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Originally identified as lymphocyte regulation of fellow lymphocytes, our understanding of infectious tolerance has undergone significant evolutions in understanding since being proposed in the early 1970s by Gershon and Kondo and expanded upon by Herman Waldman two decades later. The evolution of our understanding of infectious tolerance has coincided with significant cellular and humoral discoveries. The early studies leading to the isolation and identification of Regulatory T cells (Tregs) and cytokines including TGFβ and IL-10 in the control of peripheral tolerance was a paradigm shift in our understanding of infectious tolerance. More recently, another potential, paradigm shift in our understanding of the “infectious” aspect of infectious tolerance was proposed, identifying extracellular vesicles (EVs) as a mechanism for propagating infectious tolerance. In this review, we will outline the history of infectious tolerance, focusing on a potential EV mechanism for infectious tolerance and a novel, EV-associated form for the cytokine IL-35, ideally suited to the task of propagating tolerance by “infecting” other lymphocytes.

Keywords: IL-35, extracellular vesicle, infectious tolerance, exosomes, immunotherapy


INTRODUCTION

The concept of “Infectious Tolerance,” originally proposed in the early 1970s by Gershon and Kondo (1) and expanded upon two decades later by Herman Waldman (2), pre-dated the discovery of specialized T regulatory cells (Tregs) and Foxp3 by several years (3–5). The early work elegantly described the cooperative activity of T cells with their antibody producing cousins, the B cells in developing tolerance. Using various murine models, they were able to develop and break tolerance by manipulating the contributions of the T cell in developing and producing antibody from the B cell (1). The later work focused on the ability of T cells, once tolerized, to transfer or “infect” transplantation tolerance into a brand new set of T cells (2, 6, 7). While the work of Sakaguchi et al. (8) and Fontenot et al. (9), led to the description of a specialized CD4 T regulatory cells of the immune system, the earlier work by Hall et al. (10) and Illano et al. (11) drove home the idea that a subset of CD4+ T regulatory cells could be responsible for initiation of peripheral tolerance. What wasn't immediately clear, is what caused the “infectious” nature of tolerance enforced by Tregs. That is to say, the transferable nature of immuno-regulation that Qin et al. (2) had shown so clearly in 1993, whereby one set of (induced) regulatory T cells could convert naive T cells such that they would also become tolerant, lacked any mechanism. The problem was that the type of immuno-regulatory cytokines known at the start of the 21st century, including TGFβ (12–15) and IL-10 (16, 17), were known as powerful primary immuno-suppressives, but neither were known for their ability to induce regulatory activity in other, non-Treg cell types. Therefore, TGFβ, and IL-10 couldn't adequately describe the “infectious” nature of infectious tolerance. The more recently described member of the IL-12 cytokine family, IL-35, is a highly immunosuppressive cytokine that has been implicated as an agent for infectious tolerance (18). IL-35, unlike IL-10, however, has recently been associated with a unique mechanism of action, one that involves its association with extracellular vesicles (EVs) (19). The EV nature of IL-35 secretion and function, lend it to be a favorable candidate cytokine to propagate an immuno-suppressive signal in a non-specific, infectious manner. In this manuscript, we will review the tremendous impact of EVs upon transplant immunology in recent years and consider the role of the cytokine IL-35, ideally suited to the task of propagating tolerance by “infecting” other lymphocytes.



THE EXTRACELLULAR VESICLE IMPACT IN TRANSPLANTATION BIOLOGY

Two major publications from 2016 provided a potential conceptual change in transplantation biology. Parallel studies by Benichou (20) and Morelli (21) contradicted the long held belief (22) that dendritic cells (DC) within the allograft were themselves directly responsible for inducing the massive immune response to tissue/organ transplants—the phenomenon of acute rejection (AR). Instead, graft passenger DC turned out to be merely the source of the problem. The real culprit driving AR turned out to be extracellular vesicles (EV), or more specifically, exosomes (30–150 nM in diameter) produced by these very same DC. In the first hours after transplantation, these vesicles began to decorate the surface of so many recipient DC with donor MHC antigens, along with co-stimulation (for e.g., CD86 also found on the vesicles was co-expressed with allo-MHC on the host DC surface), that allo-reactive T cells throughout the body became alerted to the graft. Furthermore, this multiplier effect of exosomes did not require the passenger DC to leave the graft. DC of highly immunogenic skin graft, were “trapped” in the graft because of lack of vascular input until day 4. Nonetheless, they provided a prolific source of exosomes containing abundant alloantigen that escaped the graft via lymphatics within 24 h of skin placement, decorating host DC in local lymph nodes, and activating host T cells (20). Remarkably, and almost unnoticed in light of the demonstration that “semi-direct,” rather than the in vitro standard of “direct” pathway allo-activation, was the actual cause of AR, was that T-helper function on the so-called “indirect” pathway of allo-peptide recognition was also working smoothly. The uptake of exosomes by host DC did not interfere with provision of “help” in the form of TNFα and IL-2 from T helper cells recognizing allo-peptide/MHC complexes on the same host DC. Thus, the “semi-direct” allo-reactive T cells were sustained, such that AR was carried through to completion, with severe and irreversible damage to the graft. One question that arose from these observations was the extent of the relationship between the nature of the indirect response, in the form of altered co-stimulatory molecule expression, and the impact this would have on a potential semi-direct AR response.

