that T regulatory cells may also express KDR (Suzuki et al., 2010). Neuropilin-1 has also been reported to be expressed on populations of human naïve T cells, where it functions to support the initiation of T cell activation in primary immune responses (Tordjman et al., 2002).

Collectively, these findings support the possibility that intragraft VEGF may interact with different T cell subsets in the course of the rejection process. VEGF may function as a potent chemoattractant for effector and memory CD4+ and CD8+ T cells, and may thus promote inflammation in association with acute and chronic allograft rejection. Consistent with this possibility, the blockade of VEGF or VEGFR interactions with T cells inhibits intragraft lymphocyte trafficking (Reinders et al., 2003a; Sho et al., 2005; Edelbauer et al., 2010; Zhang et al., 2010) as well as reactivation responses (Basu et al., 2010) in human model systems. In experimental animal models, the local overexpression of VEGF, and VEGF–VEGFR interactions also facilitate lymphocyte trafficking (Reinders et al., 2003a; Lee et al., 2004; Kim et al., 2009; Edelbauer et al., 2010; Zhang et al., 2010) and activation including the augmentation of Th1 (Chapoval et al., 2009), Th2 (Lee et al., 2004), and Th17 (Kim et al., 2009) effector responses. The mechanism(s) by which local tissue VEGF elicits signals for migration and activation/reactivation responses is the subject of ongoing investigations.

PRO-INFLAMMATORY EFFECTS OF VEGF–VEGF RECEPTOR INTERACTIONS

As discussed above, VEGF may act as a pro-inflammatory cytokine in vivo in several chronic diseases (Fava et al., 1994; Koch et al., 1994; Duh and Aiello, 1999; Ferrara and Alitalo, 1999; Griga et al., 1999; Hoshino et al., 2001; Kanazawa et al., 2001; McDonald, 2001; Walsh and Pearson, 2001; Kim et al., 2009; Detoraki et al., 2010), and its ability to function as a pro-inflammatory cytokine in part relates to its interactions with its receptors expressed on leukocytes (Barleon et al., 1996; Shin et al., 2009; Basu et al., 2010; Edelbauer et al., 2010; Suzuki et al., 2010; Zhang et al., 2010). Its ability to interact directly with monocytes (via Flt-1), NK T cells, and CD3+ T cells (via Flt-1 and KDR) to facilitate chemotactic activity is likely of great pathophysiological importance in rejection (Edelbauer et al., 2010; Zhang et al., 2010). In addition, VEGF induces the expression of adhesion molecules and chemokines in EC (Melder et al., 1996; Marumo et al., 1999; Kim et al., 2001; Reinders et al., 2003a; Boulday et al., 2006), and classically enhances vascular permeability (Brown et al., 1997; Basu et al., 2001). All of these events are characteristic of acute and chronic inflammation (Cotran, 1994).

In models of chronic rejection, it was demonstrated that overexpression of VEGF mobilizes bone marrow derived monocyte/macrophages and accelerates the development of allograft vasculopathy (Lemstrom et al., 2002; Zhao et al., 2002). Further, it was found that blockade of VEGF receptor 2 (KDR) signaling decreases monocyte recruitment into vascular lesions and attenuates the development of graft arteriosclerosis (Lemstrom et al., 2002; Zhao et al., 2002). We found that KDR is expressed on CD3+ infiltrates within rejecting human allografts in vivo, and that both anti-VEGF and anti-KDR antibodies inhibit the transmigration of CD4+ and CD8+ T cells across activated EC using an in vitro live-time transmigration model (Edelbauer et al., 2010). Using a huSCID mouse model of lymphocyte trafficking, we also demonstrated that KDR-expressing lymphocytes migrate into human skin in vivo, and that migration is reduced in mice treated with a blocking anti-VEGF antibody (Edelbauer et al., 2010). Collectively, these observations demonstrate that induced expression of KDR on subsets of T cells, and locally expressed VEGF facilitate lymphocyte chemotaxis. They support a model whereby intragraft VEGF mediates the localization of T cells in association with chronic rejection.

In another recent report, Zhang et al. (2010) used an anti-human VEGF antibody to study the effect of VEGF blockade on the development of allograft vasculopathy in a humanized model in SCID mice. They found that anti-VEGF inhibited intragraft accumulation of T cells without affecting T cell activation. In addition, they observed that anti-VEGF treatment inhibited neointimal formation within human coronary artery grafts in the humanized mouse. The authors suggested that the T cell chemoattractive effect of VEGF was mediated in part via interactions with a subpopulation of Flt-1-expressing CD3+ T cells. Thus, intragraft VEGF may also contribute to vascular remodeling and allograft vasculopathy by enhancing T cell recruitment into the intima of large vessels.

Collectively, these observations indicate that VEGF has potent pro-inflammatory properties under pathological conditions in association with the development of chronic rejection and allograft vasculopathy.

OVERALL SUMMARY AND PERSPECTIVE

In this review, we have discussed a paradigm where leukocyte-induced angiogenesis, local tissue hypoxia, and the overexpression of VEGF sustain an intragraft microenvironment that fosters the development of chronic allograft rejection. We have also defined EC-based events within the allograft microenvironment that are associated with chronic rejection. The first are changes in the microcirculation resulting from destruction of the microvasculature. The second are changes in the microcirculation resulting from EC proliferation and leukocyte-induced angiogenesis. Both events are likely to disrupt normal blood flow patterns within the graft and result in local areas of tissue hypoxia. In addition, EC undergoing proliferation express adhesion molecules and chemokines that support pro-inflammation, providing another mechanism whereby the angiogenesis reaction may sustain ongoing tissue injury. A third intragraft determinant of chronic disease is the development of EndMT. While the mechanism underlying EndMT is controversial, there is sufficient evidence to suggest that inflammation and EC proliferation is associated with pericyte loss, which likely precedes microvascular capillary loss and the development of fibrosis. Whether the pericyte or the EC, or both, ultimately dedifferentiate into collagen-producing cells is being debated. Nevertheless, it has been reported that cytokines and growth factors, including TGFβ (Booth and Bishop, 2010), can accelerate this fibrotic reaction. Although beyond the scope of this review, TGFβ may also be a key aspect of the chronic rejection intragraft microenvironment (Jain et al., 2000). Finally, we propose that a fourth and key determinant of chronic rejection is intragraft overexpression of VEGF, which functions to facilitate both inflammation and pathological EC proliferation/angiogenesis. While VEGF may be delivered into allografts by inflammatory infiltrates, such as monocytes and activated T cells, the immune response can also elicit the local overproduction of VEGF within the graft. Overall, in this review we provide insight into novel aspects of the intragraft microenvironment that contribute to the development of chronic rejection and long-term attrition of allografts following transplantation. The importance of this paradigm is that it identifies key areas for future therapeutic targeting to prevent the progression of chronic rejection following solid organ transplantation.
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B cell therapeutics

Cellular therapy

Anti-thymocyte globulin (ATG)

Alemtuzumab
Abatacept
Belatacept
Efalizumab
Basiliximab

Aldesleukin + rapamycin
Rituximab

Belimumab

Atacicept

BR3-Fc

Bortezomib

Eculizumab

Mixed chimerism

Regulatory T cells

Regulatory T cells + IL-2

Dendritic cells

Macrophages

Mesenchymal stromal cells

Depleting polyclonal antibodies to thymocytes that express multiple target antigens; possible
induction of regulatory T cells