To answer this question, we decided to investigate other ways that DC EVs could become involved in transplantation immunity. We had long been interested in the phenomenon of non-inherited maternal antigens, and their effect upon host allo-response (23–25). We found that not only could DC-derived EVs cause massive activation, but alternatively, by stimulating networks of immune regulation, they could cause a type of rapid but “un-helped” AR that would attenuate quickly. Should the host be able to get past this accelerated acute rejection response, as is the case in most kidney transplantation due to early immunosuppressive drug therapy, it would be followed by long-term graft protection. How this occurs is a tale of two very different components of maternal DC EVs.

In 2017, we reported in a mouse breeding model that EV delivery of maternal MHC and CD86 to the neonate's DC had a very peculiar effect on the immune response of the offspring (26). On the one hand, as predicted by the work of the Benichou and Morelli labs, these maternal (allo) exosomes could greatly increase the frequency and rapidity of acute rejection, due to intact maternal MHC and co-stimulation acquired from the exosomes and re-expressed by the neonate's own DC. This could explain the enhanced onset of acute rejection episodes after transplantation of a kidney from a live-related sibling that expressed the non-inherited maternal HLA antigens (NIMA), as reported previously (24). On the other hand, and contrary to a standard acute rejection of the kind studied by Benichou and Morelli, we found that in mice born with NIMA+ DC micro-chimerism, the same maternal exosomes that “cross-dressed” the offspring's DC with her MHC antigens could also induce high levels of PD-L1 expression on the same cell (Figure 1). This effect was likely mediated via microRNA content of the EV, as the EVs themselves appeared to lack PD-L1 protein (26). Furthermore, the PD-L1 produced by the EV “cross-dressed” host DC was not uniformly expressed, rather PDL-1 protein was excluded from areas on the cell surface expressing the acquired maternal antigen. Thus, two distinct areas on the mature offspring's DC surface were created: (1) patches where not only the maternal MHC class II, but also the co-stimulatory molecule CD86, were located, and (2) areas outside these patches where a more uniform distribution of PD-L1 was observed. This meant that the semi-direct- allo-recognition pathway for the NIMA was preserved, just as Morelli et al. (27) and Marino et al. (20) had envisioned for acute allograft rejection. However, unlike the case in “classical” acute rejection, T helper function from the indirect allo-recognition pathway would be lacking. That was because, while the response of a direct pathway T cell clone to allo-antigen expressed by exosome-acquiring pDC and mDC was enhanced as predicted by Morelli and Benichou, helper function provided by an indirect pathway T cell clone, reacting to a processed allo-peptide on the same DCs, but outside the “semi-direct” zone, was markedly inhibited in a PD-L1-dependent manner (Figure 1) (26). These results supported another clinical finding, namely the reduction in chronic rejection and long-term improved graft survival of the NIMA-MM sibling kidney transplant. Thus, the maternal DC/EV story is the perfect complement to the phenomenon of NIMA “split tolerance” that manifested itself in both kidney (24) and bone marrow transplantation (28).
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FIGURE 1. Model for EV-Associated Dendritic Cell “split” tolerance. An extracellular vesicle (EV) derived from maternal micro-chimerism [or from certain allograft types] is taken up by a host dendritic cell (blue). These EV contain microRNA and express surface membrane-bound allo-MHC class I (green) and II (olive), along with the co-stimulatory molecule CD86. After uptake, the microRNA escape to the endoplasmic reticulum where they guide production of PD-L1 (purple). The allo-class I and class II are either (bottom) preserved intact and re-distributed as components of acquired membrane domains (dashed red lines) containing CD86, or (top) broken down in lysosomal vesicles to peptides that are loaded onto “self” MHC class II. These 2 forms of allo-antigen presentation, semi-direct (lower left and right), and indirect (upper left and right) are kept separate by the host DC, allowing positive co-stimulation of semi-direct pathway, allo-specific host CD4 and CD8 T cells via CD86-CD28 (pink) interaction. Yet even as these productive interactions are occurring, the CD4 T helper cells are being strongly inhibited by PD1 (yellow) interaction with the negative co-stimulator PD-L1. The net result is limited acute rejection in the short term, followed by long-term protection of the allograft from chronic rejection (“split” tolerance).


Further studies by the Thomson lab added to this new “exosome-based” view of transplantation, this time, in liver transplantation (29). Up until this time, it was generally understood that the liver transplant had tolerogenic properties, thanks to the pioneering work of Calne et al. (30) and Starzl et al. (31). However, the exosome story may underlie the acceptance of hepatic allografts in the absence of immunosuppressive therapy, seen in certain species. In a mouse liver transplant model, where the liver is spontaneously accepted, graft infiltrating (host) DCs rapidly take over the liver from donor DCs (29). Interestingly, a remarkably high proportion (~60%) of graft infiltrating DCs were found to become cross-dressed (XD) with donor MHC 7 days after transplant (29). The source of the MHC I was determined to be hepatocytes. Furthermore, these XD host DCs expressed high levels of PD-L1 and IL-10 and had a strong suppressive effect on the anti-donor MLR. There was no analysis of the relative position on the cell surface of PD-L1 and acquired donor MHC, but the resulting “exhaustion” of graft-infiltrating CD8 T cells suggested that the tolerance effects were predominant.

Identifying the type of donor EV that promotes the cross dressing of recipient cells as well as the cargo contained within the EV are important next steps in characterizing this liver transplant model. In a mouse heart transplant model, Song et al. (32) identified donor-derived exosomes capable of prolonging allograft heart survival. These MHCII, CD9, CD63, and CD81 containing exosomes were able to induce donor antigen-specific Tregs in the recipient (32). Although cross-dressing of lymph node or graft-infiltrating immune cells were not studied, this study does identify some of the key components in the EV modification of the recipient immune system.

Ultimately, the determination of whether the EV cross-dressing model holds true in species where liver transplantation results in rejection rather than tolerance remains to be seen. In humans, ~20% of liver allografts remain tolerant to the recipient following immuno-suppression withdrawal (33), and numerous investigations are underway to identify biomarkers that can predict the successful withdrawal of immunosuppression. By correlating the number of cross-dressed recipient immune cells to transplant rejection episodes, it may be possible to use cross-dressing as a biomarker for prediction of successful immunosuppression withdrawal. Our lab has begun investigating the number of cross-dressed cells in liver transplantation in the peripheral blood in both the deceased and living-donor settings. Although the proportion of cross-dressed cells are rare in the peripheral blood in these patients, we have found that cross-dressed cells have higher surface PD-L1 expression than their non-cross-dressed counterparts. Ongoing studies are investigating the correlation of the frequency of cross-dressed cells with graft survival and rejection episodes.



THE DISCOVERY OF IL-35, AND EARLY HINTS OF ITS ROLE IN INFECTIOUS TOLERANCE

In 2007, Vignali's lab discovered the novel immuno-suppressive cytokine IL-35 (34), a heterodimer of Ebi3 (35) and the IL12α chain (aka “p35”), both expressed by Treg cells. At first glance, IL-35 appeared to be just another inhibitory cytokine, akin to IL-10 and TGF-β. Its production by Tregs, and its ability to suppress T cell proliferation and various effector functions was undisputed, but it appeared at first to lack any inherent ability to “transfer” regulatory properties to other lymphoid cells. Then came the remarkable discovery by Collison et al. (36) identifying a novel conventional (non-Treg) T cell type that had been induced by IL-35 to become an alternative sort of IL-35-producer. This finding, the first suggesting transfer of suppressive capacity from a Foxp3+ Treg to a conventional CD4 T cell (Tconv), revived the “infectious tolerance” idea, 17 years after its original description.

A 2013 review article on the topic of infectious tolerance (37) stated:

“…not only does IL-35 have the ability to directly suppress effector T cell responses, it is also able to expand regulatory responses by propagating infectious tolerance and generating a potent population of IL-35-expressing inducible Tregs.”