Depleting mAb to CD52, onT, B, NK cells, some monocytes

CTLA-4 Ig, blockade of CD28:CD80/86 costimulatory pathway

CTLA-4 Ig, blockade of CD28:CD80/86 costimulatory pathway

Blockade of LFA-1:ICAM-1 costimulatory pathway

Blockade of CD25 (interleukin 2 receptor a chain)

Interleukin 2 + rapamycin, to increase regulatory T cell proliferation and survival, and stabilize
the expression of Forkhead box P3 (FoxP3)

Depleting mAb to CD20

Blockade of B cell activating factor (BAFF), causing depletion of follicular and alloreactive B cells,
decrease in alloantibody response, and promotion of immature/transitional B cell phenotype and
a regulatory cytokine environment

Blockade of BAFF and APRIL

Blockade of BAFF, causing decrease in peripheral, marginal zone, and follicular B cells
Proteosome inhibitor, causing apoptosis of mature plasma cells

Blockade of complement protein C5, to prevent complement mediated injury due to circulating
alloantibody

Infusion of donor bone marrow into myoablated/immune-conditioned recipient, to produce co-
existence of donor and recipient cells

Infusion of expanded regulatory T cells, to inhibit inflammatory cytokine production, down-
regulate costimulatory and adhesion molecules, promote anergy and cell death, convert effector
T cells to a regulatory phenotype, and produce suppressive cytokines IL-10, TGFB, and I1L35

As above, plus the addition of IL-2 to promote Treg survival, development, and expansion
Immunomodulatory effects include their ability to acquire and present antigen, expand and
respond to antigen-specific Tregs, constitutively express low levels of MHC and costimulatory
molecules, produce high 110 and TGFB and low IL:12, resist activation by danger signals and
CDA40 ligation, resist killing by natural killer or T cells, and promote apoptosis of effector T cells
Immune suppression mediated through the enrichment of CD4* CD25% Foxp3 cells and cell
contact- and caspase-dependent depletion of activated T cells

Inhibition of T cell activation and proliferation, potentially due to production of I-10, NO, and
IDO, and suppression of IFNy and IL-17
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HC (15)
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used for functional
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Analysis pre-tx, 3, 6, and
12 months post-tx
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Patients treated with
FATG induction, and
MMF/SRL post-Tx.
Analysis up to 34
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Column A

Antigen-specific response studied &
analysis method

Direct pathway

Responder: recipient whole PBMC
Stimulator: Do, 3rdP PEMC

Readout: profferation, CFSE

Assay for regulation:

CD4+CD25* Treg depletion from MLR
Other assays: PBMC analysis flow cytometry

Direct pathway

Responder: recipient PBMC

Stimulator: Do, 3rdP PBMC

Readout: °H proliferation, Day 7

Assay for regulation:

Isolated CDA*CD25Y9" Treg titrated back into
MLR cultures

Other assays: PBMC analysis of
CD4+CD25" 9 Treg and foxp3 MANA

Direct pathway

Responder: recipient PBMC

Stimulator: Do, 3rdP PEBMC

Readout: *H proliferation, Day 7

Assay for regulation:
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Direct pathway
Responder: recipient PBMC

Stimulator: Do, 3rdP PBMC, TTOX

Readout: *H proliferation Day 7, I1:2 production
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Assay for regulation.

Depletion of and add back of solated
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Direct pathway
Responder: recipient CD4*CD25"9/dm
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Readout: *H proliferation Day 7, IL:2 production
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Direct pathway
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Stimulator: Do and 3rdP PBMC
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response with Treg mediated regulation of
responses

Evidence of significant Treg mediated
donorspecific suppression compared to
3rdP only detected after 6 months post-tx

~33% patients developed donorspecific
hyporesponsiveness 6-24 month post-tx
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Column C
Summary

Function
Evidence of Treg mediated donor-spe
suppression of CD4 and CD8 T cells in
~73% of stable patients

Phenotype

Higher absolute number of PB
CD4*CD25"

STvs.CR=p <001

STus. HC =ns

Function
Evidence of Treg mediated donor-specific
suppression in ~20% of stable patients
Phenotype

No difference in % CD4* CD25*'%"" or
foxp3 expression between non-
hyporesponsive and hyporesponsive
patients

Function
Evidence of Treg mediated donor-specifi
suppression in ~83% of stable patients

Function
No evidence of direct pathway
hyporesponsiveness o Treg mediated
suppression of donor-specific responses
Phenotype

No difference in % of CD4*CD25%%" in
PB between ST and HC

Function
Development of Treg mediated
donor-specific suppression within 1 yoar
postx

Phenotype

Decrease in % and absolute number
CD4~CD25" " Treg post-tx

Function
‘Treg mediated donor-specific
suppressive function and
hyporesponsiveness correlated with good
graft function

Pherotype

Significantly higher expression of FoxP3
in CD4*CD25"" T cells detected in graft
infiltrates of donor-specific hyporesponders
than in non-hyporesponders





OPS/images/fimmu-03-00184-g001.jpg
g%

Donor APC  RecipientAPC  TcellHelp ~ RecipientTcell  HLA molecules

Direct pathway Semi-Direct pathway Indirect pathway

Semi-direct Pathway
rel. Intensity

Duration post-Tx Duration post-Tx Duration post-Tx





OPS/images/fimmu-03-00184-t002-1.jpg
Organ Transplant;
Reference

Kidney;
Louis et al,, 2006

Kidney;
Sagoo etal., 2010

Kidney;
Newell et al, 2010

Liver;
Yoshizawa et al., 2005

Kidney and Liver
VanBuskirk etal, 2000

Column A

Study Groups (n=) Methods for Treg detection &
time post-tx® findings
*DF-Tol (4) 9% CD4* CD25" Tregs in PB:
CR(10) DF-Tol vs. HC = ns
sT(2) DF-Tolvs. CR p < 0.05
HC (9} DF-Tolvs. STp < 005
Increased foxp3 mRNA in PB:
*Stable function, SCRT  DF-Tol vs. HC = s
<160 umollL DF-Tolvs. CR p < 0.05
>2years ISfree (2-17)  DF-Tolvs. ST=ns
Training set patients % CD4* CD25" Tregs in PB:
*DF-Tol (11) Training set
Mono (11) DF-Tol vs. all = ns
CRO) Test set
SFCNI (30) DF-Tolvs. all = ns
SENCNI (10)
HC (19) Increased foxp3 mRNA in PB:
*Stable function, SCRT  Training set
<160 umollL DF-Tol vs. HC p < 0.01
>1 year (1-21) DF-Tol vs. rest = ns
Test set
Test set patients DF-Tol vs. HC = ns
**DF-Tol (24) DF-Tolvs. ST p < 0.001
Mono (11)
CR(20]
ST (34)
HC 31)

**Stable function, SCRT
25% of baseline > 1yr

*DF-Tol (25) 9% CD4*CD25" Tregs in PB:
ST(33) DF-Tol vs. all = ns

HC (25) Min 1 years Increased foxp3 mANA in urine
(1-32) sediment:

DF-Tol vs. HC p < 0.01
*serum CRT within 26%  DF-Tol vs. rest = ns
of baseline

*DF-Tol (1) Not done.
HC (14)

*Weaned off IS

*DF-Tol (2) Not done.
ST(8)

AR and CR (4)

**Liv DF-Tol (1)

LivST (4)

*Stable kidney function
IS-free for 5 and 27 years
**Stable liver function
IS-free for 5 years

Column B
Antigen-specific response
studied & analysis method

Not done

Direct pathway

Responder: selected recipient
CD4+CD25" and CD8* T cells
Stimulator: Do and 3rdP APCs
Readout: IFNy ELISpot

Assay for regulation:

Depletion of CD4*CD25* Tregs
from cultures

Indirect pathway

Responder: recipient PBMC
Stimulator: Do and 3rdP
membrane preps

Readout: IFNy ELISpot

Assay for reguiation:

Depletion of CD4*CD25* Tregs
from cultures

Not done

Direct pathway
Responder: recipient CDA* T
cells

Stimulator: Do and 3rdP APCs
Readout: CFSE and Prolferation
Assay for regulation:

Depletion of CD4*CD25* Tregs
from culures

Indirect pathway

Responder: recipient PBMC
Stimulator: Do PBMC/spleen
cell sonicates, HLA single
antigen luminex beads and EBV.
antigen

Readout: Trans-vivo DTH
Assay for regulation:

in vivo linked suppression assay
of EBV response + Do

antigen &

TGFB or 10 neutralising
antibodies

Column C

Alloreactivity & evidence for
‘Treg-mediated suppression

Not done

Direct pathway donorspecific
hyporesponse:

Training set

DF-Tol vs. Mono p < 0.05
DF-Tol vs. SFCNI p < 0.05
DF-Tol vs. SECNI p < 0.01
DF-Tolvs. CR = ns

Test set
DF-Tolvs. All = ns

No evidence of Treg mediated
regulation to direct pathway
hyporesonsive state

No detection of indirect
pathway donor-specific
hyporesponsiveness in any
patient group

Not done

Al patients showed
donor-specific
hyporesponsiveness. Mild
donorspecic suppression by
Tregs was dotected in4 of 5
patients

TokDF patients showed
donorspecific
hyporespoiveness 1o indirect
pathway, and donorspecific
regulation which was TGFp or
110 dependent

Column D

Summary & additional
findings

Maintenance of circulating
‘Treg numbers is associated
with tolerance

Direct pathway donor-specific
hyporesponses associated
with tolerance, not mediated by
Tregs

Tolerance associated with B cell
bias in expression and
phenotype

Tolerance associated with B cell
expression and phenotype.
signature

Direct pathway donor-specifi
hyporesponses associated with
tolerance, Tregs only partially
contribute to suppression of
donorspecific responses

Indirect pathway
donorspecific hyporesponse
associated with tolerance, with
1L-10 or TGFb dependent
donor-specific regulation
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Cytokine-NAg Species of EAE NAg Optimized Signal Linker® Expression

vaccine cytokine model domain® Kozaksite®  sequence® system
GMCSFNAg Rat Lewisrat  MBPG9-87 No mouse GMCSF ot included Baculovirus
GMCSFNAG Mouse siL PLP139-151  Yes Native Not included Human
GMCSFNAg Mouse C57BL/6 MOG35-55 Yes Native Not included Human
IFNbeta-NAg Rat Lewis rat MBP69-87 Yes Native EK linker essential Human
IFNbeta-NAg Mouse SJL PLP139-151 Yes Native EK linker essential Human
NAgIL16 Rat Lewis rat MBP69-87 No HBM Not included Baculovirus
MCSFNAg Rat Lewisrat  MBP69-87 No Native Not included Baculovirus
IL2-NAg Rat Lewis rat MBP73-87 Yes Native Not needed Baculovirus
IL4-NAg Rat Lewis rat MBP73-87 No Native Not needed Baculovirus

*Peptide sequences used in these fusion proteins were: MBP69-87 (YGSLPQKSQRSQDENPVVH); MBP73-87 (PQKSQRSQDENPVVH); MOG35-55 (MEVGWVYA:
SPFSRVVHLYRNGK); and PLP139~151 (HSLGKWLGHPDKF).

*Fusion proteins used to study rat or mouse models of EAE were rat or mouse in origin, respectively. Mouse GMCSF-NAg, both rat and mouse IFNbeta-NAg, and
rat IL2-NAg contained a non-native alanine s the second amino acid at the N-terminus to optimize a Kozak translation-initiation site (GCCGCCACCATGG). The signal
sequence was the native signal sequence for each cytokine gene product except for rat GMCSFNAg and NAgIL16 which contained the mouse GM-CSF or the honey
bee mellitin (HBM) signal sequence, respectively. Rat MCSFNAg was comprised of the 33 amino acid signal sequence plus the 220 amino acid N-terminal domain
which forms a soluble biologically active homodimer. NAGIL 16 was comprised of a N-terminal his-tag, the 69-87 encephalitogenic peptide of MBE and the rat 118-aa
I1-16 cytokine C-terminus.

“A linker between the cytokine domain and the NAg domain was not needed or not included in the primary protein structure with the exception of the IFNbeta-NAg
fusion proteins, where this linker was essential for full expression of IFN-beta activity. For those cytokine-NAg linkers in which the linker was “not needed," the
vaccine was originally expressed with the linker, but subsequent versions that lacked the linker had full activity in assays of cytokine activity, antigenic activity, and
St Bdicunbios
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Heart;
Dilke et al., 2009

Kidney;
Sewgobind et al.,
2008

Kidney,
Game et al,, 2003

Kidney;
Kreijveld et al., 2007

Kidney;
Salama et al., 2003a

Spadafora-Ferreira
etal., 2007

ST

AR (12)*

*Analysis before and
during AR

ST
Analysis pre-tx t0 0.5-2
years post-tx

ST (12) 2-20 years
HC (12)

ST (14)* 4-36 weeks
*5 patients used for
functional assays.

ST (15)3 months-9 years
AR (8) 1-11 years

ST@)
AR (@)
CR(4)

Direct pathway

Responder: recipient CD4*CD25"%9/6m
Stimulator: Do and 3rgP PBMC

Readout: °H proliferation Day 7

Assay for regulation:

Depletion and add-back of CD4*CD25™4"*
Tregs into MLR cultures

Other assays:

PBMC flow cytometry phenotype of
CD4*CD25" FoxP3 and CD127 Tregs

Direct pathway

Responder: recipient CD4*CD25"e5/5m
Stimulator: Do and 3rgP PBMC

Readout: °H proliferation Day 3

Assay for reguiation:

Add-back of isolated CD4*CD25%9"" Tregs
into MLR cultures

Other assays: PBMC flow cytometry
phenotype of CD4*CD25* " Tregs

Direct pathway

Responder: recipient CD4*+CD25"%9/4m
Stimulator: Do and 3rdP PBM

Readout: LDA °H proliferation, IFNg ELISpot,
11:2 production

Assay for regulation:

Depletion of CD4*CD25* Tregs from MLR
cultures

Direct pathway

Responder: recipient PBMC

Stimulator: Do and 3rdP PBMC

Readout: *H prolferation Day 6, IFNg ELISpo,
1122 production

Assay for regulation:

Add back of CD4*CD25* Tregs into MLA

Indirect pathway

Responder: recipient PBMC

Stimulator: Do and 3rdP mismatched HLA-DR
peptides

Readout: IFNy ELISpot

Assay for regulation:

Depletion of CD4*CD25* Tregs from cultures

Indirect pathway

Responder: recipient PBMC

Stimulator: Do HLA-DR peptides

Readout: *H proliferation

Direct pathway

Responder: recipient PBMC

Stimulator: Do PBMC/spleen cells  IL-4/1L10
Readout: °H proliferation

Assay for regulation:

Addition of generated Treg lines from patients
into MLR

Pre-tx Treg suppressive function in ST
‘group was significantly higher than
detected in AR group p = 0.04

Treg mediated regulation of anti-donor
responses was more significant in ST
compared to AR in Treg depletion
experiments p = 0.002

Add back of Tregs significantly suppressed
donorspecific responses in ST group (vs,
ARp=0001)

Donorspecific hyporesponsiveness by
CD4*CD25/%™ post.tx vs pre-tx p = 0.08
Detection of donor-specific Treg mediated
regulation when added back as low ratios
CDA4*CD25¥5M 1:20 CD4+CD25/4m
p=003

ST: 8 of 11 patients showed
donorhyporesponsiveness by proliferation
assay and 11 of 12 patients by Il:2
detection assay

1 patient showed evidence of non-donor
specific Treg suppression

ST: 2 of 5 patients showed evidence of
donorspecific Treg suppression

ST: 6 of 15 patients are hyporesponsive to
indirect pathway donor stimulation

8 of 17 patient assays showed evidence of
‘Treg mediated regulation of donor-specific
responses

AR: 1 of 8 patients was hyporesponsive to
indirect pathway donor stimulation, 0 of 8
showed Treg mediated
hyporesponsiveness

T celllines with indirect alloreactivity
established from 3 patients by stimulation
of PBMCs with donor cells (5 cell ines
generated) or Donor matched HLA-DR
peptides (4 cel lines) in the presence of
14 orl:10

T celllines generated by indirect
allostimulation could suppress both
indirect and direct-alloresponses and
contained FoxP3* subsets

Function
Preservation of Treg suppressive function
correlated with improved graft survival
Phenotype

No difference in % CD4*CD25" " or
FoxP3" cells in P between ST and AR
AR patients had higher % CD127+ within
CD4*CD25™9™ FoxP3* T cells

Function
Development of donor-specific
hyporesponsiveness and increase in
donor-specific Treg suppression
postransplantation

Phenotype

No difference in % CD4*CD26""" or
FoxP3* cells between ST and AR

Function
Donorspecific hyporesponsiveness
associated iwth stable graft function

No evidence of donor-specific Treg
regulation

Phenotype

No differences in % CD4+CD25* cells in
PB between HC and ST

Function
Donorspecific Treg function in 40% of
stable patients

Function
Evidence of Treg mediated suppression
of donor-specific indirect responses in
~47% of stable patients and 0% of
patients with graft rejection

Function
T cel lines generated from patients show
abilty to suppress indirect and
direct-aloresponses, not assayed for
donorspecificty

Summary of clinical studies of solid organ transplantation which have examined the presence of Tregs and contribution of Tregs toward mediating donorspecific hyporesponsiveness to donor alloantigens
presented via the direct or indirect pathways of alloantigen presentation.
Time post-0¢, time post-transplant at which patients were studied; ST, stable grait function and maintained on standard Immunosuppression; HC, healthy control; AR, acute rejection; CA, chronic rejection;
MM mycophenolate mofoetil; rATG, recombinant anti-thymocyte globuiin; SRL, sirolimus; Do, donor cells; 3raf? completely HLA mismatched cells to donorfrecipient; 4ihP cells matched to donor/recipient HLA
mismatched antigens;  H proliferation, Thymidine incorporation measurement of proliferation.
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DRUGS

BALB/c=> B6 BALB/c skin SC, CP, aThy1 Persistent 10/15 at day 159 Mayumi and Good (1989)
BALB/c=> C3H BALB/c skin 7/8 at day 165
B6=> C3H B6 skin 4/9 at day 185
C3H=>B6 C3H skin 0/19 (chronic
rejection)
B10.BR or B10.BR or Sublethal TBI, CP Persistent 9/10 at day 60 Colson et al. (1995a)
BALB/c=> B10 BALB/c skin
BALB/c=>B10 BALB/c heart 6/6 > day 420
B10.A(6R)=> B10 B10.A(5R) skin SC..CP Transient 4/10 at day 200 Tomita et al. (1990b)
C3H => AKR C3H skin SC, CP Transient 5/8 at day 100=> Tomita et al. (1990a)
B10.BR=> AKR B10.BR skin 5/6 at day 100
AKR => C3H AKR skin 5/8 at day 100
B10.BR=> C3H B10.BR skin 4/8 at day 100
B10.D2 => BALB/c B10.D2 skin 5/6 at day 100
B10=> AKR B10 skin 0/6 at day 12
B6=> C3H B6 skin 0/6 at day 13=>
B6=> AKR B6 skin 0/6 at day 12
AKR SC=> C3H AKR skin CP Persistent 9/10, day 120 Eto et al. (1990)
AKR SC=> C3H B10.BR skin 0/5 at day 13
B10.BR SC=> C3H B10.BR skin 10/10 at day 120
B10.BR SC=> C3H AKR skin 0/5 at day 14
DBA/2 => BALB/c DBA/2 skin 8/10 at day 80
DBA/2=> BALB B10.D2 skin 0/5 at day 13
DBA/2 DBA/2 skin CP Persistent 6/6 at day 100 Iwai et al. (2006)
SC=> BALB/c wt
DBA/2 SC=>Val14 0/6 at day 50
NKT KO
B10.A=>B6 B10.A skin «CD4(d) and Persistent 6/6 at day 100 Mapara et al. (2001)
aCD8(d), CRTI,
TBI

“a, antibody to; BUS, busulfan; CF, cyclophosphamide;, nd, non-depleting; SC, CD34+ stem cells; TBI, total body irradiation; Tl, thymic irradiation; Treg, CD4+CD25+
regulatory T cells.
°N/D. not detected.
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Immune monitoring of
12 patients during IS
withdrawal

“DF-Tol (5)

AR

ST (19)

HC (9)

“Maintained on CSA, for
>2 years before
complete IS withdrawal
for >1yr

DF-Tol (13)

(3-69 months]

*ISO-DF-Tol (2)
“DF-Tol (1)
Mono (7)
ST(18)

CR(7)

“SCRT within 25% of
baseline >1 year

PB Flow cytometry Not done
CDarCD25"':

Progressive increase in % and

absolute numbers of

CD4+CD25* and CD26" and

fop3 mRNA expression in

DF-Tol but not AR

Not done Direct pathway
Responder: recipient PBMC pre
and post-Tx
Stimulator: Do and 3dP APCs
Readout: *H Prolferation
Assay for regulation:
Not done

Not done Indirect pathway
Responder: recipient PBMC
Stimulator: Do PBMC/spleen
cell sonicates, HLA single
antigen luminex beads and
Tetanus or Diptheria toxin
Readout: Trans-vivo DTH