That summarized the revitalized status of infectious tolerance in 2013: a small number of Foxp3+ Tregs, by producing IL-35, were able to essentially double the (low) level of IL-35 production by converting an equally small number of Tconv cells to become IL-35 producers, dubbed “iTr35 cells” (36). The Vignali lab determined that this “infectious” tolerance step required the formation and use of the heterodimeric IL-35 receptor comprised of both gp130 and IL-12Rβ2 by the “infected” Tconv cell (36). In contrast, homodimers of gp130 or IL-12Rβ2 still allowed for primary suppression, but could not potentiate the conversion of Tconv into iTr35 cells (38) that is required to further potentiate the infectious suppression.



THE SPREAD OF IL-35 ASSOCIATED INFECTIOUS TOLERANCE

Over the next 6 years (2014–2020), the “conversion” of non-regulatory, conventional lymphocytes into IL-35 producers, began to emerge as a consistent pattern of IL-35-mediated infectious tolerance. The Breg, which up to this point was predominantly associated with production of IL-10 (39, 40), was the first to emerge as a novel producer of IL-35, after induction by Treg-derived IL-35 (41). Furthermore, Treg functions were found to depend in large part upon IL-35 in certain disease contexts. For example, in a mutant mouse strain deficient in low-density lipoprotein receptor (LDL-R), a high cholesterol diet induced a rapid form of atherosclerosis that was dependent on a Th17 response to several autoantigens, including collagen type V (ColV) (42). When the ldlr−/− strain of mice was tolerized with ColV during high cholesterol diet, we found a significant amelioration of the Th17 response to col V and reduction in cardiac lesions. These effects depended not upon IL-10 or TGF-β but overwhelmingly upon IL-35 produced by CD4+ Treg, iTr35 cells, and Breg (Figure 2) (43).
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FIGURE 2. Model for IL-35+ EV-Associated Infectious Tolerance from Tregs in Transplantation. Treg cells (red) produce IL-35+ EVs in response to antigenic stimulation. IL-35+ EVs are bound by lymphoid cells at their IL-35 receptor leading to primary suppression. The primary suppression by IL-35+ EVs of conventional CD4 T cells causes some to express Foxp3, becoming inducible Tregs (iTregs-blue) that produce IL35+ EVs, while others become non-Foxp3+ IL-35+ EV producers (iTr35-purple); IL-35+ EVs can also induce Bregs (green) to produce their own IL-35+ EVs. Secondary suppression by IL35+ EV acquiring cells leads to an exponential increase in the cytokine's impact. This can occur through both an increase in inhibitory receptor expression, including PD-1, LAG3, and TIM3, in addition to bystander suppression of local T cell function.


The discovery of an association between IL-35 and inhibitory receptor expression in tumor-bearing mouse strains by Turnis et al. (44), extended the range of unique effects of IL-35 to include T cell exhaustion, something that had not been seen previously with IL-10 and TGF-β. How exactly this occurs was left undetermined. The authors noted that: “Curiously, limited, and inconsistent loss of inhibitory receptor (IR) expression was observed in mice treated with anti-IL-35, despite comparable tumor reduction and enhanced T cell activation (data not shown)” (44). They further speculated that “it is possible that antibody-mediated IL-35 neutralization might be incomplete and that the small amount of bioactive IL-35 that remains might induce IR expression” (44). In other words, despite the dramatic effects of IL-35 genetic deletion in Tregs, and anti-tumor effects of anti-IL-35 antibody, the authors could not be certain that the exhaustion of anti-tumor immune T cells was directly the result of IL-35. The process of exhaustion would seem to require something more than simple “single hit” kinetics, i.e., a cytokine binding once to a cytokine receptor. Rather, exhaustion seems to involve multiple, repeated events of T cell signaling. How this could happen if IL-35 were a conventional cytokine, binding only once to its cognate receptor as in the case of IL-10, was not clear.