Assay for regulation
in vivo inked suppression assay
of TTOX/DT antigen + Do
antigen, neutralising
TGFAL10 antibodies

Not done

Donorspecific
hyporesponsiveness detected in
all except one patient, even
though they maintained good
function

Spectrum of indirect
alloresponses lowest= highest
DF-Tokvs. Iso-Tol = ns

DF-Tol vs. Mono p < 0.05
DF-Tol vs. ST p < 0.01
DF-Tolvs. CR p < 0.001
DF-Tol have highest level of
regulation of indirect
alloresponses:

mean % inhibition of recall
response in presence of Do
antigen

DF-Tol = 49 + 19

Mono = 38+ 20
ST=41+26

CR=3%38

Elevated circulating Tregs and
FoxP3 expression is associated
with tolerance and weaning

Direct pathway donor-specific
hyporesponses in tolerance
Reduced IFNy production
detected in MLR cultures on Do
stimulation (not detected for
11:10)

Indirect pathway
donor-specific
hyporesonsiveness associated
with tolerance

TGF§-dependent mechanism
of regulation

Elevated naive B cell numbers
associated with DFASO-Tol
patients, although regulation to
indirect pathway was B cell
independent

Summary of research examining the association and function of Tregs in ciinical studies of operational tolerance i solid organ transplantation.
DF-Tol, Drug-free tolerant; * Tolerance indicator/oeriod (1S) immunosuppression-free (range years); ISO-DF-Tol Isogenic twin donor/recipient with established tolerance; Time post-t<’, time post-transplant at
which patients were studied; ST stable graft function and maintained on standard Immunosuppression; HC, healthy control; AR, acute rejsction; Mono, monotherapy, e.g.. maintenance prednisolone; CF,
chronic rejection; MME mycophenolate mofoeti; rATG, recombinant anti-thymocyte globulin; SRL, sirolimus; Do, donor cells; 3rdP completely HLA mismatched cells to donor/recipient; 4thP cells matched to
donorfrecipient HLA mismatched antigens; CRP C-reactive protein; AST, aspartate transaminase; ALT alanine transaminase; T-Bil, total-bilirubin.
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iver,
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*DF-Tol 7)

ST (15)

CR 22}

HC (10)

* Stable function SCRT
<150 Imolf and
proteinuria < 1 g/24 h
IS-free for > 1 year
=17

*DF-Tol (28)
ST (29)
CR(7)

HC (12)

*Stable function (47
29 mths)

*DF-Tol (16)
45T (16)
HC (10)

*>1 year IS free (16
years) **Patients were
weaned but returned to
1S on signs of rejection

*DF-Tol (12)
ST (19}
HC (24)

*Normal CRR AST, ALT,
T8I, >1yr

*DF-Tol (24)
**STfailed Tol (18)
1w (10)

HC (17)

*Paediatric liver Tx
recipients (73 + 2.8
vears)

**Failed weaning,
retumed 1o IS
***Active weaning

Absolute
CD4* CD25" FoxP3* Tregs in
PB:

DF-Tolvs. HC = ns

DF-Tolvs. CRp < 0.05
DF-Tolvs. ST = ns
CD4*CD25" Treg suppression
of polyclonal stimulus:

Intragraft FoxP3* cells
DF-Tol vs. ST p = 0.0292
DF-Tol vs. CR p = 0.0128
DF-Tol vs. HC p = 0.0131
Intragraft biopsy mANA foxp3.
expression:
DF-Tolvs. ST p
DF-Tolvs. CR = ns
DF-Tol vs. HC p < 0.0001

Higher % CD25*
in CD4* CDB2L"in PB:
DF-Tol vs. ST p < 0.0166
DF-Tol vs. HC = ns
Higher % FoxP3

in CD4* CD62L"in PB:
Tolvs. ST p=0.0151
DF-Tol vs. HC = ns.

Higher % CD4+ CD25"

in PB:

DF-Tol vs. ST p < 0.01
DF-Tol vs. HC p < 0.05
Higher absolute number of
CD4+CD25" in PB:

DF-Tol vs. ST p < 0.01
DF-Tol vs. HC = ns.

07

PB Flow cytometry
of Tregs, conventional
CD4*CD25" CDASAA~and.
naive

CD4*CD25" CDASRA* :
Conventional Tregs

DF-Tol vs. HC p = 0018

DF-Tol vs. ST p=0.1

DF-Tolvs. W = ns

Naive Tregs

DF-Tolvs. ST p < 0.001

DF-Tol vs. rest = ns

Higher % Foxp3* cells in naive
Tregs:

DF-Tolvs. ST p = 0.048

DF-Tol vs. HC p = 0.032
DF-Tolvs. W = ns

Not done

Not done

Not done

Not done

Direct pathway
Responder: recipient CD4* T
cells depleted of Tregs
Stimulator: Do and 3rdP PBMC
Readout: °H Proliferation
Assay for regulation:

Depletion of naive and
conventional Tregs from
cultures.

Not done.

Not done

Not done

Not done

Significant donor-specific
hyporeonsivessness in DF-Tol
group:

DF-Tol vs. HC p = 0.037
DF-Tol vs. ST p = 0.045
DF-Tol vs. W = ns

Only DF-Tol group
demonstrated Treg-mediated
donorspecific suppression by
Conventional Tregs:

DF-Tolvs. HC p = 0.007
DF-Tol vs. ST p.= 0,017
DF-Tol vs. W = ns

Naive Tregs:
DF-Tol vs. HC
DF-Tolvs. ST p=

005
006

Maintenance of circulating
Treg numbers is associated
‘with tolerance and normal
suppressive functions, which
are I1-10/TGFB independent

Elevated intragraft Tregs in
some tolerant patients

Elevated intragraft foxp3
mRNA expression doesn't
distinguish tolerance

Elevated circulating Tregs
associated with tolerance

Elevated circulating Tregs and
B cells associated with
tolerance

Direct pathway donor-specific
hyporesponse associated with
tolerance

Elevated naive Tregs
generated in periphery are
associated with tolerance and
weaning

Donor-specific suppression by
conventional and naive Tregs
associated with tolerance
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ATTRIBUTES AND UTILITIES OF CYTOKINE-NAG VACCINES

Antigen-specific induction of tolerance
Long-lasting protection

Potency and efficacy in pre-treatment regimens
Potency and efficacy in treatment regimens

Effective subcutaneous administration in saline
Three injections sufficient to inhibit EAE

No adverse reactions at the injection site

Small stable proteins, robust expression systems

IFN-beta re-purposed as a cytokine domain for
myelin-specific vaccines
GM-CSF re-purposed as a cytokine domain for
myelin-specific vaccines

Alleviate need for broad-spectrum immunosuppressive drugs
Alleviate need for chronic administration

Vaccines inhibit staging of disease

Vaccines block the effector phase of disease

Route of vaccination safe and practical

Short-term administration minimizes induction of neutralizing antibodies

No recall inflammatory response or Arthus reaction

Readily expressed and purified, small proteins have advantageous tissue penetrance and
bio-distribution

Extensive clinical experience with IFN-beta as a front-line therapeutic for MS

Extensive clinical experience with GM-CSF for bone marrow engraftment and stem cell
mobilization
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Cytokine-NAg
vaccine®