Studies investigating the function of IL-35 have suggested that it acts differently from other soluble cytokines. For example, recent studies have suggested that IL-35 acts via EVs due to, the ability of ultracentrifugation to separate IL-35 activity from IL-10 secreted by Tregs in culture, the association of IL-35 with the tetraspanin CD81, and the odd proportion of its subunits as produced by Tregs (19). Let's consider each of these factors. First, the ability of all IL-35 activity produced by lymphocytes in culture to be precipitated by 100,000 × g ultracentrifugation, marked this cytokine as clearly different in solubility from IL-10, which remained in the 100,000 × g supernatant. Somehow both subunits of IL-35 wound up in the EV fraction. Second, there was the question of how the 2 different subunits of IL-35, neither of which contains a transmembrane exon, could be tethered either to EV or to the cell surface membrane after EV uptake. This is still a major unsolved mystery. However, one key finding so far is that tetraspanin-association appears to be somewhat specific: ELISAs based on CD81 could detect Treg-derived, IL-35 subunit-containing EVs, while ones based on CD9 [a critical tetraspanin in DC-derived EVs (26)] detection, could not. Experiments are currently underway to determine if CD63, another tetraspanin that has been associated with DC-EVs, could also detect T cell-derived IL-35+ EVs, or if the tetraspanin association of IL-35 is truly CD81-specific. Finally, rather than a simple 1:1 subunit ratio predicted to be the active form of IL-35, we found a consistent 2:1 ratio of p35:Ebi3 signal in ELISA assays, and a much stronger band of p35 as compared to Ebi3 on SDS-PAGE after immuno-precipitation of IL-35-CD81 complexes (19). While differing affinities of the Ebi3 and p35 antibodies are the obvious explanation, more work exploring the experimental ratio of Ebi3 and p35 associated with various tetraspanins and its physiological relevance is currently underway.

Because tetraspanins are transmembrane proteins, it is no surprise that the subunits of IL-35, if tetraspanin-bound (45, 46), would tend to migrate to the lymphocyte surface upon uptake of the Treg exosome (19). When re-expressed on the cell surface, CD81-bound subunits were found to generally keep separate from each other. Thus, the EV-decorated lymphoid cell would show predominantly distinct areas of red and green when YFP- and Texas Red fluorescent-tagged antibodies were used to detect each subunit (19). However, the 2 subunits of IL-35 tended to re-associate transiently, based on flashes of yellow seen by Image Stream analysis (19). If real, this transient association could theoretically give rise to transient interactions with the gp130/ IL-12Rβ2 high affinity receptor (IL-35R). If the IL-35R happened to be present on another cell in the vicinity of the EV-altered lymphocyte, it could endow this non-producer lymphocyte, after exosome uptake and re-expression on the cell surface, with the ability to suppress other, “bystander,” T and B cells entering the graft or tumor micro-environment.

In addition, the transient association of IL-35 subunits could have a huge consequence for the non-producer, “decorated” lymphocyte, itself. If tetraspanin-bound subunits of IL-35 from acquired EVs on the surface of a cell could transiently re-associate and bind to the IL-35R, it's therefore possible for a cell to get continuously drenched in EVs containing Ebi3 and/or p35 and have these subunits of IL-35 constantly re-associate and bind the IL-35R on its own cell surface. This is precisely the recipe for T cell exhaustion, multiple, consistent interactions, in this case, IL-35-IL-35R interactions. Indeed, we found that exhaustion, as measured by PD1, LAG3, and TIM3 expression, was found preferentially in those T and B cells that had acquired surface Ebi3 by exosome uptake (19) (Figure 2). It should be noted however that, when tumor rejection was seen in the absence of IL-35, achieved by Ebi3 KO in the tumor host, tumor-infiltrating T cells no longer expressed LAG3 and TIM3, but still expressed PD1, a common activation marker of T helper cells (44). This indicates that LAG3 and TIM3 expression, and more recently, TIGIT (47), are most likely more accurate markers of IL-35-mediated lymphocyte exhaustion than PD1 alone.

The induction by IL-35 of the so-called iTr35 population represented the first reported step in “infectious” tolerance- a doubling of the bio-synthetic capacity of IL-35, as compared to both natural and “induced” Foxp3+ Treg populations, alone (36). The later revelation of induction of IL-35-producing CD8 T suppressor cells in prostate cancer patient (48) and in “Bregs” (41) added a second important step. However, these steps still left the lymphocyte population that could produce IL-35 EVs at the level of <0.01% of the total (19). The newly-discovered “passive” conversion of bystander Tconv cells to an immuno-regulatory and exhaustion status, simply by uptake and surface display of EV IL-35 subunits (19), represents ~100-fold magnification of the “infectious tolerance” impact, extending tolerance enforcement to 1% or more of total lymphocytes. Furthermore, at early time points in mouse models of tolerization using donor specific transfusion and anti-CD40L strategies, when IL35+ EV-producer cells (iTreg, iTr35, Breg) were barely detectable, Tconv cells passively acquiring surface IL35 expression after EV uptake were easily detected. Such “non-producer,” but surface IL35 subunit-acquiring cells were shown to exert powerful non-specific suppression of other T cells, even as they themselves became gradually exhausted due to chronic self-suppression (19). A model of how this infectious tolerance process might be mediated by EV- associated IL-35 is illustrated in Figure 2.

Recently, a very unusual aspect of IL-35 production by Tregs was suggested by Sawant et al. (49). Rather than the standard dual production of inhibitory cytokines, such as IL-10 and TGFβ, instead they found a time-dependent, “mutually exclusive” pattern of IL-10 and IL-35 production in Treg cells (49). That is to say, both suppressive cytokines could be produced by a single Treg cell, just not at the same time. Furthermore, while both Treg cell-derived IL-10 and IL-35 function cooperatively in driving inhibitory receptor induction on TILs, IL-35 appeared to play a more dominant role in exhaustion. Similarly, Treg cell -restricted deletion of these two cytokines had differential impacts on the tumor micro-environment (TME): IL-10 deletion had a greater impact on limiting effector function and proliferation, whereas, IL-35 deletion impacted exhaustion, and the Treg's ability to limit memory differentiation (49). Given the distinct contributions of each cytokine to tumor escape and graft prolongation, these findings raised a key question: Why is the Treg cell unable to make both IL-35 and IL-10 at the same time? Are the pathways of synthesis somehow fundamentally different?



IL-35: A LYMPHOCYTE-DERIVED, EV-ASSOCIATED CYTOKINE

Since its discovery in 2007 (34, 50), there have been approximately 600 publications on IL-35. All of these assumed that IL-35 was a stable product of Treg, iTr35, and Breg cells, secreted at a 1:1 ratio of subunits p35: Ebi3. There were certain difficulties to this theory, however. For example, Aparicio-Siegmund et al. (51) had no trouble expressing a stable recombinant cytokine IL-12 (p35:p40; IL-12 p70) in bacteria and have it secreted. However, they failed to get IL-35 (p35:Ebi3) similarly produced in the several transfected bacterial cell lines. While both subunits were made, the IL-35 heterodimer was simply not secreted. Even when the two subunits were isolated from bacterial cells and mixed together, they failed to induce signal transduction in Ba/F3 cells expressing IL-12Rβ2 and gp130 (51). The solution to this molecular problem is still not clear. But what is clear is that solution of the structure of native IL-35 will come not as a result of examination of soluble proteins, but by analysis of proteins that associate with EVs (19). Preliminary analysis of a recombinant IL-35 product from Peprotech, which is made in a human kidney cell line at a 1:1 ratio of Ebi3:p35, and sold commercially, indicates that it is composed of both a soluble component (~50%) as well as an EV component (~50%). The latter is precipitate-able at 100,000 × g by ultracentrifugation (WJ Burlingham, unpublished). This suggests that, depending on the ratio of subunit expression, H2O soluble forms of human IL-35 may exist. However, there appears to be a preference for exosome association, particularly at the 2:1 ratio of p35: Ebi3 subunits in IL-35 when naturally produced by lymphocytes in vivo (19).



NON-T CELL SOURCES OF IL-35

While a number of reports have implicated Tregs or iTr35 cells as significant IL-35-EV producers, the contributions of other lymphocytes cannot be discounted (Figure 2). B cell subsets (Breg), iNKT, and innate lymphoid cells (ILCs) may also play a significant role in EV related regulation. B cells, including memory B cells, plasma cells, and transitional B cells may all influence the local milieu through EV production. The more recently described regulatory B cell (Breg) which exerts regulatory function through both cytokine production and direct influence, may be one of the most important EV-producing regulatory cells. Unlike the Treg, the Breg exists outside the requirement for antigen processing and “indirect” presentation via MHC molecules, and can respond quickly and deftly to antigen encounter by producing classic regulatory cytokines like IL-10 (39, 40), in addition to EV-associated factors like IL-35 (41).