Rat GMCSF-NAg
Murine GMCSF-NAg
Rat IFNbeta-NAg
Murine IFNbeta-NAg
Rat NAgIL16

Rat IL2-NAg

Rat MCSF-NAg

Rat IL4-NAg

Inhibitory efficacy
in EAE®

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Limited

Cytokine-NAg linkage

needed for:

pre-treatment

Yes
Yes
No
Yes
Yes
Yes
Yes

treatment”

Yes
Yes

Antigenic targeting
to APC in vitro®

>1000-fold (myeloid APC)
~10-fold (myeloid APC)

~1 to 10-fold (splenic APC)

d

~1 to 10-fold (splenic APC)
>1000-fold (I-A* T cells)
10-100 fold (myeloid APC)
>(1000-fold (B cell APC)

Citation

Blanchfield and Mannie (2010)
Abbott et al. (2011)
Mannie et al. (2009b)

Mannie and Abbott (2007)
Mannie et al. (2007)
Blanchfield and Mannie (2010)
Mannie et al. (2007)

*Cytokine-NAg vaccines exhibited efficacy in both prevention (vaccine administration before encephalitogenic immunization) and therapeutic (vaccine administration
at or after EAE onset) vaccine regimens.
“Yes: the cytokine-NAg vaccine was tolerogenic but equimolar doses of cytokine and NA as separate molecules lacked tolerogenic activity. No: the cytokine-NAg
vaccine had a tolerogenic efficacy similar to that of equimolar doses of cytokine and NAg.
“Antigen-targeting: the “fold” enhancement in antigenic potency of a cytokine-NAg vaccine compared to NAg alone in stimulating MHCIHrestricted proliferation of a
NAg-specific T cell clone in the presence of myeloid APC, non-fractionated splenic APC, blastogenic T cell APC, or purified B cell APC.

d(—)- Not tested.
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Organ

Kidney
(HLA-matched)
Kidney

Kidney
(haplocompatible)
Kidney (related
donors)

Kidney
(HLA-matched)

Kidney
(HLA-matched)
Kidney
(HLA-mismatched)

Pancreatic islet
(HLA-mismatched)
Liver

Conditioning?

ALG; CP
ALG; CP; donor BM
Donor BM

TBI, ARA-C, CR ATG
(splenectomy)

Not specified, prior BM
transplantation to treat
hematological disorders
CP; ATG; TI; donor BM

ATG; TLI; donor PBSC

CP; «CD2; TI; donor BM

High dose HSC

ATG; CP; donor HSC

Immuno-
suppression?

Maintenance CsA;
azathioprine; prednisone
2 weeks

ALG + maintenance

10months CsA, Pred

None

2months CsA

6months CsA

<14 months CsA/Rapa

1year “Edmonton”

(FK506, Rapa)
28-90 days FK506, Rapa

Hematopoietic
chimerism®

N/A

Persistent
microchimerism
Transient/ND

Persistent

Persistent

Transient/persistent

Persistent

Transient

Transient

Transient/ND

Allograft
survival®

13/54 rejected
3/57 rejected
21/23 at 1 year (but
“chronic rejection”)
1/7 at 1year
>15months

>15, >30, >3 months

>73,>5.3, >4.3, >3.5,
>2.8, >2years

>34 months

>1932, >1666, 10 days,
>1050, >707 days;
donorspecific antibodies
451, 480, 178, 471, 158,
510 days

>240, >290

Reference

Barber et al. (1991)

McDaniel et al. (1994)
Sorof et al. (1995)
Butcher et al. (1999)

Spitzer et al. (1999),
Buhler (2002),
Fudaba et al. (2006)

et al

ndling et al. (2008)

Kawai et al. (2008),

1. (2009)

Porcheray

Mineo et al. (2008)

Donckier et al. (2004)

“a, antibody to,; ALG, anti-lymphocyte globulin; ARA-C, arabinofuranosyl cytidine; ATG, antithymocyte globulin; BM, bone marrow; CsA, cyclosporin A; CF, cyclophos-

phamide; HSC, CD34+ hematopoietic stem cells; PBSC, peripheral blood stem cells; Pred, prednisone,; Rapa, Rapamycin; TBI, total body irradiation; Tl, thymic

irradiation; TLI, total lymphoid irradiation.

®Patients that rejected their allografts are indicated in bold.
°N/A, not analyzed: N/D, not detected.
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Name Subset

Lymphoid CD8*
organ-
resident

CD4+

CD8~CD4~

Migratory CCR7+

Plasmacytoid

Inflammatory
(TIP and
monocyte)

Phenotype

CcD1

ctCD11b~

CD8*CD4~ (also
CD103+CD207+

subs

CD1

CD8-CD4*

CD1

(CD1
subs
LC(C

et)

ctCD11b*

ctCD8~CD4~
1b* and CD11b~
ets)
D11ct

CD207+CD103")

CD103*(CD

Ccb

1c*
b=CD103%)

CD103*CD11b*

(CD1

CD103%)

CD
(CD1

1ctCD11b*

b*?
1c*CD

1o+

CD1037)

CD1
CD

cmid
b-CD8*

CD4+Gr17 (produce

type
cD1
Ly6C

I IFNs)
ctCD11b*
+ (produce TNF

and express iNOS)

Location

Spleen, LN and
thymus

Spleen and LN

Spleen and LN

LN

Not clear

Thymus, bone
marrow, and
secondary
lymphoid tissue
Inflammatory
lesions

Function

Activated or mature

Promote cytotoxic T cell responses

Promote CD4* T cell responses

Transport the pathogen to the draining
LN and promote T cell responses
Up-regulate homing receptors of
activated T cells

Not clear

Anti-viral immunity

Induction of adaptive immunity

In the steady state or
tolerance

CD8* T cell tolerance
Induce Treg

T cell suppression by I0D

CD4* T cell hyporesponsiveness (el
lor et al., 2005; Dudziak et al., 2007,
Yamazaki et al., 2008; Dominguez and
Ardavin, 2010; Johnson et al., 2010;
Shortman and Heath, 2010)
CD4+ T cell tolerance

Expansion of Treg populations (Dudziak
et al., 2007; Dominguez and Ardavin,
2010; Shortman and Heath, 2010)

Carry PTA from periphery into LN
CD8* T cell tolerance

Induce Treg (Varol et al., 2009; Liu and
Nussenzweig, 2010)

Not clear

Induce Tregs

Alloimmune tolerance (Ochando et al.,
2006; Gilliet et al., 2008; Manches
etal., 2008; Swiecki and Colonna, 2010)
Tezuka et al. (2007), Kool et al. (2008),
Dominguez and Ardavin (2010)

“?2" indicates that these cells may express CD11b.
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Name Location Phenotype Function

Follicular dendritic cell ~ Cortex, B cell primary CD45-CD35*" Regulate B cell homeostasis, migration, and survival (Gunn et al., 1998a;

(FDC) follicle (LN and spleen) FDC-M1+ Hase et al., 2004; Munoz-Fernandez et al., 2006)
Express complement and Fc receptors and are able to trap immune
complexes to present B cells (Aguzzi and Krautler, 2010)
Activate B cells by presenting exogenous antigen (EI Shikh et al., 2010)
Express CXCL13, attracting naive B cells expressing CXCR5 (Aguzzi and
Krautler, 2010)