Is the CD81 tetraspanin absolutely required for the function of IL-35? We don't know the answer at present. What we do know is that the tetraspanin CD9, so important in the DC exosome story of maternal tolerance (26), does not appear to play any role in IL-35 (19). We are currently analyzing both CD81 and CD63 KO mice to see if in either, Tregs retain the ability to produce IL-35, or rather, if the loss of CD81 is not compensated by CD63 or other tetraspanins, leading to an absence of IL-35 in CD81 KO mice. Finally, we would like to leave open the possibility that, in addition to tetraspanin-bound, EV-associated IL-35, there are other “redundant” mechanisms of infectious tolerance, still awaiting discovery. However, the role of IL35 appears to be quite unique in this process. Primary suppression, theoretically, can be the result of a number of non-EV and EV-associated factors. Non-EV associated factors can include IL-10, TGF-β (currently under investigation for EV-association) cell membrane bound activity of the ecto-nucleotidases CD39 and CD73 on myeloid and lymphoid cells to drive hydrolysis of ATP down to adenosine, and other classically secreted cytokines (52–57). EV associated factors include IL-35, and the manipulation of the inflammatory milieu by decreasing extracellular ATP concentrations through EV-associated CD39/CD73 (19, 58). While we were able to show that IL-35 is only one of several possible mechanisms along with CD39/CD73 to facilitate primary immune suppression by EVs, the broad, “infectious” component of secondary immune suppression by EVs was completely abolished by Ebi3 deletion in Tregs (19), delineating rather common primary from the seemingly unique secondary suppression mechanisms related to EVs.



EVS IN TUMOR IMMUNOTHERAPY: PROPAGATING INFECTIOUS TOLERANCE FROM PD-L1 TO IL-35

The ability of EVs, including exosomes, to propagate infectious tolerance has applications not only in transplant immunology and infectious disease, but also in tumor immunology. In addition to the various mechanisms described above in which regulatory immune populations can propagate infectious tolerance, the generation of tumor-derived exosomes across a variety of malignancies can be used not only as biomarkers of disease progression and metastasis, but also serve to both directly mediate immune suppression of effector populations as well as propagate infectious tolerance (see below).

This presents both a challenge, as well as an opportunity, for tumor immunotherapy. While both tumor-derived and host-derived exosomes can mediate immune suppression, perhaps they also can be harnessed to direct and enhance the anti-tumor immune response. For example, the phenomenon of acute rejection of the MHC- and minor H-mismatched allograft, long a fixture of transplant immunology, has recently been re-evaluated. It was shown not to be the result of the so-called “direct” pathway of alloreactivity, a powerful activity measured in vitro by the MLR, or “mixed lymphocyte reaction.” Instead, in vivo it turned out to be the result of “semi-direct” allo-reactivity: whereby a tiny number of graft dendritic cells caused a tremendous amplification of the number of host allo-reactive T cells engaged in the immune response, by exosomes they released that were taken up widely by host dendritic cells (20, 21). In regards to cancer immunotherapy, perhaps EVs of the right variety could actually amplify, rather than suppress anti-tumor immunity.

One of the most well-characterized mechanisms by which tumor-derived exosomes induce tolerance within the tumor microenvironment is by taking up various suppressive ligands that can directly bind to target cells, and then transporting these molecules both locally as well as systemically where they can suppress effector immune responses. One of the most well-characterized examples of this direct suppression is tumor-derived PD-L1+ exosomes, which can suppress cytotoxic CD8+ T cell responses to promote tumor growth (59). Not only can these exosomes directly suppress effector responses, but they can also serve as a means or propagating infectious tolerance, by transferring PD-L1 to other tumor and immune populations (60). This also has directly relevance to patient care, as patients with decreased frequency of PD-L1+ exosomes prior to treatment predict for clinical responsiveness to PD-1 blockade (59). Furthermore, blockade of exosomal PD-L1 can not only suppress tumor growth, and in fact works additively with PD-L1 blockade (61). This suggests that these exosomes containing and coated with PD-L1 may be suppressing anti-tumor immunity using a separate mechanism than that targeted by systemic PD-L1 blockade. Similar results have also been observed for other molecules coating the surface tumor-derived exosomes, such as Hsp72 [which induces STAT3 signaling to promote the expansion and suppressive function of MDSCs (62)], as well as surface-bound Gal9 (63) and Fas ligand (64) exosomes that can directly suppress effector T cell activity.

Another means by which tumor-cell derived exosomes can promote tolerogenic responses in the TME is by targeting the metabolism and activity of effector populations through the generation and accumulation of adenosine (65–67). In a variety of malignancies, tumor-derived EVs, can be coated with the ecto-nucleotidases CD39 and CD73, which can suppress anti-tumor effector responses as well as promote the enhanced activity of regulatory T cells through extracellular ATP manipulation (68–70). As this is a mechanism by which CD4+ Tregs mediate suppression and the propagation of primary infectious tolerance (71), it is also likely that this is a means by which tumor-derived EVs can mediate infectious tolerance within the TME.

In addition to their ability to directly target the activity of effector populations within the tumor microenvironment, tumor-derived exosomes can mediate the suppression of anti-tumor immunity by propagating infectious tolerance via immunosuppressive cytokines. Tumor-derived exosomes were found to convert conventional CD4+CD25neg T cells into a potent suppressive population of CD4+CD25hi Foxp3+ Tregs, with increased expression of TGF-β, IL-10, CTLA-4, and enhanced suppressive activity against effector responses, which can be reversed through the inhibition of TGF-β or IL-10 (72, 73). Similar results have been observed in several other malignancies, including in malignant effusions where TGF-β propagates infectious tolerance (74), in leukemia blasts where TGF-β suppress NK cell effector activity (75), and in breast cancer where tumor-derived PGE2 and TGF-β exosomes convert myeloid cells to MDSCs to promote tumor progression and infectious tolerance (76). These data illustrate how immunosuppressive cytokines play a central role in the propagation of infectious tolerance in the tumor microenvironment.

With a clearly established role for tumor-derived exosomes utilizing immunosuppressive cytokines to mediate tolerance, a critical outstanding question is the role of IL-35 in immune suppression mediated by exosomes in the tumor microenvironment. Given our previous observations that human tumor antigen-specific regulatory populations can utilize IL-35, and that they are distinct from those utilizing TGF-β or IL-10 (48), then if it can be shown that such human Tregs also produce EV associated IL-35, similar to mice (19), it suggests that these IL-35+ Tregs may be able to propagate infectious tolerance via a previously uninvestigated mechanism such as IL-35+ EVs. While IL-35–producer cells were found at extremely low frequency within the blood of cancer patients, the fact that they could still suppress the detection of anti-tumor effector immune responses prior to immunotherapeutic intervention might speak to the power of the exosome amplification mechanism described for murine IL-35 (19). Additionally, just as PDL1 blockade alone does not target the activity of PD-L1+ exosomes, antibody blockade of Ebi3/IL-35 was not sufficient to reverse immunosuppression in murine cancer models (44), which may suggest the possibility that a strategy to target Ebi3+ EVs could more effectively reverse suppression within the tumor microenvironment.



CONCLUSIONS

As detailed above, research on the role of EVs in promoting transplantation tolerance, and limiting anti-tumor immunity, is still in an early stage. Immunological tolerance is multi-faceted, and the role of EVs in infectious tolerance is one possible mechanism to describe the establishment and maintenance of this process. The parallel observations of PDL1-, CTLA-4-, and CD39/CD73-based tolerance in both fields raise the possibility that overcoming immune suppression and releasing tumor cytotoxicity in cancer, as well as enforcing immune regulation in transplant recipients, is becoming increasingly about controlling the EV content of the tumor and transplant micro-environment. The challenge raised by the discovery that IL-35 is in fact not a H20-soluble, stable suppressive cytokine but rather is carried on EVs by tetraspanin(s), delivering “multi-hit” rather than single-hit suppressive signals by repetitive binding to its receptor on T and B cells. This raises new questions for immunologists in both fields. The tolerance possibilities in well-(HLA) matched transplants, and eventually in poorly-matched transplants, can be enhanced by greater understanding of pathways of EV-mediated suppression, particularly those pathways leading to exhaustion of host T and B cells. On the other hand, tumor immunologists, who have already begun to explore anti-inflammatory aspects of exosomes that limit immunotherapy, can now add IL-35 to their “EV” target list. By adding IL-35 along with PD1/PDL1 to the “EV” category of tumor immune escape mechanisms, tumor immuno-therapists may now focus upon developing even more effective new weapons against tumors. These new weapons will be based on disarming inhibitory EV production, preventing uptake by host T and dendritic cells, and releasing anti-tumor CD8 killer T cells from immune suppression and exhaustion. T cell exhaustion may in fact be a unique aspect of the IL-35 cytokine (44) due to its EV nature (19), that may be reversible by future exosome targeting strategies. Overall, there seems to be a promising future for EV-based therapies as we look forward to making transplant tolerance more common as a clinical strategy, and using EV-targeting strategies to improve upon the substantial gains made by tumor immunotherapy to make tumor rejection by the host a more common therapeutic result.
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