Fibroblastic reticular Paracortex, T cell area CD45~ Support B cell, T cell, and DC interactions (Katakai et al., 2004a; Bajenoff

cell (FRC)

Lymphatic endothelial
cell (LEC)

Blood endothelial cell
(BEC)

Double negative (DN)

(LN and spleen)

LN

LN and spleen

gp38(podoplanin)*
CD31~

ER-TR7*
VCAM-1high
CD44high

CD45~
gp38+tCD31+
VCAM-1ow
CD44low
CD45~gp38~
CD31+

VCAM-1low

344\ow
D45~gp38~CD31~

C
C

etal.,

Direc

2006)
tly induce tolerance o

responding naive CD8T cells (Lee et al., 2007)

Express peripheral tissue antigens (PTAs)

Present antigens to stimula

Secrete collagen and other

Crea

e a conduit system o

te naive T cells (Fletcher et al., 2010b)
extracellular matrix (Fletcher et al., 2010a)

fine microchannels that conduct small lymph-

borne antigens and inflammatory mediators deep into the LN paracortex

B cel

s use the FRC network to reach the follicles

Express CCL19, CCL21, and SDF1 (CXCL12; Luther et al., 2000)
Express IL-7 which promotes survival of naive T cells (Link et al., 2007)
Directly induce tolerance of responding naive CD8T cell (Cohen et al., 2010)

Regu

ate T cell entry to and exit from LNs

Express PTAs (Cohen et al., 2010; Fletcher et al., 2010b)

Regu

ate T cell entry to and exit from LNs

Express PTAs (Cohen et al., 2010; Fletcher et al., 2010b)
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Source

Cytokines/Growth Donor OC

factors

Donor DC

Donor DC

Recipient DC non
puised

Phamacological
mediators

Donor DC (male)

Donor DC

DonorAg puised
recipient DC

Genetic
engineering

Donor DC

Donor OC

Donor DC

Donor OC

Donor C

Name and Manipulations

GmeDC
1GM-CSF low dosel

Altematively activated DC - 2aDC
[GM-CSF-+Dex] followed by LPS
activation

FLDC
[FIT3L

Adherent DC-aBMDC.
(GMCSF+L2]

Dsanalog-conditionned DC
[GM-CSF+L44ViDs)

MROC

[GM-CSF+L-44ViDs)

- puification of CDBB™cels at the
end of the culre

RAPADC

IGM-CSF + IL4+RAPA]

- purifcation of CD11c* cells at the,
end of the Culure

~ pulse with complex donor Ag

NF-45 DN DC.
[GM-CSF + NFx8 ODN decoys]

Ad CTLA®-Ig-transduced ODN DC
[GM-CSF + AGCTLA4Ig + NFxB
ODN decoys

FasLDC
IGM-CSF+L-4 + hFasL cDNAin
PBK-CMV vector]

VIL10/CCRY-transduced DC

[IL3 +1L6 + SCF + murine CCR7

and viral IL-10 etroviral

transduction]

- Seloction of transgene cells and
culture with GM-CSF and.
inradited syngenic BM cells

RolB-silenced DC.
[GM-CSF + 1L4 + Rel8 specific
SANA uansfection]

In vitro properties

- Maturation resistant (LPS, CD4OL,
TNF)
- Allogeneic Tell yporesponsiveness.

- 20-old higher IL-10AL-12 ratio in
‘comparison to mature DC generated
without Dex treatment

- Allogeneic Tell yporesponsiveness,
partal i response to secondary
stimulation

- Immature phenotype and subdided
into pDC and cOC

~ MANA expression of TGR, IL-10,
and TNFra

~ Maturation resistant (LPS, CD40, poly
10
- Allogeneic Tl hyporesponsiveness.

- Maturation resistant (ant-CD40,
MCM, LPS)

- Maturaton resistant (DC1-maturation
‘ocktai, LPS, agonistic CD40)

~ Immature DC phenotype

- Alogeneic Teell hyporesponsiveness.

- Maturation resistant (ant-CD40)

- Maintaining FoxP3* CD4*CD25* Treg
population in vitro

~ Prevention of NO production in
response to LPS stimuation

- Alogeneic Tl hyporesponsiveness.

- Maturation resistant (LPS)

- Alogeneic Tell hyporesponsiveness.
(superior 1o DCs trated only with
NEx8 ODN)

- Induction of actiated Tl apoptosis

- Low allogeneic Teell prolferation due
to apoptosis (FasL. dependent
manner}

- Binding of CCLISFe by
CCR7-ransduced DC

- Sighty lower expression of MHCII
and CDBO in IL-10-ransduced DC.
compared to CCR7-transduced DC

~VIL10/CCR7-ransduced DC induce
low alogeneic Tcoll proiferation and
1112 production

= Maturation resistant (CD40L)
- Failed to stimulate alogeneic Teell
responses

In vivo characteristics and offects

~ Prolongaion of heart allograft survival
(100 days) superiority of GM°DC in
‘comparison to DC produced by both
GM-CSF and IL-4 stimulation

- Incresse of FoxP3* expression in secondary.
Iymphoid tissues

~ Prolongation of cardiac alograft survval by
intravenous injection, but not by
Subcutaneous sdministration

— Hyporesponsiveness of responder cells from
animas injected with 3a0C after in vitro
restimulation

~ Prodominant horning o thymus (also in
spleen o iver)

~ Induction of central tolerance (T cels clonal
Geletion) and peripheral tolerance (donor
specific unresponsiveness)

- Induction of donorspecific tolerance and
fongrerm survival o skin alograft

~ Migration of syngenic aBMDC to the spleen

- Superiority of recipient-derived DC to
prolong cardiac allograft survival in
comparison to donor-derived DC (non
plused)

~ Diminution of humoral and celular response
and leukocyte infiration i the heart after
syngenic DC infection

~ No sensitization of fomale hosts to male
antigen
~ Prolongation of skin alogratt survival

~ Prolongation of cardia alograft survival

- Quick death of MRDC after njection

- Reprocessing and presentation of donovAg
ffom MRDC by host DC: Donorderived DC
act as Ag-transporting cells

~ Indefinite prolongation of cardiac allograft
survivl (>100 days) after donorpuised
RAPA-DC injection and short raparmycin
treatment

~ Graftinftation by natural Treg cells

~ Prolongation of cardiac alograft survival

- Homing 10T cels area of spieen

~ Indefinit carciac alograftsurvival (40% of
animals)

- Donorspecifc tolerance:

- Alospecific hyporesponsiveness of
splenccytes after FasL DC inection in vivo
- Prolongation of cardiac alograft survivel

~ Homing of CCR7-transduced DC to
secondary lymphaid tissues (T cell zones)

~ Reduction of T cell prolferation and IFN-y
Secretion in vivo afte injection of
VIL-I0/CCRY-transduced DC (compared to
CCA7-ransduced DC)

- Indofinito surviva of cardac ransplantation
after administration of
VIL-0/CCRY-transduced DC

- Donorspecifc tolerance

- Induction of Ag-specific immune
Suppression in vivo by KLH immunization

~ Indsfinie carciac alograf survival
(50% of animals)

- Ag-specifc tlerence inducion associated
with increase of Foxp3* Treg cels

References.

Lutzetal. 2000}

Emmer etal
(2006)

Yomano etal
(o1

Poche etal
(2005)

Giifn etal
(2001)

Divito ot a. 2010)

Tomauist et al
(2007)

Giannoukakis
etal. (2000)

Bonham etal
(2002)

Min et a. 2000}

Garrod etal
(2006)

Lietal. (2007

Abbrovitions: Ad, Adonovius; BM, Bone Marrow; cDC, conventional Dendric Coll: CTLAG-l, Cytotoic FLymphocyto Antigon 4-Antibodody fusion protain; DCmaturation cockal, contains -y, TNF,
IL-19. CoG, and poly IC: Dex, dexamethasona; FIt3L, Fms rolated tyrosine kinase 3 Ligand: GM-CSF, Granulocyte Macrophage-Colony Stimlating Factor; KLH, Keyhola Limpot Hemocyanin: LN, Lymph Node:
LPS, Livopolysaccharido; MCM, Macrophage-Conditioned Medium; MAOC, Maturaton-Resistant Dendiic Cell NO, Niti Oxide; ODN, OfigoDeoxyNucieatdes; pOC, plasmacytoid Dendritc Colf pol I.C.
Poyinasinicpolycytdyic acid; RAPA, RAPAMycin; SCF: Stem CellFactor; TR, Tansforming Growth Factor; TNRa: Tumor Necrosis Factora; VitDs: Vitamin 03

Modifications ave provided as bokd entries.
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Primary lymphoid organ Thymus

Bone marrow

Secondary lymphoid organ Spleen

LN

Tertiary lymphoid organ

Treg development nvolved cel

nhibition o

Treg detected; role not certain

Is:

Medullary epithelial cells expressing Aire, TSLP
Cortical DCs expressing TSLP

Recirculated immature DC

nvolved molecules:

CD28, IL-2, TSLR CD154, GITR, Stat5, TGFp

Treg recruitment CXCR4/CXCL12 interaction
Treg role Providing immune-privileged sites for HSPC
Mobilized to peripheral tissue (i.e., tumor) via CCR4/CCL2 interaction
Treg generation nvolved cells:
Regulatory or immature DC from peripheral tissues
F4/80" Mac-1'"% macrophages in red pulp
Treg generation nvolved cells:
DC migrated via afferent lymphatics
pDC migrated via HEV
Treg role Treg migrated from peripheral tissues more potent than LN-resident Tregs
nhibition of T cell priming and activation by Treg-DC interaction

Trn cells/B cells/germinal center reaction by Frreq

Treg in peripheral tissues inhibit DCmigration to LN
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Species

“Cattle"”

Dog

Miniature
swine

Rhesus
monkey
Cynomolgus
monkey

Organ

Skin
Body
skin
Auricular
skin
Heart
Kidney

Kidney
Kidney

Skin

Skin

Kidney

Kidney

Kidney

Heart

Kidney
Kidney

Conditioning?

Co-twins
Co-twins

TLI, donor BM

ALS, donor BM

ALS, donor BM
Lethal TBI + CP

«CD3-DT; TBI; TI; donor
BM

aCD3-DT; TI; donor

PBSC

ATG, donor BM

ATG; TBI; TI;
splenectomy; donor BM

ATG; TBI; TI; donor BM
ATG; TBI; TI; donor BM;
aCD154

Immuno-
suppression

None

None
+ATG, £MTX,
+CsA

None

None

None
30days CsA
30days CsA
None

4 weeks CsA
4 weeks CsA
4 weeks CsA

Hematopoietic
chimerism®

Persistent
Persistent

N/A

N/A

N/A
Persistent

Persistent

Persistent

N/A

Transient

N/D
Transient
N/D
Transient
Transient

Allograft
survivald

30% at 2 years
0/10 at day 68

5/12 > day 60
0/29 at day 329

>14°, >17°, >38°, >78°
d, <4/24

0/13 at day 300

>200, >200, >200, >200,
75

45, 50, >50, >235days

>300, 45days

>120, >180, >100days,
“long term”
20% at day 240

>3478, >2569, >834°,
>771¢, >405°, 260,
>198%, >196°, >137°, 72,
44, 40, 37, 40, 37 days

14, 175 days

509, 428, 138 days

56, 43 days

117,95, 43

>1710, >1167, 755, 206,
837,401, 373, 58

Reference

Stone et al. (1971)

Emery and |
lagh (1980)

Strober et al. (1984)

Caric

et al. (1986)
etal. (1991)

Guzz:

Huang et al. (2000)

Fuchimoto et a
(2000)

Fuchimoto et a
(2000, 2001)
Thomas et al
987)

Kawai et al. (1995),
Kimikat
(1997b), Kawai et al

(2002, 2004)

Kawai et al. (200:

“a, antibody to; «CD3-DT, anti-CD3 antibody coupled to diphtheria toxin; ALS, anti-lymphocyte serum, ATG, antithymocyte globulin; BM, bone marrow; CF, cyclophos-
phamide; PBSC, peripheral blood stem cells; TBI, total body irradiation; Tl, thymic irradiation; TLI, total lymphoid irradiation.
®Renal allografts that were not rejected but were lost for other reasons.
°N/A, not analyzed; N/D, not detected.

YAnimals that rejected their allografts are indicated in bold.

¢Renal allografts that were not rejected but were lost for other reasons.
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BM/SC graft=>
host

ANTIBODIES
No BM, C3H host

B10.A=>B6

B10.A=>B6

BALB/c=> B6

BALB/c=> B6

BALB/c=> B6

BALB/c=>B6

BALB/c=>B6

BALB/c=>B6

BALB/c=> B6

B10.BR=> CBA

B10 DST==> C3H

Organ/tissue
graft

BALB/c heart

BALB/c skin

B10.A skin

B10.A skin

BALB/c skin

BALB/c heart

BALB/c
intestine
BALB/c skin

BALB/c skin

BALB/c skin

BALB/c heart

BALB/c skin
BALB/c
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CTLA4-Ig
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CTLA4-Ig, BUS
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«CD154 and
CTLA4-Ig, Rapa,
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andalFA-1
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and various

alFA-1 and Rapa
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TBI
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andaCD8(nd)
aCD4(nd)

Hematopoietic
chimerism®

Persistent

Transient

Persistent

Persistent

Undetectable

Persistent

Persistent

Persistent?

Persistent

Persistent

Persistent

Persistent

N/D

Allograft survival

7/7 > day 70 (no
chronic rejection at
d63)

15/15 > day 50 (no
chronic rejection at
day 50)

8/8 at day 145

1/5 at day 145
7/9 at day 160

7/7 at day 250

8/9 at day 180,
chronic rejection at
day 300 in 8/8
hosts

5/5 at day 180, no
chronic rejection at
day 300

5/7 at day 92

7/7 at day 170

0/4 at day 60

4/4 > day 180
4/7 > day 270

4/7 > day 226
22/24: chronic
rejection

4/24: mild chronic
rejection

0/6 day 117

6/6 > day 100

8/8 at day 240

7/7 at day 100

Reference
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Pilat et al. (2010)

et al. (2007)

Luo et al. (2005)
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Edinger (Edinger and 9 HSCT Freshly isolated Treg Ongoing: appears safe and feasible
Hoffmann, 2011)
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Roncarolo, 2011)
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